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Preface

As is well known, energy and sustainability are, nowadays, two of the major concerns of

mankind. Given the relevant energy consumption share of the buildings sector, it is very important

to search for innovative design solutions and for the optimal thermal performance of buildings

to reduce energy bills and greenhouse gas emissions while maintaining the comfort levels of the

occupants. Additionally, given the environmental burdens of the construction sector, seeking more

environmentally responsible processes and a more efficient use of resources is currently attracting

more attention.

The third edition of this Special Issue, published in Energies, is dedicated to the analysis of recent

advances in the following main issues: (1) thermal behaviour improvement in a building’s elements

(e.g., walls, floors, roofs, windows, doors, etc.), (2) energy efficiency in buildings, and (3) sustainable

construction. The main goal is to compile scientific works within these topics, making use of different

possible research approaches, such as experimental, theoretical, numerical, analytical, computational,

and case studies, as well as mixtures of these. This reprint compiles a set of original research works

of an excellent academic standard and of complete scientific soundness.

The Guest Editor would like to express their sincere and deep gratitude for all the scientific

contributions from authors, comprising prestigious worldwide scientists, as well as to the reviewers

who have significantly contributed to improving the quality of the manuscripts. Moreover,

we express acknowledgments to the research project Tyre4BuildIns – “Recycled tyre rubber

resin-bonded for building insulation systems towards energy efficiency”, supported by FEDER

funds through the Competitivity Factors Operational Programme—COMPETE and by national

funds through FCT—Foundation for Science and Technology, within the scope of the project

POCI-01-0145-FEDER-032061, which contributed three scientific articles to the first volume, one paper

to the second volume, and two papers to this Special Issue (third volume). Additionally, the Guest

Editor also wishes to thank the following companies for providing their support by being partners of

the research project Tyre4BuildIns: Pertecno, Gyptec Ibéria, Volcalis, Sotinco, Kronospan, Hulkseflux,

Hilti, and Metabo.

Paulo Santos

Editor
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Numerical Simulation and Experimental Validation of Thermal
Break Strips’ Improvement in Facade LSF Walls
Paulo Santos 1,* , Diogo Mateus 1, Daniel Ferrandez 2 and Amparo Verdu 2
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3030-788 Coimbra, Portugal

2 Department of Building Technology, Polytechnic University of Madrid, Avenida Juan de Herrera n.6,
28040 Madrid, Spain

* Correspondence: pfsantos@dec.uc.pt

Abstract: Thermal bridges may have a significant prejudicial impact on the thermal behavior and
energy efficiency of buildings. Given the high thermal conductivity of steel, in Lightweight Steel
Framed (LSF) buildings, this detrimental effect could be even greater. The use of thermal break (TB)
strips is one of the most broadly implemented thermal bridge mitigation technics. In a previous study,
the performance of TB strips in partition LSF walls was evaluated. However, a search of the literature
found no similar experimental campaigns for facade LSF walls, which are even more relevant for a
building’s overall energy efficiency since they are in direct contact with the external environmental
conditions. In this article the thermal performance of ten facade LSF wall configurations were
measured, using the heat flow meter (HFM) method. These measurements were compared to
numerical simulation predictions, exhibiting excellent similarity and, consequently, high reliability.
One reference wall, three TB strip locations in the steel stud flanges and three TB strip materials
were assessed. The outer and inner TB strips showed quite similar thermal performances, but with
slightly higher thermal resistance for outer TB strips (around +1%). Furthermore, the TB strips were
clearly less efficient in facade LSF walls when compared to their thermal performance improvement
in load-bearing partition LSF walls.

Keywords: lightweight steel frame; LSF facade walls; thermal resistance; thermal break strips;
experimental measurements; numerical simulations

1. Introduction

Overall, buildings are responsible for about 36% of global CO2 emissions, making
them a key player in the fight against global warming and climate change [1]. The European
Union spends approximately 40% of final energy consumption on heating and cooling
buildings [2]. For this reason, in recent decades European legislation has been geared
towards transforming the existing building stock into a network of nearly zero energy
buildings (NZEB) [2], promoting the use of renewable energies and developing renovation
strategies to improve the energy efficiency of existing buildings [3].

Currently, approximately 35% of the building stock in the European Union is over
50 years old and needs rehabilitation to meet current energy requirements [4]. Consequently,
the European Green Deal presented by the Commission on 11 December 2019 [5], sets
out the arrangements for achieving an efficient use of energy and building resources to
double the annual renovation rate of the building stock [6]. In line with this initiative,
it has been noted that it is important to conduct studies that allow for a reliable thermal
characterization of buildings and an exhaustive analysis of the components that make up
their envelope [7].

As an alternative for the energy rehabilitation of existing building facades, systems
such as External Thermal Insulation Composite Systems (ETICS) have been developed in

1
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recent decades [8,9]. These are construction systems that consist of a thermal insulation
material applied to the building facade with the help of an adhesive and/or mechanical
fastening, and then a reduced thickness rendering system that incorporates a reinforcing
mesh [10]. These construction systems make it possible to reduce thermal bridges and
moisture condensation on the inside surface of the envelopes, as well as offering the
advantage of not reducing the interior space of the rooms in the dwellings and improving
the aesthetics of the refurbished facade [11]. Moreover, there are several studies that have
found the use of this type of insulation system from the outside saves up to 8% more energy
on average than in the case of using an insulation system from the inside [12].

ETICS are also very widely used in Lightweight Steel Framed (LSF) facade walls [13],
having the advantage of mitigating the thermal bridges originated by the high thermal
conductivity of the steel studs since they are a continuous insulation. There are several types
of thermal bridges [13], which could be designated as: (1) repeating thermal bridges (e.g.,
due to the vertical steel studs inside an LSF wall), where their effect is usually considered by
reducing the R-value (increase the U-value); (2) non-repeating (or linear) thermal bridges
(e.g., along a wall corner, or along a wall–window joint perimeter [14]), quantified using the
linear thermal transmittance (Ψ); and (3) punctual thermal bridges (e.g., due to mechanical
steel fasteners crossing the ETICS insulation layer), which are taken into account using
the point thermal transmittance (χ). In this study, only the above-mentioned first type of
thermal bridges are considered.

The LSF construction system has been used in the last decades due to its multiple
advantages such as its low weight compared to its high mechanical resistance [15], a great
speed of execution and ease of transport to the building site [16], a high potential for
recycling and a high quality as very precise tolerances are achieved in the execution of
prefabricated elements [17,18].

However, the existence of thermal bridges through the steel and the lower thermal
inertia of the LSF walls can cause problems related to comfort and a higher energy de-
mand [19], with the thermal bridges issue being even more relevant in cold climates [20].
Furthermore, it is sometimes difficult to accurately evaluate the final thermal resistance
of the facade as there is a strong contrast between the high thermal conductivity of the
steel frame and the insulation materials filling the air cavity [21,22]. Additionally, the size
and shape of the stud flanges may have a relevant influence on the thermal performance
of LSF walls [23]. Furthermore, the position of the thermal insulation is very important
with regards to their effectiveness [24], and the usual fibrous cavity insulation (e.g., mineral
wool) is likewise relevant for the noise insulation performance of LSF facade walls [25].

Given the absence of a continuous insulation layer, the steel stud thermal bridges
are even more relevant in LSF partition walls [26–28]. To mitigate these thermal bridges,
the LSF partition could be split in two steel frames, having a small air gap between them,
this way breaking the heat flow across the steel studs. Moreover, since this double-pane
LSF partition has an air cavity, an efficient way to increase their thermal resistance even
more is to use a reflective foil, e.g., in aluminum [26]. Even though they are not as efficient
as in a single pane LSF wall [28], thermal break (TB) strips could also be used along the
double-pane steel stud flanges to mitigate the related thermal bridge effects [27].

In fact, in addition to ETICS, TB strips are widely disseminated as a thermal energy loss
attenuation strategy in LSF enclosures [29]. In a previous research work, the performance
of TB strips in load-bearing and non-load-bearing partition walls was evaluated [30]. The
lab measurements were performed using the heat flow meter (HFM) method under nearly
steady-state conditions. Several TB materials (recycled rubber, cork/rubber composite
and aerogel) were compared, as well as three TB locations (inner, outer and on both stud
flanges). It was concluded that outer and inner TB strips display quite analogous thermal
performances, but using two TB strips had a comparative noteworthy thermal performance
improvement. A systematic experimental campaign to measure the thermal performance
improvement of load-bearing LSF facade walls due to the use of thermal break strips was
not found in the literature.

2
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This research work is a continuation of the previous one [30], but, instead of partition
LSF walls, a new set of ten different facade LSF configurations were evaluated under similar
lab conditions and test procedures. The reference facade configuration, in addition to the
mineral wool batt insulation, has the usual exterior continuous thermal insulation layer
(ETICS) and does not have any TB strips. The remaining nine facade LSF configurations
correspond to the three TB strip materials and three TB strip positions. The main goal of
this research is to see if the trends and features, related to the use of TB strips, previously
measured for the partition LSF walls are similar or not to the ones exhibited now by these
facade LSF walls (e.g., will the outer and inner TB strips still have very similar thermal
performances? Are the TB strips able to fully mitigate the steel frame thermal bridges
effect? Are the TB strips less, equally or more efficient in facade LSF walls?). Notice that
the relevance of facade walls in the building’s thermal behaviour and energy efficiency is
much higher in comparison with partition walls since the temperature gradient (between
the indoor conditioned space and the exterior environment) is also considerably bigger
than between a conditioned and an unconditioned space.

This paper is organized as explained next. Following this brief introduction, the
related materials and methods are presented, including the LSF facade walls’ characteri-
zation, the experimental tests under laboratory-controlled conditions and the numerical
simulations. After, the achieved results for measured and predicted global conductive
thermal resistances, the measured R-value improvement and the infrared thermography
assessment are presented. Later, these results are discussed and compared with the ones
provided by the previously assessed partition LSF walls. To conclude, the main outcomes
from this study are listed.

2. Methods and Materials
2.1. Characterization of the LSF Facade Walls

Here, the thermal break (TB) strips, as well as the tested facade LSF walls, are charac-
terized including the geometries/dimensions, materials and thermal properties.

2.1.1. Reference Facade LSF Wall

Figure 1 displays the reference facade LSF wall cross-section. Table 1 lists the thermal
conductivities of the materials, as well as the thickness of each wall layer. This load-bearing
facade wall is supported by C-shaped vertical steel studs (C90 × 43 × 15 × 1.5 mm).
The spacing between these vertical steel studs is 400 mm. The mineral wool (MW) batt
insulation is 90 mm thick, completely filling the air cavity. On both sides of the steel
studs there is an OSB (Oriented Strand Board) structural sheathing panel (12 mm thick).
Moreover, in the inner surface there is an extra GPB (Gypsum Plaster Board) sheathing
layer (12.5 mm). In the outer surface there is an External Thermal Insulation Composite
System (ETICS), having 50 mm of expanded polystyrene (EPS) and a finishing layer (5 mm
thick). This reference facade LSF wall has a total thickness equal to 181.5 mm.

3
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Ref. 
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OSB 3 12.0 0.100 [33] 

MW 4 90.0 0.035 [33] 

Steel profiles (C90 × 43 × 15 × 1.5 mm) - 50.000 [34] 

OSB 3 12.0 0.100 [33] 

GPB 5 12.5 0.175 [33] 

Global Thickness 181.5 - - 
1 ETICS—External Thermal Insulation Composite System; 2 EPS—expanded polystyrene; 3 OSB—

Oriented Strand Board; 4 MW—mineral wool; 5 GPB—Gypsum Plaster Board. 
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between the steel studs and the OSB sheathing panels, which were attached to the steel 

frame using self-drilling screws. Moreover, three materials were tested in the TB strips, 

namely: recycled rubber and cork composite (R0), recycled rubber (R1) and aerogel (AG). 

These materials were chosen given their decreasing thermal conductivities, extending 

from 122 mW/(m∙K) down to 15 mW/(m∙K), as illustrated in Table 2. 

Table 2. Thermal break strips: material and thermal conductivity (𝜆). 

Material 
𝝀  

(W/(m∙K)) 
Ref. 

Recycled rubber (R1) 0.122 [33] 

Recycled rubber and cork (R0) 0.088 [35] 

CBS 1 aerogel (AG) 0.015 [33] 
1 CBS—cold break strip. 

Figure 1. Reference facade LSF wall horizontal cross-section: materials and geometry.

Table 1. Reference facade LSF wall material thickness (d) and thermal conductivities (λ).

Material
(From Outer to Innermost Layer)

d
(mm)

λ
(W/(m·K)) Ref.

ETICS 1 finishing layer 5.0 0.450 [31]
EPS 2 50.0 0.036 [32]
OSB 3 12.0 0.100 [33]
MW 4 90.0 0.035 [33]

Steel profiles (C90 × 43 × 15 × 1.5 mm) - 50.000 [34]
OSB 3 12.0 0.100 [33]
GPB 5 12.5 0.175 [33]

Global Thickness 181.5 - -
1 ETICS—External Thermal Insulation Composite System; 2 EPS—expanded polystyrene; 3 OSB—Oriented Strand
Board; 4 MW—mineral wool; 5 GPB—Gypsum Plaster Board.

2.1.2. Thermal Break Strips

All the thermal break (TB) strips evaluated have a rectangular cross-section: 50 mm
wide by 10 mm thick. The TB strips were placed along the inner, outer and on both sides
of the metallic stud flanges, as displayed in Figure 2. They were fixed by compression
between the steel studs and the OSB sheathing panels, which were attached to the steel
frame using self-drilling screws. Moreover, three materials were tested in the TB strips,
namely: recycled rubber and cork composite (R0), recycled rubber (R1) and aerogel (AG).
These materials were chosen given their decreasing thermal conductivities, extending from
122 mW/(m·K) down to 15 mW/(m·K), as illustrated in Table 2.

Table 2. Thermal break strips: material and thermal conductivity (λ).

Material λ
(W/(m·K)) Ref.

Recycled rubber (R1) 0.122 [33]
Recycled rubber and cork (R0) 0.088 [35]

CBS 1 aerogel (AG) 0.015 [33]
1 CBS—cold break strip.
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Figure 2. Geometry and location of the thermal break (TB) strips.

Notice that when one or two TBS are attached to the steel stud flanges, the total
thickness of the LSF wall is also increased since the steel profiles were always the same.
The wall thickness increment is equal to the thickness of the TBS used, i.e., 10 or 20 mm, for
one or two TBS, respectively (see Figure 2).

2.2. Experimental Lab Tests

The laboratorial tests were performed using the same experimental setup, as well
as the same test procedures and set-points, used in a previous research work to evaluate
the thermal performance of partition LSF walls [30]. Therefore, to avoid unnecessary
repetitions and for sake of brevity, only the main issues are explained next. More detailed
info about this experimental lab test can be found in Reference [30].

2.2.1. Experimental Setup

The thermal performance of the facade LSF elements were assessed making use of the
heat flow meter (HFM) method [36]. However, as suggested by Rasooli and Itard [37], this
method was modified, having two HF sensors. To ensure a nearly-steady-state difference
of temperature, between both surfaces of the tested LSF facade sample, a set of two small
climatic boxes was used: one hot (heated using an electric resistance) and another cold
(cooled using an attached fridge), as displayed in Figure 3.
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Figure 4. Tested LSF wall sample. (a) Steel frame. (b) Sensors’ position (cold surface). 

Figure 3. Cold and hot boxes apparatus used in the experiments.

Since the moisture content of the materials, used during the experiments, can strongly
conditionate their thermal properties (e.g., thermal conductivity), a stable relative humidity
(RH) condition was ensured during and before the lab tests (storage stage).

Two small fans (one for each climatic chamber), reutilized from old computer case fans
(12 V, 0.25 A), were used inside hot and cold boxes to promote air circulation and avoid
air temperature stratification [37]. Additionally, near the wall sample (10 cm apart) a black
radiation shield was placed, one inside the cold box and another one inside the hot box
(not illustrated here). This radiation shield was made of PVC and it was placed at vertical
position, parallel to the LSF wall test specimen.

The steel frames of the LSF wall test samples (1030 mm by 1060 mm) have three
vertical steel studs, where the central one is positioned exactly in the middle, as displayed in
Figure 4a. Given the high thermal conductivity of steel, to minimize the lateral heat flow, the
LSF wall sample perimeter was covered by two layers (40 mm thick each) of polyurethane
foam insulation, ensuring an additional edge thermal resistance of 2.22 m2·K/W.
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To increase the precision of the measurement and reduce its time duration (see Ref-
erence [38]), instead of the standard use of only one heat flux meter (HFM) placed in the
inner side (hot) of the wall sample, another HFM was simultaneously placed in the outer
side (cold). Figure 4b illustrates the sensors’ position on the cold surface of the tested LSF
wall sample. As shown here, to adequately characterize the thermal resistance of the LSF
wall samples, the sensors were placed in two vertical alignments: (1) near the central steel
stud, where the heat flow is higher (HFM1); and (2) in the middle of the insulation cavity,
where the heat flow is lower (HFM2).

In addition to heat flow, the sample surface and air temperatures were also measured,
making use of certified (class one precision) type K thermocouples (TCs). To ensure the
good temperature measurement accuracy of these TCs, they were previously calibrated
for a temperature range [5 ◦C; 45 ◦C], with a 5 ◦C increment, by immersing the TCs in a
thermostatic stirring water bath.

Six TCs were used in the hot side and another six in the cold side, with their locations
symmetrical with regards to the hot and cold environments. Looking to the cold surface
of the wall sample (Figure 4b): two TCs (TC1 and TC2) were used to measure the wall
surface temperatures; another two (TC3 and TC4) were used to measure the air temperature
between the wall surface and the radiation shield; and the remaining two (TC5 and TC6)
measured the environment air temperature inside each chamber (not illustrated).

To record all the data obtained by the HFMs and the TCs during the experiments, one
datalogger (PICO TC-08) was used on each surface of the LSF facade sample (cold and
hot). Moreover, these two dataloggers were coupled to a computer (see Figure 3, over the
“Hot Chamber”), where the PicoLog® version 6.1.10 software (Pico Technology Limited, St
Neots, UK) was used to manage the recorded data.

To illustrate some recorded data, Figure 5 displays, for the reference LSF facade wall,
the measured surface temperatures and the variation in heat flux densities over time when
sensors are placed at top height location (see Figure 4b). As expected, during the first
measurement hours, there is some variation in the recorded values, but after this stabilizing
period there is clearly a convergence. Moreover, the temperature difference is slightly higher
for the thermocouples placed in position 2 (cavity, Figure 5b) and the heat flux density is
significantly smaller when compared with the sensors located at the vicinity of the steel
stud (position 1, Figure 5a). Thus, the measured local thermal resistance will be much
higher at this cavity location, in comparison with the steel studs’ location. This relevant
thermal resistance reduction was expected, being related to the high thermal conductivity
of steel and the consequent thermal bridge phenomenon occurring near this LSF wall
location (position 1), even having a 50 mm continuous insulation thickness (ETICS).
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2.2.2. Set-Points and Test Procedures

To measure the surface-to-surface R-value (or thermal resistance) of the assessed LSF
facade walls, using the heat flow meter (HFM) method, the test procedures prescribed
in some international standards were adopted, including ISO 9869-1 [36], ASTM C 1155-
95 [39] and ASTM C 1046-95 [40]. More specifically, the “summation technique” described
in the standard ASTM C 1155-95 [39] was adopted, with this methodology having some
similarities to the “average method” described in standard ISO 9869-1 [36]. According to
the so-called “summation technique” [39], the estimated measured thermal resistance for
each time interval, Re, could be computed making use of the following equation

Re =
∑n

k=1(Tsi,k − Tse,k)

∑n
k=1 qk

, (1)

where: Tsi and Tse are the interior (hot) and exterior (cold) surface temperatures (◦C),
respectively; q is the heat flux density (W/m2); k is the counter for summation of time-series
data; and n is number of time values.

As suggested by this standard [39], the duration of each test was 24 h (minimum). The
convergence factor and criterion are also defined in ASTM C 1155-95 [39] and given by the
following expression

CRn =
Re(t)− Re(t − n)

Re(t)
< 0.10, (2)

where: CRn is the convergence factor; Re(t) is the estimated measured thermal resistance
during the evaluated time interval (e.g., 1 h); and Re(t − n) is the estimated thermal resis-
tance during the previously evaluated time interval. This adopted convergence criterion
means that the variation in the estimated measured R-value, between a time interval and
the previous one, should be smaller than 10%, in relation to the actual time interval.

As already mentioned before, the improvement suggested by Rasooli and Itard [37]
was adopted to reduce test duration and increase precision, which consists of the use of two
HFMs simultaneously at both cold and hot wall surfaces, as an alternative to measuring
only one side, as given by ISO 9869-1 [36].

The adopted set-points for the cold and hot chambers were 5 ◦C and 40 ◦C, respectively.
The measurements were performed in a quasi-steady-state heat transfer state. This large
temperature difference (35 ◦C) between the cold and hot chambers allowed the reliability
and accuracy of the measured R-values to be increased [36].

As illustrated in Figure 4b, three height sensor locations were chosen, for each wall
configuration, namely: (1) top, (2) middle and (3) bottom, with one test performed for each
one. Thus, the overall surface-to-surface thermal resistance of the LSF facade was achieved
by averaging the values from the previously mentioned three tests, this way ensuring the
repeatability of the experimental measurements.

Making use of the data recorded (heat fluxes and temperatures) for each test and
applying the HFM method [36], two distinct conductive local R-values were obtained: (1) a
lower value for location 1 (Figure 4), i.e., in the vicinity of the steel studs (Rstud); and (2) a
higher value between the steel studs, i.e., in the middle of the insulation cavity (Rcav). The
overall surface-to-surface R-value of the wall (Rglobal) was obtained by computing an area
weighted of both measured conductive R-values, as indicated in the following equation

1
Rglobal

=
1

Rstud

Astud
Aglobal

+
1

Rcav

Acav

Aglobal
, (3)

where: Aglobal is the total area of the LSF wall (m2); Astud is the area of influence of the steel
stud (m2); and Acav is the remaining cavity area of the LSF wall (m2).

The steel stud influence area (Astud) was defined as prescribed by ASHRAE zone
method [41], i.e., assuming a zone factor (z f ) equal to 2.0 [22]. Therefore, the width of the
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steel stud influence zone (w) is equal to the flange length ( f l) plus two times the thickness
of the thicker sheathing layer (dthicker).

Notice that these computations to obtain an overall R-value of the tested LSF wall were
performed making use of a representative wall zone area defined by the studs’ spacing
(width) and assuming one meter high (length), i.e., 0.40 m by 1.00 m (0.40 m2).

2.2.3. Experimental Procedures’ Verification

The verification of the reliability and good working conditions of the sensors and
dataloggers, in the experimental apparatus, was performed under two different approaches:
(1) testing a homogenous extruded polystyrene (XPS) panel (60 mm thick) under the
same lab conditions, with known thermal conductivity and resistance; (2) simulating a
representative LSF wall cross-section using some finite element models, as described in
Section 2.3, and comparing the predicted R-value with the measured thermal resistance.

Regarding the first verification, both measured and manufacturer surface-to-surface
thermal resistances were the same (1.784 m2·K/W). Concerning the second verifications,
as displayed later in Section 3.1 (Table 3), there was a very good agreement between the
measured and the predicted R-values, the differences ranging between 0% and −3%.

Table 3. Thermal resistances (surface-to-surface) predicted (THERM) and measured.

Wall Code Wall Description
R-Value (m2·K/W)

THERM Measured

Ref
Reference LSF Facade Wall 3.200 3.200

Difference: Absolute (m2·K/W) and
Percentage (%)

0.000 0%

R1in
Inner Recycled Rubber TB Strip 3.404 3.320

Difference: Absolute (m2·K/W) and
Percentage (%)

−0.084 −2%

R0in
Inner Rubber-Cork TB Strip 3.441 3.396

Difference: Absolute (m2·K/W) and
Percentage (%)

−0.045 −1%

AGin
Inner Aerogel TB Strip 3.764 3.661

Difference: Absolute (m2·K/W) and
Percentage (%)

−0.103 −3%

R1out
Outer Recycled Rubber TB Strip 3.384 3.344

Difference: Absolute (m2·K/W) and
Percentage (%)

−0.040 −1%

R0out
Outer Rubber-Cork TB Strip 3.416 3.427

Difference: Absolute (m2·K/W) and
Percentage (%)

0.011 0%

AGout
Outer Aerogel TB Strip 3.707 3.695

Difference: Absolute (m2·K/W) and
Percentage (%)

−0.012 0%

R1 × 2
Inner and Outer Recycled Rubber TB Strip 3.587 3.547

Difference: Absolute (m2·K/W) and
Percentage (%)

−0.040 −1%

R0 × 2
Inner and Outer Rubber-Cork TB Strip 3.658 3.588

Difference: Absolute (m2·K/W) and
Percentage (%)

−0.070 −2%

AG × 2
Inner and Outer Aerogel TB Strip 4.224 4.093

Difference: Absolute (m2·K/W) and
Percentage (%)

−0.131 −3%

TB—thermal break.
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Moreover, Figure 6 displays the estimated measured R-values’ variation over time, at
three different sensor height positions, as well as the predicted THERM R-value for the
reference LSF facade wall. As expected, during the first hours of measurements, there is a
convergence phenomenon until the quasi-stationary state is reached (around seven hours).
After this period, the convergence criterion is reached (see Equation (2)) and the averaged
measured R-values become very similar to the predicted THERM value. In fact, using
the average of the measured R-values during the convergence period, the predicted and
measured thermal resistances are the same (3.200 m2·K/W).
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Figure 6. Estimated measured thermal resistances’ variation over time, three different sensor heights’
locations and the predicted THERM R-value for the reference LSF facade wall.

All these verifications allowed the good working conditions of the experimental
apparatus to be evidenced, to ensure the reliability of the measurements, as well as the
THERM models.

2.3. Numerical Simulations

The bidimensional simulations of the LSF facades’ thermal performance were achieved
using the Finite Element Method (FEM) commercial software THERM® (version 7.6.1,
Lawrence Berkeley National Laboratory, United States Department of Energy: Berkeley,
CA, USA). The corresponding model details are briefly explained next.

This algorithm makes use of 2D steady-state conservation of energy equation for
isotropic materials

ρCp

(
vx

∂T
∂x

+ vy
∂T
∂y

)
=

(
∂2T
∂x2 +

∂2T
∂y2

)
+ Qs, (4)

where: ρ is the density (kg/m3); Cp is the specific heat capacity (J/(kg·K); v is the velocity
(m/s); T is the temperature (◦C or K); λ is the thermal conductivity (W/(m·K)); and Qs
represents the volumetric heat source (W/m3).

Given the repetitive features of this LSF facade structure, as previously illustrated
in Figure 1, only a typical 2D portion of the facade cross-sections (with 400 mm length)
was implemented in the THERM models. The predicted R-values were computed in these
models along the inner wall surface (Figure 1). In Section 2.1 (Tables 1 and 2) the materials’
thermal properties used in the simulations were presented earlier. Additionally, for all
models built in this work, a maximum error of 2% on the FEM computations was set.

For each THERM model, two sets of boundary conditions were defined, namely the
air temperatures and the surface R-values. The colder external (5 ◦C) and warmer internal
(40 ◦C) air temperatures were defined equal to the set-points defined for the cold and hot
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climatic chambers during the laboratory measurements, respectively (see Section 2.2.2).
Nevertheless, as is well known, since the R-values are computed for a unitary temperature
difference, they do not rely on the chosen temperature difference between interior and
exterior environments.

The surface thermal resistances used in the THERM models were set equal to the
average values measured for each LSF wall surface and for each test, considering the air and
surface temperature differences, as well as the recorded heat fluxes in the wall surfaces. The
measured surface R-values, ranging between 0.10 and 0.15 m2·K/W, were near the value
defined in ISO 6946 [42] for the internal surface resistance (Rsi) when there is a horizontal
heat flow, i.e., 0.13 m2·K/W. These measured values were not even smaller because the
fans used were not powerful, having reduced dimensions (only 10 by 10 cm) and oriented
to the opposite side of the test-sample wall. Moreover, the black radiation shields provide
some protection, uniformizing the air flux near the wall test-sample outer surface.

Several verifications were made to ensure a good accuracy of the THERM models,
explicitly: (i) 2D test cases’ verification prescribed in ISO 10211 [43]; (ii) computations
assuming simplified homogeneous wall layers; and (iii) validation using experimental
laboratory measurements.

The two ISO 10211 [43] 2D test cases were modelled with success and the THERM
software FEM algorithm for steady-state heat transfer simulations was classified as a high
precision algorithm. Furthermore, the authors have a large amount of experience of using
this software, as can be seen in these references [21,22,30,33].

Regarding the homogeneous wall layers’ verification, the reference LSF facade wall
(illustrated in Figure 1), was modelled without the steel studs, and it was assumed the
other wall layers were homogenous and continuous. Using this simplified wall model,
the analytical solution could be applied since it is well known, being prescribed in ISO
6946 [42]. In this case, the total thermal resistance is calculated as the summation of the
layer’s thermal resistances. Figure 7b illustrates the obtained results, where, as expected,
both analytic and THERM R-values are the same when it is assumed there are homogeneous
layers within the facade wall (4.283 m2·K/W).
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Concerning the lab measurements’ verification, Figure 6a also illustrates the measured
overall surface-to-surface R-values of the reference facade LSF wall. The measured R-value
is equal to the predicted THERM value (3.200 m2·K/W), ensuring an excellent agreement
among simulated and predicted surface-to-surface R-values, even with all the related
uncertainties.

Moreover, even with a continuous exterior thermal insulation, it is very clear that,
in the foreseen temperature color distribution (Figure 7), the consequence of the steel
stud thermal bridge was originated by the higher heat transfer. This higher heat transfer
meaningfully decreases the R-value of the facade when related with the simplified model,
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having homogeneous layers, i.e., without steel studs. This thermal resistance decrease was
1.083 m2·K/W (−25%).

3. Results

The achieved results are structured here into three subsections. First, the measured
and the predicted thermal resistance values are displayed. Next, the measured thermal
resistance improvements due to the use of thermal break (TB) strips are graphically exhib-
ited. Finally, the infrared thermography technic is used to better visualize the steel studs’
thermal bridges effect.

3.1. Measured and Predicted R-Values

The obtained measured and predicted results for the evaluated load-bearing LSF
facade walls are displayed in Table 3, with these results being organized by the position
and material of the TB strips, but starting with the reference LSF facade wall (without any
TB strips). As displayed here, the agreement between the predicted and the measured
R-values is very good. These differences range between −3% and 0%.

In Table 3, the thermal resistance increase that originated from using TB strips along
the metallic profile flanges is well visible. This increase is bigger for materials with smaller
thermal conductivities (e.g., AG—aerogel), as well as when two TB strips are used.

3.2. Measured Thermal Resistance Improvement

To better visualize these features in a graphical way, Figure 8a shows the thermal
performance improvement originated by the TB strips’ use on the LSF facades, with the
thermal resistance increase ranging from +4% (for the inner recycled rubber, R1in) up to
+28% (for the double aerogel TB strips, AG × 2). As expected, the outer and inner TB strips’
performances are quite analogous, being a little better when placed in the outer stud flange
(+1%).

The major R-value increase occurred when two TB strips were used (×2) and for lower
thermal conductivity of the TB strip material, i.e., aerogel, AG. Indeed, the aerogel TB
strips displayed a considerable increase in the obtained thermal resistances: +15% and
+14% for outer and inner strips, respectively, as well as +28% when using two TB strips.
However, it was not possible to reach the thermal resistance provided by a homogeneous
wall without steel studs (4.283 m2·K/W), as previously presented in Figure 7b, not even
with the greatest thermal performance configuration, i.e., when having two aerogel TB
strips (4.093 m2·K/W).

To compare these facade LSF wall measurements with previous load-bearing partition
LSF wall measured R-values (see Reference [30]), Figure 8b also exhibits these former
values. Starting this comparison by using the reference R-values without TB strips, the
facade LSF wall has a significantly higher thermal resistance (3.200 m2·K/W) due to the
use of ETICS, when compared with the partition LSF wall (1.558 m2·K/W), corresponding
to a reference R-value increase of 1.642 m2·K/W (+105%).

Comparing now these measurement results using TB strips for the facade (Figure 8a)
with the partition LSF walls (Figure 8b), both plots show a similar tendency, with the
thermal resistances being higher for the facade LSF walls, as already justified and previously
noticed. However, the thermal performance improvement due to the use of TB strips is
now very reduced in the facade LSF walls (Figure 8a), both in absolute values (m2·K/W)
and even more evident in percentage values.
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3.3. Infrared Thermography Assessment

To better visualize the differences regarding the steel studs’ thermal bridge effect
between the facade and the partition LSF walls, with and without TB strips, some infrared
images are displayed in Figure 9. In the partition LSF walls (Figure 9b) the presence of the
middle vertical steel stud when there is no TB strip (left image) is well visible, as is the
reduction in the thermal bridge effect when two aerogel TB strips are used (right image).
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Figure 9. IR images of the LSF walls: cold surface. (a) Facade LSF walls. (b) Partition LSF walls
(adapted from [30]).

However, in the facade LSF walls (Figure 9a), the presence of the vertical central
steel stud is not clearly visible, even when there are no TB strips (left image). To see this
singularity in more detail, Figure 10 exhibits the surface temperatures along the horizontal
lines previously displayed in Figure 9. In this plot the significant peak temperature rises
near the central steel stud in the partition LSF wall are even more perceptible (Line 3),
as well as the corresponding attenuation due to the use of two aerogel TB strips (Line 4).
Again, in the facade wall, with a continuous thermal insulation (ETICS), this steel stud
thermal bridge-related temperature increase in the middle of the LSF wall is extremely
limited when there are no TB strips (Line 1), and almost negligible when there are two TB
strips (Line 2).
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Figure 10. Cold surface temperatures along horizontal lines obtained from thermographic images of
the measured facade and partition LSF walls, with and without thermal break (TB) strips made from
aerogel.

4. Discussion of Results

To provide an easier comparison of their overall performances, the charts in Figure 11
exhibit the thermal resistance improvements due to the use of TB strips, for both facade
(in red color) and partition (in black color) LSF walls.
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Figure 11. The increase in thermal resistances due to thermal break (TB) strips’ use in load-bearing
LSF walls: facade vs partition [30].

From the previous plots (Figure 11), it can be concluded that the TB strips are clearly
less efficient in facade LSF walls when compared to partition LSF walls. This feature is
related with the use of a continuous external thermal insulation layer (ETICS) in facade
walls (in this case 50 mm of EPS), decreasing in this way the relevance of the thermal
bridges originated by the steel studs. Additionally, the thermal resistance increases due to
aerogel (AG) TB strips remain very relevant. In fact, this thermal performance improvement
is about three times bigger when compared to recycled rubber (R1). Moreover, the thermal
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resistance rises due to the TB strips made from rubber/cork composite (R0) are only a little
bigger when compared to recycled rubber (R1), i.e., about +0.08 m2·K/W for single TB
strips and even lower for double TB strips (+0.04 m2·K/W).

Notice that, in all evaluated LSF walls, the use of TB strips allowed their thermal
performance to be improved, by increasing the overall R-value of the wall. Obviously,
with the higher thermal resistance and the lower thermal transmittance (or U-value) and,
therefore, less thermal energy being lost or transferred across the wall, the energy efficiency
is increased.

5. Conclusions

In this paper, a new set of experimental lab measurements was performed to evaluate
the thermal performance improvement in Lightweight Steel Frame (LSF) facade walls due
to the use of thermal break (TB) strips. Three different materials were evaluated as TB
strips, namely: recycled rubber (R1); recycled rubber/cork composite (R0); and aerogel
(AG), for three different TB strip positions along the steel stud flanges: inner, outer and on
both sides (double).

Notice that all the measured R-values were related with the simulation results achieved
using implemented numerical bidimensional finite element models. These comparisons
provided excellent thermal resistance agreements, within an error range of ±3%, for the
ten evaluated facade LSF walls, ensuring good reliability, as well as a high robustness of
the test procedures and implemented measurement apparatus.

This research work has provided new developments of a previous study regarding the
experimental assessment of TB strips’ performance in non-load-bearing and load-bearing
LSF walls [30]. In this case, instead of partition walls, load-bearing facade LSF walls were
evaluated, usually with a continuous external thermal insulation composite system (ETICS).

Taking the previous study for load-bearing partition LSF walls as a reference also [30],
the main conclusions are summarized as follows:

• The outer and inner TB strips still have very similar thermal performances. However,
as happened before for partition walls, the TB strips positioned in the outer steel flange
of the facade LSF walls appear to have slightly better performance (around +1% in the
measured R-value).

• Again, as expected, the best performances were found for double TB strips and for
aerogel TB strips.

• However, neither the former load-bearing partition LSF wall, neither this new facade
LSF wall, were able to fully mitigate the steel frame thermal bridges’ effect, not even
for the best thermal performance configuration (two aerogel TB strips).

• Quite similar thermal performances were measured for the other two materials: recy-
cled rubber (R1), and rubber/cork composite (R0).

• Comparing the thermal resistance improvement for these facade LSF walls and the
previously assessed partition LSF walls, it was observed that the TB strips were clearly
less efficient in facade LSF walls.

This last conclusion can be justified by the existence of a continuous external thermal
insulation layer (ETICS) in the facade walls (in this case 50 mm of EPS), decreasing the
relevance of the thermal bridges originated by the steel studs. Consequently, the efficiency
of the TB strips becomes reduced.

Notice that the improved thermal resistances due to the use of TBS were caused not
only to the TB strips themselves, but also provided by the increased total thickness of
the LSF wall, particularly the increased thickness of the expansible mineral wool thermal
insulation, placed inside the wall cavity.

This research allowed the effectiveness of TB strips for the R-values’ increase in
partition and facade load-bearing LSF walls to be better comprehended, quantified and
compared, information that was not available in the literature, particularly for facade
LSF walls. Additionally, the measured conductive thermal resistances can be used, for the
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validation of numerical simulations in LSF walls with identical arrangements, as benchmark
values.
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Abstract: Energy efficiency in buildings is very important since it contributes significantly to fossil fuel
consumption and consequently climate change. Several approaches have been taken by researchers
and the industry to address the issue. These approaches are classified as either passive or active
approaches. The purpose of this review article is to summarize a number of the technologies that
have been investigated and/or developed. In this technical review paper, the more commonly used
active and passive building energy conservation techniques are described and discussed. The pros
and cons of both the active and passive energy techniques are described with appropriate reference
citations provided. This review article provides a description to give an understanding of building
conservation approaches. In the active classification, several methods have been reviewed that
include earth-to-air heat exchangers, ground-source and hybrid heat pumps, and the use of new
refrigerants, among other methods. In the passive classification, methods such as vegetated roofs,
solar chimneys, natural ventilation, and more are discussed. Often, in a building, multiple passive
and active methods can be employed simultaneously.

Keywords: active building energy systems; passive building energy systems; Trombe wall; white
roofs; vegetated roofs; ground-source heat pumps; new refrigerants

1. Background
1.1. Decarbonization

Building operations are a critical step towards obtaining global carbon neutrality [1].
Commercial buildings are among the more energy-consuming sectors and they present
the fastest growing demand worldwide. Building decarbonization is beyond the scope
of this paper. However, in a recent paper addressing the decarbonization of commercial
building operations, the results of Xiang et al. [1] showed: (1) the mean carbon intensity of
commercial building operations in 16 countries declined approximately 1.94% throughout
the period of 2000 to 2019; (2) energy intensity involving different end-uses contributed
to decarbonizing commercial buildings with the largest contribution from space heating
(−14.33 kg CO2/m3/yr) and service lighting (−5.29 kg CO2/m3/yr); and (3) the pace of
decarbonization of global commercial buildings is slowing. In another decarbonization
study, the results of Ma et al. [2] indicated that: (1) commercial buildings operational
carbon emissions continue to increase by 17.7% with economic growth effects and energy
use being the key drivers contributing to the increase; (2) since 2009, operational carbon
emissions have decoupled from economic growth effects in most megalopolises; and (3) the
operational decarbonization of megalopolises commercial buildings has been gradually
accelerating. The National Governors Association [3] supports state decarbonization efforts
to enhance energy reliability and resiliency, reduce air pollution, improve public health, and
foster economic development. Energy efficiency plays an extremely important role in this
effort. Benefits of increasing energy efficiency include: cost savings, increased reliability
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and resiliency, reduced emissions, increased health benefits, economic and workforce
development, and energy affordability. Barriers to increased energy efficiency include: high
up-front costs, utility regulatory disincentives, workforce gaps, valuing energy savings,
and lack of consumer awareness.

1.2. Introduction

Residential and commercial buildings account for nearly 40% of energy use [4]. Space
conditioning accounts for 40% to 60% of building end-use. In the U.S., heating, ventilation,
and air conditioning (HVAC) make up about 50% of energy use in buildings, which is about
20% of their total energy consumption [5]. Sun et al. [6] and Ben Romdhane et al. [7] have
shown that phase change materials can be used in a variety of ways to store and release
energy by using their endothermic/exothermic properties, resulting in improved energy
consumption, heat storage, and improved thermal comfort. Additionally, phase change
materials provide assistance to energy shortages, and carbon emissions. Li et al. [5] provide
an excellent discussion of active and passive energy methods. Active systems require
the use of a fan and heat pumps/boilers to move the energy throughout the building.
Passive energy techniques are more energy-efficient for application in buildings. Passive
techniques reduce building energy consumption, abate the carbon footprint, and alleviate
building energy bills [8], although not all strategies are cost-effective. Ponmurugan et al. [9]
emphasize that reduction in heat gains into buildings through walls, ceilings, and roofing
plays a vital role in passive energy techniques. Additionally, passive heating and cooling
systems can reduce space-heating and space-cooling loads in buildings [10].

This paper addresses both active and passive energy conservation methods in build-
ings. This paper does not address every energy conservation method, but we address
the major energy conservation methods. Development of effective and efficient energy
techniques is critical to controlling room air temperatures and improving building energy
consumption [11].

2. Active Building Energy Conservation Methods

Any heat exchange method for providing indoor comfort to buildings that does not
employ a prime mover (pump, fan, etc.) to force the flow of heat from the source to the point
of use is considered a passive approach. By that definition, for example, solar collectors can
be considered active systems if they are a component in a forced flow system and otherwise
passive systems. The presence of heat pumps or similar air conditioning devices brings
the system to the active category. Active systems typically offer better overall efficiency,
while passive systems are attributed to lower costs. Another major difference between an
active and a passive system is that the latter typically requires less maintenance. In some
buildings, a combination of active and passive systems can be applied.

2.1. Modifications to the Conventional Vapor-Compression Refrigeration Systems

Analyses of various modifications to the conventional vapor-compression refrigeration
cycle have been reported in the literature that is reviewed below. A conventional vapor-
compression refrigeration cycle uses a vapor compressor to increase the enthalpy (increased
pressure and temperature) of an appropriate working fluid (refrigerant) before it is run
through a heat exchanger (condenser) to reject heat to the surroundings. The refrigerant
which is slightly subcooled (compressed liquid phase) is passed through a throttling
device that causes a pressure drop and consequently a significant drop in the refrigerant’s
temperature. The cold, low-pressure vapor–liquid refrigerant mixture enters the evaporator
where it receives heat from the indoor environment (cooling effect) while it turns into vapor
prior to entering the suction side of the compressor. Conventional vapor-compression
refrigeration systems offer a typical coefficient of performance (COP) of 2 to 3. It has been
shown that by using the soil around the building both as a source of thermal energy and as
a storage system by hooking up the heat pump system to a ground loop, the system’s COP
and consequently its energy efficiency improves significantly due to less electricity use.
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The ground loop is usually either vertical (boreholes) or horizontal (shallow). Additional
modifications have also proven to be effective. These additional modifications include
the use of assistive equipment such as liquid dry coolers [12–14], solar collectors [15],
and a combination of solar collectors and biomass generators shown in Figure 1 [16]. The
mentioned modifications in most cases increase the system COP by 1 to 2.5. Adding a liquid
dry cooler to the ground loop of a ground-source heat pump increases the system’s thermal
efficiency (reduces seasonal electricity use) when the outdoor temperature is favorable
to bypass the ground loop. Bypassing the ground loop allows the soil to recover from
continuous heat removal/rejection which otherwise would diminish its potential to supply
the needed energy. The benefit of adding a solar thermal collector array to the ground
loop is apparent because the thermal energy collected can assist with the performance of
the heat pump. A solar-assisted heat pump system is evidently only effective during the
heating season, and COP values of as high as 6 have been reported for these systems [17].
However, when photovoltaic/thermal (PV/T) collectors are employed, the benefits can
be collected in both the heating and cooling seasons [18]. In PV/T systems, while the top
layer of the collector is made of solar cells that generate electricity, the lower layer acts as
a thermal collector that can heat a liquid or air for heating the building. The electricity
generated by the PV cells is used to supplement the electricity use by the compressor and
fans of the air conditioning equipment. Researchers in Canada reported using recovered
waste heat from a data center as the heat source for activating an absorption chiller system
for cooling [19].
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2.2. Advances in Heat-Activated Cooling Systems

Absorption water chillers have been in use for many years. The principle of operation
is similar to the vapor-compression refrigeration system with the difference that the process
of increasing the pressure of the refrigerant occurs in a combination of an absorber-generator
system in which one fluid has a considerable capacity for absorbing a second fluid. The pair
of fluids that are used for this application is commonly, ammonia-water or lithium bromide-
water. This category of refrigeration systems is called “thermally-activated cooling” [20]. A
schematic diagram of a solar-assisted absorption cooling system is presented in Figure 2.

These systems use less electricity because they do not have to compress a gas in a
compressor. Instead, they employ a pump to pump a liquid from the absorber to the
generator. The pump uses significantly less electricity than a compressor. The required
energy is supplied by a heat source. Various heat sources can be used to activate the
process as long as the temperature of the source is at least 80 ◦C. The heat from the direct
combustion of natural gas [21], exhaust heat from a microturbine system which is also
used to generate electricity [22], the heat from an internal combustion engine’s jacket
coolant loop [23] and the heat generated by operating a phosphoric acid fuel cell [24] have

21



Energies 2023, 16, 3905

been reported to have been used for this purpose. In comparison to vapor-compression
refrigeration systems, absorption refrigeration systems do not achieve high COP values
and are limited to COP values of less than 1.5 in practice.
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2.3. Non-Conventional Systems

Besides the evaporative cooling method which is only feasible for dry climates, the
vapor-compression and absorption refrigeration systems are considered conventional
cooling systems. Several cooling techniques are outside the realm of conventional systems
for which examples are given below. Adsorption cooling systems use a solid desiccant
material to adsorb a liquid into the solid desiccant and then desorb the liquid as vapor in a
generator in a somewhat similar manner to the process in an absorption refrigeration system.
Shanghai Jiao Tong University researchers reported a COP of greater than 0.5 on a 9-kW
adsorption refrigeration system [25]. Similar to absorption chillers, various heat sources
have been used for the desorption process of the adsorption systems. Desiccant materials
have also been used in modified evaporative cooling units for buildings. In desiccant
evaporative cooling systems, the outdoor air is passed through a desiccant wheel or a
liquid desiccant tower to reduce its humidity to near 0% relative humidity. The ultra-dry
air then enters an evaporative cooler where it absorbs water vapor to the saturation point
before it enters the interior conditioned area [26,27]. In liquid desiccant air conditioning
systems, the desiccant material (CaCl2) used is regenerated in a heat exchanger that uses a
range of heat sources including solar energy [28] or a heat pump [29].

Proximity to large lakes offers the potential to use deep lake water’s low temperatures
(12–13 ◦C) for cooling of buildings as reported by Fung et al. [30] and Kuyuk et al. [31].
The proposed system requires a significant initial investment, however the return on
investment is quick due to the utilization of a natural reservoir (sink) for the heat removed
from the buildings.

Other methods exist that are considered assisting technologies to the conventional
cooling systems. Earth-to-air heat exchangers (EAHE) [32], have gained popularity to
reduce the energy use by air conditioning systems. Outdoor air flows underground through
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a pipe structure that optimizes heat gain/loss to the soil. The conditioned air is then used
as the outdoor fresh air for the building’s air handling unit. The COP of the system is
expected to increase due to the pre-conditioning of the outdoor air [33].

Radiative sky cooling [34,35] is another assistive technology that is gaining popularity.
The clear night sky has favorable conditions to cool down the liquid that flows in an
unglazed radiator due to the very low apparent sky temperature. The apparent sky
temperature can be as low as 4 ◦C when the ambient temperature is 30 ◦C according to
some simplified models [36].

2.4. New Refrigerants

In conventional vapor-compression refrigeration systems, the search for less harmful
refrigerants is a continuous battle. Many thermodynamically near-perfect refrigerants have
been ruled out as potentially harmful to the environment. In searching for or developing
new refrigerants, researchers must balance the global warming potential and the thermo-
dynamic properties that improve the efficiency (COP) of the refrigeration system. Carbon
dioxide and propane are some of the natural refrigerants that have been the subject of some
studies. Using CO2 as a refrigerant has some inherent issues to be considered. The system
needs a cascade transcritical compressor because the typical condensing pressure of CO2
is 71 bar [37,38]. Nonetheless, in comparison to traditional refrigerants, carbon dioxide is
considered less harmful to the ozone layer.

The other front on which scientists are focusing their attention is developing new
refrigerants that have new formulations or creating new ones that are made of blending
two or more existing refrigerants. An extremely crucial point that is to be considered is
that any new refrigerant must be compatible with the refrigeration systems that are in
operation around the world. Any attempt at introducing a new refrigerant that requires
major modifications to the existing refrigeration systems to the market will fail due to the
overwhelming cost associated with it. Among the new refrigerants that researchers are
studying are R-454b and R-1234yf. R-454b is an environmentally sustainable replacement
for the popular R-410A refrigerant [39]. Similarly, R-1234yf is a replacement for the popular
refrigerant R-134a [40]. The importance of introducing new drop-in refrigerants is in their
ability to replace older refrigerants that are usually more harmful to the environment when
released into the atmosphere during the repair.

2.5. Summary of Active Heating and Cooling Systems for Buildings

The vapor compression refrigeration cycle is still the most widely used method for
cooling despite its heavy dependency on grid electricity. Moreover, since it is prone to
refrigerant leaks, new refrigerants that are generally less harmful to the environment must
be developed. On another front, the development of technologies that can reduce electricity
use is imperative. Thermally activated cooling technologies if supplied by waste heat or by
renewable sources are a solution. Non-conventional cooling and heating systems are also
being developed that require less electricity to operate, use less harmful refrigerants (or
none), or are better compatible with renewable energy sources.

2.6. Pros and Cons of Active Energy Conservation Methods

The advantages and limitations of active energy conservation methods are listed in
Table 1.
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3. Passive Building Energy Conservation Methods
3.1. Shading

Global warming and heat island effects have caused increased cooling energy con-
sumption in buildings [41,42]. Probably the most effective way to cool a building in summer
is to keep the heat energy from building up in the first place [43]. Kamal [43] and Abdel-
Aziz et al. [44] state that the most important passive cooling strategy is shading. Shading
involves blocking the sun before its energy can get into the building. The primary source of
heat buildup (heat gain) is sunlight absorbed by the building through the roof, windows,
and walls, while secondary sources include heat-generating appliances in the building
and air leakage. Shading can reduce the peak-cooling load in buildings, thereby reducing
the size of the heating, ventilation, and air conditioning (HVAC) equipment. Shading
minimizes solar radiation incidence [43–45]. Trees and vegetation are effective ways to
shade and reduce heat gain. Energy savings are reported to range from 10% to 40% [43].
Tree-shading has resulted in up to 2.7 ◦C reduction and up to 3.0 ◦C temperature difference
compared to unshaded areas; and trees affect ambient air temperature from 0.5 ◦C to
1.0 ◦C average overnight and day and up to 2.0 ◦C lower than the outside temperature [42].
Abdel-Aziz et al. [44] reported that shading can help to reduce peak summer temperatures
by 1 ◦C to 5 ◦C. Homeowners in older neighborhoods with established trees were observed
to use less energy for air conditioning than homeowners in a recently developed site [46].

Shading the effects of direct solar radiation can be achieved by Kamal [43]: (a) shade
provided by the effect of recesses in the building envelope; (b) shading provided by
static or movable blinds or louvers; (c) transient shading provided by orientation of the
building; (d) permanent or transient shading provided by surrounding buildings, screens,
or vegetation; and (e) shading of roofs by rolling reflective canvas, earthen pots, vegetation,
etc. Several shading overhang configurations are available for shading devices, including
movable opaques (curtains, awnings, etc.), louvers, and fixed overhangs [43,45].

Trees have many benefits for urban environments, including carbon sequestration,
removal of air pollutants, noise reduction, and reduced energy consumption [41]. Akam-
phon and Akamphon [41], as well as other researchers [47,48] noted that trees can reduce a
building’s energy cost by 25% to 50%. Abdel-Aziz et al. [44] noted that a medium-sized
deciduous tree (with leaves on it) can reduce solar irradiance by 80% and 40% if leafless.
Trees reduce the amount of radiant energy absorbed and stored by a building, use evapo-
transpiration converting liquid water in plants to vapor thereby cooling the air, and reduce
wind speed which reduces infiltration of outside air and causes effective ventilation and
convective cooling of building surfaces [42,49]. Shading performance is affected by building
surface, tree location, tree size, canopy density, season, solar angle (time of day), and micro-
climate conditions [44,45,49]. Trees are capable of lowering air temperature, improving air
quality, and reducing building energy consumption [42]. Hwang et al. [50] noted that trees
can reduce residential cooling and heating energy consumption by: (1) casting shade onto
building surfaces and manmade ground covers, (2) modifying airflow around buildings,
and (3) allowing ambient air temperature through evapotranspiration.

Balogun et al. [42] investigated the effect of tree-shading on energy demand for two
similar buildings in Akure, Nigeria, one that was shaded and the other unshaded. The
two buildings were of the same architectural design, built at the same time with the same
materials, had the same orientation, and were located 60 m apart from each other. The
unshaded building warmed earlier and faster than the tree-shaded building. Their results
indicated that tree-shading can save up to USD 218 on energy costs on a monthly basis.

Trees facing west produce the largest energy savings. Trees with high shading coef-
ficients and moderate crown size (such as jackfruit, mango, mahogany, and Indian cork
trees) maximize shading [41].

3.2. Natural Ventilation

Natural ventilation is a common passive technology, but it is dependent on the ambient
environment, such as air temperature and wind speed. (Figure 3). If the air contains
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too much moisture, ventilation can bring additional moisture into the building causing
discomfort to the building inhabitants. Mushtaha et al. [51] addressed three passive energy
techniques: shading devices, natural ventilation, and thermal insulation. Implementation
of such techniques can reduce 59% of the building’s total energy consumption.
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3.3. Windcatcher

A windcatcher is a building’s architectural feature used for natural ventilation. Wind-
catchers are passive systems that require no energy for their operation. They generally take
the form of small towers installed on the top of buildings. The tower draws air from the
outside into the building, providing natural ventilation in hot arid, and humid climates.
They are generally built facing away from the wind direction to minimize ingress of blown
dust and sand. They can significantly influence to reduce cooling loads and supply the
necessary ventilation rate of buildings [52].

3.4. Solar Chimneys

Solar chimneys are inexpensive and easy passive solar heating and cooling systems in
a building. Solar chimneys are hollow containers that connect the inside part of a building
with the outside environment. They are tall structures constructed facing the sun, typically
with a dark-colored surface to absorb solar radiation. As the chimney heats up and rises, it
draws additional air in at the bottom of the chimney. They are very effective in climates
that are hot and humid. There may be multiple solar chimneys to increase surface area.
Low emissivity coatings and glazings help reduce heat losses to the outside environment.
The solar chimneys should be insulated from the building so as to not transmit heat gains
into occupied spaces. In cooler conditions, solar chimneys can be used to direct absorbed
heat back into the building.

Among renewable technologies, a solar chimney is an efficient renewable energy
system that has been frequently adopted in buildings to reduce the energy consumption by
HVAC systems through enhanced natural ventilation [53]. Solar chimneys can be adopted
for both energy savings and fire safety.

3.5. Window Glazing

Insulated glazing on windows reduces heat conduction through the windows. Double-
paned windows offer significant energy savings compared to single-paned windows. Glass
panes have poor insulation properties. Single-paned windows have an R-value (insulation)
of about 0.9. Double-paned windows (two panes with a gap between the panes) have an
R-value of about 2.1; a triple-paned window has an R-value of about 3.2. Higher R-vales
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can be obtained when a less conductive gas (such as argon) replaces air as the gas in the
gap; R-values as high as 10 have been reported. While these R-values are less than those
of walls (R~12 to 15), significant reductions in heat transfer can be realized. In a separate
study, Choi et al. [54] investigated U-values of walls, roof, and floor elements.

3.6. Trombe Walls

A Trombe wall is an equator-facing wall painted a dark color to absorb thermal energy
from incident sunlight and is covered with glass on the outside with an insulating air gap
between the wall and the glaze. Trombe walls are representative of passive solar building
design. During cold winter months when leaves are off trees and the sun’s path is low, heat
will travel to colder spaces; the brick wall will absorb heat and will release the heat into the
space through radiation. As heat enters the room, it will rise as the colder air within the
room drops. As the cold air drops, the Trombe wall heats it, creating a convection cycle
thereby creating an even heat distribution. Trombe walls also function during the summer
months. Trombe walls generally have roof overhangs built at their eaves. Because the sun
is higher in the summer, the overhang blocks most of the sun’s rays. National Renewable
Energy Laboratory [55] provides a good discussion regarding Trombe walls. Liu et al. [56]
noted that higher Trombe wall-to-wall ratio limits and more significant potential for energy
savings than office buildings.

Advantages of a Trombe wall include:

• Trombe walls can significantly reduce heating costs (due to Trombe walls ability to
capture energy and radiate it for longer periods of time, releasing heat during evening
hours).

• Trombe walls provide comfortable heat, radiating heat into the building space and
creating a convection cycle).

• The system is a passive energy technique, containing no moving parts and requires no
maintenance.

• Trombe walls are based on simple and inexpensive construction.
• Convection heats the room from top to bottom, allowing the entire building source to

heat evenly.
• Trombe walls significantly reduce heating bills.
• Even in spaces too large to heat entirely by Trombe walls, Trombe walls cans help

supplement oil, gas, or electric heating systems, thereby reducing energy costs and
resource consumption.

Limitations of Trombe walls include:

• Spaces that are not well insulated may not realize the benefits of solar radiation.
• Trombe walls are not very attractive.
• Trombe walls can be a source of heat loss during extended overcast days.
• Trombe walls do not work everywhere, particularly if the sun’s path is blocked by

trees, mountains, or other buildings.

3.7. High-Albedo Roofs

White roofs (high-albedo roof coatings) can provide cooling energy savings of 10%
to 79%, as reported in residential buildings in Florida and California [57]. White roofs
involve reflective materials to reduce the transmittance of energy through the roof. Roofs
can reach temperatures exceeding 150 ◦F. White roofs can commonly reduce the energy
demand by 10% to 30%. Figure 4 is a graphical presentation of the difference in heat
absorption between a “Dark roof” and a “Cool roof”. Insulation thickness was noted to
play a significant role in preventing heat loss from buildings [58]. Insulation thickness also
delays the transfer of heat due to thermal inertia of the insulation layer. Applying a high-
albedo coating to building rooftops results in significant energy reductions [59]. Passive
design and landscape variables (rooftop albedo and shading vegetation) are considered
important green building techniques [60].
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Dirt can accumulate on the high-albedo roofing surfaces to alter the performance
of the roofing system. Bretz and Akbari [57] note that most of the albedo degradation
occurs in the first year of application, with a 70% decrease in performance with the first
two months of exposure; after the first year, the degradation slowed, with data showing
small losses in albedo after the second year. Cleaning the roofs with soap is effective for
restoring the original albedo, but it is not cost-effective. Reflective coatings have also been
used on the University of California, Davis exterior walls, resulting in significant energy
reductions [61].

3.8. Vegetated Roofs

Getter and Rowe [62] provide a good review of the role of extensive green roofs in
sustainable development. Green roofs are classified as being either intensive or exten-
sive systems. Intensive roofs employ a variety of plant species (that may include trees
and shrubs) that require deep substrate layers and they require intensive maintenance.
Intensive roofs generally are limited to flat roofs. Extensive roofs generally require min-
imal maintenance. They are generally not accessible to the general public. Due to their
shallower substrates, plant species are generally limited to herbs, grasses, mosses, and
drought-tolerant species such as sedum. Extensive green roofs can be installed on sloped
roof surfaces.

Green roofs have a roof barrier installed on top of a roofing membrane. Above this
barrier is a drainage layer that allows excess water to flow away from the roof. On top
of the drainage layer is a fabric filter to prevent silt and particulates from clogging the
drainage layer. An optional water retention fabric can be placed on top of the fabric filter
to allow extra water to be retained for the benefit of the plant species. On top of that
is a growing substrate to support plant growth. The depth, density, and humidity of
the growing medium are three components of the growing medium contributing to its
efficiency and performance.

There are four main components of vegetated roofs: (a) waterproofing membrane
and filter membranes; (b) drainage films; (c) growing medium; and (d) vegetation. Saada-
tian et al. [63] note that some vegetated roofs need water for irrigation, increasing water
consumption.

Green roofs (vegetated roofs) help mitigate the urban heat island effect, provide
thermal comfort for the building occupants, add aesthetic environmental values, and most
importantly reduce the energy consumption of buildings [63]. In a pilot study involving
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a vegetated roof of area 1388.0 m2 and containing approximately 20,000 sedum plants
conducted on a campus building at the University of Alabama at TBirmingham, Peters
et al. [64] gathered utility bill information both prior to and after implementation of the
green roof, involving electricity, natural gas, and chilled water. After the implementation of
the pilot green roof, utility bill (energy) savings of ~20% to 25% were achieved (compared to
the case prior to the implementation of the vegetated roof system). Saadatian et al. [63] also
note that green roofs can reduce the roof temperature to 27 ◦C (compared to a temperature
of 80 ◦C on a conventional black roof). Further, in terms of air quality, plants produce more
oxygen and sequester carbon dioxide. Further, Tsoka et al. [65] noted that a continuous
shading canopy of trees offers significant energy savings of about 54%.

In a study conducted in Iran, the reduction in energy consumption associated with
green roofs ranged from 6.6% to 9.2%, resulting in a payback period of 25 to 57 years [61].
Significant results obtained from their study include: proper selection of green roof type de-
pends on the climate; using green roofs causes a significant decrease in energy consumption
and its associated energy costs; increasing the soil layer thickness increases the required
energy for cooling and decreases the required energy for heating; the desired and positive
effects of green roofs on energy consumption are better for buildings with fewer floors;
and decreasing energy consumption should not be the only factor used to justify the use of
green roofs.

Benefits associated with vegetated roofs include [62,63,66,67]:

• reduced volume of stormwater runoff;
• delayed stormwater runoff;
• increased stormwater runoff water quality;
• increased life span of roofing membranes;
• energy conservation and reduced urban heat island effect;
• increased biodiversity and providing habitats for wildlife;
• improved aesthetic value;
• mitigation of air pollution;
• noise reduction;
• insulation benefits; and
• application of LEED (Leadership in Energy and Environmental Design) credits.

Roofs represent 21% to 26% of urban areas [62,68]; therefore, vegetated roof systems
provide an excellent opportunity to counteract the destruction of natural habitats in cities.

3.9. Summary of Passive Energy Methods

By incorporating passive energy design options in air-conditioned residential build-
ings, Abdul Mujeebu and Bano [69] showed a 34% reduction in the energy performance
index could be achieved, compared to a 32% reduction for a green roof. Latent heat storage
units can effectively reduce building energy consumption, reduce indoor temperature
fluctuations, and improve indoor thermal comfort [6]. Furthermore, careful attention to
building envelope design focusing on passive energy options can improve the indoor
thermal environment by 5.82 ◦C, reduce thermal discomfort by 80.75%, and save up to
77% on energy requirements [70]. Passive cooling techniques can maintain the indoor
temperature within a comfortable range while reducing the building energy load [71].
Passive building strategies that favor building energy conservation also have a positive
impact on the building’s resilience [72]. Passive energy systems can be incorporated into
retrofitting buildings [73].

3.10. Pros and Cons of Passive Energy Conservation Methods

The advantages and limitations of passive energy conservation methods are listed in
Table 2.
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4. Summary and Conclusions

This paper does not address all the active and passive energy techniques being used
today; rather, this paper describes and summarizes the more commonly used techniques
applied in the field today. The paper presents a review of new and advanced technologies
for heating and cooling of buildings that can reduce energy use while providing the
required comfort for the occupants. As stated in the disclaimer, this paper does not center
its attention on building decarbonization approaches. The paper has two sections for active
and passive methods, respectively. A table at the end of each major section provides the
advantages and disadvantages of each of the described technologies.

On the topic of active methods, several variations of and modifications to a conven-
tional heat pump system have been discussed. There are various levels of initial investment
associated with each of the variations, and the associated energy savings have been identi-
fied. Ground-source heat pumps (also called geothermal heat pumps) have shown promise
and are being widely considered by HVAC designers and contractors for installation on
small- to medium-sized buildings. The other methods that were discussed in the paper
are still in the development stage and are not as common as ground-source heat pumps
yet. Some of the techniques are limited in their application depending on the size of the
HVAC load. A section was dedicated to the development of new refrigerants because they
are under constant development to make them more environmentally friendly.

When it comes to passive techniques, there are multiple approaches that can be
adopted by the designers. Among the methods discussed, shading and natural ventilation
require the least amount of additional initial investment. Nonetheless, they can offer
a significant reduction in the HVAC load and consequently contribute to lower energy
bills. Some of the methods are still in the development phase to make them economically
and technologically feasible when it comes to their relation to the building structure.
Architectural and esthetic considerations are important when a technology is to be adopted.
Trombe walls and solar chimneys fall into this category. Trombe walls can be used with
smaller buildings, while a solar chimney installation only makes sense in larger buildings.
The windcatcher concept has been around for more than a thousand years and perhaps it
is time to adapt it to modern-day buildings to save energy. Its effective implementation
requires a careful balance between architecture and zone layout, and it might be limited to
use in low-rise buildings. Low-emissivity and multiple-glazing windows have documented
proof that they work. The extra cost is a factor to be considered. Modifications to the roof
of a building, such as green roofs and high-albedo roofs, can also provide energy savings.
While high-albedo roofs are easier to implement, green roofs are more effective and at the
same time require quite high maintenance.

As pointed out by Ma et al. [2] and the National Governors Association [3], attention
on integrated decarbonation and building energy conservation approaches is accelerating.

Energy conservation of existing buildings plays a major role in reducing global carbon
emissions and building energy consumption [94]. This is extremely important because building
energy consumption accounts for nearly 40% of the global energy consumption [93,94], and
the U.S. accounts for 20% of the world’s CO2 emissions [93]; it is key to the world’s energy
conservation and low-carbon development [94]. Energy use is currently driven by a number
of factors, such as: population growth, economic changes, building size, service demands,
and efficiency of energy use [93]. The main energy-consuming components in buildings
are lighting and HVAC systems [93]. The retrofitting of existing buildings to reduce energy
consumption provides an excellent opportunity for reducing global energy consumption.
Building maintenance structure retrofits include transforming roofing systems and win-
dows. Active measures relate to heating, ventilation, and air conditioning (HVAC) systems
and lighting systems. Renewable energy measures refer to solar photovoltaic systems
and ground source heat pump systems. Huang et al. [94] indicated that building energy
conservation focuses on three aspects: energy conservation influencing factors and energy
conservation barriers, energy conservation measures, and energy conservation optimiza-
tion methods. As noted by DOE [93], 34 states and more than 253 municipalities have now
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instituted green building policies. The international Energy Agency [95] noted that without
concerted efforts to bolster efficiency, energy intensity in industry may increase.

From the discussion provided, it is apparent that no single building active or passive
energy conservation technique will maximize energy conservation in a building, rather
an integrated approach involving a combination of building active or passive energy
conservation techniques must be employed to maximize energy conservation efficiency
for buildings.
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Abstract: The thermal performance of lightweight steel framed (LSF) facade walls depends on many
factors, such as the steel studs, the batt insulation, the external thermal insulation composite systems
(ETICS), and the sheathing layers. Moreover, the high thermal conductivity of steel could negatively
affect their thermal performance due to the consequent thermal bridge effect. Furthermore, in LSF
walls, the batt insulation is usually bridged by the steel studs. Thus, some analytical calculation
procedures defined in standards (e.g., ISO 6946) are not valid, further complicating their thermal
performance quantification. In this research, a parametric study to evaluate the thermal performance
of facade LSF walls is presented. Seven relevant parameters are assessed, most of them related to the
use of thermal break strips (TBS) and ETICS. The 2D numerical models used to predict the conductive
R-values were experimentally validated, and their precision was successfully verified. As earlier
found in a previous research work for partition LSF walls, it is also more effective for facades to
increase the TBS thickness rather than their width, with the R-value increments being slightly smaller
for facade LSF walls. These features were more pronounced for double TBS and for the smaller stud
spacing (400 mm). The major thermal performance improvements were found when increasing the
ETICS insulation thickness and decreasing their thermal conductivity.

Keywords: thermal performance; lightweight steel framed; facade walls; thermal break strips; ETICS;
parametric study

1. Introduction

A thermal bridge, or cold bridge, can be defined as a localized zone of a building
envelope which has a significantly higher heat transfer when compared to the adjacent
areas [1]. Thermal bridges in buildings, regarding the way they are computed, can be
categorized into three types: repeating thermal bridges (e.g., vertical steel studs equally
spaced in a LSF wall), linear (nonrepeating) thermal bridges (e.g., along a projecting balcony,
a wall-to-wall connection or a wall to floor edges), and point thermal bridges (e.g., the
mechanical metallic fasteners to fix the insulation panels in ETICS).

Regarding the origin, there are usually two types of thermal bridges: geometric and
construction thermal bridges. An example of a geometric thermal bridge is a wall-to-wall
corner, given the higher outer surface area when compared to the inner one. Construction
thermal bridges originate from a higher thermal conductivity of a specific localized material,
such as a concrete column within a masonry ceramic brick wall.

Thermal bridges may lead to several negative consequences in buildings, such as
increased heat transfer through the building envelope, localized colder zones in the in-
ner sheathing surfaces, thermal discomfort of the occupants, moisture and condensation
problems, mold growth, and decrease of materials’ durability [1]. The ASIEPI research
project [2] concluded that “the total impact of thermal bridges on the heating energy need
is in general considerable and can be as high as 30%”. Moreover, Ge and Baba [3] simulated
the dynamic effect of thermal bridges on the energy performance of reinforced concrete
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residential building located in a hot climate and concluded that the presence of thermal
bridges is able to increase the annual cooling load by 20%.

Given the high thermal conductivity of steel, the relevance of thermal bridges may
be even higher if this issue is not adequately addressed at design stage and their miti-
gation strategies implemented during construction stage [4]. This is a very hot research
topic, which has been addressed using several approaches, such as in situ or lab measure-
ments [5–7], parametric studies [8–10], analytical evaluation [11], and numerical simula-
tions [4,7].

Several thermal bridge mitigation strategies in LSF building elements have been
developed and studied, including the use of steel profiles having indented flanges [10], the
use of ETICS (external thermal insulation composite systems) [8,9,12,13], the placement of
thermal break strips (TBS) along the steel studs flanges [5–7,9,10], and the application of
steel studs with slotted webs [9,14].

There is no perfect thermal mitigation strategy since each one has its inherent draw-
backs and advantages. The most frequent thermal bridge mitigation strategy is the use of
ETICS. Being a continuous thermal insulation, the thermal performance improvement is
more effective. Moreover, the building’s net floor area is not reduced due to the additional
ETICS thickness, since it is usually located outside the floor area [13]. On the other hand,
since the very reduced insulation material’s quantity used is placed only where it is needed
more, i.e., along the steel stud flanges, the use of TBS is a highly cost-effective strategy
to mitigate thermal bridges in LSF walls [5]. Nevertheless, the use of TBS may have a
drawback due to the higher distance between the steel frame and the sheathing panels,
equal to the TBS thickness, which will lead to a smaller mechanical resistance to lateral
loading shear actions [15].

The steel stud flanges’ indentation allows a reduction in the contact surface area
between the sheathing panels and the steel, thereby reducing the heat transfer across the
wall in the vicinity of the steel profile, without increasing the LSF wall thickness [10].
Moreover, an extra advantage is that the initial flange air gap can be filled with insulation
material, similarly to a TBS, but without increasing the LSF wall thickness. Regarding
the slotted steel studs strategy, the key disadvantage is related to the reduction in their
load-bearing capacity [10].

In a previous study [16], the authors performed a parametric study about the use
of thermal break strips (TBS) in load-bearing partition LSF walls, to mitigate the steel
frame thermal bridges and improve their thermal performance. In this parametric study,
five different parameters were assessed: (1) the steel stud distance, (2) the TBS position
and number on the steel stud’s flanges, (3) the TBS material’s thermal conductivities,
(4) the thicknesses, and (5) the width of TBS cross-section geometry. It was concluded that
increasing the TBS width did not always lead to a thermal resistance improvement, and
that increasing the TBS thickness is more effective than increasing their width, with this
latter conclusion related to the volumetric expansibility of the mineral wool batt insulation.

A similar parametric study for load-bearing facade LSF walls was not found in the
literature. Therefore, in the present research, a parametric study is performed for load-
bearing facade LSF walls. In addition to the five abovementioned parameters, in the
present parametric study, two more parameters are evaluated: (6) the thickness of the
ETICS thermal insulation layer, and (7) their thermal conductivity. In this parametric study,
bidimensional numerical models were used, which were experimentally validated, and
their accuracy was successfully verified using three different additional strategies.

In this paper, after this brief introduction, Section 2 presents the materials and methods,
including a description of the facade LSF wall used as reference, the evaluated parameters
and their values, the characterization of the materials, and the numerical simulations. Next,
the achieved results are presented and discussed in Section 3, starting by the reference
facade LSF wall, followed by the results for a single TBS and for two TBSs, and finally the
results about the relevance of ETICS insulation thickness and their thermal conductivity
values. To finalize, the key conclusions of this study are presented in Section 4.
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2. Materials and Methods

Here, the evaluated facade LSF walls are described, with emphasis on the reference one.
Furthermore, the assessed parameters in this study are specified, including the geometry
and dimensions of the TBS and ETICS, the steel stud spacing, and the materials used
with their respective thermal properties. Next, the numerical simulations are described,
including the domain discretization, the boundary conditions, the model validation, and
accuracy verifications.

2.1. Reference Facade LSF Wall

Figure 1 displays the horizontal cross-section for the reference load-bearing facade
LSF wall, used in this parametric study. The structure of the evaluated walls was made
using vertical steel studs with a web of 90 mm, a flange of 43 mm, a lip return of 15 mm,
and a sheet thickness of 1.5 mm. The wall cavity was fully filled with a mineral wool (MW)
batt insulation, 90 mm thick. On both sides of the vertical studs, there was an oriented
strand board (OSB) structural sheathing panel, 12 mm thick. Furthermore, in the inner
surface there was an extra gypsum plasterboard (GPB), 12.5 mm thick, while, on the outer
surface, there was an external thermal insulation composite system (ETICS), with expanded
polystyrene (EPS) insulation, 50 mm thick, and an ETICS finishing layer, 5 mm thick.

Figure 1. Horizontal cross-section of reference load-bearing facade LSF wall.

2.2. Evaluated Parameters

The parameters assessed in this parametric study, as well as the values to be used for
each one, are listed in Table 1 and schematically illustrated in Figure 2. These parameters
were (1) the spacing of the steel studs, (2) the dimensions (thickness and width), thermal
conductivity, and number of the TBSs, and (3) the thickness and thermal conductivity of
the ETICS insulation material. Note that, as illustrated in Figure 2, the addition of a TBS
(single or double) increased the total LSF wall thickness and, given the high MW expansion
capacity, it was assumed always a fully filled air cavity with this batt insulation.

Table 1. Parameters of the facade LSF walls to be evaluated and assigned values.

Parameter Values

Steel stud spacing [mm] 400 *, 600

Thermal Break Strips:
-Thickness [mm] 5, 7.5, 10 *, 12.5, 15
-Width [mm] 30, 40, 50 *, 60, 70
-Conductivity [mW/(m·K)] 7.5, 15, 30 *, 60, 120
-Number Zero *, one 2, two 3
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Table 1. Cont.

Parameter Values

ETICS 1:
-Insulation thickness [mm] 30, 40, 50 *, 60, 70
-Insulation conductivity [mW/(m·K)] 7.5, 15, 30, 36 *4, 60, 120

* Reference values are in bold. 1 ETICS—External thermal insulation composite system; 2 one—outer flange;
3 two—both inner and outer flanges; 4 thermal conductivity value of the reference ETICS insulation material
(EPS—expanded polystyrene).

Figure 2. Evaluated parameters of the facade LSF walls.

2.3. Material Characterization

Table 2 displays the materials used in the LSF walls, including the thickness, t, and the
thermal conductivity, λ. Note that the TBSs were previously characterized in Table 1, regarding
their evaluated dimensions (thickness and width) and assessed thermal conductivities.

Table 2. Thickness (t) and thermal conductivity (λ) of the materials used in the reference facade LSF wall.

Material t
[mm]

λ
[W/(m·K)] Ref.

Gypsum plaster board (GPB) 12.5 0.175 [17]

Oriented strand board (OSB) 12.0 0.100 [18]

Mineral wool (MW) 90.0 0.035 [19]

Steel studs (C90 × 43 × 15 × 1.5) 90.0 50.000 [20]

ETICS 2 insulation (EPS 1) 50.0 0.036 [21]

ETICS 2 finish 5.0 0.450 [22]
1 EPS—expanded polystyrene; 2 ETICS—external thermal insulation composite system.
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2.4. Numerical Simulations

To perform the numerical simulations of the evaluated facade LSF walls, the software
THERM (version 7.6.1) [23] was used. In this subsection, some relevant details related to
the implemented THERM finite element method (FEM) models are explained, including
the discretization of the domain, the employed boundary conditions, the model validation,
and accuracy verifications.

2.4.1. Domain Discretization

The materials’ thermal properties and dimensions were previously presented in
Tables 1 and 2. It was only needed to model a representative part of the LSF walls’ cross-
section, as displayed previously in Figure 1. This strategy allowed decreasing the calcula-
tion effort and time. Moreover, the numerical computation error of the implemented FEM
models was capped at 2%.

2.4.2. Boundary Conditions

To perform the numerical simulations, two sets of boundary conditions were set:
(1) the environment air temperatures, and (2) the surface thermal resistances. For this
parametric study, the external environment temperature was set as 0 ◦C, as for the usual
outdoor winter season temperature in mild climates. Moreover, the interior environment
temperature was set to 20 ◦C, as for the usual indoor comfort temperature in the winter
season. Note that the computed thermal resistance (or R-value) does not depend on
the adopted temperatures indoor or outdoor environment temperatures, as prescribed
by standard ISO 6946 [24]. This same standard recommends some default values for
the surface thermal resistances. In this study, these standardized values were adopted,
specifically 0.04 m2·K/W for external surface thermal resistance (Rse) and 0.13 m2·K/W for
internal surface thermal resistance (Rsi).

2.4.3. Model Accuracy Verifications and Validation

Three precision verifications and one validation procedure were realized to ensure the
reliability of the bidimensional THERM software [23] models.

Regarding the models’ accuracy verifications, the references were as follows: (1) the
Annex C, ISO 10211 standard [25] 2D test cases; (2) the analytical calculation procedures
defined in standard ISO 6946 [24]; (3) the 3D FEM simulation results provided by ANSYS
software [26].

Regarding the model validation, the results were compared with some experimental
measurements, under controlled laboratory conditions, as depicted in the next subsection.

(1) ISO 10211 Test Cases Verification

For this verification, the two bidimensional test cases depicted in Annex C of standard
ISO 10211 [25] were modeled, and the results obtained were within the bounds permitted,
ensuring the precision of the THERM algorithm and the models. For sake of brevity and
to avoid repetitions, the results are not displayed here. However, they can be accessed in
previous studies from the authors [13,27,28].

(2) ISO 6946 Analytical Calculus Verification

Since standard ISO 6946 [24] provides some analytical calculation procedures for walls
having homogeneous layers, a simplified LSF wall THERM model was built, assuming no
steel frame. For this accuracy verification, the THERM model was very similar to the one
previously illustrated in Figure 1, for the reference facade LSF wall, but having no steel
stud. Moreover, the material’s properties were also the same (see Table 2), as well as the
boundary conditions (see Section 2.4.2).

The computed thermal transmittances for the numerical and analytical approaches
are displayed in Table 3. Both obtained U-values were the same, highlighting the excellent
accuracy and reliability of the THERM models.
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Table 3. Thermal transmittance calculated for the simplified reference facade LSF wall assuming
homogeneous layers (without steel stud).

LSF Wall Type
U-Value [W/(m2·K)]

Numerical (THERM) Analytical (ISO 6946)

Facade 0.225 0.225

(3) 3D FEM Verification

In this precision verification, a comparison between the 2D model results, obtained
using the THERM software [23], and the 3D model results, computed using the ANSYS
software [26], was performed. Two different facade LSF walls were assessed: (1) the
reference LSF wall without any TBS (previously illustrated in Figure 1); (2) a similar LSF
wall containing an outer TBS, having a thermal conductivity equal to 30 mW/(m·K), a width
equal to 50 mm, and 10 mm thickness. All other thicknesses and thermal conductivities
were early displayed in Table 2, and the implemented boundary conditions were the same
as described in Section 2.4.2.

The computed conductive R-values and the isothermal colour distribution are dis-
played in Figure 3a for the reference facade LSF wall (without TBS) and in Figure 3b for a
similar wall having a TBS along the outer steel stud flange. The greatest difference between
2D and 3D models occurred for the reference LSF facade (+0.5%), while, for the other LSF
wall configuration having a TBS, the difference was almost negligible (−0.001 m2·K/W,
0.0%), again demonstrating the exceptional accuracy of the THERM models used in this
parametric study.

Figure 3. Cont.
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Figure 3. Accuracy verification of the LSF facade wall model: temperature distribution and R-values:
(a) reference LSF facade; (b) LSF facade with an outer thermal break strip.

(4) Lab Measurement Validation

The THERM model for the reference facade LSF wall, in addition to the three previous
explained accuracy verifications, was also validated against lab measurements, under
controlled conditions. These laboratory measurements were performed using the same test
procedures and setup as those described in previous research from the same authors [16],
for the thermal performance evaluation of load-bearing partition LSF walls. Therefore, for
the sake of conciseness and to avoid unnecessary repetitions, these test procedures and lab
setup are not explained here again.

Nevertheless, the achieved results for the reference facade LSF wall are displayed in
Table 4, which lists the measured conductive thermal resistances for the three height sensor
locations and the equivalent average conductive R-value (3.200 m2·K/W). Note that the
conductive thermal resistance computed by the THERM model is also shown in this table
(3.204 m2·K/W). This very reduced difference between the measured and the predicted
thermal resistances (only +0.1%) allowed ensuring the precision of these THERM models,
but also permitted their validation.

Table 4. Reference facade LSF wall conductive R-values, for both experimental and numerical methods.

Test Sensors Location R-Value
[m2·K/W]

1 Top 3.247

2 Middle 3.121

3 Bottom 3.232

Measurement Average 3.200

Computed in THERM 3.204

Percentage Deviation +0.1%
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3. Results and Discussion

In this section, the computed results are displayed and analyzed. First, the R-values
for the reference facade LSF wall are presented. Then, the thermal performance of this LSF
facade wall is evaluated when using a single TBS, placed in the outer steel stud flange.
Next, the use of two TBS is assessed. Lastly, the influence of the ETICS insulation thermal
conductivity and thickness, when there is no TBS, is also analyzed.

3.1. Reference Facade LSF Wall

The reference surface-to-surface thermal resistance for the facade LSF wall with com-
mercial C90 × 43 × 15 × 1.5 steel studs, placed 400 mm apart (Figure 1), is 3.204 m2·K/W
(Figure 3a). For the 600 mm steel stud spacing, the R-value is improved to 3.499 m2·K/W
(+9%). This thermal performance improvement of the LSF facade wall was expected, due
to the decreased amount of steel, originating from the increased steel studs’ spacing.

3.2. One Thermal Break Strip
3.2.1. The Influence of TBS Thickness and Thermal Conductivity

The surface-to-surface thermal resistances obtained for the facade LSF walls, having
one TBS with variable thickness and 50 mm width, for two different steel stud spacings
((a) 400 mm; (b) 600 mm), are displayed in Figure 4. The current charts show the same trend
as those described in the previous study [16], but it can be noted that, on these facade LSF
walls (having ETICS), the TBS performance improvement was smaller than in the previous
partition LSF walls. This could be explained by the reduced relevance of the steel studs’
thermal bridges due to the ETICS insulation continuous layer.

Figure 4. Surface-to-surface thermal resistances for facade LSF walls, having one thermal break strip
with variable thickness and 50 mm wide, for two different steel stud spacings: (a) 400 mm; (b) 600 mm.
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Nevertheless, with respect to the R-values presented in Figure 4a for the higher thermal
conductivity (120 mW/m·K; black line), even the thinner TBS (5 mm) allowed increasing
the thermal performance from 3.204 m2·K/W (reference value) to 3.293 m2·K/W. Moreover,
when there was an increase in the TBS thickness up to 15 mm, the thermal resistance also
had a nearly linear variation increase, up to 3.486 m2·K/W. In terms of percentages (see
right plot), these R-value increments range from +3% to +9%.

Looking now to the other evaluated smaller TBS thermal conductivities, the slope
of the corresponding R-values lines also increased with the decrease in TBS conductivity.
This trend was predictable, and the major R-values were achieved for the smaller TBS
thermal conductivity (7.5 mW/m·K, blue line), varying from 3.604 m2·K/W (5 mm thick)
up to 4.045 m2·K/W (15 mm thick). As displayed in the right graph of Figure 4a, this
thermal resistance variation, in relation to the reference facade LSF wall, increased from
+12% (5 mm thick) to +26% (15 mm thick).

Two analogous plots are displayed in Figure 4b for 600 mm steel stud spacing, instead
of 400 mm spacing. As predicted, all computed R-values were bigger than the preceding
ones, including the new reference one (3.449 m2·K/W). Moreover, for the same TBS thick-
ness, the R-value increase originating from the TBS thermal conductivity decrease was now
smaller relatively to the former studs’ spacing (400 mm), illustrated in Figure 4a.

Additionally, in both plots (400 mm and 600 mm steel studs’ spacing), increasing
the TBS thickness always provided an improved thermal performance, regardless of the
conductivity. This is due to the assumed mineral wool batt insulation’s volumetric expansi-
bility, fulfilling the increased wall cavity, whereby this wall thickness increment is equal to
the TBS thickness.

3.2.2. The Influence of TBS Width and Thermal Conductivity

Figure 5a exhibits the surface-to-surface R-values obtained for the facade LSF walls
having one TBS with variable width and constant thickness (10 mm), when the steel studs
are spaced 400 mm. With respect to the R-values for the thermal conductivity equal to
120 mW/m·K (higher evaluated value; black line), even the smaller assessed TBS width
(30 mm) enabled an R-value increase from 3.204 m2·K/W (reference value) to 3.447 m2·K/W.
However, when the TBS width increased to 70 mm, the R-value decreased to 3.361 m2·K/W,
i.e., a negative variation equal to −0.086 m2·K/W. Looking now to the thermal conductivity
of 30 mW/m·K (gray line), the R-value variation was very reduced (+0.018 m2·K/W)
when increasing the width of the TBS (3.564 to 3.582 m2·K/W). Observing now the smaller
evaluated TBS conductivity R-values (blue line), there was a major increment relative to
the reference facade LSF wall (3.204 to 3.675 m2·K/W), as well as when increasing the TBS
width from 30 to 70 mm (+0.264 m2·K/W). In terms of percentages (see blue vertical bars
in the right plot of Figure 5a), this R-value increment ranged from +15% to +23%.

The computed R-values for a larger steel studs’ spacing (600 mm) are displayed in
Figure 5b. Comparing this new plot with the previous one (Figure 5a), the major differences
are the higher predicted R-values and the reduced thermal performance variations due to
the use of TBS. In fact, the R-value reduction for the higher TBS conductivity (120 mW/m·K;
black line) became −0.068 m2·K/W, instead of the previous decrease of −0.086 m2·K/W.
Observing the smaller TBS conductivity (7.5 mW/m·K; blue line), the thermal resistance
increment, due to the TBS width increase, became (Figure 5b, 600 mm) only +0.197 m2·K/W,
when the previous value (Figure 5a, 400 mm) was +0.264 m2·K/W.

Comparing Figures 4 and 5, it can be observed that a TBS having 10 mm thickness
and 30 mm width (Figure 5) presented higher R-values in comparison to a TBS having
5 mm thickness and 50 mm width (Figure 4), regardless of the steel studs’ spacing and
the TBS conductivity. However, increasing the TBS thickness (Figure 4) was always more
gainful (higher R-values increment) in comparison to a TBS width increase (Figure 5).
Moreover, for the higher evaluated TBS conductivity values (60 and 120 mW/m·K), it was
not adequate to increase the TBS width, since there was a consequent reduction in the facade
LSF wall thermal performance (Figure 5). Thus, similarly to a previous study for partition
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LSF walls [16], it can also be concluded for facade LSF walls that it is more effective to
increase the thickness than the width of the TBS. However, in facade LSF walls, the thermal
performance improvement due to the use of TBS was smaller, since the steel studs’ thermal
bridges were less relevant, due to the existence of a facade ETICS continuous insulation.

Figure 5. Surface-to-surface thermal resistances for facade LSF walls, having one thermal break strip
with variable width and 10 mm thick, for two different steel stud spacings: (a) 400 mm; (b) 600 mm.

3.3. Two Thermal Break Strips

This subsection presents and discusses the computed R-values for facade LSF walls
when using two TBS, instead of only one outer TBS.

3.3.1. The Influence of TBS Thickness and Thermal Conductivity

Figure 6a is similar to Figure 4a, but with the facade LSF walls having two TBSs
instead of a single outer TBS. These new charts exhibit very similar features to the pre-
vious ones but with higher R-values. This was expected given the use of two TBS and
their consequent thermal performance improvement. As mentioned before, this thermal
performance enhancement was due not only to the use of the TBS itself, but also to the
consequent increase in the wall air cavity and batt insulation thickness, which was equal to
the thickness summation of both TBSs (10 + 10 mm).
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Figure 6. Surface-to-surface thermal resistances for facade LSF walls, having two thermal break strips
with variable thickness and 50 mm wide, for two different steel stud spacings: (a) 400 mm; (b) 600 mm.

Other interesting findings could be obtained when comparing the case where the total
thickness of TBSs was the same, but the number was different (one and two). For example,
according to the blue line (λ = 7.5 mW/m·K) in the left graph of Figure 4a, the R-value
was 3.842 [m2·K)/W when the thickness was 10 mm (one TBS), while, according to the left
graph of Figure 6a, the R-value was 4.001 [(m2·K)/W] when the thickness of each TBS was
5 mm (the total thickness of two TBSs was 10 mm). This appears to indicate that it is more
effective to split the TBSs (higher thermal resistance) instead of using a single one with the
same total thickness.

The computed results for a 600 mm steel stud spacing is displayed in Figure 6b,
exhibiting a similar trend to that for a 400 mm spacing (Figure 6a); however, all obtained
R-values were higher than the previous ones, as anticipated given the smaller steel amount
per wall square meter and consequent minor steel-related thermal bridge effect. Moreover,
in Figure 6b, for the same TBS thickness, the thermal performance improvement due to
the TBS conductivity decrease was now quite smaller when compared to the 400 mm steel
stud spacing (Figure 6a). Additionally, the R-value increment due to the TBS thickness
increase was reduced for smaller TBS conductivities (e.g., 7.5 mW/m·K; blue line), +0.750
instead of +0.822 m2·K/W, and slightly increased for higher thermal conductivity values
(e.g., 120 mW/m·K; black line), +0.446 instead of +0.403 m2·K/W.

3.3.2. The Influence of TBS Width and Thermal Conductivity

Figure 7a is analogous to Figure 5a. However, instead of a single outer TBS, the facade
LSF walls have two TBSs, i.e., one in the outer stud flange and another TBS in the inner
flange. The trends exhibited in these two plots are identical, but with an improved thermal
performance, i.e., increased R-values. In addition to this enhanced thermal performance,
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the relevance of increasing the TBS width was higher for the same TBS conductivity, which
was expected since two TBSs were used (Figure 7a) instead of one (Figure 5a). In fact, for
the smaller TBS conductivity (7.5 mW/m·K; blue line), the R-value increment was +0.430
m2·K/W, instead of only +0.264 m2·K/W. Moreover, for the higher evaluated TBS con-
ductivity (120 mW/m·K; black line), the thermal resistance decrease was −0.169 m2·K/W,
instead of −0.086 m2·K/W.

Figure 7. Surface-to-surface thermal resistances for facade LSF walls, having two thermal break strips
with variable width and 10 mm thick, for two different steel stud spacings: (a) 400 mm; (b) 600 mm.

The predicted R-values for an increased steel stud spacing (600 mm, instead of 400 mm)
are plotted in Figure 7b. As seen before for a single TBS (Figure 5), this chart had an identical
tendency, but now all predicted R-values were bigger when compared to the previous
ones (Figure 7a, 400 mm stud spacing), including the reference one (3.449 m2·K/W), as
mentioned before. Furthermore, the relevance of the TBS conductivity for the same TBS
width, and the relevance of the TBS width for the same thermal conductivity were now
smaller, when compared to the previous steel stud spacing (400 mm).

3.4. ETICS Insulation Thickness and Thermal Conductivity

In addition to the use of one (see Section 3.2) or two TBSs (see Section 3.3), this
research assessed the relevance of changing the ETICS insulation thickness and thermal
conductivity to improve the thermal performance of facade LSF walls. Figure 8a illustrates
the computed surface-to-surface R-values, for facade LSF walls having ETICS insulation
thickness changing from 30 to 70 mm and thermal conductivity values raging between 7.5
and 120 mW/m·K, with a steel stud spacing equal to 400 mm, without TBS.
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Figure 8. Surface-to-surface thermal resistances for facade LSF walls, without thermal break strips,
having a variable ETICS insulation thickness and thermal conductivity, for two different steel stud
spacings: (a) 400 mm; (b) 600 mm.

Compared to previous plots (one and two TBS), several main differences arise, such
as (1) the ETICS insulation thermal conductivity lines for higher values (30, 60 and
120 mW/m·K) having smaller thermal resistances in relation to the reference facade LSF
wall R-value (3.204 m2·K/W), (2) the R-values variation range now being much larger,
ranging (70 mm ETICS thickness) from 2.290 m2·K/W up to 11.260 m2·K/W, for the 120 and
7.5 mW/m·K insulation thermal conductivities, respectively, and (3) the thermal resistance
increment with the ETICS insulation thickness increase now also being larger, mainly for
the smaller thermal conductivities (e.g., +5.360 m2·K/W for 7.5 mW/m·K, blue line).

Figure 8b shows the same parameters variation, but for LSF walls having a 600 mm
steel stud spacing. In comparison to the previous steel stud spacing (400 mm) chart
(Figure 8a), the main features are as follows: (1) as expected, due to the minor steel content
per LSF wall area, all R-values were now increased; (2) however, the R-value increment due
to ETICS insulation thickness increase, for each thermal conductivity value, was very similar
(as expected, since this insulation layer was continuous). Note that, in terms of percentages,
the R-value increment seemed larger for the 400 mm stud spacing (Figure 8a, left), but this
was mainly due to a smaller reference R-value (3.204 instead of 3.499 m2·K/W).

As illustrated in Figure 8b, insulation materials with smaller thermal conductivities,
7.5 and 15 mW/m·K, exhibited higher thermal performance, with maximum R-values (for
70 mm thickness and 600 mm steel stud spacing) of 11.560 and 6.862 (m2·K)/W, respec-
tively. Not surprisingly, for insulation materials with higher thermal conductivities, 60
and 120 mW/m·K, the R-value of the reference wall (having 50 mm of EPS thermal insula-
tion, 36 mW/m·K) was not reached. Moreover, even for a smaller thermal conductivity
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(30 mW/m·K; gray line), when the thickness was reduced (30 and 40 mm), the achieved
R-values were also smaller than the reference one (3.499 m2 K)/W).

4. Conclusions

In this article, a parametric study related to the thermal performance of load-bearing
facade LSF walls was completed. This research is a continuation of a previous parametric
study for partition LSF walls from the same authors [16]. In the present study, seven
parameters were assessed: (1) the steel stud distance; (2) the TBS position and number
along the steel stud’s flanges; (3) the thermal conductivity of the TBS material; (4) the TBS
thickness; (5) the TBS width; (6) the thickness of the ETICS thermal insulation layer; (7) the
thermal conductivity.

The reliability of the obtained results was ensured by the experimental validation of the
bidimensional THERM [23] models, which were used to simulate the thermal performance
of the assessed facade LSF walls. Additionally, their accuracy was also successfully verified
using three different approaches.

The main outcomes of this research are summarized as follows:

• The increase in the steel stud spacing from 400 mm to 600 mm allowed an R-value
thermal performance improvement of +0.295 m2·K/W, which is very similar to the
result achieved previously for partition LSF walls: +0.292 m2·K/W [16].

• Similarly to what was concluded before for load-bearing partition LSF walls [16], for
load-bearing facade LSF walls, it is still more effective to increase the TBS thickness
rather than their width.

• Nevertheless, the R-value increments are slightly smaller for facade LSF walls, due to
the existence of an ETICS continuous thermal insulation layer, which decreases the
steel studs’ thermal bridges relevance, as expected.

• The previous features are valid for one or two TBSs placed along the vertical steel
studs, but are more pronounced for the double TBS.

• The major thermal performance improvements were found when increasing the ETICS
insulation thickness (from 30 to 70 mm) and decreasing their thermal conductivity (to
7.5 mW/m·K), for which it was found a relevant R-value increase of +5.360 m2·K/W,
for a 400 mm steel stud spacing.

• In fact, the abovementioned thermal performance improvement was significantly
higher (around 6.5 times) than the most relevant one achieved when using two TBSs,
having 15 mm thickness (increased from 5 mm), 50 mm width, and 7.5 mW/m·K
thermal conductivity, which was only +0.822 m2·K/W, for the reference steel stud
spacing (400 mm).

Regarding the foremost limitations of this study, one can mention that all other steel
profiles of the facade LSF wall were neglected, considering only the vertical load-bearing
steel studs. Secondly, several batt insulation materials are available on the market, but only
one was modeled (mineral wool). With respect to the first constraint, it can be mentioned
that the modeled vertical load-bearing steel studs were the most frequent and relevant
ones in facade LSF walls. Moreover, some other steel frame profiles (e.g., bottom and
top wall trackers) are usually considered within the slab to contribute to the wall linear
thermal bridge effect, which was outside of the scope of this study. Concerning the second
restriction, mineral wool is perhaps the most used batt insulation material today. Moreover,
it was supposed that this fibrous insulation material has enough expandability to fill the
cavity of the facade LSF wall.

Through this work, it was possible to better comprehend, compare, and quantify the
thermal performance improvement due to the use of TBS and ETICS in load-bearing facade
LSF walls. Such a systematic parametric study did not previously exist in the literature. At
the design stage, this knowledge could be advantageous for engineers and designers when
there is a necessity to specify the TBS material, width, thickness, and number, as well as the
ETICS insulation material and thickness.
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Abstract: Aerogel-based renders have been the subject of research in the last few years due to their
high thermal insulation characteristics and the need for buildings to become more energy-efficient.
This study compares the hygrothermal behaviour of an aerogel-based render (reference) with the
same base formulation, replacing the powder with three different fibres (aramid 0.5%, sisal 0.1%,
and biomass 0.1%, by total volume) that can be used in buildings’ envelopes. The experimental
programme allowed us to characterise and compare the thermophysical properties of the different
formulations and then simulate the hygrothermal performance of these solutions when applied to
walls for different climatic conditions, considering additional parameters such as total water content,
drying potential, water content levels, and thermal insulating performance. These thermophysical
parameters were then included in hygrothermal numerical simulations. The results allowed us to
verify that the incorporation of fibres improved the hygrothermal properties due to lower capillary
absorption and higher water vapour permeability. These renderings showed a high potential for
application to building envelopes in different climatic conditions, improving their energy efficiency
by up to 20% when compared to other conventional solutions.

Keywords: energy-efficient building; fiber; hygrothermal performance; nanomaterial; silica aerogel;
thermal insulation; thermal render

1. Introduction

In the last few years, there have been several measures and methods to reduce energy
consumption in buildings [1,2] through the study of innovative thermal insulating materials
to be applied on their envelope, either in new construction or in retrofit scenarios [3,4],
while also considering indoor thermal comfort [5].

The hygrothermal behaviour of the building envelope impacts energy needs, indoor
comfort, and indoor air quality [6,7]. This behaviour is a function of the materials’ thermal
and hydrostatic performances, depending on several characteristics. The use of hygroscopic
materials has been considered a good solution to reduce the internal condensation in the
buildings’ envelope while also impacting the reduction of heating and cooling energy
consumption [8,9]. To understand and predict the hygrothermal behaviour of a building en-
velope, it is possible to use numerical models [10]. These models are based on experimental
data that, to improve their prediction abilities, demands a complete set of experimental tests
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characterising the materials [11], e.g., through capillary water absorption, water vapour
permeability, sorption curves, and thermal conductivity, among others.

To improve the façade’s performance, silica aerogel, which is one of the most re-
searched nanomaterials for application on buildings’ envelopes for energy efficiency [12,13],
has been used as a thermal super-insulating material [14,15]. Silica aerogel is classified as a
3-D nanomaterial (all dimensions above the nanoscale) [16], presenting a high quantity of
pores with a reduced dimension (~10 to 100 nm) [17], supported by a silica (SiO2) struc-
ture [14]. As a consequence of its nanostructure and highly tortuous paths that limit heat
transport by radiation, convection, and conduction [18], it presents high thermal insulation
properties with thermal conductivity values as low as 0.012 W m−1 K−1 [19]. Although
its cost is usually high, it has been decreasing in the past years due to scale economy
effects [20], promoting a higher spread in its application in building solutions.

Due to its properties, silica aerogel granules have been introduced in renders since
the 2010s [21]. This shows a significant decrease in the render’s thermal conductivity,
with several researchers studying this solution and trying different formulations for new
construction and retrofit scenarios [15,22,23]. However, these solutions still present some
drawbacks, as their mechanical performance lowers and the thermal conductivity also
lowers, as in several other lightweight materials [24]. They also tend to show high capillary
water absorption [23], which could impair their outdoor use if no multi-layered coating
systems are used [25].

Knowing the aerogel-based renders’ main limitations, it was considered that fibres
could be used to improve the overall mechanical and physical properties of these coating
solutions [26,27]. Therefore, this study deals with the introduction of three fibres of synthetic
(aramid) and natural origin (sisal and biomass-based) in a previously developed aerogel-
based thermal render [23] that can potentially be used as coatings on buildings’ envelopes.
The used fibre quantities were a result of the improvement in the mechanical properties
over the reference, using a substitution of render powder volumes of 0.5% aramid (vol.)
and 0.1% (vol.) of sisal and biomass [27].

Although currently there are some research works [21,28,29] studying the hygrother-
mal properties of aerogel-based renders and plasters, there is a lack of study on the influence
of fibres and how their use could potentiate the composites’ multifunctional properties.
Moreover, a complete set of hygrothermal results that allow others to simulate the mate-
rial’s performance under different climatic conditions is also needed. This fact can also
be related to the non-existence of requirements in EN 998-1 [30] that could allow further
characterisation of hygrothermal parameters needed to carry out hygrothermal simulations.

The present work aims to compare and analyse the hygrothermal behaviour of four
different aerogel-based thermal render formulations, with and without fibres. This involved
evaluating their influence through an extensive set of tests where their thermal conductivity
for several moisture contents and parameters related to moisture behaviour and liquid
water conduction were evaluated. Furthermore, other currently used thermal insulation
materials were evaluated to benchmark their hygrothermal performance.

With this information, it was possible to carry out subsequent hygrothermal numerical
models (using the software WUFI Pro®), which allowed evaluation of the performance
of the analysed thermal render formulations under different application scenarios. These
scenarios included: two different climatic areas: Lisbon and Zurich; constructive solutions:
a new wall (Lisbon—NW—and Zurich—ZNW); and exterior and interior retrofit scenarios
(only for Lisbon—RE and RI, respectively). Several hygrothermal analysis parameters were
assessed, such as the total water content and drying potential, the mould growth potential,
the water content in the thermal insulating layer as well as its performance over time, and
finally the outdoor superficial temperatures and surface condensation potentials.

With such data gathered, it was also possible to evaluate how these materials are influ-
enced by moisture over time and the repercussions that such moisture has on the potential
increase in the buildings’ energy consumption to keep their indoor conditions comfortable,
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due to higher thermal conductivities induced by moisture. Therefore, this study allows for
further evaluation of these renders’ performance and multifunctional capabilities.

Due to the extensive data presented, this work contributes to a better understanding
of the thermophysical behaviour of renders incorporating aerogel and fibres and their
implications in the future of energy savings associated with buildings, due to their per-
formance in the hygrothermal simulations. With these findings, other researchers can
support their study to improve current thermal insulating render formulations or to define
new ones. The most original contribution is the connection between the thermophysical
characterisation of the materials through an experimental programme (additional measure-
ments) and the hygrothermal simulations under different application scenarios, for these
innovative solutions.

2. Thermophysical Experimental Characterisation
2.1. Materials

To be able to carry out the hygrothermal simulations, a significant set of the materials’
thermophysical parameters must be known. Therefore, in this research and due to its nov-
elty, a laboratory campaign was performed to characterise the thermophysical properties of
an aerogel-based thermal render (TR), previously developed [23], while also incorporating
fibres. The aerogel-based render (TR reference) is mainly composed of a blend of mineral
binders, rheological and hydrophobic agents, and resins, while also incorporating (≈70%
(vol./vol.)) Kwark supercritical silica aerogel in the form of granules (diameter ≤ 3500 µm,
bulk density ≤ 90 kg m−3, and a thermal conductivity ≤ 0.020 W m−1 K−1 [31], Figure 1a).
For those aerogel-based renders, three different fibre types were incorporated: aramid, sisal,
and biomass fibres, whose origin, dimensions, and quantities were supported by previous
research from the authors [27]. Therefore, the thermophysical characterization was carried
out for: TR reference (0.00% vol./vol.), TR aramid (0.50% vol./vol.), TR sisal, and TR
biomass (both 0.10% vol./vol.), all fibres with ≈5 mm in length, were produced, cured, and
analysed in terms of their mechanical, microstructural, and some physical aspects [27].
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Figure 1. Aerogel-based render’s visual aspect during the mixing process (a) and the specimens
(cylindric I with a linear probe; closer—cylindric II with a plane probe) and ISOMET 2114 equipment
from Applied Precision supplier (b).

To obtain the additional thermophysical data needed for the hygrothermal simulations,
some specimens had to be produced, as described in Table 1, where their shape, dimensions,
and number of specimens and tests are shown for each formulation. Figure 1b) shows the
specimens and the ISOMET equipment used for the thermal conductivity measurement,
with two different probes. The specimens’ dimensions were influenced by the minimum
size requirements of the ISOMET to perform the measurements [32]. Since the hygrothermal
simulations used several materials (e.g., EPS and XPS), the synthesis of their thermophysical
properties, as they can be found in the literature, is presented in the Supplementary Data.
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Table 1. Specimens produced, per formulation.

Specimens’ Shape Dimension [mm] Number of Specimens

Cylindric I φ ≥ 70; h ≥ 130 3
Cylindric II φ ≥ 100; h ≥ 40 3

Note: φ—specimens’ diameter; h—specimens’ height; each test conducted at least three times for each specimen
to obtain some statistical significance.

2.2. Experimental Methods

To characterise the hygrothermal properties of construction materials, when the objec-
tive is to use them in hygrothermal simulation models, as indicated by Fantucci et al. [11]
and Barclay et al. [33], there is a need to systematise all the relevant data. As such, a
comprehensive set of tests must be carried out to characterise and obtain the input for
hygrothermal simulations [34,35].

The usually needed parameters are bulk density (ρhard), open porosity (P0), specific
heat capacity (cp), thermal conductivity (λ) from a dry to a saturated state, capillary water
absorption (Aw), liquid transport coefficient for suction (Dws), water vapour diffusion
resistance factor (µ), and the moisture content (w) for different conditions (hygroscopic
and over-hygroscopic states). Table 2 presents the bulk density, open porosity, thermal
conductivity in the dry state, capillary water absorption, and water vapour diffusion
resistance coefficient for these formulations, as already presented in [27]. Therefore, it
was also necessary to additionally characterise the specific heat capacity, the thermal
conductivity for several moisture contents, the liquid transport coefficient for suction, and
the moisture content for hygroscopic and over-hygroscopic conditions.

Table 2. Synthesis of some of the parameters previously characterised—average values adapted
from [27].

Render Formulation ρhard [kg m−3] P0 [%] λ10◦C,dry [W m−1 K−1] µ [-] Aw [kg m−2 s−1/2]

TR reference (0.0%) 158.7 86.3 0.0293 13.7 0.1090
TR aramid (0.50%) 164.5 85.1 0.0315 13.3 0.0286
TR sisal (0.10%) 160.3 86.9 0.0298 12.7 0.0325
TR biomass (0.10%) 161.6 87.0 0.0306 12.4 0.0310

Note: ρhard—bulk density in the hardened state [kg m−3]; P0—open porosity by mercury intrusion porosimeter
[%]; λ10◦C,dry—thermal conductivity at 10 ◦C and hardened dry state [W m−1 K−1]; µ—water vapour diffusion
resistance factor [-]; Aw—capillary water absorption [kg m−2 s−1/2].

Moreover, it was also characterised by their thermal diffusivity (α), thermal inertia
(I), thermal penetration depth at 10 min (dp,10min), maximum water content (wmax), and
saturation coefficient, adding a greater depth to the potential comparison with other exist-
ing materials already characterised. Another studied parameter was the practical moisture
buffer value (MBVpractical) since this parameter is one way to quantify the material’s capa-
bility to adsorb and desorb moisture [36] and thus evaluate the potential applications in
indoor environments for moisture regulation.

2.2.1. Thermal Properties

To evaluate the formulations’ thermal properties, an ISOMET 2114 device from Ap-
plied Precision supplier was used. This equipment’s measurement principle is based on the
analysis of the sample’s temperature response to heat flow impulses. Heat flow is projected
by the resistor’s electrical heating, which is presented inside the probes and in direct heat
contact with the sample. The evaluation of the thermal conductivity (λ) and volumetric
heat capacity (cρ) (which then allows calculating the specific heat capacity, cp, by dividing it
by the bulk density) is based on periodically sampled temperature records as a function
of time, where during the same measurement cycle, the thermal diffusivity (α) is also
obtained [32]. Since different moisture contents had to be evaluated, which influence the
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thermal conductivity values, the two available probes (a linear probe with a measurement
range between 0.015 and 0.050 W m−1 K−1, and a plane probe with a measurement range
between 0.040 and 0.300 W m−1 K−1), were used, as shown in Figure 1b.

To carry out the measurements, and due to the individual probes’ measurement ranges,
the cylindric I specimens were selected to make the characterisation from the dry state until
93% RH (relative humidity). Additionally, the cylindric II specimens used in the saturated
state were obtained through samples’ immersion in liquid water until equilibrium was
reached with the surrounding conditions.

The test procedures followed the indications of the ASTM-D-5334 [37], ASTM-D-
5930 [38], EN 22007-2 [39], and Gomes et al. [40,41] studies. In this case, the tests were
carried out at an average reference temperature of 20 ± 3 ◦C. The temperature conversion
to 10 ◦C is in line with EN 10456 [42] for IIa conditions (reference temperature of 23 ◦C and
dry state) and a temperature conversion coefficient of 0.003 K−1. When the samples were
evaluated, their weight was measured, and then they were wrapped in plastic film right
away so they would not gain or lose moisture.

Since both the mass and thermal properties evaluations are not destructive tests, the
same samples (cylindric I and II) were used again for the moisture storage function test.
The samples’ moisture variation procedure is presented in the following sub-section.

As the specific heat capacity corresponds to the material’s ability to store heat relative
to its weight, it is used to estimate the thermal inertia of the material (I), which can be
calculated using Equation (1) [43], where I is the thermal inertia [J m−2 s−1/2], λ is the
thermal conductivity [W m−1 K−1], ρ is the bulk density [kg m−3], and cp is the specific
heat capacity [J kg−1 K−1].

I =
√

λ× ρ× cp (1)

This study also assessed the thermal diffusivity (α), directly obtained by the equipment,
and the thermal penetration depth (dp,10min) at 10 min. The thermal diffusivity (α) indicates
the heat transfer rate from the hot end to the cold end. As for the thermal penetration
depth (dp,10min), it allows us to directly compare different materials and how, in this case,
in 10 min, the material will respond, quicker or slower, to temperature variations on
their surface. This is a parameter used in the thermal characterisation of other materials,
such as the one conducted by Palumbo et al. [44]. For calculating the penetration depth,
Equation (2) [44] was used, where dp,10min is the penetration depth after 10 min [m], α is
the thermal diffusivity [m2 s−1], and t is time [s].

dp,10min =
√
π× α× t (2)

2.2.2. Moisture Storage Function

The moisture storage function relates the amount of equilibrium moisture content
to the ambient RH for a given temperature for any given material. The samples used in
this evaluation were the same as those used in the thermal properties tests: cylindric I and
cylindric II. The cylindric I was for the air moisture (hygroscopic range), and the cylindric
II was for the liquid water saturation (over-hygroscopic range).

The hygroscopic sorption properties (Figure 2a) were determined following the main
indications and procedures presented in EN ISO 12571 [45], using a Heraeus Vötsch climatic
chamber. Five different levels of RH were assessed under isothermal conditions (23 ◦C):
0, 35, 60, 85, and 93% RH. For each level of RH, when constant mass was achieved (the
change in mass between three consecutive weightings, each made 24 h apart, differed by
less than 0.10% of the total mass), the specimens’ mass was evaluated.
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Figure 2. Aspects of the hygroscopic range evaluation (a) and the over-hygroscopic using a Heraeus
Vötsch climatic chamber, with the samples immersed in water (b) in a sealed plastic box.

As for the over-hygroscopic range, i.e., the amount of water that a material absorbs at
100% RH, the samples were immersed in water at 20 ◦C (Figure 2b) in a sealed plastic box
with the need to be restrained since otherwise they would float until achieving constant
mass. The weighing occurred after carefully wiping off the sample’s surface with a damp
cloth. With this, it was possible to characterise their free water saturation (wf).

For all the RH levels, when constant mass was achieved, the samples’ mass was
evaluated. Those different mass measurements allowed for the calculation of the moisture
content mass by mass (u) and the moisture content mass by volume (w), in line with EN
ISO 12571 [45] and EN ISO 12570 [46]. Using the previously presented parameters, two
additional ones can be calculated: the maximum water content (wmax) and the saturation
coefficient. The maximum water content (wmax) is the water content at full saturation
when the porous structure is considered filled with water [47], in [kg m−3]. This can
be estimated by multiplying the material’s open porosity (P0, obtained by the mercury
intrusion porosimeter technique, [%]) by the water density (ρw in [kg m−3]) at 20 ◦C,
according to Equation (3) [6]. The MIP equipment is an AutoPore IV from Micromeritics,
presenting a maximum intrusion volume for low and high pressure of 1 × 105 mL g−1, and
a measuring range from 1 × 10−2 to 1 × 103 µm.

wmax = ε× ρw (3)

Considering both wf and wmax, the saturation coefficient [-] can be calculated, which
is a measure of the pore space quantity available after the free water saturation [48].
This parameter is calculated as the ratio between wf in [kg m−3] and wmax in [kg m−3],
Equation (4) [47], where the lower it is, the more space is available to accommodate the
expansion of liquid water as it freezes [49].

Saturation coe f f icient =
w f

wmax
(4)

2.2.3. Liquid Water Transport Coefficient for Suction

Another important input parameter to consider in hygrothermal simulations is the
liquid water transport coefficient for suction (Dws) [35,50]. This parameter describes the
situation where the material is applied to a surface in direct contact with liquid water
or is exposed to wetting by rain action (fully wet) [51], while the capillary uptake of liq-
uid water continues to occur [52]. Some techniques can be employed to characterize this
parameter, such as nuclear magnetic resonance (NMR) or γ radiography [53,54]. How-
ever, since they were not available for this study, a previously used approach as a good
estimation method by other researchers [55] was selected—Equation (5) [52,54], where
Dws is the liquid transport coefficient for suction [m2 s−1], Aw is the water absorption
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coefficient [kg m−2 s−1/2]—previously characterised in [27], w is the moisture content [kg m−3],
and wf is the free water saturation [kg m−3].

Dws = 3.8×
(

Aw

w f

)2

× 1000
( w

w f
−1)

(5)

2.2.4. Moisture Buffering Properties

The moisture buffering property of a given material is related to its capabilities to
adsorb and desorb environmental moisture [36], as well as being useful to consider when
the materials stay in contact with indoor environments [56]. Therefore, this property can
help to reduce indoor superficial condensation in the buildings’ envelope [8,9] and can also
have an impact on reducing their heating and cooling energy consumption. Due to the
novelty of aerogel-based, fibre-enhanced thermal renders (TRFs), this was an interesting
characteristic to further evaluate to see the possibility of using these formulations for future
indoor application scenarios, promoting their multifunctionality.

Although there are many test procedures, the one most broadly used is described by
the NORDTEST project [57–59]. For this test procedure, a constant temperature of 23 ◦C
must be attained, and then several cycles of exposure of 8 h with a 75% RH and 16 h with
a 33% RH, simulating the usual indoor human occupancy of commercial buildings, are
followed until stabilisation [58].

The common method to evaluate this concept is using the practical moisture buffer
value, MBVpractical. This parameter is defined as the amount of moisture content that passes
through or is captured by the material’s open surface unit (moisture uptake and release)
when exposed to variations in the RH of the surrounding air (daily cyclic variations) under
the previously described test conditions. To calculate the MBVpractical, Equation (6) can be
used [58], where MBVpractical is the practical moisture buffer value [g m−2 %RH−1], ∆m is
the mass variation of the moisture uptake/release [g], A is the open surface area [m2]—
here being considered 1 m2, and the RHhigh/low are the higher and lower air RH limits of
the test [%RH].

MBVpractical =
∆m

A×
(

RHhigh − RHlow

) (6)

A direct comparison of the moisture buffer values of the different materials can
be made, but at the same time, they can be classified in terms of their moisture buffer
classes [57], as can be seen in Figure 3. With this classification, the materials can be
classified as presenting negligible, limited, moderate, good, or excellent moisture buffering
capabilities, considering the test conditions.
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Usually, this characterisation involves the application of specific test conditions (as
previously described) using advanced climatic chambers and several samples. However, as
Barclay et al. [33] and Wan et al. [60] showed, there is a good fit between the experimental
and numerical simulation results using HAMT (combined heat and moisture transfer)
models, such as WUFI software. Therefore, it was possible to simulate several application
scenarios to evaluate the studied TRFs and their behaviour when subjected to water vapour
cycles. However, for this to be possible, it was necessary to create an artificial weather
file replicating the dynamic conditions of air temperature, RH, and time indicated by the
NORDTEST project procedures (8 h at 75% RH and 16 h at 33% RH, at 23 ◦C) [57–59]. For
the simulation, one square metre of exposed surface (1 × 1 m) with a 0.04 m thickness
was considered, where all but one of the sample’s faces were insulated by an aluminium
foil, avoiding water vapour penetration while also defining its boundaries. Then, the
virtual sample was subjected to the test cycle conditions until it was possible to obtain mass
stabilisation of the samples, reached when the change in mass was the same between the
last three cycles with a discrepancy of less than 5% [58]. For these simulations, the results
from the previous tests and other previously performed tests and materials were used, with
their characterisation presented in the Supplementary Data.

2.3. Experimental Results and Discussion
2.3.1. Thermal Properties

Table 3 summarises the results for the thermal properties. It can be seen that these
TRF (Aerogel-based fibre-enhanced thermal renders) present very low thermal conduc-
tivity, being lower than other materials classified as classic thermal insulators (e.g., EPS
λ ≈ 0.036 W m−1 K−1 [61]), and much lower if already commercialised thermal renders
are considered (e.g., thermal render with EPS granules λ ≈ 0.050 W m−1 K−1 [62]).

Table 3. Thermal properties result in synthesis.

Render
Formulation

λ10◦C,dry
[W m−1 K−1] [41]

λ10◦C,sat
[W m−1 K−1]

cp
[J kg−1 K−1]

I
[J m−2 K−1 s−1/2]

α
[m2 s−1]

dp ,10min
[mm]

TR reference (0.0%) 0.0293 ± 0.0031 0.1401 ± 0.0052 930.1 ± 5.1 65.8 1.99 × 10−7 ± 1.91 × 10−9 19
TR aramid (0.5%) 0.0315 ± 0.0019 0.1311 ± 0.0071 800.0 ± 7.9 64.4 2.39 × 10−7 ± 2.63 × 10−9 21
TR sisal (0.1%) 0.0298 ± 0.0027 0.1230 ± 0.0035 894.5 ± 10.2 65.4 2.08 × 10−7 ± 2.70 × 10−9 20
TR biomass (0.1%) 0.0306 ± 0.0032 0.1285 ± 0.0044 957.3 ± 12.8 68.8 1.98 × 10−7 ± 2.77 × 10−9 19

Note: ±SD—standard deviation. λ10◦C,dry—thermal conductivity at 10 ◦C and dry-state [W m−1 K−1]; λ10◦C,sat—
thermal conductivity at 10 ◦C and saturated-state [W m−1 K−1]; cp—specific heat capacity [J kg−1 K−1]; I—
material’s thermal inertia [J m−2 K−1 s−1/2]; α—thermal diffusivity [m2 s−1]; dp ,10min—heat penetration depth at
10 min after exposure [mm].

The fibre’s incorporation leads to a thermal conductivity increase when compared to the
reference (TR reference) of ≈7%, but with low significance since the results are within the
standard deviation values. This can be related to the higher thermal conductivity of the fibres
when compared with the silica aerogel, since cellulosic fibres present a λ ≈ 0.050 W m−1 K−1

and aramid fibres a λ≈ 0.040 W m−1 K−1 [63], but also with the consequently lower aerogel
quantity. The thermal conductivity difference between the formulations containing natural
and aramid fibres can also be associated with the existence of voids around the fibres that
result from the drying and shrinkage of the natural fibres after the hydration reactions. This
is accompanied by forming closed pores and influencing their thermal performance (as
seen in [27]), but also with the higher quantity of aramid fibres (0.50% vs. 0.10% (vol./vol.)).
As a reference, air presents a λ ≈ 0.025 W m−1 K−1 [64], where it can be seen that more
pores can also influence the overall thermal conductivity performance.

When the thermal conductivity values in the dry-state (λ10◦C,dry) are compared with
the ones obtained in the saturated state (λ10◦C,sat) it is seen that the highest increase was
verified in the reference (TR reference), with the fibres’ presence contributing to maintaining
a lower thermal conductivity value for the saturated state. This can be related to the fact
that the fibres’ incorporation reduced the capillary pores [65], as observed in the MIP and
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SEM analysis results presented in [27], reducing the liquid water contribution to increase
the thermal conductivity.

The specific heat capacity presented by these aerogel-based thermal renders is much
lower than that of expanded moulded polystyrene (EPS) (cp ≈ 1568 J kg−1 K−1 [43]) but
very similar to glass wool (cp ≈ 928 J kg−1 K−1 [43]), while not differing by much from a
conventional cement-based mortar (cp ≈ 900 J kg−1 K−1 [66]) or industrial thermal renders
containing EPS (cp ≈ 1000 J kg−1 K−1 [62]). Considering the specific heat capacity, thermal
conductivity, and bulk density, it is seen that the thermal inertia (I) presented by these
renders, although with lower thermal conductivity than EPS, presents two times higher
thermal inertia than this conventional thermal insulator (I ≈ 27.4 J m−2 K−1 s−1/2 [43]).
Depending on the applied thickness, this can influence their potential applications.

Related to the previous characteristics, the thermal diffusivity (α) quantifies the rate of
propagation of heat through the material, which relates to the penetration depth (dp,10min),
at a time of 10 min. The results show that if there is an increment of temperature applied to
one side of a sample, the depth to which the temperature will change significantly after
10 min, being around 20 mm for all renders. Additionally, when compared with EPS
(dp,10min = 63 mm) [44] it is significantly lower, being more similar to the behaviour of a
wood fibreboard (dp,10min = 26 mm) [44]. Therefore, these renderings respond even slower
to temperature variations than an EPS board.

When the thermal conductivity at 10 ◦C (λ10◦C) is evaluated against the moisture
content (w), Figure 4, it can be observed that higher moisture content leads to higher
thermal conductivity, as expected (since water presents a λ10◦C ≈ 0.600 W m−1 K−1 [64])
and verified by other authors for other mortars [40,62,67]. The incorporation of fibres, as
previously discussed, seems to reduce the free water saturation (wf) of these renders [68].
Moreover, for the aramid (TR aramid), due to the porosity reduction (less than 1.2% of
the TR reference—Table 2), and for the natural fibres (known to present more affinity to
water [69]), due to the existence of air pockets trapped inside the matrices, they can main-
tain lower water contents (≈less than 5%) and consequently lower thermal conductivity
(≈less than 6%). With the fibres’ incorporation, it was possible to absorb less capillary water,
but also lower thermal conductivity values were verified in the natural fibre-containing
formulations (Table 2) [27].
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Figure 4. Thermal conductivity as a function of water content, at 10 ◦C.

2.3.2. Moisture Storage Properties

To determine the formulations’ moisture content, they were evaluated in the dry state
and then for 35, 60, 85, and 93% RH, at 23 ◦C. This way, it was possible to obtain the
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average sorption values for different moisture content indicators as shown in Figure 5, the
hygroscopic regime of these TRFs is presented following EN ISO 12571 [45]. For compari-
son purposes, the data presented by Barclay et al. [33] for hemp-lime (Barclay et al.), by
Maia et al. [62] for commercial thermal renders (Maia TR1 and Maia TR2), and by
Fantucci et al. [11] for an aerogel-based internal plaster are also presented in Figure 5.
It is possible to see that these TRFs showed a constant increase in moisture content from the
dry state until 60% RH, and then, for higher RH, the moisture content strongly increased,
reaching around 0.10 kg kg−1 at 93% RH. This highlights that these renders are hygroscopic
materials, with the fibres contributing to decreasing the values of moisture content.
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In the same Figure 5, it is also seen that all aerogel-containing formulations (the ones
herein studied and the one presented by Fantucci et al. [11]) show similar hygroscopic
behaviour; therefore, it seems that the fibres did not significantly influence the hygroscopic
behaviour already shown by the reference (TR reference) and other similar products. When
compared with the thermal renders studied by Maia et al. [62], these aerogel-based thermal
renders showed a higher degree of moisture uptake, but much lower than the hemp-lime
studied by Barclay et al. [33]. These behaviours are probably linked to the microstructural
aspects seen previously by the authors [27]. If other thermally insulating materials are
considered, EPS also shows some significant moisture content from 80% RH onward,
since at ≈ 90% RH it shows a water content of about 0.07 kg kg−1 [44], and even if wood
wool is considered at ≈ 90% RH, it presents 0.15 kg kg−1 [44], not very far from these
renders’ performance.

For the over-hygroscopic range, the free water saturation (wf) and the maximum water
content (wmax) were also characterised (Table 4). Here, the formulations containing fibres
lowered the wf with the aramid fibres presenting the lowest value, followed by the natural
fibres. Once again, the water affinity of the different fibres is the main aspect to consider.
When comparing the wf performance of these renders with other aerogel-enhanced insu-
lating materials, it was seen that they showed a behaviour within the expected ranges,
between 240 and 500 kg m−3 [11,28].

As for the saturation coefficient, the lower this coefficient, the more space is available
to accommodate the expansion of liquid water as it freezes [49]. As a reference, for bricks,
this coefficient is considered acceptable if below 0.78 [70], whereas, in this study (Table 4),
the values were way below that value (<0.35), with the fibre-containing formulations
presenting even lower values than the reference. This indicates that these aerogel-based
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renders have the potential to effectively accommodate the expansion of liquid water as
it freezes.

Table 4. Moisture storage properties and porosity results in synthesis.

Render Formulation w80%RH,eq
[kg m−3]

wf
[kg m−3]

wmax
[kg m−3]

Saturation Coefficient
[-]

TR reference (0.0%) 7.80 ± 0.04 281.04 ± 5.12 863 0.33
TR aramid (0.5%) 7.12 ± 0.07 246.08 ± 7.88 851 0.29
TR sisal (0.1%) 7.28 ± 0.06 260.20 ± 8.29 869 0.30
TR biomass (0.1%) 7.56 ± 0.03 274.83 ± 9.87 870 0.32

Note: ±SD—standard deviation. Parameters: w80%RH,eq—moisture content at 80%RH [kg m−3]; wf—free liquid
water saturation [kg m−3]; wmax—maximum liquid water content [kg m−3].

2.3.3. Liquid Water Transport Coefficient for Suction

To calculate the liquid water transport coefficient for the suction (Dws) parameter, the
results for capillary water absorption (Aw), previously obtained and presented in Table 2,
were used. The fibre’s incorporation by powder substitution led to lower water absorption
coefficients (Supplementary Data), as a consequence of the fibres not only obstructing the
capillaries but also forming air pockets inside the matrix (natural fibres)—as it could be
observed in [27]—and hindering the capillary water progress [68]. This fact was expected
to directly influence the liquid water transport coefficient for suction (Dws) results due to
the Aw contribution to its calculation.

Figure 6 shows the calculation results, where the fibres’ use (TR aramid, TR sisal, and
TR biomass) led to a lower liquid transport coefficient for suction (Dws) when compared
with the reference (TR reference), presenting better behaviour, as a construction material.
When compared with other thermal renders, the reference (TR reference) shows a higher
Dws order of magnitude (≈10−7 m2 s−1), but the fibre-containing formulations present
the same order of magnitude as other thermal renders (≈10−8 m2 s−1) [62]. Once again,
the positive impact of the fibre’s use is seen, due to its earlier verified impact on water
absorption reduction.
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2.3.4. Moisture Buffering Properties

The moisture buffering was another interesting property to be evaluated in these
formulations since thermal renders can be applied in several scenarios, such as interior
thermal insulation retrofits [28,71,72]. As this parameter is connected to the material’s
sorption and desorption properties [73], its evaluation allows for the classification of its
potential to regulate indoor moisture [48], making it an interesting aspect to consider
and analyse.
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Following the work by Barclay et al. [33], three different potential indoor application
scenarios were studied (Figure 7). Although the first scenario (Figure 7a) is not usually
applied, the other two (Figure 7b,c) reflect real potential applications. The simulation and
analysis of values were only carried out for the thermal insulation materials, with the other
materials’ influence being considered but not directly quantified. Therefore, a comparison
was made between these TRFs and an industrial thermal render presented by Maia et al. [62]
(designated as Ind Therm render), since other thermal insulation materials such as EPS and
XPS do not present significant hygroscopic behaviours in these RH ranges [43,44].
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Figure 7. Section view of each analysed application: (a) thermal render; (b) thermal render with
gypsum board; (c) multilayer system.

Figure 8 shows the results for the different simulations and solutions. (Figure 8a)
shows that for the aerogel-based renders, the one containing aramid (TR aramid) showed a
slightly lower change in mass. However, all presented significantly higher capabilities than
the current thermal render (Ind Therm render).

Energies 2023, 16, x FOR PEER REVIEW 12 of 34 
 

 

made between these TRFs and an industrial thermal render presented by Maia et al. [62] 
(designated as Ind Therm render), since other thermal insulation materials such as EPS and 
XPS do not present significant hygroscopic behaviours in these RH ranges [43,44]. 

   
(a) (b) (c) 

Figure 7. Section view of each analysed application: (a) thermal render; (b) thermal render with 
gypsum board; (c) multilayer system. 

Figure 8 shows the results for the different simulations and solutions. (Figure 8a) shows 
that for the aerogel-based renders, the one containing aramid (TR aramid) showed a slightly 
lower change in mass. However, all presented significantly higher capabilities than the cur-
rent thermal render (Ind Therm render). 

 
(a) 

 
(b) 

Figure 8. Cont.

65



Energies 2023, 16, 3048
Energies 2023, 16, x FOR PEER REVIEW 13 of 34 
 

 

 
(c) 

Figure 8. Moisture buffering performance for different applications: (a) thermal render; (b) thermal 
render + gypsum board; (c) thermal render + protective coating system—Ind thermal render from 
[62]. 

When a gypsum board (0.0125 m) was placed in front of these thermal insulation 
materials (Figures 7b and 8b), for mechanical protection, some started to emerge with in-
teresting behaviour. The total change in mass due to moisture presence was reduced to 
half, which was expected since even one coating of paint can reduce their performance 
[74]. All the aerogel-based formulations presented similar behaviour; a lag appeared be-
tween the time where the test RH changed (at the 8 h mark) and where the maximum 
moisture content appeared (≈10 h mark), being this related to the moisture buffering prop-
erties also presented by the gypsum boards [75]. 

Finally, it was considered the application of a commercially available multi-layered 
coating system composed of a basecoat (3 mm) and a finishing coat (2.5 mm), as presented 
in [25]. Figure 8c shows that the maximum change in mass due to moisture was reduced 
by almost ten times when compared with Figure 8a, with the materials being now limited 
by the presence of the multilayer coating system. This behaviour was expected since these 
coating materials show low water vapour permeability due to their moisture-protective 
function [74,76]. 

When calculating their MBVpractical and comparing with other materials [59,77], it can 
be seen in Figure 9 that the TRFs present a moderate-to-good classification, with higher 
values than the industrial thermal render (Ind Therm render) and much higher than the 
other materials. When the gypsum board is placed over their surface, the differences be-
tween the aerogel-based renders and the current thermal render almost disappear, as their 
behaviour is similar to that of concrete (however, in a solution like this, the gypsum board 
contribution should also be considered) and they are classified as presenting limited mois-
ture buffering capabilities. When the multilayer system is applied on the surface, the mois-
ture buffering behaviour of the renders is compromised by the performance of the coating 
system, with their classification now being negligible (MBVpractical < 0.2 g m−2 %RH−1 [58]) 
relative to their moisture buffering capabilities. 

These results show that these TRFs can effectively improve the indoor environment, 
given that their performances are not impaired by surface coatings that degrade this prop-
erty. In terms of differences between the fibre-containing formulations and the reference, 
the only variation worthy of note was when the render was directly exposed to the envi-
ronment, with the aramid-containing render (TR aramid) showing a smaller change in 
mass (≈less than 3 g m−2), with any difference eliminated in the other cases. The differences 
between the TRFs and the industrial thermal render can be related to their higher hygro-
scopicity, as previously seen. 

Figure 8. Moisture buffering performance for different applications: (a) thermal render; (b) thermal
render + gypsum board; (c) thermal render + protective coating system—Ind thermal render from [62].

When a gypsum board (0.0125 m) was placed in front of these thermal insulation
materials (Figures 7b and 8b), for mechanical protection, some started to emerge with
interesting behaviour. The total change in mass due to moisture presence was reduced to
half, which was expected since even one coating of paint can reduce their performance [74].
All the aerogel-based formulations presented similar behaviour; a lag appeared between
the time where the test RH changed (at the 8 h mark) and where the maximum moisture
content appeared (≈10 h mark), being this related to the moisture buffering properties also
presented by the gypsum boards [75].

Finally, it was considered the application of a commercially available multi-layered
coating system composed of a basecoat (3 mm) and a finishing coat (2.5 mm), as presented
in [25]. Figure 8c shows that the maximum change in mass due to moisture was reduced
by almost ten times when compared with Figure 8a, with the materials being now limited
by the presence of the multilayer coating system. This behaviour was expected since these
coating materials show low water vapour permeability due to their moisture-protective
function [74,76].

When calculating their MBVpractical and comparing with other materials [59,77], it can
be seen in Figure 9 that the TRFs present a moderate-to-good classification, with higher
values than the industrial thermal render (Ind Therm render) and much higher than the other
materials. When the gypsum board is placed over their surface, the differences between the
aerogel-based renders and the current thermal render almost disappear, as their behaviour
is similar to that of concrete (however, in a solution like this, the gypsum board contribution
should also be considered) and they are classified as presenting limited moisture buffering
capabilities. When the multilayer system is applied on the surface, the moisture buffering
behaviour of the renders is compromised by the performance of the coating system, with
their classification now being negligible (MBVpractical < 0.2 g m−2 %RH−1 [58]) relative to
their moisture buffering capabilities.

These results show that these TRFs can effectively improve the indoor environment,
given that their performances are not impaired by surface coatings that degrade this prop-
erty. In terms of differences between the fibre-containing formulations and the reference,
the only variation worthy of note was when the render was directly exposed to the en-
vironment, with the aramid-containing render (TR aramid) showing a smaller change in
mass (≈less than 3 g m−2), with any difference eliminated in the other cases. The differ-
ences between the TRFs and the industrial thermal render can be related to their higher
hygroscopicity, as previously seen.
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3. Hygrothermal Simulation
3.1. General Considerations

The hygrothermal simulations were carried out considering two approaches: new
construction and retrofitting of building walls. Two geographical places were chosen for
the new construction scenario: Lisbon, Portugal, and Zurich, Switzerland. Lisbon presents,
according to the Köppen-Geiger climate classification [78,79], a hot summer Mediterranean
climate (Csa), while Zurich presents, according to the same classification, a marine west
coast climate (Cfb). These two areas present quite distinctive characteristics and are represen-
tative of generic European climates. At the same time, it is known that Switzerland already
has a large construction market using aerogel-based thermal renders [71,80]. Therefore, it
was important to see how these formulations would behave in such distinct conditions.

For the retrofit approach, since Lisbon has a significant number of buildings from the
1990s lacking thermal insulation [81,82], which leads to high energy consumption [83], two
different retrofit approaches were selected: (i) thermal insulation material on the walls’
inside surface and (ii) thermal insulation material on the walls’ outside surface.

This study also compares the main thermal insulating materials used in this type of
solution: EPS and XPS, and an industrial thermal render currently commercialised and
applied in Portugal [62]. Due to their high capillary water absorption [23], these thermal
renders need to be used in multilayer coating systems, like EPS and XPS in ETICS (External
Thermal Insulating Composite System) or even in other thermal insulating renders [25].
Therefore, those coating layers were also considered when the solutions were applied
outside the wall. When considered for application on the inside, a gypsum board was
added as a protective and finishing element.

3.2. Simulations of Climatic and Boundary Conditions

With the formulations’ hygrothermal characterisation, it was possible to study their
performance in different solutions and geographic and climatic conditions. This was
achieved using numerical models that predict the coupled heat, air, and moisture transport
(HAMT) of building materials [33,84].

In the present study, WUFI Pro 6.4 (Wärme Und Feuchte Instationär—heat and mois-
ture transiency) was the software used, allowing for realistic hygrothermal simulations [34].
This software needs as input: the composition and properties of the individual materials
used; the solution’s physical orientation and slopes; the initial simulation conditions (in-
door and outdoor climates); and the duration of the simulation. Then, the numerical model,
based on EN 15026 [10], evaluates, for the simulation period and chosen time step, the heat
and moisture fluxes and the transient profiles of temperature, RH, and moisture content of
the solution [85]. The model uses Equations (7) and (8) [85,86], where the storage terms
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are located on the equations’ left side and the fluxes on the right side are affected by heat
and moisture.

∂w
∂ϕ
× ∂ϕ

∂t
= ∇×

(
Dϕ∇ϕ + δp∇(ϕpsat)

)
(7)

∂H
∂T
× ∂T

∂t
= ∇× (λ∇T) + h0∇

(
δp∇(ϕpsat)

)
(8)

where ∂w/∂ϕ is the moisture storage capacity [kg m−3 %RH−1]; ∂H/∂T is the moist heat
storage capacity [J kg−1]; w is the moisture content [kg m−3]; λ is the thermal conductivity
[W m−1 K−1]; Dϕ is the liquid conduction coefficient [kg m−1 s−1]; δp is the water vapour
permeability [kg m−1 s−1 Pa−1]; hv is the water evaporation enthalpy [J kg−1]; psat is the
water vapour saturation pressure [Pa]; T is the temperature [K]; ϕ is the RH [%]; and t is
the time [s].

This software also considers the effects of short- and long-wave radiation on the
surfaces, combined into a collective heat source [34,87], and the effect of wind-driven rain
(WDR), where factors such as the horizontal rainfall, wind speed, orientation, and type of
constructive solution are considered [34,88]. However, the model has some limitations, as
it neglects [89]: the convective transport of heat and moisture; some of the liquid transport
mechanisms; salts and water transport; the interface resistance between two capillary-
active materials; and enthalpy flows resulting from the transport of liquid water due to
temperature differentials. With knowledge of its main limitations, this software is widely
used in research, with its validity extensively validated through comparisons between in
situ and simulation results [88,90,91].

3.2.1. Climatic Conditions

To simulate the solutions’ performance, the climatic conditions must be known, such
as the hourly mean values of temperature and RH for the indoor and outdoor climates,
solar radiation, wind speed and direction, and precipitation for the outdoor climate con-
ditions to test [85]. For the Lisbon and Zurich outdoor conditions, values available in
the WUFI database were used. The average conditions are shown in Table 5. The indoor
climatic conditions, and although occupants’ comfort greatly varies from individual to
individual [5], are usually established as legal requirements, it is accepted that the comfort
zone has temperature threshold values between 19 and 26 ◦C and RH between 30 and
70% RH [92], being in Portugal usually considered between 18 and 25 ◦C [93]. Therefore,
for the indoor conditions, the high moisture load climate from the EN-15026 was used
(temperatures between 20 and 25 ◦C and RH between 40 and 70% of the RH-standard B
curve) [10], simulating an intensive indoor usage, as these are the most commonly used
conditions when considering numerical simulations and accepted as a good benchmark for
comparison [94,95].

Table 5. Outdoor and indoor average climatic conditions are available in the WUFI database.

Climatic Parameter Lisbon Zurich

Outdoor climate average conditions

Location Lat. 38.736946; Long. −9.142685 Lat. 47.373878; Long. 8.545094
Temperature [◦C] 15.6 8.3
Relative humidity [%] 74.6 78.2
Global radiation emitted by the sun
[kW h m−2 year−1] - 2751.7

Mean cloud index [-] - 0.7
Driving rain direction South-west West southwest
Rain (accumulated) [mm year−1] 674.9 1007.9

Indoor climate average conditions

According to EN 15026—high moisture load [10]
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3.2.2. Boundary Conditions

Five years were chosen as the duration of the simulations to check the possibility of
attaining some kind of dynamic equilibrium for the solutions [47], starting at the beginning
of the rainy season (October) and, therefore, limiting the drying of the solutions at the initial
stage. As for the facades’ orientation, the north orientation was selected, as the northern
hemisphere’s orientation has less solar radiation, influencing the drying process, and the
orientation would lead to the most WDR exposure. Additionally, 1% of the WDR value [96]
was considered to penetrate the outer layers of the solutions, simulating construction
defects [95,97].

Another parameter influencing the solution’s performance is the short-wave radiation
absorptivity (αs) [88]. A lower value is associated with brighter colours while a higher
value is associated with darker colours. From other studies, a lower αs reduces the ab-
sorbed radiation, leading to lower surface temperatures, slowing the drying fluxes, and
contributing to the material’s increased water content. When comparing αs = 0.2 with
αs = 0.6 or αs = 0.8 [62], significant differences in the drying of the construction elements
were verified, leading to the choice of αs = 0.25 as a conservative approach. The boundary
conditions can be seen in Table 6.

Table 6. Simulation boundary conditions.

Property Adopted Values

Analysis period Five years, starting and ending on 1 October
Timestep 1 h
Initial relative humidity 80%RH
Initial temperature 20 ◦C

Orientations
North and orientation with higher WDR:
Lisbon—North and South West
Zurich—North and West Southwest

Wind-driven rain ASHRAE 160 [96] medium exposure, building with height ≤ 10 m and below a sloped
roof; 1% of defects

Solar absorption coefficients White smooth surface: 0.25
Long-wave radiation emissivity 0.9 (non-metallic component surface)
Rain absorption factor 0.70 (vertical wall)

3.3. Wall Solutions and Simulations Evaluation Criteria
3.3.1. Materials and Wall Assemblies

To model and simulate the behaviour of different wall assemblies, it was necessary
to create new material entries in the WUFI database. With the experimental campaign,
these TRFs were hygrothermally characterised, but other materials’ properties had to be
gathered from the literature. In the Supplementary Data, the detailed properties of the used
materials can be seen.

Although it was considered a commercial protective coating system, composed of a
basecoat, keycoat, fiberglass, mesh, and finishing coat, in these hygrothermal simulations
only the contributions of the basecoat and finishing coat were considered. The fibreglass
mesh, due to its open mesh, was considered to present a negligible influence. The keycoat,
with a thickness of a few micrometres and a similar formulation to the finishing coat
(acrylic co-polymers dispersion [25,98]), was considered a part of such a layer’s properties
and thickness.

With the individual materials characterised, to simulate the hygrothermal performance
of a new wall scenario, one of the most common solutions was chosen: a multilayer coating
protective system with a thermal insulation material, a lightweight concrete block, and
an interior plaster (Figure 10a). Then, depending if it was applied in Lisbon or Zurich,
due to the thermal insulating requirements (Lisbon: U ≤ 0.50 W m−2 ◦C−1 [99]; Zurich:
U ≤ 0.25 W m−2 ◦C−1 [100]), the thermal insulating layer and the lightweight concrete
block thicknesses varied to fulfil the requirements. For Lisbon, a thermal insulation of 0.025
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m and a lightweight concrete block of 0.25 m were used, and in Zurich, the same materials
but with 0.06 m and 0.38 m, respectively.
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Figure 10. Section view of the studied wall assemblies: (a) new construction (NW and ZNW);
(b) outdoor retrofit (RE); (c) indoor retrofit (RI).

For the retrofit scenario, two different thermal insulation applications were considered:
one applied on the exterior (Figure 10b) and one applied on the interior surface (Figure 10c).
The base wall was one of the most common types existent in buildings constructed in
Lisbon in the 1980s [101]: double-leaf fired clay hollow bricks with an air layer in-between.
This construction typology presents severe thermal insulation deficits due to the lack of
thermal insulation materials [102]. The thickness of the thermal insulation was chosen to
comply with the new buildings’ requirements: U ≤ 0.50 W m−2 ◦C−1 [99]. This way, it
would be possible to evaluate the impact that moisture has on the constructive solutions’
thermal insulating performance, since their starting point, from a hygrothermal point of
view, was the same. The layers and respective thicknesses of all the studied solutions are
presented in Supplementary Data.

The new wall solutions, both for Lisbon (NW) and Zurich (ZNW), had a similar
constitution, only differing in the lightweight concrete block thickness. Solutions 1 to
4 represent the TRFs (TR reference, TR aramid, TR sisal, and TR biomass, respectively);
solution 5 contains an industrial thermal render; solution 6 uses EPS; and solution 7 uses
XPS. The full description of the solutions can be seen in the Supplementary Data.

The retrofit solutions carried out on the exterior surface of the wall (RE) had a refer-
ence solution without thermal insulating materials—solution RE1—and then RE2 to RE5
corresponded to TR reference, TR aramid, TR sisal, and TR biomass, respectively. The
industrial thermal render was the solution RE6, and finally, the solutions RE7 and RE8
correspond to EPS and XPS, respectively. The retrofit carried out on the interior surface
of the wall (RI) followed the same thermal insulator distribution as in the RE scenario.
Once again, the full description of the solutions used in these scenarios can be seen in the
Supplementary Data.

3.3.2. Hygrothermal Simulations Evaluation Criteria

This type of research returns several results, but they need to be contextualised to be
valuable. As a result, different aspects of hygrothermal performance were considered in
this study in order to evaluate and compare the solutions.

(i) Total water content and drying potential

One of the most critical factors in a hygrothermal analysis is the progression of a
solution’s total water content over time [4]. Hence, it is important for the simulation period
to be long enough to see if a given solution can reach a dynamic equilibrium, or if it
continues to accumulate moisture over the years. As a result, the total water content and
the drying potential were analysed, where the first represents the progression of moisture
over time and the second helps to verify if the solutions are drying, using Equation (9) [72].
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A positive value is related to moisture drying (pass) and a negative value to moisture
increase (fail) over that period.

DP =
WCyearn−1 −WCyearn

WCyearn−1
× 100 (9)

where DP is the drying potential [%]; WCyear n−1 is the solution’s water content at year n− 1,
and WCyear n is the solution’s water content at year n, both in [kg m−3].

(ii) Mould growth potential

The appearance of mould in construction materials can lead to hygrothermal and
mechanical performance deterioration [5]. This is usually only assessed for the indoor
environment due to air quality and material integrity; for the exterior surfaces, it is harder
to evaluate as temperatures, UV exposure, and washing of the spores due to rain tend
to limit their growth [103]. For indoor conditions, the factors to avoid mould growth are
a specific temperature, RH ranges [104], and substrate quality [105]. Mould appearance
and growth can be evaluated in the simulations through two different tools. A graph
(temperature vs. RH) that shows the limiting isopleths for building materials, LIM B I (for
situations where there is a bio-utilisable substrate) and LIM B II (for substrates with porous
structures), below which no mould growth is expected [106]. The other tool is the WUFI
Bio postprocessor, which allows conducting a biohygrothermal evaluation by comparing
the simulated transient ambient conditions with the needed growth conditions [106]. The
simulated moisture content of the mould spores is compared with the critical water content,
which allows a spore to germinate, and once germination occurs, it estimates its growth
(fail) [104]—the objective being not to have any growth at all (pass). Figure S3 from
Supplementary Material shows an example of an isopleth whose behaviour was shared by
all solutions using the WUFI Bio postprocessor: no significant risk of mould growth since
its results were kept below the identified LIM limits (the darkest area corresponds to the
most common conditions).

(iii) Water content in the thermal insulation layers

Since this study involves highly porous thermal renders, one important assessment to
be made was related to their water content over time. This directly influences the durability
due to the potential running off of water inside the layer and on the frost resistance and
thermal performance. Therefore, it is essential to know how the water content of the
thermal insulating material is behaving relative to its maximum moisture capacity (wf),
where values of the ratio w/wf below one indicate a low probability of water running
off [85].

As for the frost damage risk, following the WTA guideline 6-5-12/D [107] referred
to in [34], the contact area between the insulation and the most external layer (basecoat)
should present a water content ratio (w/wmax) below 0.30, minimising the probability of
frost damage. Since wmax for all solutions was much higher than wf (more than three
times higher), a ratio of w/wf below 0.30 was considered a conservative approach in this
study (pass).

(iv) Temperature variations

Temperature is a well-known factor that influences construction materials’ expansion
and retraction characteristics [108]. As such, the temperature on the solution’s surface is an
important parameter to evaluate since it can directly impact its durability [62]. If a given
solution has a higher surface temperature for the same insulating performance, its durability
can be decreased due to localised tensions on the material’s surface [62,88]. Another
important factor to be evaluated is the temperature gradients within the thermal insulating
material since they can lead to internal tensions, degrading the material’s structure and
durability [109]. Therefore, the exterior surface temperature (99th percentile and maximum)
and the temperature gradient (99th percentile) between the opposing surfaces of the thermal
insulating materials were assessed.
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(v) Surface condensation

One of the main pathologies that degrade buildings’ coating systems is related to the
defacement of some areas due to biological growth (e.g., mould and algae), usually related
to surface condensation [90]. As water condensation occurs when the water vapour partial
pressure in the air exceeds the water vapour saturation pressure on the surface [103], this
risk for the construction solutions can be evaluated by two indicators: the risk of surface
condensation [110] and the number of hours that the superficial RH ϕ = 100% RH [62],
both evaluated for the 5th year of the simulation. As described by Zheng et al. [110], the
condensation potential (CP) [Pa], Equation (10), is a result of the difference between the
water vapour partial pressure in the air (Pv(air)) [Pa] and the water vapour saturation
pressure on the surface (Psat(surface)) [Pa]. If CP > 0, it is considered that there is conden-
sation, and its value is accumulated for the evaluation period; otherwise, it is discarded.
The other method considers the number of hours that superficial RH is equal to 100%
(ϕ = 100%RH); the result is given in the simulation results and it is only necessary to
accumulate the number of hours for the evaluation period.

CP = Pv(air)− Psat(sur f ace) (10)

(vi) Thermal insulating performance—potential heat loss

The previous points are linked to the solution’s hygrothermal integrity and durability,
while this factor is more geared towards its thermal insulating performance. This was
evaluated using two indicators: the ratio between the solution’s monthly average U-value
(Uavg) and its reference design’s initial U-value (Uref), and the heat loss (q) through the wall
during a full winter season.

For the evaluation of the Uavg/Uref ratio, the WUFI Thermal Transmission post-
processor [34] was used, which calculates the solution’s Uavg for each month, making
it possible to evaluate if the solution is losing its thermal insulation performance. Then,
knowing the Uref, it is possible to see, for the different months, how the solution is behaving,
with a ratio above 1 indicating loss of thermal insulation capacity. The post-processor uses
Equation (11) [34] for its calculations.

Since during summer months, the direction of the interior heat flux usually changes
twice a day, it can lead to a meaningless ratio—because more heat flows from the wall to
indoors during the day than heat flows from indoors to the wall during the night. Therefore,
some care must be taken when executing the analysis in these months. This fact contributed
to the analysis period defined for the element’s heat loss.

Uavg =
−Q
∆Ta

(11)

where Uavg is the monthly average U-value [W m−2 ◦C−1]; Q is the monthly mean heat flux
per area through the interior surface [W m−2]; and ∆Ta is the monthly mean value of the
temperature difference (indoor and outdoor) [◦C].

For the calculation of the solution’s potential heat loss, the heat loss equation
(Equation (12) [72]) is used. This was evaluated as a sum of the heat losses during the
period from 1 October of the 4th year until 1 May of the 5th year, representing a full winter.

q =
∑ Ui × Ai × (Tin − Tout)× ∆t

1000
(12)

where q is the element’s heat loss [kW h]; Ui is the thermal transmittance of the assembly
[W m−2 ◦C−1]; Ai is the surface area [m2]; Tin is the indoor temperature [◦C]; Tout the
outdoor temperature [◦C] and ∆t the time [h].
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3.4. Hygrothermal Simulations and Discussion

This analysis was divided into three main scenarios: (i) a new wall with the thermal
insulation material applied on the exterior surface (NW for Lisbon and ZNW for Zurich);
(ii) a retrofit with the thermal insulation applied on the exterior surface (RE); and (iii) a
retrofit with the thermal insulation applied on the interior surface (RI). The Supplementary
Data presents graphics for all the scenarios and analyses of evaluation criteria that can
further support the reading of these results.

3.4.1. New Wall Scenario (NW and ZNW)

Table 7 presents the most noteworthy results related to the solutions’ total water
content, both for Lisbon (NW) and Zurich (ZNW)—in the Supplementary Data, the graphics
of these simulations can be seen. There, it is possible to see that the application under
different conditions influences the materials’ performance. In Lisbon, only solution NW5
(wall composition in the Supplementary Data) showed some water accumulation in year
five, with the other solutions showing the capability to dry during the year. However,
when the climate of Zurich (ZNW) is considered, with more accumulated rain, lower
temperatures, and less solar radiation, it is seen that solutions ZNW5, ZNW6, and ZNW7
(wall compositions in the Supplementary Data) for the WDR exposed façade showed a
lack of drying abilities, significantly impacting their potential integrity and durability. This
lack of drying is also related to the penetrating 1% of driving rain due to construction
defects. As for the aerogel-containing renders (NW1 to NW4, and ZNW1 to ZNW4), they
showed the ability, in both climates, to attain a quicker dynamic equilibrium (around
3 years), whereas the natural fibre-containing formulations (NW3 and NW4, and ZNW3
and ZNW4) presented even better performance.

Table 7. Synthesis of the new wall simulations for Lisbon (NW) and Zurich (ZNW).

Solution
SW–N

TWC and
DP Mould w/wf ≤ 0.30

Ext
Surface
Temp

(max) [◦C]

Temp
Gradient
Insulator

[◦C]

CP > 0
[Pa]

ϕ =
100%RH

[h]

Uavg/Uref
≤ 1

[month]

q
[kWh
m−2]

NW1 pass–pass pass–pass pass–pass 39.1–35.5 7.0–3.9 1608–1711 164–168 12–3 11.92–13.84
NW2 pass–pass pass–pass pass–pass 39.1–35.5 6.9–3.9 1618–1704 166–167 12–3 11.84–13.94
NW3 pass–pass pass–pass pass–pass 39.1–35.5 7.0–4.0 1629–1729 164–168 12–3 11.53–13.55
NW4 pass–pass pass–pass pass–pass 39.1–35.5 6.9–3.9 1603–1700 164–167 12–3 11.97–14.00
NW5 fail–fail pass–pass pass–pass 38.9–35.5 7.3–4.2 1510–1670 155–166 12–1 13.79–15.04
NW6 pass–pass pass–pass pass–pass 39.1–35.5 7.3–4.1 1599–1658 163–167 12–1 11.67–14.20
NW7 pass–pass pass–pass pass–pass 39.2–35.5 4.3–4.3 1685–1746 167–171 12–0 10.64–12.91

ZNW1 pass–pass pass–pass pass–pass 33.0–27.5 6.9–4.0 27141–26263 1998–2134 6–2 12.34–13.01
ZNW2 pass–pass pass–pass pass–pass 33.0–27.5 6.8–4.0 26914–23303 2056–2250 6–2 11.84–13.26
ZNW3 pass–pass pass–pass pass–pass 33.0–27.5 6.8–3.9 27107–26392 2020–2212 6–2 12.48–12.67
ZNW4 pass–pass pass–pass pass–pass 33.0–27.5 6.8–4.0 26605–26083 2136–1988 6–2 12.48–13.20
ZNW5 fail–fail pass–pass pass–pass 32.8–27.4 7.2–4.4 26799–25010 2100–2000 1–1 15.24–16.09
ZNW6 fail–pass pass–pass pass–pass 33.0–27.6 7.2–4.2 26980–27172 2119–1980 3–2 12.94–13.0
ZNW7 fail–fail pass–pass pass–pass 33.0–27.6 4.2–4.2 27002–26992 2111–2136 2–2 13.05–13.10

Note: TWC and DP—total water content during the five years and respective drying potential; Mould—potential
for mould appearance; w/wf ≤ 0.30—low probability of water running off and frost damage; Ext surface temp
(max)—99th percentile of the maximum verified temperature at the surface [◦C]; Temp gradient insulator—
temperature gradient between the opposite surfaces of the thermal insulator [◦C]; CP > 0—condensation potential
[Pa]; ϕ = 100% RH—number of hours where it could be attained an air relative humidity of 100% RH [h];
Uavg/Uref ≤ 1—number of months in which the thermal transmittance of the solution was similar to or below the
reference conditions [month]; q—element’s heat loss during the full winter of the 5th [kWh], for a square meter.

The industrial thermal render (NW5 and ZNW5) was the solution that presented
the lower performance in both locations, probably related to a higher wf and the coating
system limiting its drying. For the aerogel-based solutions (NW1 to NW4 and ZNW1 to
ZNW4), since they present a lower wf than the industrial thermal render (NW5 and ZNW5)
but at the same time lower µ than EPS (NW6 and ZNW6) and XPS (NW7 and ZNW7),
which can contribute to quicker drying, they could present better performance. The natural
fibre formulations (NW3 and 4 and ZNW3 and 4) showed improved performance on this
indicator due to their higher hygroscopic behaviour [27].
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As for the mould growth, all solutions presented values of temperature and humidity
that would not lead to mould development, although considering a high moisture indoor
climate. These results were also verified, case by case, using the WUFI Bio postprocessor.

In Lisbon (NW), the aerogel-based renders share a similar behaviour with a higher
baseline than the industrial thermal render (NW5). However, when the influence of the
WDR is accounted for, the industrial thermal render (NW5) starts to show an increasing
water accumulation, surpassing the aerogel-based thermal renders (NW1 to NW4 and
ZNW1 to ZNW4). During most of the rainy season, for the North façade, all renders
showed similar behaviours. In Lisbon, the higher number of days with solar radiation
has a considerable influence on the solutions’ drying [86]. From October to April, there is
an increase in the water content, then drying until reaching the minimum water content
in August.

For Zurich, all the aerogel-containing renders (NW1 to 4 and ZNW1 to 4) maintained
similar behaviours throughout the year, being able to dry from one year to the next. The
industrial thermal render (ZNW5) that was presenting good performance in Lisbon started
to show signs of not being able to dry during the year. Where in Lisbon the industrial
thermal render (NW5) can dry out relatively quickly due to higher solar radiation and
a lower moisture presence, in Zurich (ZNW5), this was greatly reduced due to climate
characteristics, also seen in the very similar values between the SW and the N façades. The
industrial thermal render’s (ZNW5) performance in Zurich seems limited by its higher wf
than the aerogel-containing renders (ZNW1 to 4).

In both Lisbon and Zurich, it can be seen the influence that the more exposed façade
to the WDR has on the solutions. However, the ratio w/wf was less than 30%, indicating
negligible risk of frost damage. In both locations, the natural fibre-containing renders
(TR sisal—NW3 and ZNW3—and TR biomass—NW4 and ZNW4) showed less water
content year-round than the reference, once again certainly linked to their lower µ. The TR
aramid renders (NW2 and ZNW2) with slightly higher µ and decreased porosity showed
marginally lower performance than the TR reference (NW1 and ZNW1).

As can be seen, the maximum temperatures present in Lisbon are approximately
10 ◦C higher than in Zurich, as expected. Those higher temperatures can generate durability
issues due to the materials’ expansion and retraction [88,108]. In terms of drying, it is once
again understood why in Lisbon, the solutions present a quicker drying process: the overall
rainfall quantity is lower, and the temperatures are higher. Here, the coating system also
limits the overall performance, since it is the same in all solutions.

As for the temperature gradients inside the thermal insulating material, in both places
they are between 4 and 7 ◦C, indicating that the majority of times they are below those
values, which are not very significant [109]. With the solutions containing XPS (NW7 and
ZNW7) showing a lower gradient, this behaviour is potentially linked with a marked
difference in this material’s thermal diffusivity.

As expected, it is seen that the risk of surface condensation significantly increases in
Zurich. This fact is related to the most demanding outdoor climatic conditions in Zurich
and increased thermal insulation thicknesses. The higher thermal insulation needs lead
to less heat migrating to the exterior surface, which increases the solutions’ condensation
potential [110].

When all solutions are compared, in Lisbon, the North façade is the one with the
highest risk of exterior surface condensation, but in Zurich, the behaviours are similar
between the SW and the N façades, and both are higher than Lisbon. The aerogel-containing
solutions (NW1 to 4 and ZNW1 to 4) showed similar behaviours to the other materials,
whereas the TR biomass solutions (NW4 and ZNW4) showed a slightly better performance.
The industrial thermal renders (NW5 and ZNW5) showed lower values, which can be
related to higher water content and lower thermal insulation, letting indoor heat pass and
heat the exterior surface.

The climatic conditions differ between Lisbon (SW different from N) and Zurich
(SW similar to N). In Lisbon’s SW façade, due to the high number of non-raining days
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and solar radiation, there are a substantial number of months where the average thermal
transmittance is below the initial values (20 ◦C and 80% RH conditions). For the north
façade, due to the sun’s low influence (without direct solar radiation), the values are
maintained above the initial conditions, with the values increasing in late summer due to
inversion, as previously seen. The industrial thermal renders (NW5 and ZNW5), due to
their higher water absorption, have more months with lower performance (above 1.0) than
the aerogel-containing renders (NW1 to 4 and ZNW1 to 4).

In Zurich, the differences between the SW and the N façades are much smaller, with
all solutions lowering their thermal transmittance performances. Here, the most significant
increase was related to the industrial thermal render (ZNW5), due to its higher water
content, which influences its thermal conductivity and increases the solution’s overall
thermal transmittance.

Although all solutions were analysed for their 4th to 5th year, it should be noted that
solutions ZNW5 (industrial thermal render), ZNW6 (EPS), and ZNW7 (XPS) in the subse-
quent years would start to exhibit lower performance due to water content accumulation.
Therefore, from all solutions, the ones that could maintain better performance throughout
the year were the ones containing aerogel and fibres: TR aramid (NW2 and ZNW2), TR
sisal (NW3 and ZNW3), and TR biomass (NW4 and ZNW4).

Finally, for the solutions’ heat loss, it can be seen that the aerogel-containing solutions
(NW1 to 4 and ZNW1 to 4), although presenting a higher initial hygroscopicity, can
contribute to higher energy savings than the other solutions containing industrial thermal
render (NW5 and ZNW5), EPS (NW6 and ZNW6), and XPS (NW7 and ZNW7). This is
more noticeable in Zurich than in Lisbon since, as could be seen in this analysis, the climate
has a significant impact on the type of materials to be chosen and applied. This can be
related to the fact that although EPS (NW6 and ZNW6) and XPS (NW7 and ZNW7) do
not present significant hygroscopicity, from 80% RH on, they start to suffer the impact of
moisture [44]. Therefore, when applied in a climate where moisture is always present, it
impairs their performance since when moisture enters the solution, due to their very low
water vapour permeability [43,44] it is retained due to the low number of drying hours in
Zurich. The industrial thermal render (NW5 and ZNW5), even with an 8 cm thickness (the
maximum allowed by the manufacturer), did not comply with Zurich’s legal requirements.

The aerogel and fibre-containing renders (NW2 to 4 and ZNW2 to 4) showed good
performances in both climates. The TR sisal (NW3) showed better performance than the TR
reference (NW1) (less 3% of kWh), the industrial thermal render (NW5) (less 10%), and EPS
(NW6) (less 5%) in Lisbon, being only surpassed by XPS (NW7) (more 5%); however, this
latter solution tends to accumulate water during the service life, significantly decreasing its
performance over time.

For Zurich, considering the SW orientation, the best solutions were the aerogel-based
fibre-containing formulations (ZNW2 to 4), with the TR aramid (ZNW2) presenting the
best performance (less than 4% kWh of the TR reference (ZNW1) and less than 9% of the
XPS (ZNW7)). When considering the N orientation, the TR sisal (ZNW3) showed less than
3% of the TR reference (ZNW1) and less than 4% of the XPS (ZNW7). Where in Zurich
industrial thermal render (ZNW5), EPS (ZNW6), and XPS (ZNW7) tend to degrade their
performances due to an increase in water content. The difference in the industrial thermal
render (ZNW5) is related to its being considered the same construction solution for all
cases, but due to its higher thermal conductivity and maximum acceptable application
thickness (0.08 m), it could not perform adequately.

Therefore, these aerogels and fibre-containing renders’ hygrothermal properties could
be evaluated against other currently used materials and showed potential to be applied
while excelling in more demanding climates with a higher presence of rain and moisture,
such as Zurich.
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3.4.2. Wall Retrofit over the Exterior Surface (RE)

The presence of a superficial acrylic paint with two layers was considered for the
existing reference wall (RE1) (see composition in the Supplementary Data), reducing the
WDR water absorption (by 20% due to the usual low maintenance) while increasing the
water vapour diffusion-equivalent air layer thickness (sd = 0.56 m) [111]. This layer was
considered to be removed when the new exterior multilayer coating systems were applied.
Here, the defects were considered to be 1% of the WDR in the exterior mortar, even for the
new systems.

In Table 8, it can be seen that the introduction of these thermal insulation systems
drastically reduced the total water content, improving the integrity and durability of the
construction. The reference solution (RE1), as well as the aerogel-based renders (RE2 to 5),
quickly showed dynamic equilibrium. However, the solutions with EPS (RE7) and XPS
(RE8) showed a limited capability of drying, while the solutions with TR sisal (RE4) and
TR biomass (RE5) showed quicker drying. This, as previously seen, can be related to the
water vapour permeability shown by these materials (lower in the EPS-RE7- and XPS-
RE8-solutions) [43], associated with the high µ of the coating system, slowing their drying
process. The solutions that reached a quasi-steady state took around 3 years.

Table 8. Synthesis of the exterior retrofit simulation for Lisbon (RE).

Solution
SW–N

TWC and
DP Mould w/wf ≤ 0.30

Ext
Surface
Temp

(max) [◦C]

Temp
Gradient
Insulator

[◦C]

CP > 0
[Pa]

ϕ =
100%RH

[h]

Uavg/Uref
≤ 1

[month]

q
[kWh
m−2]

RE1 pass–pass fail–fail fail–fail 35.6–33.3 - 5036–3040 282–39 4–0 81.45–96.82
RE2 pass–pass pass–pass pass–pass 39.3–35.6 9.2–5.1 1704–1793 165–171 12–5 11.85–13.79
RE3 pass–pass pass–pass pass–pass 39.2–35.6 9.2–5.1 1606–1766 159–171 10–2 11.84–14.23
RE4 pass–pass pass–pass pass–pass 39.2–35.6 9.2–5.1 1642–1807 159–171 9–3 12.90–13.57
RE5 pass–pass pass–pass pass–pass 39.2–35.6 9.2–5.1 1592–1764 158–170 6–3 13.64–14.27
RE6 pass–pass pass–pass pass–pass 39.1–35.6 9.4–5.3 1586–1736 164–164 8–1 14.21–15.14
RE7 fail–pass pass–pass pass–pass 39.2–35.6 9.4–5.2 1597–1675 160–167 11–0 13.72–15.66
RE8 fail–pass pass–pass pass–pass 39.4–35.7 9.5–5.3 1747–1848 169–175 10–0 11.47–12.64

Note: TWC and DP—total water content during the five years and respective drying potential; Mould—potential
for mould appearance; w/wf ≤ 0.30—low probability of water running off and frost damage; Ext surface temp
(max)—99th percentile of the maximum verified temperature at the surface [◦C]; Temp gradient insulator—
temperature gradient between the opposite surfaces of the thermal insulator [◦C]; CP > 0—condensation poten-
tial [Pa]; ϕ = 100%RH—number of hours where it could be attained an air relative humidity of 100%RH [h];
Uavg/Uref ≤ 1—number of months in which the thermal transmittance of the solution was similar or below than
the reference conditions [month]; q—element’s heat loss during full Winter of the 5th [kWh], for a square meter.

Due to the low thermal insulation performance, it can be seen in Table 8 that the
existing reference wall (RE1) showed a significant probability for mould to develop, but
when the thermal insulation solutions were applied, that probability became negligible,
being similar for all solutions. This shows the importance of adequate thermal insulation
for improving indoor air quality.

The results are shown in Table 8, which also shows that the whole solution absorbed
less water when the thermal insulation systems were used. This could be because the
coating system is better at keeping liquid water from getting in, which lowers the water
content. The TR sisal (RE4) and TR biomass (RE5) formulations were able to maintain
lower water contents for SW and N orientations. The increase in total water content
(ratio < 20%) when compared with the new wall solution for Lisbon can be related to the
high water absorption properties presented by the existing mortar and fired clay hollow
brick. If at the same time, the high of the coating system is considered, it can be explained
that the rise in water content is due to the water vapour’s difficulty exiting and, therefore,
does not contribute to the solutions’ drying.

The inclusion of the thermal insulating systems led to an increase in the exterior surface
temperature over the reference (RE1). This seems linked to the coating system present in all
solutions and the presence of the thermal insulators behind it that do not disperse heat as
efficiently as other materials with higher thermal conductivity. The same type of behaviour
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was seen in the temperature gradient inside the thermal insulating materials, where all
solutions presented similar performances.

When the thermal insulating systems were applied to the old walls, the risk of surface
condensation was drastically reduced. The only situation worse than the reference (RE1)
was related to the number of hours, over a year, with 100% RH. This fact can be associated
with the increase in thermal insulation, in which, due to the lower influence of the WDR on
the north façade, there was a loss of superficial heating, from indoor losses, which could
maintain higher surface temperatures and, therefore, a lower risk of existing 100% RH.
Nonetheless, all materials, for the analysis period, showed similar performance.

With the analysis of the thermal insulation loss over the year and the relationship with
the heat losses during the winter season, it can be readily seen that all new retrofit solutions
presented significant improvements in the building’s thermal insulation efficiency.

These thermal insulation systems could maintain a better thermal performance over
the year, with the TR sisal (RE4) showing a more equilibrated performance on both façades.
The EPS (RE7) and XPS (RE8) tend to degrade their performance over the years due to
their difficulty to dry. The industrial thermal render (RE6) solution, in this case, showed
similar performance.

Table 8 shows that the inclusion of the thermal insulation systems reduced heat loss by
10 times, drastically increasing energy efficiency. Since EPS (RE7) and XPS (RE8) solutions
suffer an increase in their water content, their performance will degrade over time. As for
the solutions with lower heat loss, for the SW façade, the TR aramid formulation (RE3)
improved over the TR reference (RE2) by around 2%, while for the N façade, TR sisal (RE4)
showed a 3% improvement over the TR reference (RE2). TR aramid (RE3) showed the best
overall performance (for SW and N façades conjugated), reducing heat loss by 1.5% kWh
over TR reference (RE2) and ≈10-fold when compared to the original solution (RE1). With
these results, the TRFs once again showed multifunctional application potential.

3.4.3. Wall Retrofit over the Interior Surface (RI)

Another application of thermal insulation on buildings’ façades is usually considered
an interior application [101]. In Table 9, it can be seen that in this retrofit scenario, all
solutions except the aerogel and fibre-containing renders (RI2 to 5) showed high affinity to
keep the water content increases. When compared with the exterior retrofit, all solutions
present a higher baseline water content, linked with the reduction of heating of the walls
in winter, which limits their drying, as well as the indoor environment presenting a high
moisture content [112], also impairing such a drying process.

Table 9. Synthesis of the interior retrofit simulation for Lisbon (RI).

Solution
SW–N

TWC and
DP Mould w/wf ≤ 0.30

Ext
Surface
Temp

(max) [◦C]

Temp
Gradient
Insulator

[◦C]

CP > 0
[Pa]

ϕ =
100%RH

[h]

Uavg/Uref
≤ 1

[month]

q
[kWh
m−2]

RI1 pass–pass fail–fail pass–pass 35.6–33.3 - 5036–3040 282–39 3–0 81.45–96.82
RI2 pass–pass pass–pass pass–pass 35.5–33.2 1.0–0.2 11358–7887 311–42 9–0 14.91–18.40
RI3 pass–pass pass–pass pass–pass 35.5–33.2 1.0–0.2 11303–7839 292–42 8–0 11.84–18.70
RI4 pass–pass pass–pass pass–pass 35.5–33.2 1.0–0.2 11457–7839 281–39 9–0 14.41–17.80
RI5 pass–pass pass–pass pass–pass 35.5–33.2 1.0–0.2 11304–7970 282–39 8–0 15.17–18.74
RI6 pass–fail pass–pass pass–pass 35.5–33.2 0.6–0.2 11286–7832 304–55 6–0 15.42–18.99
RI7 fail–fail pass–pass pass–pass 35.5–33.2 1.1–0.3 10968–7589 290–38 4–0 16.93–20.79
RI8 fail–fail pass–pass pass–pass 35.5–33.2 1.2–0.3 12033–8552 270–60 4–0 11.94–14.54

Note: TWC and DP—total water content during the five years and respective drying potential; Mould—potential
for mould appearance; w/wf ≤ 0.30—low probability of water running off and frost damage; Ext surface temp
(max)—99th percentile of the maximum verified temperature at the surface [◦C]; Temp gradient insulator—
temperature gradient between the opposite surfaces of the thermal insulator [◦C]; CP > 0—condensation poten-
tial [Pa]; ϕ = 100%RH—number of hours where it could be attained an air relative humidity of 100%RH [h];
Uavg/Uref ≤ 1—number of months in which the thermal transmittance of the solution was similar or below than
the reference conditions [month]; q—element’s heat loss during full Winter of the 5th [kWh], for a square meter.
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Only the reference solution (RI1) presented a significant probability for mould devel-
opment, as previously observed in the exterior retrofit study, where RE1 is the same as RI1
(see Supplementary Data). As in the other retrofit scenario, it took about 3 years for the
solutions to reach a quasi-steady state.

Since the thermal insulation in this retrofit scenario was placed on the interior side of
the wall, but with a gypsum board protecting it, it can be seen in Table 9 that in this case,
the solutions’ behaviour is very similar between the SW and the N façades.

On the SW façade, there is a more significant influence of the solutions’ drying due to
higher solar exposure. For the industrial thermal render (RI6), it is seen that it absorbs more
water during the winter, although it loses it in the summer, being slower in this process
than when applied on the exterior. This fact can be related to the influence that the outer
climatic elements have on the drying of this material, and it can also be related to its lower
MBV (moisture buffer value), showing more difficulty eliminating moisture in a short time.

However, for the aerogel-fiber-containing renders (RI3–5), there was a higher degree
of stability. This could also have something to do with the fact that these aerogel renders
had higher MBV values, which can help to keep their performance even throughout the
year. In this specific case, the TR biomass formulation (RI5) showed better performance for
both façades over the year, closely followed by TR sisal (RI4).

With the interior retrofit, the maximum exterior temperatures were not significantly
affected (Table 9), since the exterior surface was similar. Regarding the temperature gradient
for the thermal insulating layer, it is almost negligible since the indoor environment has a
direct influence over it.

With this retrofit solution, the condensation risk increased significantly (Table 9), as
expected. This is related to the indoor heat not being able to heat the exterior surface during
the winter months, increasing that risk.

Both EPS (RI7) and XPS (RI8) solutions showed worse performance, not only for
accumulating water but also by seeing their thermal performance degrade over time,
probably related to their low water vapour permeability that impairs their drying.

Due to the much lower drying influence of the solar radiation in these solutions, they
tended to present higher thermal transmittance values (Table 9) than their respective refer-
ence values over the year. Once again, the thermal inversion influence during the summer
can be verified. Here, the TR sisal formulation (RI5) showed the best overall performance.

In Table 9, it can be seen the potential heat losses, per m2, during the winter season
for all solutions. As in the exterior retrofit scenario, all solutions decreased the heat losses
over the reference wall (RI1) by almost 10 times. Once again, solutions EPS (RI7) and XPS
(RI8) accumulate water, with their performance further decreasing over time. The other
solutions show that the TR aramid (RI3) applied in the SW façade lowers the heat losses
by almost 20% over the TR reference (RI2), while for the N façade, the best performance is
from the TR sisal formulation (RI4), with less than 4% of the heat losses of the TR reference
formulation (RI2).

When considering the overall performance (SW and N façades), the TR aramid (RI3)
shows less than 8% heat loss compared to the TR reference (RI2). In this case, since
the thermal insulation is inside, it seems that the higher moisture affinity of the natural
fibre-containing solutions had some influence on their overall performance, as already
described in other research works [9]. Additionally, in this case, the aerogel-based fibre-
containing formulations (RI3–5) showed better performance, confirming, once again, their
multi-functionality.

4. Critical Analysis of the Results
4.1. Thermophysical Properties of the Materials

When considering the thermal properties, the fibres’ incorporation, due to their higher
thermal conductivities and reduction of aerogel quantity, increased the overall thermal con-
ductivity in the dry state, but by less than 7% relative to the reference, and still below EPS
(λ10◦C ≈ 0.036 W m−1 K−1 [61]) or thermal renders with EPS (λ10◦C ≈ 0.050 W m−1 K−1 [62]).
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This was an interesting aspect since the incorporation of fibres in cement-based compos-
ites is usually linked with lowering thermal conductivity [113]. In this case, as the silica
aerogel has a low thermal conductivity, such behaviour was not verified. However, the
formulations with fibres could lower the water saturation, contributing to lower thermal
conductivity (at least by 7%) in the presence of moisture. This fact was attributed to the
presence of air pockets trapped in the pore structure and to the capillaries’ interruption due
to the fibres’ presence, seen in [27], which impaired water progression. Here, the TR aramid
showed less water absorption and could maintain a more stable thermal conductivity
increase. As for thermal inertia and penetration depth, significant differences between the
distinct formulations were not found.

For the moisture storage, it seems that the fibres did not significantly influence the
TR reference’s hygroscopic behaviour. As seen through the dynamic vapour sorption
(DVS) results [27], the paste already presented considerable influence in the hygroscopic
range; therefore, the similar behaviour between all the formulations seems related to the
paste. However, when tested in the over-hygroscopic range, it started to show differences,
with less water absorbed by the fibre-containing formulations, either by reduction of
capillaries or reduction of pores linked to the exterior [65,68]. Additionally, the water
vapour permeability increased with the use of natural fibres.

Here, it was also found that the fibres’ inclusion led to a lower liquid transport
coefficient for suction (Dws), since its calculation is dependent on the Aw coefficient. As
seen in [27], the fibres’ use led to a significant reduction of the capillary water absorption
coefficient (Aw), therefore the difference between the Dws parameters between the reference
(TR reference) and the fibre-containing formulations was already expected, representing
better behaviour as a construction material.

Finally, for the analysis of moisture buffering properties, it was seen that when only
considering the TRFs, the TR aramid formulation showed a slightly lower performance but
still presented higher capabilities than the studied industrial thermal render. Nonetheless,
the TR sisal and TR biomass showed very promising performances. When a gypsum board
was placed in front of these materials, the total moisture-absorbing capability was reduced
to half, with all the aerogel-based formulations presenting similar behaviours. When the
application of a commercial multilayer coating system was considered, the maximum
moisture absorbing capability for all thermal insulating materials was reduced almost ten
times due to its intrinsic properties [25].

With this experimental campaign, it was seen that the most significant influence
of the fibres’ use was related to the reduction of capillary water absorption, either by
reducing capillary paths or by changing the render’s pore structure [27]. This factor greatly
influenced the thermal conductivity of the fibre-containing formulation, since less water
uptake led to overall lower thermal conductivities.

4.2. Hygrothermal Simulation Performance

In this study, several scenarios were studied, from new walls placed in different
climates (Lisbon and Zurich) to thermal insulation retrofit scenarios on the exterior and
interior. From the results, it could be seen that the climate and the legal requirements
should dictate the choice of the materials since their hygrothermal behaviour influences
the performance of the construction solutions where they are applied.

For the new wall solution, in both Lisbon and Zurich, the TRFs presented better
performance than the other solutions (industrial thermal render with EPS granules, EPS,
and XPS). The best performance was attained by the natural fibres (TR sisal and TR biomass),
as it seems that their higher water vapour permeability conjugated with their low capillary
water absorption contributed to a quicker drying of the respective solutions.

In the exterior thermal insulation retrofit scenario, the TR sisal and TR biomass formu-
lations continued to present better performance than the other solutions (industrial thermal
render, EPS, and XPS). This continued in the same line as in the new wall scenario; however,
EPS and XPS solutions showed higher water contents, probably related to the constructive
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solution’s differences. Nonetheless, these innovative TRFs showed their multifunctionality
potential, presenting better performances than the other solutions, and even better than the
TR reference formulation, achieving dynamic equilibrium more quickly.

When the interior thermal insulation retrofit scenario was considered, although the
fibre-containing formulations (TR aramid, TR sisal, and TR biomass) continued to show
better performance, the best formulation of all was the TR aramid. This can be related
to this fibre’s lower moisture affinity (as seen in the DVS analysis in [27]) in an indoor
environment, where the solutions have more difficulties drying due to the presence of the
gypsum board. Nonetheless, the TR sisal could present some reliable performance. In
this type of solution, since the indoor temperature is higher than the outdoor temperature
(during Winter), moisture is transferred from the inside to the outside. Therefore, the
materials’ water-vapor permeability has a significant influence on the behaviour of the
whole constructive system, contributing to or not increasing its water content. With indoor
thermal insulation, the wall becomes in contact with the cold environment outside (during
winter), lowering the constructive system’s temperature, which significantly increased the
risk of surface condensation [114].

As expected, the application of thermal insulation on the exterior side of the walls
presented more advantages than on the inside [34,88,90]: reduction of global heat losses
and energy consumption; a higher temperature of the wall, improving drying and lowering
condensation risk; reduction of thermal bridges; more mass in contact with the interior,
contributing to better indoor temperature regulation.

Another aspect that must be considered is that the protective coating system signif-
icantly limits the water vapour permeability of the solutions [25], lowering it by more
than 90%. Nonetheless, due to the higher water vapour permeability of the TR sisal and
TR biomass when compared with, for example, EPS or XPS, they contribute to a higher
overall water vapour permeability of the multilayer coating systems, improving their
drying capabilities.

4.3. Study Considerations

Nonetheless, for all the simulations made, several limiting factors should be considered:

• The hygrothermal simulations of Lisbon and Zurich, which were based on this analysis,
were run with validated files made available by the WUFI software. However, those
files represent one year (1998) of hourly data for several climatic parameters. This
is one important factor to consider, as in different years the conditions can be quite
different, which can impact the performance of constructive solutions;

• It is currently known that climate change is happening [115]. This can further impact
the performance of constructive solutions since climate variations can lead to more
moisture and rainfall, influencing the solutions’ performance and needs. This fact
can also be limited by microclimatic phenomena, which should be considered when
evaluating the applicability of any given material [116];

• Another aspect that was not considered, even in the simulations, was the presence
of rising damp and salts in buildings, which is one of the significant building defects
verified in Portugal [117]. Although this factor was not considered, it should be
accounted for, mainly in retrofit scenarios, since it can lead to several anomalies;

• The indoor occupancy can also greatly influence the overall performance (users’ occu-
pancy 100% of the time vs. 40%, for example), as well as the type of use (e.g., kitchen
vs. bedroom);

• As these simulations represented broad application scenarios, each singular case
should be analysed, since the geographic location, utilisation conditions, used materi-
als, and climate, among other factors, will influence the obtained results.

5. Conclusions

In this study, the influence of a synthetic fibre (TR aramid) and two natural fibres
(TR sisal and TR biomass) on the hygrothermal properties of an aerogel-based thermal
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render (TR reference—without fibers) was evaluated. For hygrothermal evaluation, the
water content with time and its effect on the thermal insulation of the solution were
the primary considerations. Both of these factors affected a number of other variables.
Moreover, the behaviour of these renders was evaluated when applied in new construction
and retrofit scenarios under different conditions compared with other current thermal
insulating solutions. From the gathered results and respective analyses, it is possible to
draw the following conclusions:

• Although low amounts of fibres were used (0.5% (vol./vol.) for the TR aramid and
0.1% (vol./vol.) for the TR sisal and TR biomass), they significantly improved the
hygrothermal properties over the TR reference.

• These aerogel and fibre-containing formulations showed adequate moisture buffering
potential; therefore, their future use indoors can be considered as presenting an air
moisture regulation capacity, contributing to their application multifunctionality;

• The aerogel and fibre-containing formulations, especially the ones containing natural
fibres (TR sisal and TR biomass), showed the most balanced hygrothermal performance
of all the studied solutions, either in quickly attaining dynamic equilibrium or dealing
with moisture throughout the year. However, depending on the application scenario,
the choice of materials must be a careful process. Nonetheless, these aerogel-based
thermal renders showed that they could be applied in several distinct geographical
and climatic conditions while maintaining good hygrothermal performance;

• In new construction, the aerogel and fibre-containing solutions presented better char-
acteristics than the other studied solutions (industrial thermal render, EPS, and XPS),
mainly due to lower capillary water absorption and higher water vapour permeabil-
ity. Moreover, when a colder and moister climate was chosen (Zurich), these TRFs
excelled over the other solutions, since after two years they showed dynamic equi-
librium, whereas other solutions (e.g., with EPS and XPS) did not, showing their
application potential;

• It was found that the used finishing coating (with an acrylic base) and basecoat
have a big effect on the multilayer systems that were looked at. Other materials
might have different effects. Although such a protective coating reduced the liquid
water penetration from the outside, it also presented low water vapour permeability,
hindering the elimination of water that penetrated the interior layers; therefore, they
usually contributed to the increase in the solutions’ interior water content;

• In a retrofit scenario, it was seen that the exterior application of the thermal insulation
is more effective in reducing energy losses than the interior application. Additionally,
in both cases (interior and exterior retrofit), the aerogel and fibre-containing solutions
(TR aramid, TR sisal, and TR biomass) presented better performances than the other
solutions. In addition, when applied to the interior retrofit, those renderings can
improve the indoor environment due to their moisture buffering capabilities;

As it has been seen, the incorporation of fibres (aramid, sisal, and biomass) in the
aerogel-based formulation of thermal render has shown improvements over the reference
physical properties, which led to an improvement in their hygrothermal performance. With
such findings, it can be attributed to some multifunctionality in these formulations, since
they can show benefits for different uses and applications while also contributing to energy
savings in buildings when compared with other solutions, with a reduction of heat transfer
of more than 20%.

In future research, these formulations should be studied in terms of their environmen-
tal impacts and how their demonstrated capabilities of saving energy consumption would
influence the overall performance over the life cycle of a building. These formulations
could also benefit from their simulation with FEM models and, above all, be applied in
situ to validate the results of these simulations. Climate change scenarios and occupancy
internal rates could also be investigated.
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Abbreviations

RH Relative humidity
TR Thermal render
TR aramid Aerogel-based render with 0.5% (volume) of aramid fibre
TR biomass Aerogel-based render with 0.1% (volume) of biomass fibre
TR reference Aerogel-based render without fibres
TR sisal Aerogel-based render with 0.1% (volume) of sisal fibre
TRF Aerogel-based fibre-enhanced thermal renders with either aramid or biomass or sisal
WDR wind-driven rain
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Abstract: A large part of the European building stock was built before implementing the recent energy
and structural codes, resulting in buildings characterized by deficiencies in terms of comfort, energy
savings and structural safety. The retrofitting and rehabilitation of the existing building stock need to
be adequately performed, aiming to improve the seismic and energy performance simultaneously.
The work summarized here is dedicated to defining priority scenarios for buildings’ retrofitting
to improve the seismic safety and energy efficiency of the European Union (EU) building stock.
First, the state of the EU building stock is analysed in terms of buildings’ age, types of structures,
energy efficiency, energy consumption and energy poverty. Then, the EU climate demands are
presented, namely the regions with higher temperature variations, i.e., heating or cooling degree
days. The EU seismic risk is also presented and discussed in terms of average annual losses, average
annual economic losses and average annual life losses. Based on these input parameters, nine
seismic–climate regions in the EU are proposed using a simplified approach. Finally, retrofitting
scenarios are proposed for two types of buildings (i.e., masonry and reinforced concrete) based on
their seismic–climate region.

Keywords: building stock; climate indicators; seismic retrofitting; energy retrofitting

1. Introduction

A large part of the European building stock was built before implementing the recent
energy and structural codes, resulting in buildings characterized by deficiencies in terms of
comfort, energy savings and structural safety [1]. Regarding the last aspect, it is particularly
relevant that most of the buildings located in seismic-prone regions were designed before
the enforcement of current seismic regulations and with no modern concepts of antiseismic
detailing and philosophies, such as capacity design. Thus, the structural safety of these
buildings may not be satisfactory when subjected to seismic actions, but it could also
hamper any refurbishment investment in the case of an earthquake [2]. Therefore, the
transition toward a neutral carbon society needs to go through the structural strengthening
of the existing building stock regarding seismic actions.

According to a recent report by the European Commission, the construction industry is
accountable for 36% of carbon dioxide emissions, 40% of energy usage and 55% of electricity
consumption in the European Union (EU) [3]. The majority of energy consumption and
carbon dioxide emissions stem directly from the heating and cooling of buildings. The
inadequate energy performance of existing buildings in the EU can be attributed to the
belated implementation of the first energy codes for buildings, which only became official
in the 1970s, by which point approximately 66% of the current EU building stock had
already been constructed. Improving the energy efficiency of buildings can play a pivotal
role in realizing the objectives outlined by the United Nations and the New European
Green Deal, namely, reducing emissions of greenhouse gases that contribute to climate
change to zero by 2050.

87



Energies 2023, 16, 2408

Roughly 40% of buildings in the EU are situated in seismic zones and constructed
with inadequate safety measures, with 65% of these structures requiring both seismic and
energy retrofitting. While independent retrofitting approaches for seismic [4] or energy
purposes [5,6] are accessible and frequently utilized, comprehensive SpEU techniques that
integrate both aspects are yet to be developed, validated and implemented. The most
common insulation building materials used to improve a building’s energy efficiency can
be classified into three categories: (a) conventional insulation materials [7]; (b) insulation
materials including nano-insulation materials [8]; and (c) smart insulation materials such
as phase-change materials [9]. The economic issues and limitations lead to the need to
use low-cost and conventional materials, such as external thermal insulation composite
systems for infilled reinforced concrete (IRC) buildings’ envelopes [10]. However, this
technique only provides energy upgrading, neglecting the seismic safety of the building.
An adequate upgrade of this technique would have great potential due to the low unitary
cost of the intervention.

Concerning the strategies available to reduce the IRC buildings’ seismic vulnerability,
three different approaches are available: (a) global structure retrofitting (i.e., introducing
steel braces or reinforced concrete (RC) shear walls or energy dissipation devices) [11];
(b) local retrofitting [12]; and (c) combining global and individual retrofitting measurements.
The choice of the most suitable techniques depends on the desired performance standards
as well as economic considerations, and potentially other non-technical factors. Some
research works were recently carried out on strengthening solutions to reduce the seismic
vulnerability and collapse probability of masonry infill walls (MIW) [13], using techniques
such as fibre-reinforced polymers [14], engineered cementitious composites and textile-
reinforced mortar (TRM) [15,16].

Various performance assessment methodologies are only available for a specific field,
i.e., seismic safety and energy performance, and most of them were developed for new
buildings. Seismic vulnerability assessment tools are based on a quantitative four-step
evaluation consisting of hazard, structural, damage and loss analysis [17]. Several de-
tailed [18] and simplified [19] numerical tools are available to simulate the behaviour of
non-strengthened IRC building structures. However, they need proper calibration and
validation to assess their capabilities to simulate the behaviour of retrofitted structures with
SpEU solutions. The energy/environmental efficiency assessment is carried out through
hygrothermal, life cycle (LC) analysis [20,21] and LC energy assessment [22]. Building
sustainability assessment is based on European (DGNB) [23] or non-European rating sys-
tems (BREEAM) [24]. A holistic performance assessment methodology that combines
sustainability, energy and structural performance indicators for existing IRC buildings is
missing. It will allow decision-making bodies to identify buildings requiring renovation
and to optimise those interventions.

Consequently, enhancing the current building inventory to become more sustainable,
energy-efficient and resilient is crucial. The substantial investments earmarked over the
next ten years for achieving a climate-neutral society by 2050 (EUR 1 bn in the EU; EUR 145
M in Portugal) under the European Green Deal demonstrate the paramount significance of
this issue for the future of our communities. These strategies must also be consistent with
the Sendai Framework Action Plan for Disaster Risk Reduction 2015–2030 and the United
Nations’ 2030 Agenda to fulfil all of the outlined objectives.

Based on this motivation, this research aims to define priority scenarios for buildings’
retrofitting to simultaneously improve the seismic safety and energy efficiency of the EU
building stock. First, the state of the EU building stock is analysed in terms of buildings’
age, types of structures, energy efficiency, energy consumption and energy poverty. Then,
the EU climate demands are presented, namely, the regions with higher temperature
variations, i.e., heating or cooling degree days. The EU seismic risk is also presented
and discussed in terms of average annual losses, average annual economic losses, and
average annual life losses. Based on these input parameters, nine seismic–climate regions
in the EU are proposed using a simplified approach. Finally, retrofitting scenarios are
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proposed for two types of buildings (i.e., masonry and reinforced concrete) based on their
seismic–climate region.

The definition of the priority regions for which the combined seismic plus energy
retrofitting has more impact on the building’s performance and on the society as well
requires the correlation of three different data inputs: (i) EU building stock characteristics
(i.e., buildings age, type of constructions (i.e., masonry or reinforced concrete, buildings’
distribution, energy poverty and energy consumption); (ii) EU climate (i.e., heating and
cooling degree days); and (iii) EU seismic risk (average annual losses, average annual
economic losses, average annual life losses), as shown in Figure 1. The data concerning
these three inputs are presented and discussed in Section 2. This information will support
the definition of seismic–climate scenarios in the EU using a simplified approach. Finally,
retrofitting scenarios will be proposed based on the seismic–climate location in the EU.
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2. Overview of the EU Building Stock
2.1. General Characteristics

According to public data from the EU Buildings Observatory, a majority of buildings
in the EU are residential and were erected prior to 1969 [25]. A significant portion of
Europe’s building inventory is over 50 years old, with many structures still in use that
are over a century old. Over 40% of residential buildings were constructed before the
1960s, when energy regulations for buildings were limited. Several factors impact the
energy efficiency of buildings, including the performance of heating systems and building
envelopes, climatic conditions, building attributes and societal conditions. Information
regarding typical heating consumption levels for the existing stock by age demonstrates
that the most substantial potential for energy savings is associated with older buildings.

In certain instances, buildings constructed during the 1960s exhibit inferior perfor-
mance compared to those from earlier periods. The historical U-value data reinforces the
insufficiency of insulation in older buildings, which is unsurprising given the limited insu-
lation standards during that era. Countries with the highest proportion of older buildings
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include Denmark, Sweden, France, the Czech Republic and Bulgaria, with a significant
construction boom between 1961 and 1990.

About half of the EU building stock is older than 50 years, which means that it has
already completed its conventional life and may need retrofitting or a replacement of
building components due to durability-related issues.

The first edition of the European seismic codes (e.g., Eurocodes) in the EU was pub-
lished in 1990, meaning about 77% were built before [1], and in several countries the
implementation was done over the years after. Based on that, it may be concluded that the
existing EU building stock may need both seismic and energy retrofitting since they may
be inefficient and/or seismically vulnerable.

The age distribution of existing buildings and the proportion of new buildings within
the total stock serve as reliable indicators of the overall efficiency of the building stock.
A higher proportion of newly constructed dwellings built with more efficient standards
generally corresponds to a better overall energy performance of the building stock. Figure 2
depicts the distribution of buildings’ construction in the years up to 2014, revealing that
the majority of buildings in most EU countries are over fifty years old. However, in some
countries such as Spain, Cyprus and Ireland, there is a noticeable percentage of recent
buildings (i.e., less than 20 years old).
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Figure 2. Distribution of building construction by year in EU countries up to 2014. (Sources: EU
Buildings Factsheets).

Concerning the buildings constructed before 1945, Belgium (34%), Denmark (32%),
Slovenia (30%) and France (27%) have the most significant percentage. Romania (37%),
Lithuania (36.9%), Sweden (34.3%) and Germany (34.1%) are the countries with a larger
percentage of buildings built between 1945 and 1969. Between 1970 and 1979, all the
countries presented similar rates, but the highest one was achieved by Slovakia (23.3%).
Between 1980 and 1989, the percentage of buildings in the EU countries varies between
9 and 20%. The highest rate is observed in Cyprus. Between 1990 and 1999, the same
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observation can be drawn. Cyprus (17%), Malta (14%) and Ireland (13.3%) are the countries
with large percentages of buildings. Finally, Cyprus (>29%) and Ireland (>15%) have the
highest rates of buildings built after 2000.

According to the European Union Commission, multi or single dwellings (residential)
distribution differs from country to country. On average, about 52.7% are single-family
dwellings and 47.3 are multi-family dwellings. Countries such as Ireland, Belgium and
the Netherlands have a high percentage of single-family dwellings (87%, 73% and 70%,
respectively). On the other hand, Estonia, Italy and Spain have the most multi-family
dwellings (75%, 74% and 71%, respectively). The type of dwelling directly impacts the
space heating energy performance since different insulation characteristics imply different
specific space heating consumption (due to other wall areas in contact with the outdoors).

2.2. Seismic Vulnerability of the Building Stock

Masonry buildings are prevalent in Europe and are, on average, older than RC ones.
For example, the Italian building stock comprises about 3.7 million RC buildings and
7.2 million masonry buildings. Moreover, by 1981, about 86% of masonry buildings were
already constructed. The year 1981 is a year of a massive seismic classification due to the
consequences of the 1980 Irpinia-Basilicata destructive earthquake. Additionally, the first
seismic design code for masonry structures was issued only in 1987, which means that
almost the totality of masonry buildings were designed without any seismic criteria. Recent
earthquakes such as the one in 2016 demonstrated the problem dimension at the Italian
scale [26]. The same approach can be taken at the European scale, even though northern
European countries have lower seismic hazards than the European Mediterranean ones [27].

The low strength of the masonry units (both stone or brick) and mortar affects the
wall capacity under vertical and seismic loads. Additionally, the irregular disposition of
the masonry units and the excessive mortar beds’ thickness reduces the wall’s vertical
and seismic capacity [28]. On the other hand, the irregular wall arrangement due to the
dimension of stone/brick elements and the weak connection among the different wall
leaves are responsible for the masonry disintegration when subjected to lateral loads. It is
pretty standard in older buildings.

The poor connection between transverse walls (i.e., corner walls), the connection
between walls and the floors/slabs (diaphragm effect) and the roofs contribute to avoiding
the possibility of developing a “box behaviour”. The retrofitting of a masonry structure
must ensure that the “box behaviour” effect is guaranteed.

All these deficiencies are responsible for activating local mechanisms, such as wall
overturning, inhibiting global seismic behaviour, which is usually more efficient [29].

Structural failures due to earthquakes do not affect environmental measures, such as
CO2 emissions or energy consumption, in a direct way as they are rather abrupt events. It
might not be intuitive to include them when examining energy reduction policies. However,
their impact on the local economies can be devastating. When quantified with absolute
economic measures, it can be seen that the economic losses they can bring about can be
comparable to those due to energy deficiencies.

One of the most relevant problems was the lack of connection between transverse
walls, roofs or floors. The “box behaviour” is fundamental to achieving good seismic
performance of a masonry structure.

Undoubtedly, structural deficiencies play a much more important role in the seismic-
prone areas of the European south. Buildings are frequently subjected to seismic events in
countries that are located in seismic-prone regions. In such places, structural deficiencies
are often brought to the surface by major seismic events. Moreover, seismic standards have
improved considerably during the last 50 years, both in terms of the prescribed loads and
detailing measures, as opposed to concrete and structural steel codes, for example, which
have received much fewer significant updates.

The Eurocode 8 [30] provides a classification for structural elements of RC structures,
differentiating them as either structural or non-structural. Structural elements are further
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classified into primary members (SP) or secondary members (SS). Primary members (SP)
are considered part of the structural system that can withstand seismic demands, and are
designed and detailed for earthquake resistance. Secondary elements, however, are not
considered part of the seismic-resisting system, and their strength and stiffness against
seismic actions are neglected. They are designed and detailed to only support gravity
loads when subjected to seismic actions, and are not required to meet all Eurocode 8 [30]
requirements but are designed and detailed to maintain the support of gravity loads when
subjected to the displacements caused by the seismic actions.

Non-structural elements (NS) are composed of various architectural, mechanical or
electrical components and systems that are not load-bearing elements in the seismic design due
to their lack of strength or the way they are connected to the structure. Among these elements,
masonry infill walls play a significant role in the seismic performance of RC buildings.
Eurocode 8 [30] recognizes that infill panels are part of the non-structural-elements group.

Following the last major earthquakes in the EU, different types of damage have oc-
curred and affected the RC structures [31]. During seismic events, reinforced concrete struc-
tures can experience different types of damage, including but not limited to, inadequate
detailing of stirrups and hoops (Damage Type 1), issues with longitudinal reinforcement de-
tailing (Damage Type 2), reduced shear and flexural capacity of elements (Damage Type 3),
insufficient shear capacity of structural joints (Damage Type 4), strong-beam weak-column
mechanism (Damage Type 5), short-column mechanism (Damage Type 6), structural ir-
regularities (Damage Type 7), pounding (Damage Type 8), damage to secondary elements
(Damage Type 9) and damage to nonstructural elements (Damage Type 10).

The structural primary elements are associated with the first eight damage types,
while the ninth damage type is related to secondary structural members and the tenth
damage type specifically pertains to infill walls and other non-structural elements. Based
on the post-earthquake damage survey assessment, it can be concluded that there is an
interdependence among the last five types of damage. The damage observed during the
post-earthquake field trips indicates that masonry infill walls cannot be considered as
non-structural or secondary elements and cannot be ignored from the expected building
seismic behaviour [32,33]. Based on these observations, it is apparent that infill walls,
especially those located in the building envelope, play a crucial role as they can alter the
overall structural behaviour of the building. Proper retrofitting is necessary to prevent
out-of-plane (OOP) collapse. Infill walls were responsible for over 30% of the rehabilitation
costs of buildings damaged by earthquakes [34].

2.3. Energy Deficiencies of the Building Stock

The poor buildings’ energy efficiency is due to the later development and implemen-
tation of regulations and functional requirements in European countries. The first building
energy codes were published in the 1960s in the Scandinavian countries [35]. Later, other
countries have progressively introduced some regularly updated standards, especially to
match European directives. From the energy perspective, the first Energy Performance of
Buildings European Directive was issued in 2002 [36], although most European countries
already have developed their national standards since the beginning of the 1990s. Once
again, the masonry building stock at the European level has been built mostly without any
energy efficiency rule.

The most significant deficiencies concerning the energy efficiency are due to inad-
equate thermal insulation provided by the building envelope and due to the roof and
windows characteristics. Additionally, inefficient mechanical services providing heating,
cooling and domestic hot water needs are responsible for high energy consumption, espe-
cially in older buildings. Finally, old lighting systems can further increase the energy need
and CO2 emissions.

An essential aspect of masonry buildings is related to the fact that load-carrying
components constitute the building envelope. Therefore, some limitations are present in
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the insulation interventions, contrarily to RC buildings for which the building envelope
(infills) can even be replaced.

According to the latest EU report [25], the energy used for space heating seems to be
the most important end-use in the residential sector (68%). Countries such as Italy, Poland,
Belgium, Luxembourg and Finland have a high percentage of energy consumption for
space heating (>69%). The average percentage of the energy consumption in the EU for
space heating is 67.74%, which is quite significant. On the one hand, the climate conditions
can be strongly linked with higher needs for space heating (such as Finland, Denmark and
Poland). On the other hand, the poor energy efficiency of buildings plays a significant role,
particularly in countries such as Italy or Croatia that have a more moderate climate. Space
cooling emerges with high importance in Malta (15%), Bulgaria (5%) and Cyprus (5%).
The other ways of consuming energy are water heating (second most relevant), lighting,
appliances (third most relevant) and cooking (fourth most relevant).

The average annual specific consumption per m2 for all types of buildings in the EU
was approximately 180 kWh/m2 in 2013. However, there are variations among countries,
with Malta having the lowest consumption at 47 kWh/m2, followed by Portugal and
Cyprus at 70 kWh/m2, while Romania has the highest consumption at 300 kWh/m2 (or
290 kWh/m2 in Latvia and Estonia), which is significantly higher than the EU average. It is
worth noting that even countries with similar climates exhibit substantial differences in
consumption, such as Sweden with 210 kWh/m2, which is 18% lower than Finland. The
differences can be attributed in part to climatic conditions and statistical definitions.

The final energy consumption in households in 2020 is shown in Figure 3. This
parameter focuses on the energy spent in households for heating purposes and how the
amelioration of buildings can contribute to energy-saving plans. The data were extracted
by Eurostat, which collects information on total energy consumption in households split by
fuel category. This parameter is highly related to the climate conditions and the country’s
population size. Above the average European line (7618), it is possible to find Germany
(57,743), France (39,619), Italy (31,138), Poland (20,993), Spain (14,448) and the Netherlands
(9460). The countries with low final energy consumption are Albania (504), Cyprus (362),
Luxembourg (461), Malta (313) and Montenegro (243).
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Figure 3. Final energy consumption in households in 2020 (Sources: EU Buildings Factsheets).
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One of the most critical parameters under discussion is the percentage of the popu-
lation unable to keep their home adequately warm (i.e., energy poverty). According to
Eurostat, the average rate in Europe was 7.3% in 2018, which means that more than fifty
million people were in this position. From the country-by-country analysis, it is possible
to highlight the high percentages in Bulgaria (33.7%), Lithuania (27.9%), Greece (22.7%),
Cyprus (21.9%), Portugal (19.4%) and Italy (14.1%).

Based on the above results, it can be concluded that addressing the above issues of
older buildings via suitable seismic plus energy retrofitting solutions seems to be very
promising in reducing the energy consumption and seismic vulnerability of the current
building stock. That is why many states are already offering incentives to citizens to
renovate their dwellings based on certain goals. An energy upgrade of a given building is
an investment that can be achieved at reasonable costs and will have an immediate effect
on its consumption. Nonetheless, as stated earlier and explained further below, an energy
upgrade will not be effective when applied in a building of questionable structural integrity
due to safety reasons.

2.4. Brief Considerations on the Climate Conditions

The Köppen–Geiger climate classification is the most widely used climate classification
system. This classification divides the climate into five main climatic groups based on
seasonal precipitation and temperature patterns [1]. The main five groups are tropical, arid,
temperate, continental and polar.

The parameters used to understand the building energy requirements are the heating
degree days (HDD) and cooling degree days (CDD). They are quantitative indices that
reflect the demand for energy to heat or cool buildings. Both variables are derived from
measurements of the outside temperature. According to Eurostat, the baseline temperatures
for HDDs and CDDs are 15 ◦C and 24 ◦C, respectively. The outside temperature difference
with the baseline temperature gives the HDD and CDD indexes. The sum of the index
over the year results in the annual HDD and CDD. According to the Eurostat database
(Eurostat), the available data for the HDD and CDD started in 1979 up to 2020. It should
be underlined that these indicative indexes are related to average country values, which
means that there are regions in each country that may have higher HDD and/or CDD than
the average value estimated by Eurostat.

The correlation between the average national HDD and CDD indexes in 2020 is shown
in Figure 4a. As expected, countries with high HDD such as Denmark or Sweden have at
the same time a low CDD. The same can be said regarding countries with high CDD, such
as Malta or Cyprus, that simultaneously have a short number of HDD. The most critical
scenario can be described with countries with medium/high CDD and HDD at the same
time, such as Hungary, Bulgaria, Italy, Spain and Greece. They are expected to consume
more energy for space heating and cooling.

Another critical issue that can be highlighted is that the countries with higher HDD
have, at the same time, the lowest percentage of the population unable to keep homes
adequately warm (e.g., Finland and Sweden). Typically, this trend is observed in the north
European countries. However, some countries present dangerous results concerning this
relationship, i.e., medium/high HDD and a high percentage of the population unable to
keep homes adequately warm. The highlighted countries are Lithuania, Romania, Bulgaria,
Italy and Greece. Energy retrofitting measures would greatly benefit these countries,
allowing them to find a balance between seasons without needing to spend much energy
on space heating or cooling.

No direct relationship between the HDD and the building energy consumption can be
found, as shown in Figure 4c. Nonetheless, countries such as Spain, Poland, Italy, France
and Germany present a higher ratio between these two parameters, which means that
energy retrofitting would help to reduce energy consumption for space heating due to the
high HDD.
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Figure 4. Climate data and building energy performance: (a) HDD vs. CDD; (b) HDD vs. energy
poverty; (c) HDD vs. building energy consumption; and (d) CDD vs. building energy consumption
(Sources: EU Buildings Factsheets).

In the same way, no clear trend is observed in the analysis of CDD versus the building
energy consumption. Again, countries such as Spain, Italy and France presented a high
ratio between these two parameters.

From the analysis of the HDD and CDD range distribution over the EU, a considerable
variation can be observed for each country, which means that the analysis of the EU climate
should be performed region by region. For example, the average HDD in Bulgaria is
2273, but the maximum value of 3036 is reached in the Smolyan region (BG424 in NUT
3 subdivision), about 34% higher. The same can be pointed out concerning the CDD since
the average value found for Bulgaria is 160, but the maximum value of 379 was reached in
the Yambol region (BG 343 in NUT 3 subdivision), about 136% higher. This observation is
more notorious in the HDD when compared with the CDD ones.

In Italy, the average HDD found for the country was 1646, but the minimum and
maximum values found were 800 (Cagliari) and 4119 (Valle d’Aosta/Vallée d’Aoste), about
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−52% and +150%, respectively. The average CDD found was 246, and the minimum
and maximum values found were 1.3 (Sondrio) and 457 (Napoli), which are −99% and
+50%, respectively.

A box plot concerning the heating (HDD) and cooling degree days (CDD) according to
NUTS 3 subdivision is presented in Figure 5a,b. The box plot, also called a box and whisker
plot or box chart, represents key values from summary statistics. Each Y column of data is
represented as a separate box in each of these plots. The countries’ nomenclatures supply
the X-axis tick labels. By default, the box is determined by the 25th and 75th percentiles. The
whiskers are determined by the 5th and 95th percentiles. Additional values are represented,
including the minimum, median, mean, maximum, the 1st and 5th percentiles and the 95th
and 99th percentiles.

From this analysis, it can be seen that the countries with larger HDD variations are
Greece, Spain, Italy, Austria, Portugal and Romania. Concerning the CDD variations, the
countries with larger dissimilarities are Bulgaria, Greece, Spain, Italy, Portugal and Romania.

Figure 5c presents the ratio computed between the minimum and average HDD values,
maximum and average HDD values, minimum and average CDD values and maximum
and average CDD values. The most critical ones are the ratio between the maximum (HDD
and CDD) and the average value found for each country since it is directly related to
higher needs for energy consumption. The countries with higher variation in terms of
HDD (i.e., the ratio between the maximum and average HDD) are Italy (+150%), Portugal
(+90%), Greece (+78%) and Spain (+71%). Concerning the higher variation in terms of CDD
(i.e., the ratio between the maximum and average HDD), it can be observed that the higher
variation can be found in Austria (+700%), Czech Republic (+316%) and Denmark (+316%).
However, the effect of this variation is more important for higher average CDD and/or
HDD values.
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The identification of the countries that most need energy retrofitting measures needs
to be performed by interpolating the HDD, energy poverty (i.e., the percentage of the
population unable to keep homes adequately warm) and buildings’ energy consumption.
The countries that present higher values in these three categories are the ones that should
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be the focus of energy retrofitting. According to Pohoryles et al. [37], HDD values are more
significant since heating and hot water account for the high energy consumption in Europe.

Future investigations must be performed towards a European Map that presents the
distribution of the buildings’ energy efficiency based on the climates and characteristics of
buildings. Then, it will be possible to compute the annual average losses due to the energy
required for heating and cooling space.

2.5. Seismic Risk

The buildings that most need seismic retrofitting depend on the respective seismic risk.
It is estimated that 30% of EU buildings are located in areas of moderate seismic hazard
(where the design peak ground acceleration, PGA, is at least 0.1 g). The seismic risk can be
computed as the product between seismic hazard, exposure and vulnerability.

Gkatzogias et al. [38] presented the EU seismic risk results in which average annual
losses (AAL) in USD per country were computed. It is possible to observe that the country
with the highest AAL is Italy by far. After that, Greece, Romania, France and Germany
come in the following positions. The ranking of AAL is strongly influenced by the level
of seismic hazard but also the country’s size and the exposure value, hence the average
annual loss ratio (which is the AAL divided by the replacement value, AALR).

The analysis of the AALR highlights countries where the losses are high relative to the
exposure value. So, countries with lower construction costs are often higher. To look at the
areas where absolute losses are expected to be high but not necessarily due to the higher
replacement costs of the buildings, another risk metric has been considered, namely the
average annual loss per building.

From the analysis of the AALR, it can be observed that the ten countries with higher
AALR are Cyprus (1.32‰), Greece (1.11‰), Romania (0.93‰), Italy (0.76‰), Bulgaria
(0.58‰), Slovenia (0.39‰), Croatia (0.35‰), Austria (0.12‰), Hungary (0.11‰), Portu-
gal (0.11‰) and Slovakia (0.11‰). The countries with lower AALR are Finland, Ireland,
Lithuania and Sweden.

Moreover, Gkatzogias et al. [38] computed the average annual economic losses ratio
(AAELR). The countries with higher AAELR are Cyprus (1.16‰), Greece (0.90‰), Italy
(0.58‰), Croatia (0.42‰) and Bulgaria (0.31‰). Conversely, the countries with low AAELR
are Lithuania, Latvia, Poland, Sweden, Estonia, Denmark, Finland and Ireland. The
comparison between the AAELR and AALR shows that the countries follow a linear trend
(grey line). Romania is the country furthest from this trend, but not significantly.

In addition, Crowley [39] computed the average annual life loss (AALL) by the number
of occupants and loss of life. This parameter was given per 100,000 occupants to avoid very
low numbers. Because this metric is one of those proposed by the Sendai Framework for
Disaster Risk Reduction, the countries with higher AALL are Greece (0.36), Cyprus (0.18),
Croatia (0.17), Bulgaria (0.12), Italy (0.09), Austria (0.09), Slovenia (0.08) and Romania (0.07).
From the relationship between the AALR and the AALL, shown in Figure 6a, it is possible
to observe that Greece appears to be the country with the highest correlation (i.e., high
AALR and high AALL). It can also be stated that Cyprus, Romania, Italy and Bulgaria
present high AALR and medium–high AALL at the same time.

Finally, the last parameter that must be analysed is the average annual economic
losses (AAEL) per building. Cyprus, Greece and Italy are clearly on the front line of this
parameter, followed by Croatia, Austria, Slovenia and Spain. The countries with low AAEL
per building are Estonia, Ireland and Finland.

A specific trend cannot be concluded from the analysis of the relationship between
AALR and AAEL per building, shown in Figure 6b. For example, Cyprus and Italy present
an increasing linear trend, i.e., the AALR increases with the increase in the AAEL per
building. However, the same was not observed for other countries such as Romania,
Bulgaria and Slovenia.
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Figure 6. (a) Comparison between AALL and AALR; and (b) AAEL per building and AALR.

Furthermore, one example of regulation is the Greek Interventions Regulation, also
known as KANEPE [40], which is a legal framework designed to regulate the provision
of emergency liquidity assistance by the Bank of Greece to Greek banks. KANEPE was
introduced in 2015 during a period of economic turbulence in Greece, and it establishes
a set of criteria that must be met by banks in order to receive emergency funding. These
criteria include the need for the bank to have sufficient collateral and the requirement for
the bank to submit a business plan outlining how it will return to financial stability. The
aim of KANEPE is to ensure that emergency funding is only provided to banks that have
a viable long-term future and that the risks to the Greek taxpayer are minimized. This
regulation is fundamental in a post-earthquake scenario.

3. Identification of Relevant Scenarios Based on Climate and Seismic Risk Maps

Combined seismic and energy upgrading is essential for countries exposed simul-
taneously to high seismic hazards and climatic exposures. Butenweg (2021) proposed
a methodology to identify European countries and regions with a higher correlation be-
tween seismic and energy upgrading. A score-based approach was proposed to determine
whether combined upgrading is required for a building in a specific region, depending on
the seismic hazard level and the climatic conditions. The authors proposed a score-based
approach to identify these countries. The score is calculated based on the seismic hazard
level in terms of PGA and the indicators HDD and CDD for the climatic conditions.

The strategy adopted to identify the relevant scenarios for combined structural plus
energy retrofitting herein proposed is based on the inputs from the EU seismic risk (i.e., av-
erage annual expected losses ratio), climate maps (heating and cooling) and characteristics
of the EU building stock (total building energy consumption, energy poverty). First, the
analysis is performed at the macro-level perspective, i.e., using country average values.

The relationship between the AALR and the HDD is shown in Figure 7a. It can be seen
that several countries simultaneously have low AALR and high HDD (e.g., Finland and
Sweden), which means that energy retrofitting would be adequate for this type of region.
On the other hand, it is possible to observe countries with simultaneous low AALR and
HDD (e.g., Malta and Portugal). Countries such as the Netherlands, Ireland and Denmark
have medium–high HDD combined with low AALR. The most critical scenario is the
combination of medium–high AALR with medium–high HDD, such as in Romania, Italy
and Bulgaria.
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Figure 7. Definition of priority regions: (a) AALR vs. HDD; and (b) AALR vs. CDD.

The same observation can be made for the relationship between CDD and AALR,
shown in Figure 7b. It can be observed that Cyprus is a country with high AALR and CDD
simultaneously. After that, Greece, Italy, Bulgaria and Romania have higher AALR and
CDD. The remaining countries, typically north and central European Countries, have low
CDD and AALR. Malta is the second country with a higher CDD but has a low AALR.

The definition of climate plus seismic scenarios for each region of the EU is herein
performed based on the two inputs: AALR and a climate indicator (CI). Nine different
EU zones are herein proposed based on the combination of AALR and CI. The zones
were defined based on the EU’s AALR and CI range values. Three different levels of
AALR are proposed: low (AALR < 0.30‰); medium (0.30‰ ≤ AALR < 0.60‰); and high
(AALR ≥ 0.60‰). The CI was computed for each country according to Equation (1). Then,
three different levels are proposed: low (CI < 1500); medium (1500 ≤ CI < 3000); and high
(CI ≥ 3000). Thus, the seismic–climate matrix for the definition of the EU zone is presented
in Figure 8.

CI = HDD + CDD (1)

It should be stressed that CI greatly depends on the HDD and more minorly on CDD.
The relationship between HDD and CDD justifies this, i.e., HDD is much higher in almost
all countries than CDD. Since a significant part of the building energy consumption is due
to heating spaces, highly dependent on the HDD, the CI herein proposed represents the
climate severity representative of each country well. However, it is expected that the CDD
will increase significantly in future years due to climate change. The characteristics of each
combined seismic and climate scenario are presented in Table 1.

The results concerning the association of the EU countries to the respective seismic–
climate zone (SCZ), using average country reference data, are presented in Table 2 and
Figure 8b. Additionally, the seven countries with a higher percentage of the population
unable to warm their homes were highlighted. One of the EU and United Nations’ objec-
tives is to reduce the population’s portion under energy poverty conditions. For example,
Portugal has a high percentage of energy poverty and is located in SCZ_A (i.e., low CI and
low AALR). Usually, low-energy and seismic strengthening measures are recommended
for zone A. However, in the case of Portugal, strong energy retrofitting measures are
recommended to reduce the percentage of the population in energy poverty conditions.
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Figure 8. Seismic–climate zone matrix: (a) schematic layout; (b) average country values.
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Table 1. Definition of seismic–climate zones (SCZ).

Seismic–Climate Zone AALR (‰) CI General Recommendation on Retrofitting

A <0.30 <1500 Low energy retrofitting
Low seismic retrofitting

B <0.30 1500 ≤ CI < 3000 Medium energy retrofitting
Low seismic retrofitting

C <0.30 ≥3000 High energy retrofitting
Low seismic retrofitting

D 0.30 ≤ AALR < 0.60 <1500 Low energy retrofitting
Medium seismic retrofitting

E 0.30 ≤ AALR < 0.60 1500 ≤ CI < 3000 Medium energy retrofitting
Medium seismic retrofitting

F 0.30 ≤ AALR < 0.60 ≥3000 High energy retrofitting
Medium seismic retrofitting

G ≥0.60 <1500 High energy retrofitting
Low seismic retrofitting

H ≥0.60 1500 ≤ CI < 3000 High energy retrofitting
Medium seismic retrofitting

I ≥0.60 ≥3000 High energy retrofitting
High seismic retrofitting

Table 2. Distribution of EU countries over the seismic–climate zones proposed.

Countries AALR (‰) HDD CDD CI Percentage of the Population Unable
to Warm Their Homes (%) SCZ

Austria 0.12 3323 10 3333 1.6 C
Belgium 0.10 2340 52 2392 5.2 B
Bulgaria 0.58 2247 166 2413 33.7 E A

Cyprus 1.32 630 803 1433 21.9 G A

Czech Republic 0.01 3079 6 3085 2.7 C
Germany 0.03 2741 25 2766 2.7 B
Denmark 0.01 2921 0.6 2922 3 B
Estonia 0.01 3553 1.7 3555 2.3 C
Greece 1.11 1489 345 1834 22.7 H A

Spain 0.04 1553 279 1832 9.1 B
Finland 0 4871 0.4 4871 1.7 C
France 0.04 2038 76.4 2114 5 B

Hungary 0.11 2138 130 2268 6.1 B
Croatia 0.35 2547 70.5 2618 7.7 E
Ireland 0 2744 0 2744 4.4 B

Italy 0.76 1750 241 1991 14.1 H A

Lithuania 0 3305 1.06 3306 27.9 C A

Luxembourg 0.02 2567 55.6 2623 2.1 B
Latvia 0.01 3404 1.7 3406 7.5 C
Malta 0.07 402 672 1074 7.6 A

Netherlands 0.03 2386 40.1 2726 2.2 B
Poland 0.01 3006 11.2 3017 5.1 C

Portugal 0.11 1008 266 1274 19.4 A A

Romania 0.93 2666 96.4 2762 9.6 H A

Sweden 0 4593 0.08 4593 2.3 C
Slovenia 0.39 2691 29.8 2721 3.3 E
Slovakia 0.11 3047 20 3067 4.8 C

A–Country with a high percentage of population unable to warm their homes.
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From the results, it can be seen that there are no countries located in zones D, F and
I. Portugal and Malta are positioned in zone A. Zone B comprises Belgium, Germany,
Denmark, Spain, France, Hungary, Ireland, Luxembourg and the Netherlands. Zone C
includes Austria, Czech Republic, Finland, Estonia, Lithuania, Latvia, Poland and Slovakia.
Zone E comprises Bulgaria, Croatia and Slovenia. Zone G includes Cyprus. Finally, Greece,
Italy and Romania belong to zone H.

Once again, it should be underlined that the data used for selecting the seismic–climate
scenario are based on average values found for each country. Different regions can be posi-
tioned in different SCZs in each country, depending on the seismic plus climate demands.
The strategy herein recommended to perform this analysis involves interpolating this input
data at the region level (i.e., using NUTS 1 or NUTS 3), as Gkatzogias et al. [38] indicated.

The identification of relevant seismic–climate zones herein proposed is based on the
inputs from the seismic risk (i.e., average annual expected losses) and climate indicators
(heating and cooling degree days). A detailed analysis was performed at a macro level
(i.e., country level). Regional zonation must be a priority in the future for defining priority
regions in the EU by correlating seismic and climate inputs for each admin level. Some
regions are suggested for each seismic–climate zone based on seismic risk and climate
indicators (Table 3). It should be noted that these are some examples and not the total
number of regions in the EU.

Table 3. List of relevant regions for each seismic–climate zone.

CSZ Country/Region

A Porto (Portugal)
Valletta (Malta)

B

Lagos (Portugal)
Madrid (Spain)

Barcelona (Spain)
Montana (Bulgaria)
Bratislava (Slovakia)

Berlin (Germany)

C

Tyrolean Oberland (Austria)
Norrbotten County (Sweden)

Unterallgäu (Germany)
Aosta (Italy)

Krakow (Poland)

D Lisboa (Portugal)

E Primorsko-Goranska (Croatia)
Olt County (Romania)

F Kardzhali Province (Bulgaria)
Suceava County (Romania)

G Calabria (Italy)

H Ljubljana (Slovenia)
Galati (Romania)

I Covasna (Romania)

Moreover, the lack of an EU energy vulnerability map was identified, which will allow
the regions with a higher number of buildings with poor energy efficiency to be identified.
Future studies must prioritize developing this new map and integrate it with the seismic
risk map towards a future EU seismic plus energy risk map.

4. Definition of Scenarios for Retrofitting Strategies in the European Union

The present section proposes scenarios for retrofitting specific building typologies
located in the different seismic–climate zones defined. The recommended retrofitting
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strategies depend highly on the building seismic design, energy efficiency and the seismic–
climate demand. For example, if a building typology is located in zone A (i.e., low climate
indicators and low expected seismic losses), the seismic retrofitting is only addressed if the
seismic vulnerability assessment, according to Eurocode 8 [30], concludes that it is necessary.
No seismic retrofitting is required if the building verifies the Eurocode 8 safety assessment
methodology. The same exercise needs to be carried out regarding energy efficiency.

In the case of relevant seismic and climate indicators, the synergy between the seismic
and energy retrofitting interventions needs to be prioritised in the rehabilitation of existing
EU building stock. This new approach will reduce energy consumption and CO2 emissions
while buildings’ seismic vulnerability is reduced. It will also be possible to take advantage
of the existing policies proposed by the EU and use the incentives to complement the
energy retrofitting and reduce buildings’ seismic vulnerability.

For this purpose, nine different types of building typologies are considered concerning
their seismic design and energy efficiency, namely, low seismic design (LSD) combined
with low energy efficiency (LEE); high seismic design (HSD) combined with low energy
efficiency (LEE); or low seismic design (LSD) combined with high energy efficiency (HEE).
The building typologies matrix is presented in Figure 9.
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Figure 9. Building typologies matrix.

From the seismic vulnerability and energy efficiency point of view, these nine typolo-
gies represent the possible different building typologies existing in the EU building stock.
The most vulnerable typologies are the LSD_LEE, LSD_HEE, and HSD_LEE for different
reasons. The typology LSD_LEE is related to buildings with low (or no) seismic design
and low/poor energy efficiency. The buildings constructed before 1970 can represent the
LSD_LEE typology, considering the EU’s implementation date of the first seismic and
energy codes (around 1970).

The typology LSD_HEE is related to buildings with low or no seismic design and
high energy efficiency. Buildings with a year of construction before 1970 that were recently
subjected to energy strengthening can be representative of this typology.
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The typology HSD_LEE is dedicated to buildings with high/modern seismic design
(e.g., according to Eurocode 8) and low energy efficiency. The first energy codes emerged
in Europe after 1980, with low energy demands. The modern codes (e.g., after 2000)
require high insulation demands, resulting in buildings with high energy efficiency. A
building designed according to Eurocode 8 (i.e., seismic design) and the first energy codes
implemented in the 1980s can represent the HSD_LEE typology.

Two types of building structures are suggested to be analysed since they represent most
of those existing in the EU building stock: masonry (M) structures and reinforced concrete
(RC) structures. Tables 4 and 5 present the nomenclature adopted for each building typology
that will be suggested for the different retrofitting scenarios. Other types of structures such
as wood were excluded from this recommendation since they are not representative of the
EU building stock.

Table 4. Definition of reinforced concrete building typologies proposed for retrofitting scenarios.

Nomenclature Building Seismic Design Building Energy Efficiency

RC_LSD_LEE Low Low
RC_HSD_LEE High Low
RC_LSD_HEE Low High

Table 5. Definition of masonry building typologies proposed for retrofitting scenarios.

Nomenclature Building Seismic Design Building Energy Efficiency

M_LSD_LEE Low Low
M_HSD_LEE High Low
M_LSD_HEE Low High

The present section aims to propose retrofitting scenarios, taking into account the
type of building structure (i.e., M or RC), seismic design (i.e., LSD, MSD or HSD), energy
efficiency (i.e., LEE, MEE or HEE) and seismic–climate zone (i.e., scenario SCZ_A, SCZ_B,
SCZ_C, SCZ_D, SCZ_E, SCZ_F, SCZ_G, SCZ_H or SCZ_I).

For each retrofitting scenario (i.e., combination of building typology and seismic–
climate zone), a datasheet containing information related to the seismic–climate zone
(seismic and climate indicators), building performance type (seismic design, energy effi-
ciency and particular building characteristics), possible retrofitting recommendations and
examples of EU cities/regions is proposed. The framework of the datasheets produced for
each retrofitting scenario is shown in Figure 10.

Moreover, apart from the suggestions included in each retrofitting scenario, special
attention must be dedicated to isolated and aggregated buildings. It is recommended that
different types of masonry are considered (regular or irregular arrangement of blocks, dry
or mortared joints) in the case of masonry structures. It is also suggested that vertical
and/or plan irregularities of structural and non-structural elements (such as infill walls)
are considered since they are responsible for multiple failures on these types of structures.

The framework for defining the different retrofitting scenarios is based on a three-
step procedure. Step 1 defines the seismic–climate zone. Step 2 defines the building
performance type that will be located in the seismic–climate zone. The third step is
dedicated to retrofitting recommendations based on the input data from Step 1 and Step 2.
A maximum of 81 retrofitting scenarios can be extracted from this framework for each type
of structure (i.e., masonry or reinforced concrete structure). Only six retrofitting scenarios
are herein presented for each type of structure. They were selected based on the level of
demand (i.e., seismic and/or climate) and the low performance of buildings. Six retrofitting
scenarios are herein proposed (Figures 11–16).

As previously mentioned, the retrofitting scenarios herein proposed were developed
assuming a seismic–climate matrix approach, i.e., by considering AALR and CI indicators.
It should be stressed that this work needs to be performed by considering the economic
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losses estimated due to the energy consumption of buildings. The climate indicator (HDD
plus CDD) gives a perspective of the heating and cooling needs but does not reflect the real
energy efficiency of buildings in that zone.
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On one hand, the AALR was estimated by performing an accurate assessment consid-
ering the actual seismic building vulnerability, exposure and hazard. On the other hand,
energy efficiency is only associated with climate indicators. The energy codes are more
demanding in countries subjected to high heating demands. Thus, the buildings designed
according to these codes are more energy-efficient than others not designed according to
modern energy codes but located in countries with lower heating (or cooling) demands.

Nonetheless, it is crucial to study the list of cities herein highlighted for future com-
bined seismic plus energy retrofitting, namely, Vienna (Austria), Carinthia (Austria), Grad
Sofiya (Bulgaria), Plovidv (Bulgaria), Dubrovacko-Neretvanska (Croatia), Grad Zagreb
(Croatia), Splitsko-Dalmatinska (Croatia), Paphos (Cyprus), Larnaka (Cyprus), Lafkosia
(Croatia), Ammochostos (Croatia), Lemesos (Croatia), Peloponnese (Greece), Arge (Greece),
Crete (Greece), Thessaly and Central Greece (Greece), Epirus (Greece), Attica (Attica),
Macedonia and Thrace (Greece), Emilia Romagna (Italy), Umbria (Italy), Molise (Italy),
Abruzzo (Italy), Toscana (Italy), Friuli-Venezia Giulia (Italy), Marche (Italy), Veneto (Italy),
Campania (Italy), Basilicata (Italy), Bucuresti (Romania) and Region of Murcia (Spain).
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Figure 11. Retrofitting scenario 1: SCZ_C and M_LSD_LEE.
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Figure 12. Retrofitting scenario 2: SCZ_G and M_LSD_LEE.
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Figure 13. Retrofitting scenario 3: SCZ_I and M_LSD_LEE. 

Seismic-Climate Zone: SCZ_I 
 
Seismic risk features: High seismic losses expected 
                                  AALR≥0.6‰ 
 
Climate features:       High HDD and/or CDD 
                                  CI≥3000 

  
Building Performance Type: M_LSD_LEE 
 
Seismic design: Low seismic design 
 
Energy efficiency: Low energy efficiency 
 
Particular building characteristic: Year of construction <1970 
 

 

    
Possible retrofitting scenarios: 
 
Seismic retrofitting: Strong seismic strengthening 
 
Energy retrofitting: Strong energy strengthening 
 
Combined seismic plus energy retrofitting: Concurrent strategies should be prioritized 
 
Possible techniques: 

- Masonry coating 
- Grout injection 
- Steel dowels 
- Horizontal and vertical steel ties  
- Intramural tying 
- Bed-joint reinforced repointing 
- Stiffening of floors  
- Strengthening of openings with steel frame  
- Textile-reinforced mortar based solutions for external walls 
- Textile-reinforced mortar solutions integrating energy insulation material (integrated 

strengthening solution); 
- Partial/total replacement of windows and doors; 
- External thermal insulation composite system 

Examples of EU cities/regions: 
 
Italy: Veneto 
 
 
 

 

0 1000 2000 3000 4000 5000 6000
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

A
ve

ra
g

e
 A

n
n

u
a

l L
o

ss
 R

a
tio

 (
A

A
L

R
)

(%
o
)

Climate Indicator (CI)

Low Medium High

H
ig
h

M
ed
iu
m

Lo
w Zone A Zone B Zone C

Zone D Zone E Zone F

Zone G Zone H Zone I

≥

≥

H
ig

h
M

ed
iu

m
Lo

w

HighMedium

B
ui

ld
in

g
 S

ei
sm

ic
 D

e
si

gn

Building Energy Efficiency
Low

LSD_LEE LSD_MEE LSD_HEE

MSD_LEE MSD_MEE MSD_HEE

HSD_LEE HSD_MEE HSD_HEE

Figure 13. Retrofitting scenario 3: SCZ_I and M_LSD_LEE.
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Figure 14. Retrofitting scenario 4: SCZ_C and RC_LSD_LEE. 
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Figure 14. Retrofitting scenario 4: SCZ_C and RC_LSD_LEE.
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Butenweg (2021) performed a simplified identification of areas with both kinds of
exposure, i.e., seismicity (i.e., hazard) and climate conditions. The author proposed a study
for the combined retrofitting of the following cities: Pleven (moderate seismic hazard), Sofia
(moderate seismic hazard), Plovdiv (high seismic hazard) and Blagovgrad (high seismic
hazard); Zadar (low seismic hazard), Osijek (low seismic hazard), Split (moderate seismic
hazard), Primorje-Gorski-kotar (moderate seismic hazard), Dubrovnik (high seismic hazard)
and Zagreb (high seismic hazard); Munich (low seismic hazard), Lindau (low seismic
hazard) and Aachen (moderate seismic hazard); Andros (moderate seismic hazard), Kosani
(low seismic hazard) and Dykiti Makedonia (low seismic hazard); Athens (medium/high
seismic hazard) and Thessaloniki (medium/high seismic hazard); Sassari, Bari, Como,
Verbano-Cusio-Ossola and Aosta (low seismic hazard), Salerno, Pisa, Vicenza and Bolzano
(moderate seismic hazard) and Naples, Perugia, Bergamo and Trento (high seismic hazard);
Cluj and Bistrita (low seismic hazard), Satu Mare and Hargita (moderate seismic hazard),
and Buchurest, Vrancea and Covasna (high seismic hazard).

Butenweg (2021) pointed out that the area-related approach with the score is only
a helpful indicator of prioritising countries and regions for combined actions. However,
that does not mean that combined measures in countries with low to moderate seismicity
are not required. Combined upgrading is also relevant for countries with lower scores,
as a high percentage of buildings were built without sufficient seismic safety measures.
Especially in countries with low to moderate seismicity, seismic design rules were often
ignored and seismic codes were introduced during the 1990s.

5. Final Observations and Future Works

This research work provides a set of retrofitting scenarios for the EU based on the
characteristics of the EU building stock and EU seismic and climate features. The proposed
scenarios were defined based on a simplified approach, i.e., based on climate and seismic
risk indicators. Apart from the climate and seismic risk inputs, the definition of priority
regions for the combined seismic plus energy retrofitting should also be performed based
on each country’s energy consumption and energy poverty. The proposed scenarios help
define priority regions for seismic, energy, or combined seismic plus energy retrofitting
in the EU. A different set of building typologies are suggested for further study based on
their seismic design and energy efficiency. Therefore, their characteristics must be adapted
according to the typical characteristics of buildings in each country (i.e., architecture,
structure, materials).

Other authors suggest that the impact of the existing building stock in Europe in terms
of economic losses and emissions due to climate exposure needs to be addressed. The
average annual costs due to heating/cooling buildings for the buildings in the exposure
model could be estimated based on combining the heating/cooling degree days with
models of heating/cooling costs for different building classes. The average annual CO2
emissions due to heating/cooling of different building classes would also need to be
estimated. Based on this information, it will be possible to obtain average annual economic
losses due to energy consumption and/or CO2 emissions. Therefore, this new evaluation
will be merged with the average annual economic losses due to seismic exposure towards
a new EU map. Efforts should be made to identify the most critical scenarios requiring
intervention due to high seismic losses (economic and loss of life), energy costs, and CO2
emissions. These new maps should be constructed across the NUTS3 regions in Europe.

As future works, a parametric study is suggested to evaluate the impact of the
retrofitting measures suggested for each seismic–climate scenario. The effect of those
retrofitting measures should be compared to the existing conditions of the building stock.
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Abbreviations

AAELR Average Annual Economic Losses Ratio
AAL Average Annual Losses
AALL Average Annual Life Loss
AALR Average Annual Loss Ratio
BREEAM Building Research Establishment Environmental Assessment Method
CDD Cooling Degree Days
CI Climate Indicator
CO2 Carbon Dioxide
DGNB German Sustainable Building Council
EU European Union
HDD Heating Degree Days
HEE High Energy Efficiency
HSD High Seismic Design
IRC Infilled Reinforced Concrete
LC Life Cycle
LEE Low Energy Efficiency
LSD Low Seismic Design
M Masonry
MEE Moderate Energy Efficiency
MIW Masonry Infill Walls
MSD Moderate Seismic Design
NS Non-structural elements
OOP Out-of-Plane
RC Reinforced Concrete
SCZ Seismic Climate Zone
SP Primary members
SS Secondary members
TRM Textile-Reinforced Mortar
U-value Thermal transmittance
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Abstract: The building industry is responsible for a significant degree of energy consumption in the
world, causing negative climate changes and energy supply uncertainties due to low energy efficiency
as well as the high resource demand of construction. Consequently, energy design optimization has
become an important research field. Passive design strategies are one of the most definitive factors
concerning energy-related building development. The given architectural problem calls for a method
that can create all potentially feasible building geometries, thus guaranteeing the optimal solution
which is addressed in the current paper. To reach this requirement, the necessity of a modular space
arrangement system and architectural selection rules were determined, focusing on the relationship
between the rules and the generation of geometries with mathematical rigor. Next, the architecture-
based congruency analysis performed, further reduced the number of simulation cases. With the
simulations, it is illustrated how the building shape versions affect the heating energy demands:
the performance of the configurations themselves. Results clearly illustrate the importance of the
synthesis step of the architectural design.

Keywords: building energy design; heating energy assessment; geometry generation; modular
space arrangement

1. Introduction

Buildings produce more than 40% of the world’s total energy consumption and CO2
emissions due to construction and operations [1,2]. One of the main reasons is represented
by the planning methodology of buildings. The prevailing modern, conventional building
design includes a typically tight project schedule, making only a very limited number
of concepts possible to consider. Through a linear process, the architect and client agree
on one concept to be worked out. The services systems and further design disciplines
subsequently integrate their contents to cover the evolved needs of the plan and planner
cooperation is minimized due to time limits. Solar gains are not considered sufficiently,
in general, and high solar loads (overheating) cause high cooling costs due to large glass
surfaces in the envelope together with local thermal discomfort phenomena. Passive and
active design strategies rely solely on experience and theoretical, general knowledge. With
the comprehensive use of passive design concepts (e.g., space organization, building body
shaping, envelope design, etc.) the highest degree (up to 80%) of energy conservation is
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achievable [3]. However, architects who are experts in designing spaces (generating the
highest amount of energy needed), at the same time, do not handle the building’s physics
aspects, calculations, etc. in detail. Under such conditions, optimization is obviously
not conceivable.

The next development step is performed by inventing an integrated design method-
ology that, still today, belongs to the exceptional examples of professional design teams
worldwide [4–6]. During this iterative planning process, the ideas and knowledge of each
participant are taken into consideration from the beginning and the design concept is
created through teamwork. The energy and building services system concept does not
follow the architect’s plan; rather it is carried out parallel to the architectural design. The
Energia Design (ED) method, developed at the beginning of the 2010s, has become one of
the iterative tools that is used in practice when considering both energy and comfort issues
in building design [7]. This method includes systemized heuristic building simulations in
each design stage at different levels, and as a result, unique buildings were constructed
with significant improvement in energy and comfort. However, neither this methodology
nor other integrated design methods consider all possible solutions, and thus the optimal
concept may be overlooked.

To overcome this drawback—and additionally motivated by the growing negative
climate and environmental statistics—new efforts are continuously made on the develop-
ment of building design methodology in order to gain optimized solution(s) in the fields of
energy, and comfort, as well as in environmental impact performance. Since the complex
building design objectives are characteristically ill-defined and often contradictory [5],
rigorous mathematical optimization is required.

In architecture so far, numerous papers have been dedicated to problems of optimiza-
tion methods related to some specific targets. In a comprehensive review, more than 100
studies about diverse building energy, comfort, and environmental design optimization
(BECEDO) issues were evaluated [8]. The analysis states that most BECEDO studies’ focus
is set on the HVAC system and envelope parameter, and occupancy behavior optimiza-
tion [9–12]. Even though the building geometry’s positive effect on comfort and energy
performance is more and more proven [13–15], over 60% of energy demand [16], as well as
80% of environmental impact reduction [17] is achievable with the combined optimization
of the shape and further variables. Nevertheless, building geometry is still an underesti-
mated and more or less neglected design variable, since numerical variables of the active
systems and envelope materials are considerably easier to handle in the algorithms than
space organization and building form describing mathematical models. There exist two
main directions in BECEDO research, which integrate building geometry variables: the
modification of the shape [18–20] that represents approx. 90% of the available literature,
as well as shape generation [21–23] to create case versions of buildings. Though the di-
mensional properties of the geometry describing variables (e.g., depth, height, roof as well
as diverse ratios) are frequently used in BECEDO, however, they are not able to provide
information about form assembly of the geometry i.e., the position of the spaces, walls,
edges, etc. relative to each other.

Another problem of BECEDO lies in the stochastic nature of the most frequently
applied evolutionary (genetic) algorithms (GA), whereas due to the random move through
the search space, the optimum solution is not guaranteed [24–27].

A promising development is proposed by the extension of the mentioned ED method,
i.e., the Energia Design Synthesis (EDS) method has been introduced by Kistelegdi [28].
This method is intended to ensure de facto optimal buildings performing the highest
energy and comfort efficiency, together with the lowest LCA impact. The EDS starts
with the generation of all potentially feasible building shape configurations and extends
these with various architectural aspects, i.e., building structure, fenestration ratio, and
orientation. In this way, in the first stage of the method, all buildings are considered with
the fundamental, most important passive measures, since these can enable architects to
ensure a high degree (up to 80%) of energy savings [29,30]. When the buildings with
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passive measures are available, these are equipped with artificial illumination, occupants,
and equipment, and in further steps with HVAC systems to serve as input for complex
comfort and energy performance simulations. The simulation results are then evaluated,
and a ranked order of the building cases is determined including the optimal design. The
application of the synthesis step within the field of architecture is a novelty. The idea to start
the algorithmic solution of a specific problem is well-known in the chemical engineering
field, for example, Ref. [31] presented the p-graph methodology to successfully represent
chemical engineering problems to serve as the basis of mathematical programming models.
Now, this algorithmic method has been successfully adapted in other fields from handling
sustainability issues [32], manufacturing problems by [33], energy storage and distribution
by [34], and bus transport optimization [35] to scheduling problems [36].

The present work focuses on the first step of the EDS methodology, namely on the
synthesis step, when during a BECEDO process all possible feasible building geometry
configurations are generated, while all other cases are left out of consideration. This
phase of the EDS method is performed algorithmically and with mathematical rigor. To
support the algorithmic building shape generation, some definitions and a theorem are
also presented together with technical details. The applicability of the result for further
steps inevitably includes optimality to be considered throughout the whole EDS method.

The following questions are therefore proposed to be addressed:

• Does energy efficiency depend on building geometry?
• Is it possible to algorithmically generate all building geometries?
• What kind of architectural rules are required to define geometry feasibility?
• Can the number of feasible geometries be reduced based on architectural congruency?
• What are the formal characteristics of the gained geometry configurations meeting the

required architectural rules?
• What are the energy performance characteristics of the selected geometry configura-

tions meeting the required architectural rules?
• How intensively does the building shape affect the most relevant annual energy

demand, the heating requirement?

The paper is constructed in the following manner (see Figure 1). Section 2 describes
modular space organization and based on its result, the search space of the considered
problem is determined. Section 3 talks about the inevitable architectural design rules, i.e.,
principles, that result in habitable and sustainable family houses. Section 4 explains how
the search space is explored, i.e., all building geometries are set. Sections 5–7 detail how
those building geometries that satisfy the architectural rules can be selected and how archi-
tecturally congruent geometries are eliminated, furthermore, which building geometries
are configurations. Section 8 provides results and an analysis of energy simulations which
clearly demonstrates the impact of the geometry dependencies.
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2. Modular Space Organization

The current problem from the architectural point of view is to develop all family house
building configurations that must be considered when a house design is to be investigated,
performing at as high energy and comfort performance as possible within the boundaries of
the task. During this exemplary modeling, let us consider units or building blocks with the
size of 5.5 m × 5.5 m × 3.0 m as general building elements; whereas the total of six blocks
serves as the overall cubature of the housing. The size of the basic space unit provides
generic room dimensions with a one-story height and the combination of the units results
in larger spaces as living/dining/kitchen functionality or the division of the unit enables
gaining smaller spaces such as bath, toilet, storage, etc. In other words, six blocks are
to be placed next to each other according to architectural rules specified thereafter, thus,
all family house building geometries of 181.5 m2 floor area are sought, which meet the
predefined architectural prerequisites (Figure 2).
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Figure 2. Basic space unit (a) and the combination of 6 units (b) to assemble a complete family house.

To easily describe the various building geometries and distinguish them from one
another, let us consider an orthonormal coordinate system with X, Y, and Z axes and
(5.5 m, 5.5 m, 3.0 m) unit size according to the architectural requirements. Moreover, let
us consider a box of appropriate size within the positive orthant of the coordinate system,
i.e., width × depth × height. In this specific family house generation case, where there are
six building blocks under consideration, for the current problem let us consider 6 × 6 × 6
(width = depth = height = 6) as the size of this box. In other words, one vertex of this box
is the origin of the coordinate (0, 0, 0) system and the opposite vertex is (6, 6, 6). Now,
let us divide this box into 216 unit-sized cells. These will serve as cells to be used by the
generation method. Any cell is to be identified by the triplet (x, y, z), which triplet now does
not represent the coordinates of a point within the space but identifies the cells themselves.
The triplet can be referred to as the coordinates of the vertex closest to the origin. In this
particular case, there are 216 distinguished triplets, i.e., the set of triplets or the set of cells to
be used during the algorithmic generation is the following: {(0, 0, 0), (1, 0, 0), . . . , (5, 5, 5)}.
Now, let us place the blocks within these cells. It is worth mentioning that since the blocks
are placed within cells of a coordinate system, it can be said that the blocks have floor,
roof, and walls, which support the ease of understanding and the direct usability of the
architectural rules. Should we place more than one block within the available cells of the
box, then a batch is formed. For the specific architectural family house building geometry
problem, let us consider batches of six blocks only since the total of six blocks serves as the
overall cubature of the family house. As an example, the following description: {(0, 0, 0),
(0, 1, 0), (1, 0, 0), (1, 1, 0), (1, 1, 1), (2, 0, 0)} corresponds to the building geometry depicted in
Figure 3. Since the description can be given in a lexicographical order, the various structures
can be easily ordered.
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3. Architectural Design Rules

In practice, no arbitrary batch can represent a building. A batch must satisfy certain
characteristics to represent a family house appropriately. There are design principles that
architects follow during the planning process of a family house; for instance functional
dependencies between diverse spaces and use, shape design based on formal ideas, limita-
tions due to legislation and regulation, visual view connections within the building and
between inner and outer spaces, economical questions, site, and topography adaptation.
However, these architectural design rules are diverse and often too complex to meet the
abstraction level of the current investigation. Therefore, it is of utmost importance to adjust
architectural rules to the requirements of the present scenario. Focus was set on avoiding
sculpture-like shapes or futuristic, impractical batches. Shapes that are too high or too long
are not supported either since these building shapes are impractical for family house use.
In addition, building design regulations do not approve such solutions. Thus, the following
set of rules was determined to express the necessary and sufficient architectural properties
(elementary architectural requirements) to which a family house structure should conform:

(1) The blocks of the batch should be connected to each other with a minimum of one
face, i.e., the batch should be compact.

(2) On the ground level, a minimum of two and a maximum of four blocks can be
placed in a straight line. In this way, too short, too high as well as too long batches
are avoided.

(3) There may be only one block within the batch, which is cantilevered. This means in
architectural practice only one cantilevered space unit is allowed.

(4) The batch should not be more than three blocks high in order to exclude too high
geometries, untypical for family housings.

(5) Above the ground floor, there should not be two blocks on top of each other with free
walls, meaning at least one of the walls of the blocks should be connected to another
block (no free-standing ‘tower-like’ building parts allowed).

(6) The length of the batches, which are taller than two blocks, should be a maximum of
three blocks long in directions X and Y.

Please note, that for further architectural studies, only those batches are considered to
be potentially feasible family house building configurations, which meet the above rules,
while no other structures have to be considered. In other words, the search space is limited
by the above-mentioned set of rules to fully control the optimization process by considering
all possible and feasible solutions and thus ensuring that the optimal concept is also taken
into account.

First, all batches within the search space should be assembled. When a batch is fully
generated, it should be checked as to whether the batch satisfies the above-mentioned

121



Energies 2023, 16, 2254

architectural rules. Should any of the rules be violated, the batch must be excluded from
further consideration. Those building geometries that are not excluded, i.e., the remaining
shapes satisfying the rules, are to be called building configurations hereinafter.

4. Generation Method

The given architectural problem specifies the generation of all potentially feasible
building configurations, i.e., batches ofsix blocks satisfying the architectural rules. Please
note that rule four limits the aforementioned original box size of 6 × 6 × 6 cells to a
maximum of three cells when considering the z-axis; while rules two and three limit the
box size tofive cells when considering the axes x and y; resulting in the overall size of the
box 5 × 5 × 3, including 75 cells. This box will serve as the search space where batches of
six blocks are sought that satisfy all of the above rules. It is worth mentioning that within

this box there are
(

75
6

)
= 201, 359, 550 different ways to place the six blocks.

Now, as the first phase of the generation method, all possible placement combinations
of the six blocks within this box are generated. Technically, a zero-based sequence number
(SN) is assigned to each cell by formula or Equation (1):

SN = x + y·width + z·width ·depth (1)

For example, the first cell (SN = 0) of the box within the positive orthant of the
coordinate system is identified by the triplet (0, 0, 0), the 25th cell (SN = 24) is identified by
the triplet (4, 4, 0) and the last one, i.e., the 75th cell (SN = 74) is identified by the triplet
(4, 4, 2). This sequence number eases the generation process since the cells of the box
can now be easily ordered, and it can be said that cells have predecessor and successor
cells. The classical backtracking algorithm that incrementally builds partial candidates [37]
finds all solutions to some computational problems. The candidates are represented in
a tree structure, where the parent differs from the child by a single extension step. This
backtracking serves as the guiding rule for the generation procedure in the present case in
the following way (Figure 4): Let the initial state be, where the first block is in the first cell,
the second block is in the second cell, and so on, and the sixth block is placed in the sixth
cell. In other words, the six blocks are given as follows: {(0, 0, 0), (1, 0, 0), (2, 0, 0), (3, 0, 0),
(4, 0, 0), (0, 1, 0)}. The final state of the procedure is given as follows: {(4, 3, 2), (0, 4, 2),
(1, 4, 2), (2, 4, 2), (3, 4, 2), (4, 4, 2)}. Between the initial and the final states, the following is
performed: the block in the cell with the highest sequence number is moved forward by
one into the next cell. Should this not be possible, then the block with the predecessor’s
highest sequence number is moved forward by one, and all successors are moved behind.
If the first block is in a cell from where it cannot be moved forward anymore, then the
algorithm stops.
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Each block is indexed with the zero-based sequence number (SN). Within the cycles,
the blocks are placed into the cells of an index between 0 and 74 as mentioned earlier. The
procedure given in Figure 3 represents a space-filling method based on SN. When all six
blocks are placed, the batch is formed. The x, y, and z coordinates of the blocks must be
calculated based on Equations (2)–(4).

In Equations (2)–(4) the // symbol denotes the integer division and % denotes the
modulo division.

z = SN//(width·depth) (2)

y = (SN%(width·depth))//width (3)

y = (SN%(width·depth))%width (4)

5. Meeting the Requirements

The above-described procedure generates all batches of six blocks within the search
space. It is important that the procedure considers the whole search space and therefore
it is sufficient to consider the generated batches only, and no other batches of six blocks
should be taken into account. During the generation, when a new batch is available, it
must be checked as to whether the architectural rules are satisfied or if any of the rules are
violated. Should none of the rules be violated, then a potentially optimal configuration is
found. To handle all rules the following process is performed.

Rule 1: corresponds to the elementary architectural requirement that the blocks, as
general building elements of the house, should be connected, i.e., the configurations should
be compact batches, see Figure 5. Obviously, a case where these blocks are separately
scattered cannot be considered a family house. However, the connectivity requires further
clarification, since the spatial connection of the blocks can be interpreted in various ways.
For instance, blocks could be connected with their peaks or with their edges also, but
these connections are also excluded from the current consideration since some space units
become spatially separated from each other from an architectural point of view.
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Hereinafter, a batch will be considered as connected, should the underlying incidence
graph be connected. The underlying incidence graph can be formed as vertices of the
graph are assigned to the blocks, namely, the node is assigned to the center of gravity of
the block. Two vertices are linked together with an edge of the graph if, and only if, their
corresponding blocks are connected to each other with their faces, i.e., the two blocks under
consideration are connected through their floor, or roof, or one of their walls is common.

Rule 2: corresponds to the elementary architectural requirement that the blocks should
not form a corridor-like long and narrow structure. Therefore, in the X or Y direction,
in which the batch is longer, items on the ground and connected by walls, must form a
2–4 long line. This can be verified by counting connected elements in layers of the ground
level of the incidence graph. Layers are created from the subgraph (ground level of the
incidence graph) by slicing it parallel to X and Y axes. When counting the connected
elements, the highest number must be in the range of 2–4.

Rule 3: corresponds to the elementary architectural prerequisite that accepts a can-
tilevered balcony under certain boundaries as a part of a family house. For example, a
cantilevered shape with an open area below for cars, etc. may be accepted but this part
of the building cannot become dominant, i.e., its size is limited to the size of only one
block (Figure 6). This can be investigated by checking all blocks that are not on the ground
level, i.e., whose z coordinate is not 0. Should there be no block below on the ground level,
then the balcony index is increased by 1. All batches violate the rule where this index
becomes greater than 1 at the end of the process. Moreover, should there be a block above a
balcony-like block, the corresponding batch should be excluded from further considerations
because due to the architectural request, unfeasible, impractical ‘stacking’ of the stories is
also an unwanted solution.
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Figure 6. A batch of 6 blocks violating rule 3 as the cantilevered ‘balcony’ size exceeds the limit.

Rule 4: prescribes that only up to three blocks can be placed on top of each other, a
higher building is not possible as a family house. In this way, unnecessary high-building
shapes are avoided. This is obviously controlled by the search space, i.e., the height of the
considered box is three.

Rule 5: does not allow the creation of a separate 2 story high (=stacked) stand-alone
module, where each side of the module is free, and only the floor and roof sides of the
blocks are connected to each other; in other words, no ‘tower-like’ shapes are allowed. That
rule is satisfied when examining the underlying incidence graph without the ground level,
there is no vertical subgraph with two nodes found. An example of violating rule 5, and an
accepted configuration, are depicted in Figure 7.

Rule 6: buildings with a height of three blocks should not be longer than three blocks
on the ground in any direction (X, Y). The total length of the batch along an axis could be
longer. Figure 8 also violates rule 6.

It is important to emphasize that the rules include many other, elementary architectural
requirements. For example, let us consider the requirement that a minimum of two blocks
of the batch should stand on the ground floor. Should a batch satisfy the above rules,
this requirement is also satisfied. It follows from the rules, namely, there can only be one
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cantilevered balcony and the batch cannot be higher than three blocks, therefore a minimum
of two blocks should stand on the ground floor.
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6. Identification of the Batches

It is easy to show that there is a large number of potentially feasible building configu-
rations (batches ofsix blocks satisfying the rules), which have to be considered identical
from the architectural point of view. Therefore, the problem of architectural identity or
congruency must be solved. In the most common case, two batches can be considered to
be identical, when one can become the other using diverse transformations such as shifts,
rotations, and reflections. However, this is not appropriate for this specific architectural
problem, since it is easy to transform a one-story batch into a two-story batch by only
rotation around axis X, see Figure 9.
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Hereinafter, pursuant to an own developed transformation rule, two batches, or family
house building configurations are considered to be identical or congruent, if they can
become one another using rotation around a line parallel to axis Z, or reflection through
a plane parallel to XZ and YZ planes, or shift parallel to the axes X or Y. All batches
are accepted as identical, should they become one another by the application of any
transformations or a series of the transformations below (Figures 10–12). The batch is
considered to be in an initial position when any of its blocks touches the plane XZ, any of
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its blocks touches the plane YZ, and all of its blocks are within the positive orthant of the
coordinate system.
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that rotates the batch around the line e by −180◦, and similarly, R3 the transformation that
rotates the batch around the line e by −270◦. Please note that this transformation is very
similar to the major orientation of the building, namely when the main façade of the
building is turned in different directions. Nevertheless, it is worth mentioning that the
orientation as well as the wall-to-window ratio (WWR) and other major architectural
considerations are part of subsequent steps of the EDS methodology.

Let there be a plane S (swap-plane), parallel to plane XZ intersecting the point (2.5, 0, 0).
Let us denote by Sx the transformation reflection to the plane S. Similarly, let us denote by
SY the transformation reflection to the plane that is parallel to the plane YZ intersecting
the point (2.5, 0, 0). Therefore, the former transformation represents the swap between the
front and the back of the building geometry, while the latter transformation represents the
swap between the two sides of the batch.

Let us denote by Tx the transformation shift into the direction of the origin and parallel
to axis X, and similarly TY the transformation shift into the direction of the origin and
parallel to axis Y.

To support the algorithmic determination of whether two batches are identical or not,
as well as to help further considerations, a new theorem is introduced.

Theorem 1. Each and every identical batch can be constructed from an initial batch with a 1–2
steps long series of transformations of type R, and/or S, followed by at most one TX and at most one
TY transformation. If the first part is 2 long, it has the form of R ◦ S.

Proof of Theorem 1. Let us perform all R and S transformations first and finally perform
the required shift by Tx and Ty. First, the explicit form of the transformations is given.

R360 = R0 : (x, y, z)→ (x, y, z) = I (5)

R90 = R1 : (x, y, z)→ (width− y, x, z) (6)

R180 = R2 : (x, y, z)→ (width− x, depth− y, z) (7)

R270 = R3 : (x, y, z)→ (y, depth− x, z) (8)

SX : (x, y, z)→ (x, depth− y, z) (9)

SY : (x, y, z)→ (width− x, y, z) (10)

The properties of used linear transformation are:

X ◦ I = I ◦ X = X where X ∈ {R, S, T} (11)

(E ◦ F) ◦ G = E ◦ (F ◦ G) where E, F, G ∈ {R, S, T, I} (12)

Ri = Ri+k∗4 where k ∈ N+ (13)

Based on Equations (5)–(10) and (11)–(13), the following identities can be defined:

Ri ◦ Rj = Rk where k = (i + j) % 4 (14)

SX ◦ SX = I (15)

SY ◦ SY = I (16)

SX ◦ SY = SY ◦ SX = R2 (17)

SY = SY ◦ I = SY ◦ SX ◦ SX = R2 ◦ SX (18)
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SX ◦ Ri ◦ SX = R(4−i) % 4 (19)

SX ◦ R1 ◦ SX = R3 (20)

SX ◦ R2 ◦ SX = R2 (21)

SX ◦ R3 ◦ SX = R1 (22)

SX ◦ Ri = R(4−i) % 4 ◦ SX (23)

SX ◦ R1 = R3 ◦ SX (24)

SX ◦ R2 = R2 ◦ SX (25)

SX ◦ R3 = R1 ◦ SX (26)

Let us suppose that there exists an initial arbitrary series of transformations of type R
and S. With the repeated application of the identities (14)–(17), a series of transformations
can be constructed in which transformations of type R and type S are located alternately,
i.e., there are neither two type R, nor two type S transformations beside each other. With
the application of identity (18), SY transformations are eliminated from the sequence by
being replaced by R2 ◦ SX . After the application of identity (14), a series of transformations
is made where transformations of type R and type SX are located alternately. After the
application of identities (19)–(22), the resulting series of transformations will be shortened
to the length of one or two steps, or the resultant series will have the form of Ri ◦ SX ◦ Rj.
Should it have the latter type, one of identity (23)–(26) then Identity 1 has to be applied.
Thus, the final series is an equivalent of the original series of transformations, has one step
or two steps and if it is two steps long, it has the form R ◦ S. After the application of the
reduced sequence, the necessary shift must be applied by TX and TY if required. Therefore,
the theorem has been proved.

After the batch generation process, the identity of generated batches must be in-
vestigated. This investigation is performed pairwise. The new batch is compared to all
previously generated unique batches collected in a list. First, the orientation and then
the positioning of batches must be adjusted, then congruency can easily be checked by
comparing batch elements. On orientation adjustment, instead of finding the transforma-
tion sequence which could transform one batch to match others’ orientation, based on the
above-presented theorem, we create one and two-step long transformation sequences from
R and S transformations. That will result in 12 transformations, explained in (27) (including
Identity to also check the generated batch), for which transformation matrices could be
pre-generated to make transformation faster.

|Identity|+ |R|+ |S|+ |R|·|S| = 1 + 3 + 2 + 3·2 = 12 (27)

After the transformation of the new batch, shifting initial and all transformed cases to the X
and Y axes handles positioning differences as described in Equations (28) and (29).

Tx = min(Cix ) ; minimum of X coordinates of cells of batch (28)

TY = min
(
CiY
)

; minimum of Y coordinates of cells of batch (29)

If none of the 12 new cases are found in the list of previously generated batches, the
shifted initial batch can be saved as a new unique batch by adding it to the list.

7. Configurations

With the presented method, instead of generating the total number of 201,359,550 batches,
only a total number of 167 batch configurations were necessary to be generated (Figures 10–12).
The building geometries (=batches) satisfying the rules are presented in the following
figures in form of an overview. 18.6% (31 pieces) of the geometries are one-level (ground
floor) building bodies, 62.8% (105 pieces) consist of two stories and the remaining 18.6%
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(31 pieces) include three levels. The ground-level configurations represent a marginal part
of the complete geometry package, based on the multiple, transformation-based congruency
instances. The three-level shapes contribute with a smaller number of examples, mainly
due to the ‘tower’-rule (Rule 6) that limits the possible, acceptable block-unit constellations
above the ground level. A major part of the shapes is two-level configuration, where a
higher number of batch arrangements of blocks were possible. This is mainly caused by the
possibility to set blocks with unconnected walls (only floor-roof connection between the
stories), next, the ‘balcony’-rule (Rule 4) enables further variations as well. According to
statistics [38], the greatest number of family housing are two-level buildings with a sloped
roof (with or without attic rooms) or a flat roof. This shows an interesting correlation
since in this particular study the largest number of generated geometry configurations
possess two-levels as well. However, to see whether the optimal solution belongs to this
configuration group or not is subject to further simulation-based investigation.

8. Simulations and Results

The total number of 167 batch configurations (Figures 10–12) gained were modeled in
an indoor climate and energy simulation framework (IDA ICE 4.8 SP2) to assess the energy
performance of each configuration. At this stage of the investigations, the shape versions
do not possess glazed façade openings and orientation settings, therefore no solar radiation-
based cooling and lighting demand permutations evolve among the versions. Although
this simulation setup is not realistic, it was chosen to emphasize the effect of configuration
(building shape) on energy demand. Consequently, only the annual heating energy demand
is of particular interest, because under the chosen climate conditions, heating energy
consumption plays the greatest role in the yearly energy balance of the residential building.
This character was underlined in a preliminary study [39], whereas the heating energy
demand was weighted at 80% of the total energy requirement (heating + cooling + lighting).
The structures of the geometries were modeled from conventional construction materials,
and they all meet the minimum requirements of the Hungarian building energy regulations
(7/2006 V.24. TNM) as follows

• External wall structure (from inside to outside), Uwall = 0.24 W/m2K:

# render 1.5 cm
# brick wall 30.0 cm
# external thermal insulation 8.75 cm
# render 1.5 cm

• Slab on ground structure (from inside to outside), Ufloor = 0.283 W/m2K:

# ceramic tiles 0.8 cm
# concrete screed 8.0 cm
# thermal insulation 10 cm
# reinforced concrete 8.0 cm
# consolidated layer of gravel (hardcore) 15 cm

• Flat roof structure (from top to bottom), Uroof = 0.17 W/m2K:

# consolidated layer of gravel (hardcore) 15 cm
# thermal insulation 20 cm
# reinforced concrete 20.0 cm

• Cantilever slab (floor) structure, Uroof = 0.17 W/m2K:

# ceramic tiles 0.8 cm
# concrete screed 8.0 cm
# thermal insulation 5.66 cm
# reinforced concrete 15.0 cm
# external thermal insulation 15 cm

Figure 13 displays the ordered list of simulated annual heating energy demands
(grey and black colored graphs) of the configurations; in other words, it is visible how
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the building shape versions affect the results. The maximum value is 18.461 kWh/year
while the minimum is 13.163 kWh/year. Thus, the deviation range is 5297 kWh/year. The
plus-minus deviation of the heating demand values related to the average heating value of
all configurations amounts to 16%. In addition, a 40% difference between the minimum
(optimal) energy demand and the worst-case heating value can be observed, demonstrating
how high the increment of heating demand develops by the suboptimal solution(s). Both
results indicate a significant measure of how building shape permutation affects annual
building heating energy performance.
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Figure 13. Heating energy demand [kWh/m2a] of the 167 batches with indicated amount of external
heat loss surface and internal connection surface in each configuration.

Figure 13 includes the heat loss surfaces of the building envelope structures, sepa-
rated into vertical (external walls) and horizontal (external slabs and slabs on the ground)
components. The number of external wall components (blue colored graphs) possesses
no significant effect on the energy results, moreover, it has a counterproductive effect: the
higher the number of external walls, the lower the heating demand develops. However,
the reason for that is clearly seen in the graph of external slabs (yellow- and orange-colored
graphs). Compared to an external wall, one slab measures a 40% larger transmission
heat loss surface, therefore with decreasing number of external slab surfaces (more stories
and hence a higher number of external walls in the shape configurations), the heating
demand improves (becomes lower) as well. In other words, by increasing the number
of internal slabs, the number of internal walls and transmission losses decrease as well.
This interdependency offers the potential to elaborate an energy performance-related ge-
ometry generation rule, whereby for the number of horizontal internal connections of the
space units (number of internal walls), as well as for the vertical connections of the space
units (number of internal slabs) defined threshold values can be linked. Under a certain
minimum and/or maximum threshold value, the given shape configuration is considered
an energy-inefficient case during the geometry generation procedure. However, further
investigation is required to gain precise statements about the modular connectivity rules,
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especially when in further simulation-based investigations the geometries are combined
with further passive design elements (wall-to-window ratio, structures, materials, shading,
orientation), as well as active planning factors such as HVAC and energy supply systems
and operation control mechanisms. Interesting aspects may arise, for example, when
the Weather Research and Forecast meteorological model (WRF) is used to predict future
climate scenarios [40], or when state-of-the-art visualization techniques are applied to the
simulation results [41].

9. Conclusions

In the framework of the given architectural problem, by using an appropriate algo-
rithmic method, it is possible to specify the process of the guaranteed generation of all
potentially feasible building configurations. The current study proposed a mathematically
verified method that includes a modular space unit system (blocks) to arrange them in
building shapes (batches) according to predefined architectural rules. The space organiza-
tion codes served the goal to create only such shape configurations, which are feasible from
the architectural point of view (e.g., appropriate compactness, etc.). All possible connection
solutions of the space units can be ensured by a classical back-tracking algorithm to meet
the prerequisites. To avoid congruency of the configurations and thus to further reduce the
number of simulation cases, an algorithmic congruency detection is applied to check the
shapes via a transformation analysis. Through changing the models by rotation, reflection,
and shifting, the transformation of one batch into the other can be successfully proven.
To further reduce computation time, the series of transformations can be shortened to the
length of one or two steps by using an own developed theorem.

By using the above method, a significant reduction of the possible geometry variants
can be carried out, in this particular case it is more than 99%. It can be stated that the
guaranteed number (167) of geometry configurations was successfully generated, satisfying
the given architectural rule system. The generation of all configurations, which meet the
predefined rules, would logically result in the case of a changed predefined rule system
another number of batch configurations.

Since scientific studies focus mainly on the numerically easy-to-define design variables
such as heating, ventilation, and air conditioning (HVAC) system parameters, energy
management system values as well as system operation data, and only a few efforts tried
to integrate geometry-related architectural design variables, the present paper focuses on
the effect of building shape on the annual heating energy demand. Thus, simulations
were performed in a limited manner, i.e., without taking into account, for example, solar
radiation by not using fenestration and/or main façade orientation. By simulating the
most dominant (heating) energy performance of all gained batches, the energy-related
significance of the building geometry modifications was decisively underlined.

In a future step, the result of this research enables the integration of the proposed
generative step in a comprehensive sustainable building performance optimization system:
by simulating the geometries equipped with glazed façade partitions (windows), diverse
structures, materials, orientation, as well as varieties of HVAC and electrical systems or
seasonal operation strategies (natural vs. mechanical ventilation, passive and active lighting,
passive and active heating-cooling, etc.) all relevant passive, shape-related building design
strategies, as well as active, system related solutions can be evaluated. This gives a helping
hand to the architects to fully control their pursuit towards designing energy, and comfort-
optimal residential buildings.
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BECEDO Building Energy: Comfort and Environmental Design Optimization
ED Energy Design architectural design method
EDS Energia Design Synthesis architectural design method
GA Genetic Algorithm
HVAC Heating, Ventilation and Air Conditioning
LCA Building Life-Cycle Assessment
SN Sequence Number
WRF Weather Research and Forecast
WWR Wall-Window Ratio
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Abstract: Design priorities for tall and supertall buildings have for some time shifted to achieving
more energy efficiency to address the energy needs of the increasing global population. Engineers
and architects aim to achieve energy conservation through active and passive approaches, pursuing
technological innovations and adopting climate-responsive design. Because of the green movement
currently dominating the building industry, tall buildings that need a massive amount of energy
to build and operate, and the practical desire to switch from non-renewable to clean renewable
energy resources, intense attention has been given to the energy efficiency of tall buildings in the
recent past. Due to the vast array of energy-efficient design features, equipment, and applications
available now, it is timely to examine the pros and cons of these issues. This review paper is an
attempt to comprehensively present and deliberate these issues. It illustrates and discusses the
concepts and applications through a few case studies from several continents worldwide. The review
shows that the design of tall buildings focusing on energy conservation is an evolutionary process
and there is a need for further research about how to face the associated challenges to improve
energy efficiency by developing creative solutions and strategies, as well as applying additional
innovative technologies.

Keywords: passive design; technology; non-renewable energy; renewable energy; sustainable tall
buildings; architectural design

1. Introduction

In ancient times, buildings were massive in the absence of sophisticated structural
analysis and design methods, as well as mechanical and electrical systems. They were
designed using materials with a large amount of thermal mass and appropriate building
orientation that considered the direction and movement of the Sun and wind, provision of
natural ventilation, etc. In other words, the design was primitive yet climate-responsive
that builders developed from their ingenuity, empirical observations, trial and error, and
experience. Following the industrial revolution, as modern technologies emerged, engi-
neers devised Heating, Ventilation, and Air-Conditioning (HVAC) systems, and architects
designed buildings drawing upon primitive notions but more erudite. The energy crisis
of the 1970s was a revelation for energy consumers and building designers to appreciate
the importance of fuel efficiency, not only for tall buildings but also across the board for
the entire building enterprise. It functioned as a strong impetus to do something about
energy conservation.

The notion of sustainable development, or sustainability, did not come so much from
the academic discussion as from the international political process [1,2]. In 1983, the United
Nations established the World Commission on Environment and Development (WCED),
aiming to resolve conflicts cropping up in the developed and developing worlds. The orga-
nization published the 1987 “Our Common Future” Report, also known as the Brundtland
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Report [2,3], which launched the expression “sustainable development”, later strengthened
by the Earth Summit in Rio de Janeiro, Brazil, in 1992. The leading organization in the US
promoting and educating building professionals is the Green Building Council (USGBC),
which sponsored a series of rating systems called Leadership in Energy and Environmental
Design (LEED) for evaluating a building’s sustainability [4,5].

The construction of tall buildings has proliferated in many cities in the past few
decades. Several reasons have resulted in the emergence of this building type [3,6]. While
“tall building” is a generic term for buildings exhibiting tallness and verticality, there is
a gradation of these buildings based on height. Buildings over 50 m (164 ft) but less than
300 m (984 ft) are considered tall, over 300 m (984 ft) are supertall, and over 600 m (1968 ft)
are megatall. The taller the building, the more energy demand becomes pronounced
because the building is more exposed to the environment at greater heights, particularly to
the effect of greater wind intensity.

Energy is consumed in tall buildings in three phases, i.e., during construction, oper-
ation, and demolition. As a massive amount of energy is consumed by these buildings
during the long-term operational phase spanning their entire life, the scope of this paper
is limited to this phase. As the energy consciousness of architects and engineers began in
the 1970s and was reinforced in the 1990s following the Brundtland Report of 1989, many
architectural and engineering/technological innovations and developments occurred since
then [3,7]. The UN predicts that there will be an average global temperature increase of
10 ◦C (50 ◦F) from now (2023) until the end of this century [4,8]. The effect of climate change
because of increasing temperatures and heat waves results in the rise in air-conditioning
costs. This paper aims to develop a narrative based on a review of these developments.
The literature offers scattered efforts on energy efficiency [9–14]. For example, González-
Torres et al. [9] investigated causes of energy efficiencies in the residential sector, including
irresponsible tenants’ behavior, leading to increased CO2 emissions, and exacerbating
climate change. Yang et al. [10] explained how electric vehicle (EV) charging in prominent
tall buildings had increased power grid load and the role of renewable energy in offsetting
the demand. Li and Colombier’s article [11] examined China’s Building Energy Efficiency
(BEE) involvement in climate change mitigation, assessed BEE technology in Chinese
cities, and discussed economic and institutional barriers to the large-scale implementation
of sustainable, low-carbon, and carbon-free construction technologies. Al-Kodmany’s
book [12] offers a comprehensive account of the environmental design of tall buildings.
Ali’s paper [13] examined low-energy buildings and architectural technologies that use
climate and environment as allies and turns buildings into batteries. Closely related, this
article focuses on the architectural design, engineering, and technologies that improve
the thermal performance of office buildings. It lays out the theories and principles of
sustainable design, surveys prominent buildings, and examines a half dozen buildings in
depth with illustrations (Figure 1).
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Figure 1. Illustration of the structure and layout of the paper. (Diagram by P. Armstrong).

2. Sources of Energy

The primary sources of energy generation can be broadly categorized as non-renewable
and renewable. The non-renewable sources are natural fossil fuels such as coal, crude oil,
and natural gas, formed underground in the remote geological past from the remains of
living organisms. These are depleting due to their non-stop consumption, and the depletion
is exacerbated by the growing world population, raising the concern for energy deficiency.
Unlike fossil fuels, renewable energy is free from depletion. This type of energy is also
called green or clean energy. While these last two terms have the same meaning, they have
some minor distinctions.

2.1. Non-Renewable Energy

Natural fossil fuel contains hydrocarbon formed from the remains of dead plants
and animals and is extracted and burned as fuels. Pollution is a significant problem of
fossil fuels as they give off carbon dioxide when burned, which causes a greenhouse effect,
leading to global warming. Coal is the worst of the three fossil fuels (i.e., coal, crude oil, and
natural gas) as it produces more carbon dioxide and gives off sulfur oxide, creating acid
rain. The mining of coal destroys vast areas of land. Capturing the carbon and diverting it
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to the green forest, the greenery, plants, vegetation, and crops that could absorb it will go
a long way toward reducing global warming. The byproduct of this might be to strengthen
the trees, plants, and crops. The crops will produce better foods and positively contribute
to the food chain [5,11,14,15].

Oil causes pollution and poses environmental hazards such as oil spills in oceans and
seas from oil tankers and releases toxic chemicals when combusted, causing air pollution.
Using natural gas can cause unpleasant odors during transportation and accidents due to
explosions. Methane is a potent greenhouse gas emitted from oil and gas infrastructure.
When non-renewable energy is spent less in buildings, it naturally leads to less carbon
emission into the atmosphere and, hence, less global warming [11,16–18].

2.2. Renewable Energy

Unlimited renewable energy sources are derived from natural sources such as solar
and wind that do not run out. Furthermore, hydro, biomass, i.e., plant and waste material,
and geothermal energy are other sources. These do not result in carbon emissions but
may impact the environment. Nuclear energy is clean, but if a meltdown occurs due to
human error, it will be disastrous. This discourages the use of atomic energy for power
generation. Biomass causes deforestation, and hydropower creates land use problems
and affects marine life. Green energy is a renewable energy causing no carbon emissions
and has a minimal environmental impact. It includes solar, wind, low-impact hydro, and
limited types of biomasses. Likewise, clean energy has zero carbon emissions, but many
biogases from organic matter, household wastes, and manure are clean but not completely
renewable. The capture of biofuel and landfill gas can produce clean energy [19–21].

The most innovative new building designs are those that double as energy generators.
Many adjustments are being made to the way electricity is distributed. Coal-fired power
facilities and large hydroelectric projects are used to account for most of the electricity
generation in the US, for example, and distribution to customers throughout the country
has resulted in significant losses. “Distributed resources” such as rooftop solar PVs are
increasingly being used to generate electricity, rather than traditional centralized power
facilities. In the past, buildings have been passive users of the electric grid, even though they
account for 70% of all electricity use in the US. With distributed energy systems at the helm,
buildings are increasingly taking on a more proactive role in the energy network, acting as
generators as well as consumers. In some areas, renewable energy is already mandated for
brand new buildings. “Solar-ready” building codes are becoming increasingly mandatory
in the new construction industry. As climate change becomes a more pressing concern, it
stands to reason that stringent regulations such as these will always be necessary [8,9].

2.2.1. Harnessing Solar and Wind Energy

There are two types of solar energy: active and passive. Active solar energy is
implemented through technological installations such as solar collectors and photovoltaic
(PV) panels. Researchers are working hard and advancing PV to make it a practical
solution for the sustainable energy supply in buildings. PV cells convert light into electrical
energy. Commercial PV cell performance has been steadily improving depending upon
the type of cell and density to permit the transmission of sunlight. The application of PV
technology for high-rise buildings can be significant as these structures offer an opportunity
for direct sunlight if neighboring buildings do not over-tower them. The disadvantage
of PV technology is the massive power required to produce them, the source of which is
fossil-based fuels. Moreover, strict management and recycling assessments are needed
to produce toxic and flammable gases containing phosphate and cadmium. Extensive
research is continuing to overcome these difficulties. Whereas active solar energy is applied
via technological installations, the passive solar energy concept is applied in practice as
a design strategy to realize space heating, daylighting, etc. [22–25].

To exploit wind energy, wind turbines can be installed on tall buildings to generate
electricity. At higher heights of tall buildings where wind speed is particularly strong, wind
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can be used as a source of energy. Tall buildings can be shaped to funnel wind into a zone
containing wind turbines without negatively affecting the structure, the surroundings, and
the occupants. In fact, by such form-giving of the building, wind speed can be magnified to
enhance energy production. A disadvantage of wind turbines is that, together with other
mechanical components, they can cause vibration in slender buildings. It is, for this reason,
that the initial employment of a windmill at the top of the 542 m (1778 ft) tall One World
Center in New York was subsequently dropped. Wind turbines, however, do not impact
tall concrete buildings much, unlike steel buildings, as these buildings have considerable
mass and damping characteristics [12,26–28].

2.2.2. Geothermal Energy

Tall buildings are often built deep into the ground; hence, this form of plentiful
thermal energy from the ground source can be exploited to support the HVAC system of
the buildings. The common surface manifestation of this type of energy is the hot water
from springs. Geothermal heat pumps can exploit the high temperature of the upper layers
of the planet’s crust [29–31].

The rate of temperature increase in the ground, or the “geothermal gradient”, averages
2.5 to 3 ◦C (36.5 to 37.5 ◦F) every 100 m (330 ft) of depth [13,32,33]. Modern drilling methods
can reach depths of up to 9.5 km (6 mi). Hot water from springs is the most frequent surface
manifestation of geothermal energy. Since the 19th century, natural hot water has been
utilized in industrial settings. Built in 1913, the first geothermal power plant generated
250 J/s (250 kW) of power [14,34–36]. The heated, dry rock with a high temperature is
another source. It is necessary to bring geothermal heat to the surface. The method of
heating a place by pumping water via boreholes and then returning it to the surface is
referred to as borehole heat exchange. Geothermal energy has the advantage of being
unaffected by seasonal variations and climatic changes [37].

A significant area of innovation is the pairing of geothermal energy with heat pump
technology. This technology has incrementally been upgraded, especially in the US. Dur-
ing the last few years, the number of geothermal ground-source heat pumps has grown
significantly, with most of the development in the US and Europe. As the foundation of
tall buildings necessitates deep excavation, its application to these buildings could prove
more relevant than any other building type. The technology needed to tap into this en-
ergy warrants considerable advancement, refinement, and expertise. More research on
this technology is necessary to make geothermal energy economically competitive with
conventional energy sources [38].

2.2.3. Biomass Energy

Another renewable energy source is biomass energy derived from biomass fuel, i.e.,
living and once-living things or organic materials, such as wastepaper, which is available
in abundance in office buildings. Biomass is the sum of all the Earth’s living matter within
the biosphere. More specifically, it refers to the concept of growing plants as a source of
energy. When biomass is converted to fuel as a source of chemical energy, the process is
carbon-neutral. This energy can be used for generating electricity. Humans have historically
made fires from wood for cooking and staying warm in cold climates. Now, biomass is
utilized to fuel electric generators and machinery. Common biomass materials are from
plant sources that can be burned to generate heat and transformed into electricity. Biomass
is a clean, renewable energy source. Its initial energy comes from the Sun that plants need
to grow. Trees, crops such as corn and soybean, and municipal solid wastes are generally
available and can be managed sustainably [39].

Substantial amounts of biomass are abundant in tall office buildings in the form
of paper, most of which is used only briefly and then trashed. Biomass fuel, such as
wastepaper in office buildings, can be used for generating electricity and steam for tall
buildings. The Illinois Institute of Technology investigated a 73-story Chicago multi-use
high-rise project in this research area [15]. Based on the investigative data, the study
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assumed a wastepaper production of 0.110 kg/m2 (0.022 lb/ft2) per day for offices and
commercial space. The study concluded that a biomass-integrated gasifier/steam-injected
gas (BIG/STIG) turbine would be the most efficient system for using biomass fuel. The
Princeton Center for Energy and Environmental Studies researched using gas turbines with
biomass fuels [16,40,41]. Bioenergy is renewable due to the continuously growing botanical
sources, and its generation does not contribute to global warming, as it is essentially
carbon-neutral.

Biomass, however, has some disadvantages. For example, if biomass feedstocks are
not restocked as rapidly as they are used, they can be converted to non-renewable energy.
Biomass generally requires arable land to grow. This means that the land used for biofuel
crops are unavailable for other uses. In addition, burning biomass releases carbon, nitrogen
oxides, and other pollutants and particulates. If these pollutants are not captured and
reprocessed, they can produce smog. Moreover, the amount of wastepaper generated
by office buildings has decreased due to the digitization of documents and their internet
transmission [42].

2.2.4. Fuel Cells

Another source of renewable energy is the fuel cell. A fuel cell is an electromagnetic
device that generates electricity like batteries and that can be considered an electrochemical
internal combustion engine. It is a reactor that combines hydrogen and oxygen to produce
electricity, heat, and water. It is used for spacecraft, airplanes, and other mechanical
transportation systems. An example is 4 Times Square in New York City, which employs
two 200 J/s (200 kW) fuel cells utilizing natural gas to generate power. The cells provide
100% of the nighttime electric demand without combustion, and hot water and carbon
dioxide are the only byproducts. Similarly, the One World Trade Center Tower is partly
powered by 12 hydrogen fuel cells, which produce 4.8 MW of power. Notably, the waste
heat output from the fuel cell system is used for hot water and heating, amounting to
73,899 kJ (70,000 BTU of high-grade heat and 527,550 kJ (500,000 BTU) of low-grade heat.
At present, its cost is high, but with future mass production, it is bound to go down [12].
Soon, fuel cells will provide heat and electricity for many offices and residences. More
research is needed to make fuel cells economically competitive and to improve their
performance to broaden their application on a larger scale [43].

3. Energy-Saving Mechanisms
3.1. Passive Design
3.1.1. Façades, Daylighting, and Electric Lighting

Daylighting is a crucial aspect of façade design for sustainable tall buildings. A façade
acts as a building’s “skin”. The energy loss or gain of a tall building depends much
upon the materiality and technology employed in the façade treatment. Glazed façades
were considered a weak link in tall buildings for energy performance because of their
insignificant insulating capability other than preventing the inflow of outside air and
altering the inside temperature. These have now become sophisticated with the application
of innovative technologies. The total-building concept, including the systems of HVAC,
electricity, structure, and the façade, promotes the notion of integrated design in which
all the systems are interdependent [26]. A high-performance façade engineered in the
early stages of design development has become critical as the energy efficiency to achieve
sustainability has become an indispensable performance criterion for buildings [27].

In the latter half of the 20th century, the usage of double-skin façades—two glass layers
separated by an air space—and occasionally triple-skin façades with a natural ventilation
system gained popularity [28]. A double-skin façade lessens the heat input in the summer
and heat loss in the winter; this type of glazing serves as a barrier between internal and
external conditions. Likewise, double-glazing with argon-filled cavities, triple-glazing,
and glass coatings can increase U-values and screen ultraviolet rays of light [29]. The
internal temperature is maintained via passive thermal processes, which include heating
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and cooling without needing electricity, in conjunction with ventilation of the space between
the skins. The extra cost incurred for materials with a higher embodied energy to improve
the thermal insulating capabilities of façades is typically recovered through lower energy
usage over the course of the building’s life.

Using energy-efficient lighting is vital in tall buildings, in which optimal solutions
can result in substantial savings in energy consumption. Lights in a tall building have
a relatively low embodied energy cost and, thus, these savings are real. Energy-efficient
lamps and lighting control systems can be integrated with daylight to provide reductions
in total consumption. Lighting in tall buildings can make up 10 to 25% of the total elec-
trical load, depending upon the power requirements and the amount of heat load that is
transferred back into the cooling load [24]. When daylighting is combined with electric
illumination produced from renewable and non-renewable sources, it can significantly re-
duce the amount of energy needed for indoor lighting. According to estimates, daylighting
combined with continuous dimming of electric lighting can reduce the energy required
for interior illumination by 25 to 40% [25]. Automatic management of electric lighting in
response to ambient daylight levels offers the highest benefit.

3.1.2. Natural Ventilation

An analysis of the site conditions is vital to natural building ventilation, especially
concerning sufficient air circulation in sheltered areas (e.g., atria, sky gardens, and sky
lobbies) [17]. A basic assessment of wind directions and intensities can be made using wind
roses, which display the predominant winds throughout the seasons. Through vector analy-
ses of virtual models, a more thorough study can be accomplished. Engineers and architects
can now comprehend how wind affects structures and optimize their designs by utilizing
a range of computerized programs. Wind tunnel studies using physical models fitted with
sensors that provide accurate measurements of the effects of the wind on the structure and
urban setting can result in a more thorough and complex experimental investigation.

Tall buildings must be constructed in a way that makes use of both positive and
negative pressures acting on their exteriors to enhance natural ventilation and prevent
internal building issues such as wind pressure on doors and windows. When outdoor
temperatures and air velocity are above 29 km/h (18 mi/h) during the transitional seasons
(autumn and spring) in temperate climates, high-rises can benefit from natural ventilation.
When the outside temperature is above 22 ◦C (72 ◦F), additional mechanical ventilation is
needed, especially in the summer. When the outdoor temperature drops below 5 ◦C (40 ◦F),
mechanical ventilation and heat recovery devices are also advised [18].

3.2. Active Design
3.2.1. HVAC Systems

Manufacturers of air-conditioning appliances have developed high-performance,
energy-efficient appliances for saving energy. These have EPA-certified ENERGY STAR
labels on them. For any HVAC, the airflow distribution system is of vital importance.
When the air distribution is well designed, it will result in energy efficiency and occupant
comfort. The use of an underfloor air distribution system (UFAD) is one of the most ef-
ficient HVAC systems. It has several advantages over the traditional overhead system,
such as raised-access floors for environmental control and improved access to building
services. It also improves the ventilation system, causing high-quality airflow. Its layout
reduces frictional losses in the system and causes a consistent temperature throughout
the building. Furthermore, the UFAD permits complete flexibility for office areas and
improved individual temperature control. Using highly efficient system components and
an ice storage system, the building’s central cooling and heating plant lowers the power
demand. A LEED-certified design is something that architects are increasingly looking for.
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3.2.2. Combined Heat and Power

Combined Heat and Power (CHP) (or a cogeneration system) is a very efficient energy-
saving technology. In addition, its application is suitable for tri-generation systems. CHP
allows concurrent production of heat, power, and, infrequently, chilled water for air-
conditioning. An advantage of it is that, unlike conventional systems, it averts transmission
losses as electricity is produced near the point of use. The simultaneous generation of
power and heat enables overall thermal efficiencies, reducing a significant amount of fuel.
Efficiency and operational time are enhanced further by adding a boiler system or another
heat storage medium. The generated electricity can be used by a facility or transferred
into a public power grid. The heat energy can be utilized for heating water and producing
steam. Consequently, this system reduces fuel consumption, costs, and CO2 emission. The
CHP system is increasingly popular in several European cities for servicing commercial
and institutional buildings. Stockholm, Helsinki, Copenhagen, etc., provide much of their
electricity and heating from CHP systems [14]. Thus, CHP employment is an attractive
option as most energy generated is valuable. It is a flexible system that can be adapted to
low-to-zero-carbon applications.

3.2.3. Vertical Transportation

Elevators and escalators represent vertical mobility, which affects how efficiently en-
ergy is consumed and how effectively people move around. Vertical transportation makes
up 5 to 10% of the building’s energy use. Elevator technology is a persistent area of research
and development as a result of the recent construction of numerous supertalls and some
megatall buildings. This mode of transportation is currently more efficient due to techno-
logical advancements. In a “regenerative elevator”, for instance, energy from descending
vehicles is absorbed and used to power ascending ones. Additionally, design choices
can increase the effectiveness of the net-to-gross-floor-area ratio. For instance, to increase
energy efficiency, the double-decker elevators at the Petronas Towers in Kuala Lumpur
have doubled the ridership of single-decker elevators. Another way to cut energy use by
up to 50% is to use variable-speed gearless elevators with sophisticated programming and
energy recovery [23].

Destination-oriented elevators can optimize the trip schedule and further save energy.
In traditional systems, users wait after pressing an up-or-down call button. They then rush
to choose their location and board the first available car, stopping at each floor they have
chosen. The building’s residents and visitors enter their destination floor at the central
lobby booth using the destination-oriented system, which groups people traveling to the
same floor together and cuts down on travel time. By reducing the number of elevators
and conserving energy, this configuration creates more floor space that may be rented
out or used for other purposes. Energy-efficient machine-room-free elevators that use
permanent-magnet synchronous motor technology are also a significant breakthrough.

4. Case Studies

This section reviews case studies of tall buildings that feature energy-efficient designs.
These projects are among the “greenest” towers in the world’s continents, including Eu-
rope, North America, South America, Asia, Australia, and the Middle East. The review
highlights the salient architectural and engineering aspects incorporated to improve energy
performance. 13 critical projects are listed here as examples of energy-efficient tall buildings
(Table 1 and Figure 2). A critical review discussing the case studies is presented in Section 5.
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Table 1. Tall Buildings with Energy-Design Focus. (Compiled by authors).

# Name/Location Year/Number of Floors Function/Architect Thumbnail Image

Europe

1 GSW Headquarters
Berlin, Germany

1999
22
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Table 1. Cont.

# Name/Location Year/Number of Floors Function/Architect Thumbnail Image
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Figure 2 displays the energy-design features of the case study buildings. The red dots
in the figure indicate the features that tall buildings have been provided with. For example,
GSW Headquarters shown in the top row has been provided with solar shading, a double-
skin façade, automated environmental controls, and adequate daylighting features. While
each case-study tall building incorporates multiple energy-saving systems, the systems vary
according to climate. For example, the Al Bahar Towers use passive solar shades attached
to the façade that actively trace the Sun’s path during the day. This system is applicable
to the hot, arid climate of the Middle East. In Europe and North America, where climate
conditions vary seasonally, acquiring daylight and natural ventilation is important and tall
office buildings are likely to use active double-curtain walls for thermal comfort as well.
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Due to the lack of empirical data, the analysis does not quantify energy efficiency.
Instead, the examination focuses on identifying innovative ideas that facilitate energy
efficiency through the interaction between form, structure, function, and technology. The
investigated case studies identified key energy design elements. For the purpose of this
paper, the authors selected six significant cases out of those in Table 1 for illustration in
the following section, ensuring geographic representations, height variation, and design
diversity. Therefore, a single case study was selected representing each continent/region.
For Europe, KfW Headquarters was chosen for it integrates the latest technology compared
to the other two candidates i.e., GSW Headquarters and Post Office Tower. For North
America, 4 Times Square was selected because it is widely considered a model of green
skyscrapers. For Asia, Shanghai Tower was selected because it incorporates the most
up-to-date technologies and innovative ideas, symbolizing China’s advanced scientific
achievements. Similarly, for Oceania and the Middle East 1 Bligh Street and Al Bahar
Towers were selected, respectively.

4.1. Europe
KfW Headquarters, Frankfurt, Germany

KfW Headquarters of 2010 is a 14-story, 39,000 m2 (419,793 f2) extension to the KfW
Banking complex in Frankfurt, Germany. The building has sustainable design features,
including a double-layered wind-pressurized façade, radiant and thermally activated floor
slabs, and a geothermal heating and cooling system. In addition, what distinguishes this
building is that, unlike a conventional double-skin system, the cavity is not ventilated
using a stack effect but instead by exploiting wind pressure and suction at the leeward
side of the tower. The building achieves an outstanding low energy consumption of
98 kWh/m2 per year—it is the first tall office building that consumes an energy below
100 kWh/m2 worldwide.
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The double-skin façade buffers against high winds and significantly cuts the incoming
heat gain while providing ample natural light. Therefore, the computer-controlled ventila-
tion panels accurately regulate the air entering the building during different seasons. In
the winter, the façade functions as a passive thermal solar collector, as the fresh air flow
is pre-tempered by solar radiation within the façade. This way, heat loss is minimized,
and energy is conserved (Figure 3). Further, the enclosed sawtooth-shaped cavity, 0.7 m
wide at its deepest point, contains automated blinds that help block solar gain and control
glare [44,45].

Figure 3. KfW Headquarters in Frankfurt, Germany. The building features sustainable design
elements, including a double-layered wind-pressurized façade. (Illustration by P. Armstrong).

Additional energy-saving strategies include a thermal activation of the slabs, a heat
recovery system, and a supplemental raised-floor ventilation system. Thermally acti-
vated slabs comprise a system of pipes built into the solid floors, which convey water
that serves as a heating and cooling medium. This creates energy-efficient, comfortable,
and constant room temperatures. A supplemental raised-floor ventilation system is used
only when outside temperatures are below 10 ◦C (50 ◦F) or above 25 ◦C (77 ◦F). Sauer-
bruch Hutton—Architects designed the tower. It received the CTBUH Award of Best Tall
Buildings in Europe in 2011.
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4.2. North America
4.2.1. Times Square, NYC, USA

4 Times Square (also known as The Condé Nast Building) of 2000 is a 48-story, 247 m
(810 ft) tall skyscraper in Manhattan’s most renowned commercial and financial district.
The building was designed by FXFOWLE (Fox & Fowle) Architects. Nicknamed the “Green
Giant”, it is the first building of its size in the USA to adopt high standards for energy
efficiency. A critical step in reducing electric usage was the selection of environmentally
friendly natural-gas-powered absorption chillers/heaters, which supply chilled and hot
water to cool and heat the building. Variable-speed drives on pumps, fans, and motors
optimize equipment efficiency and minimize energy use. Further, the building reduces en-
ergy consumption by primarily applying low-E glazing, which optimizes daylight transfer
while reducing the passage of heat, minimizing the need for heating and cooling (Figure 4).
The building incorporates an energy-efficient artificial lighting system, exit signs that use
light-emitting diodes, and light sensors in unoccupied areas, including stairwells [46,47].

Figure 4. 4 Times Square in NYC. Nicknamed the “Green Giant”, it is the first building of its size in
the US to adopt high standards for energy efficiency. (Illustration by P. Armstrong).

In terms of energy production, the building generates much of the electricity it uses on-
site through two 200 kW PureCell Systems on the fourth floor. In the USA, 42% of all energy
produced is lost as waste heat in combustion and transmission; therefore, generating energy
on-site and without combustion averts substantial energy loss. Thin-film photovoltaic
(PV) panels replace glass spandrels from the tower’s 37th to 43rd floors on the tower’s
south and east façades. Energy from the PV panels and the chiller is stored in two 200 kW
fuel cells that provide continuous electrical power to the building. A web-based metering
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system allows for tracking energy consumption for tenants [48]. Completed in 2000,
FXFOWLE Architects designed 4 Times Square with sustainable features at a time when the
LEED accreditation was in its infancy. Shortly afterward, it earned the Gold Certification.
Additionally, FXFOWLE Architects received a National Honor Award for the structure
from the American Institute of Architects (AIA) in 2001.

4.3. South America
São Paulo Corporate Towers, São Paulo, Brazil

Located in the heart of the Southern Hemisphere’s largest city, the São Paulo Corporate
Towers are two mixed-use buildings, each thirty stories tall. They sit atop an amenity
podium and underground parking, surrounded by spacious 19,000 m2 (204,514 ft2) lush
botanical gardens and hundreds of trees, creating a “green oasis in the center of a dense
metropolis.” The established contrast between a natural landscape and the rising towers
aligns with the city’s close relationship with parks and gardens. The park uses more
permeable soils to reduce run-off in the water-stressed city and is irrigated with rainwater
collected by the towers’ system. This water is also utilized to chill the structures.

The curtain walls were designed to make dynamic, sculptural shapes gradually narrow
as they ascend. The façade’s design, as well as its choice of glass and shading, was informed
by extensive daylight studies. To maximize energy efficiency, the project included high-
thermal-performance glass and external shading, efficient air conditioning and electric
light, a stormwater capture and reuse system, and a sustainable landscape design. The
project also incorporates a power plant with four 2 MW generators powered by diesel
or natural gas. Overall, the project achieves a 48% energy consumption reduction yearly
(Figure 5). It earned the highest environmental standard of LEED Platinum. Pelli Clarke
Pelli Architects designed the building, which was completed in 2016 [49,50].

Figure 5. São Paulo Corporate Towers. The project comprised a high-thermal-performance façade
and external shading, efficient air conditioning and electric light, stormwater capture and reuse, and
a sustainable landscape design to maximize energy efficiency. (Illustration by P. Armstrong).
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4.4. Asia
Shanghai Tower, Shanghai, China

The Shanghai Tower of 2015 in Shanghai rises to 632-m (2073 ft). It is China’s tallest
building and the world’s third, after the Burj Khalifa and Merdeka 118 Tower. The building
is divided into nine tiers, stacked vertically; each comprises 12 to 15 floors and contains
a sky garden, providing energy-saving and ventilation advantages. By absorbing heat
from the interior of the building in the summer and warming the cool air in the winter,
they serve as buffer zones between inside and outside. Used indoor air is spilled into
each garden before being exhausted from the building. The double-skin façade, advanced
lighting controls, and an efficient central plant, among other features, help Shanghai Tower
to save energy (Figure 6).

Figure 6. Shanghai Tower, Shanghai, China. Shanghai Tower represents a new paradigm of rethinking
the sustainable vertical city. (Illustration by P. Armstrong).

With a mix of updraft, controlled top exhausts, and spill air on the last zone, the
atrium is naturally ventilated in large portions, resulting in a 21% energy efficiency, 12.5%
more than China’s Three-Star Rating. The outside glass wall is staggered to reflect sunlight
upward and away from the street below, lowering the light reflectance level to 12% [50–52],
preventing severe glare [50–52].
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On-site energy is provided using renewable energy features. The upper floors are
powered by wind turbines that are situated right beneath the parapet, and the lower floors
are powered by a 2130 kW natural-gas-fired cogeneration system. The spiraling parapet
of the building collects rainwater, which is then used for the tower’s heating and cooling
systems. By recycling non-potable greywater, the tower consumes 40% less water. This
equates to a yearly water savings of 178 million gallons (674 million liters), which is the
same as 450 Olympic-sized swimming pools [53]. To save on pumping energy, water
treatment facilities are built within the podium, basement, and shaft of the tower. Shanghai
Tower has received a LEED Platinum Certification from the U.S. Green Building Council as
well as a China Green Building Three Star rating. The tower was designed by Gensler.

4.5. Oceania
4.5.1. Bligh Street, Sydney, Australia

The 28-story tall 1 Bligh Street of 2011 is a premium-grade office tower. The building’s
sustainable features include a complete double-skin façade with movable blinds in the
cavity to minimize solar heat gain and glare. The 1774 motorized Venetian blinds are auto-
matically controlled using an intelligent motor controller that optimizes their operations to
exterior weather conditions and the geometric shape of the building. Sydney’s prevailing
breezes enhance the louvers’ performance and make the temperature inside the cavity close
to the temperature outside the building, reducing the need for using the HVAC system.
The façade allows most offices to receive adequate daylight, reducing the need for artificial
lighting (Figure 7).

Figure 7. 1 Bligh Street, Sydney, Australia. The tower establishes new standards for site consciousness
and innovation and sets a new benchmark for sustainable office design. (Illustration by P. Armstrong).

To further capitalize on Sydney’s mild climate, a dramatic 120-m (394-ft) tall atrium,
dubbed “the heart of glass”, is located at the epicenter of the building and extends from the
ground floor to the glazed rooftop. As such, the atrium provides natural ventilation and
light to the surrounding corridors, meeting spaces, and balconies.

A hybrid tri-generation plant, which generates cooling, heating, and electricity, is
placed on the site. It utilizes gas-fired power, absorption chillers, and solar-powered
cooling to increase efficiency and minimize peak loads. An array of 500 m2 (5382 ft2) of roof-
mounted solar panels provides the energy to drive the cooling systems. The tri-generation
plant and solar panels reduce the load on the CBD grid power by more than 27% [54]. The
building received a Platinum certification. It has also achieved a 6 Green Star performance
rating—Office Design V2 Certified Rating, the highest rating by the Green Building Council
of Australia (GBCA). Architectus designed the tower.
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4.6. The Middle East
Al Bahar Towers, Abu Dhabi, UAE

Al Bahar Towers of 2012 comprise two 25-story-tall towers with elliptical forms. The
towers’ design modernized the traditional mashrabiya, a perforated wooden-lattice screen
of geometric patterns found in vernacular Islamic architecture. The mashrabiya skin
partially wraps around the towers to protect them from the harsh desert sun southward,
exposing the northern portion of the façades. It comprises transparent umbrella-like
units that open and close in response to external solar conditions. Sensors on the façades
communicate solar conditions to the BMS (Building Management System), i.e., a centralized
automated control system to manage the operation of different building systems, including
HVAC and vertical transportation. The south-facing roof of each building incorporates PV
cells to generate adequate power to operate the mashrabiya system.

Geometrically, the mashrabiya system follows a hexagonal pattern that simulates tradi-
tional Arabic-Islamic design. The system avoids using dark-tinted glass, which inevitably
restricts incoming light. Instead, it lets daylight in for part of the day, reducing the need for
artificial lighting. The system provides a 50% solar gain reduction, reducing energy consump-
tion and CO2 emissions [55] (Figure 8). The towers are among the first buildings in the Gulf
region to receive the USGBC’s LEED Silver rating. Aedas Architects designed the towers.

Figure 8. Al Bahar Towers, Abu Dhabi, UAE. Al Bahar’s modified mashrabiya skin shields the towers
from the south but leaves the northern portion of the façade exposed. Its automated translucent
umbrella-shaped units open and close responding to the Sun. (Illustration by P. Armstrong).
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5. Discussion

The examined case studies represent engineering and architectural feats. They exhibit
the courage to break out of the status quo and explore ways to improve building design.
As explained in this paper’s earlier “theory” section, DSFs are excellent for insulating
the building from exterior climatic conditions. KfW Headquarters in Frankfurt, Germany,
and Shanghai Tower in Shanghai employ DSFs, and 1 Bligh Street in Sydney uses DSF.
Interestingly, Shanghai Tower “inserts” sky gardens between the two building’s skins,
providing extra insulation. 1 Bligh Street places motorized blinds between the two skins
to offer shade from the Sun. When the local temperature does not vary a lot, a DSF may
not be needed. For example, in Sao Paulo, the temperature fluctuates from 33 ◦C (55 ◦F) to
28 ◦C (83 ◦F) and is rarely below 9.5 ◦C (49 ◦F) or above 32 ◦C (89 ◦F). As such, São Paulo
Corporate Towers did not employ DSFs.

In contrast, some places experience extreme climates. For example, in the summer,
Abu Dhabi experiences scorching weather with average daytime temperatures of around
45 ◦C (113 ◦F). Consequently, Al Bahar Towers employs an innovative, dynamic second
skin that opens when the Sun is away and closes when the Sun is on the building. In
all cases, high-performance glass, such as low-E glass, is recommended for it improves
the thermal performance of the building. This is true, particularly in office buildings that
demand maximum natural daylight to reduce the reliance on artificial lighting. In addition,
incorporating artificial lighting control systems enhances energy saving.

Taking advantage of renewable energy is exhibited differently in the examined cases.
For example, KfW Headquarters employs a geothermal heating and cooling system, 4 Times
Square uses thin-film photovoltaic (PV) panels, Al Bahar Towers use PV cells, and Shanghai
Tower uses wind turbines and harvests rainwater. Generating energy on-site reduces power
loss as it travels from the source of production to the place of consumption. In the case of
4 Times Square, two 200 kW PureCell Systems generate most of the building’s electricity.
São Paulo Corporate Towers incorporate a power plant with four 2 MW generators powered
by diesel or natural gas. Shanghai Tower uses a 2130 kW natural-gas-fired cogeneration
system that provides electricity and heat energy, and 1 Bligh Street uses a hybrid tri-
generation plant.

The prime task of architects and engineers becomes figuring out the set of design
strategies most appropriate for a specific building. For example, KfW Headquarters in
Frankfurt, Germany, uses activated radiant slabs that improve thermal comfort in both
summer and winter. All its workplace areas receive optimal daylight to reduce the use of
artificial lighting and employ techniques for sun protection, glare reduction, and daylight
redirection to reduce heat gain. The primary energy consumption of the facility was
further decreased by connecting KfW’s with an effective heating and cooling network and
utilizing trigeneration, biomass heating, excess data center heat, and free cooling energy
from evaporative cooling towers. The Condé Nast Building (also known as Four Times
Square or 4 Times Square) used numerous energy-saving architectural elements. With the
help of solar panels and hydrogen fuel cells, the structure produces most of the electricity it
needs. An improved air delivery system, fuel-efficient absorption chillers, and additional
insulation in the walls and roof allow the building to maintain good interior air quality
while using little energy.

Similarly, Shanghai Tower is a benchmark for energy-efficiency tall buildings. It has
270 wind turbines embedded into its outside that use Shanghai’s strong winds to power
the building’s exterior lighting, and it also collects rainwater for internal use. It employs
state-of-the-art control technologies that monitor power usage to reduce expenditures by
$556,000 annually. Additionally, it incorporates ground source heat pumps (GSHPs) and
DSFto further reduce energy consumption. In the same vain, 1 Bligh Street in Sydney uses
innovative technologies. A cutting-edge tri-generation system, powered by gas and solar
energy, provides cooling, heating, and electricity to the building. An innovative hybrid of
variable air volume (VAV) and chilled-beam air conditioning technology runs on curved
solar thermal collectors.
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5.1. Energy Performance and Monitoring

The actual performance of tall buildings regarding energy consumption is difficult
to assess and verify [5,13]. Although it appears to be a straightforward task that entails
collecting data on the total annual energy usage of a tall building, the challenge lies in
determining the individual energy expenditure and, hence, the performance of different
systems, such as HVAC, lighting, pumping, computing, and elevators, as well as the
contribution of passive systems. Utility companies collect data on total energy consumed
and not necessarily the power supplied to individual systems and subsystems. Knowing
the breakdown of the energy demand of a tall building for its systems can enable designers
to design the building more efficiently. Computer software packages offering designers
tools for determining the energy performance and lifecycle are developed and constantly
upgraded. However, extensive research and monitoring devices are necessary to measure
the relative energy performance of individual systems and subsystems. This will allow
architects and engineers to determine the extent of the performance of these individual
components for improving them, thereby optimizing the overall performance to minimize
the energy consumption of tall buildings.

5.2. The Role of Building Systems Integration

The precise coordination and integration of all critical building systems are necessary to
achieve sustainable construction. All design team members, including architects, engineers,
planners, contractors, and others, must work together to complete this process, which starts
in the early stages of planning. Physical integration, visual integration, and performance
integration are the three categories of integration that Bachman lists [34].

Physical Integration: The sharing of space between systems and components is known
as physical integration. In many structures, the floor–ceiling section is separated into several
zones for structural, ductwork, and lighting. This region, called the “power membrane”,
aims to be energy- and space-efficient.

Visual integration: The development of visual harmony between numerous structural
components, energy performance, and their compliance with the intended visual impacts of
design is known as visual integration. This could comprise openly displayed and formally
expressive building elements that work together to shape the building’s appearance. An
illustration is the exterior of Abu Dhabi’s Al Bahar Towers, which features dynamic solar
“parasol” sunscreens that save energy for cooling the building while giving a modernized
vernacular visual appearance [56].

Performance integration: This concerns “shared functions” while saving energy. For
example, a load-bearing wall serves as a structure and an envelope, combining two func-
tions into a single unit while improving thermal performance. Another example is the
ventilated double-skin curtain wall of Deutsche Post Tower in Bonn, Germany, which
combines the duties of two components without joining the parts together.

Integration, which leads to simplicity, produces discipline and order and long-term
economy because it achieves more significant energy efficiency and, hence, cost reduction
throughout the building’s lifecycle. The A/E firm Hellmuth, Obata & Kassabaum (HOK)
conducted an internal study and discovered that projects with sustainable energy-conscious
design were, on average, 25% more profitable for the company than those with conventional
design [43].

Advanced façade applications that are appropriately linked with cutting-edge HVAC
systems lead to significant energy savings and enhance indoor air quality as a byproduct.
Not only will performance be improved if the HVAC and façade systems are designed as
two parts of a single solution, but initial and ongoing expenses may also be considerably
decreased. This shows that a new strategy is required, bringing mechanical and electrical
experts and façade specialists together in the early stages of the design process.
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5.3. Integration Web

Ali and Armstrong [57] created the Tall Building Systems Integration Web as a tool to
aid architects and engineers in making decisions about integrating the physical systems for
environmentally friendly tall buildings (Figure 9). Because they need to coordinate various
intricate, interconnected systems to operate well and use less energy during operation,
sustainable tall buildings demand greater integration from the start of the design process.
It is more beneficial for a team to concentrate on long-term objectives and prospects at
initial sessions [43]. The Integration Web improves decision-making at critical points by
describing the connections between each important physical system and subsystems of
a tall building. The creation of a technique for comparing the performance of an integrated
sustainable building to a conventional structure that was planned with no consideration
for sustainability can also result from it. The Integration Web demonstrates the network of
interrelated building system items amenable to integration.

Figure 9. Integration Web displaying a network of interconnected tall building systems (Illustration
by P. Armstrong).

The methodologies and strategies utilized by engineers in partnership with architects to
construct sustainable, intelligent buildings will determine the future of the built environment.
This is something that engineers and architects owe to society, and they need to lead by
example while creating new structures. Energy-efficient structures may initially cost more
than traditional buildings, but the longer they last, the less they will cost to operate. Assume
that one learns that it is possible to use cutting-edge concepts and technology in building
design to make the environment and climate work for the building rather than the building
working against them by releasing harmful gases. In that circumstance, creating zero-energy
buildings is very possible. To completely avoid utilizing any energy from the city’s power
system, the goal is to build structures with zero net energy use. Increasingly plausible,
any structure might be planned to be a source of energy production. Not only can the
energy use be reduced, but by taking things a step further, the building might even become
a self-sufficient power source. By integrating the physical systems, or creating a symbiotic
structure, high-performance design can result in a zero-energy tall building. Although
integrated building systems initially cost more, long-term cost reductions are possible due
to tall structures’ buildings’ ability to maximize their overall entire energy performance
through each different system’s’ synergistic interaction with each other and synergy [57].
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6. Conclusions

Numerous facets of tall structures’ energy efficiency have been reviewed in this paper.
Several project examples have been presented to demonstrate the ideas and uses of energy
efficiency. Intense research is continuing in this critical field as the consumption of energy
is of crucial importance for the survival of the increasing world population. Unless the idea
is firmly embraced and sustainable development inclusive of energy consciousness is put
into practice, energy shortage, global warming, urban sprawl, air pollution, overflowing
landfills, water shortage, disease, and international conflicts will continue to be the ills of
the 21st century as one can see them today, and leave a legacy for the future. The survival
of humans depends upon the survival of the cities—their built environment experiencing
the proliferation of tall building construction for human habitation and work. The energy
supply is the lifeline of human survival. Assurance of this warrants vision and action
through the partnership and commitment of engineers, architects, allied professionals,
policymakers, and other stakeholders. Comparing renewable energy sources to fossil-
fuel-fired power plants, the former emits far fewer emissions. Every effort must be made
to reduce emissions of greenhouse gases, which are a significant contributor to climate
change. Clearly then, from the perspective of carbon emission, exclusive use of renewable
and “cleansed” nonrenewable energy should be the goal of having as the singular source
of energy for not only tall buildings but also other energy-consuming applications. In
addition, new untapped sources of energy must be explored. This paper was intended to be
an overview of existing modes and applications rather than to propose any new methods
or novelties in the field of energy efficiency. This is left for future research.
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Abstract: The design of moisture-durable building enclosures is complicated by the number of
materials, exposure conditions, and performance requirements. Hygrothermal simulations are used
to assess moisture durability, but these require in-depth knowledge to be properly implemented.
Machine learning (ML) offers the opportunity to simplify the design process by eliminating the need
to carry out hygrothermal simulations. ML was used to assess the moisture durability of a building
enclosure design and simplify the design process. This work used ML to predict the mold index and
maximum moisture content of layers in typical residential wall constructions. Results show that ML,
within the constraints of the construction, including exposure conditions, does an excellent job in
predicting performance compared to hygrothermal simulations with a coefficient of determination,
R2, over 0.90. Furthermore, the results indicate that the material properties of the vapor barrier and
continuous insulation layer are strongly correlated to performance.

Keywords: building envelope; moisture; durability; design; machine learning; optimization;
artificial intelligence

1. Introduction

The built environment accounts for almost 40% of global carbon dioxide emissions [1,2].
More than 25% of those emissions, or 11% of total global emissions, is attributed to manu-
facturing building materials such as steel, cement, plastic, and glass. Between 2013 and
2016, emissions from the built environment were flat. However, after 2016, emissions
started to increase again. The emissions growth rate for the past two years was 2% annually
in response to increased construction to meet the growing population’s demand. These
trends are not sustainable and are certainly not aligned with the goals established in the
Paris Agreement, which include a reduction in carbon dioxide emissions of 50% by 2030 [3].

An effort is underway to help architects and engineers reduce energy consumption
and carbon emissions associated with the built environment. In the past, the emphasis was
on carbon dioxide emissions related to heating, cooling, lighting, and plug loads. However,
the amount of carbon dioxide emitted that is associated with the manufacture of building
materials is significant. For example, the production of Portland cement alone accounts
for almost 8% of global greenhouse gas emissions [4]. As a result, tools and databases are
being developed to help architects and engineers carry out life cycle analysis of building
materials to minimize carbon dioxide emissions across all segments of the buildings’ value
chain. Tools such as EC3 [4], One Click LCA [5], GaBi [6], and the ICE Database [7] are just
a few examples of the resources available to provide information regarding the embodied
carbon of building materials.

Another example is the use of plastic foam insulation on the exterior of buildings
to reduce heating and cooling loads. However, to what extent will the negative impact
of the embodied carbon of plastic foam outweigh the energy savings related to the in-
creased insulation value? Addressing this question requires well-characterized material
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and manufacturing processes to, in part, quantify the embodied carbon. Manufacturers
are using international standards to codify this information into what is defined as an
Environmental Product Declaration (EPD) [8]. According to the International EPD System,
the EPD is an independently verified and registered document that quantifies product life
cycle environmental impact in a standardized form that enables a direct comparison [9].
Most importantly, the EPD contains information regarding a material’s embodied carbon
that can then be used as part of a life cycle assessment for the building.

This realization has also driven the growth and development of sustainable build-
ing materials. In response to environmental regulations such as California’s Buy Clean
California Act, manufacturers have begun modifying existing products and developing
products with lower global warming potentials [10]. The challenge accompanying these
changes is the long-term performance and durability of these materials incorporated in
the building envelope. The time to develop and characterize the long-term performance
of building materials is certainly not aligned with adopting these new regulations. The
iterative process of material development, characterization, and systems testing is complex.
The number of elements in residential and commercial wall systems coupled with different
environments or climate zones results in tens of thousands of combinations that must be
analyzed to evaluate suitability and performance. This process is not only time-consuming
but also expensive.

One approach to facilitate material development and deployment in building enclosure
systems from the roof to the foundation is machine learning (ML). ML is a subset of artificial
intelligence (AI) that can learn by using statistical models and algorithms to recognize
patterns in data. This learning is accomplished without an explicit set of instructions
or rules.

An extensive literature review has revealed more than 9000 publications that have
a connection between advanced data analytics and building performance. Hong et al.
focused on 150 publications that applied machine learning to the design, operation, and
control of buildings [11]. Machine learning is finding utility in the built environment
because it offers several benefits or advantages compared to conventional simulation tools.
Speed seems to receive the most attention, provided the data sets are large enough to train
the models. Monitoring building performance lends itself to the collection of large data
sets. The challenge is what to do with it beyond, for example, temperature control. One
case in point is the work by Tzuc et al. They were able to use weather data to train a
neural network to model the hygrothermal performance of a vegetative façade [12]. What
makes ML attractive when it comes to modeling the performance of systems with large
data sets is that there are options. For example, Tijskens and coworkers evaluated or
compared three neural networks’ performance to predict a masonry wall’s hygrothermal
performance [13]. In this case, they found that a convolutional neural network required
less training time and was the best at predicting performance [14]. To facilitate the selection
of moisture-durable constructions, Salonvaara and coworkers implemented ML [15]. They
demonstrated that an artificial neural network and gradient-boosted decision trees could
be used to simulate hygrothermal performance with reasonable accuracy compared to
hygrothermal simulations.

Machine learning has been applied to other problems beyond hygrothermal perfor-
mance. For example, Kim and coworkers applied ML to optimize a double skin façade for
performance and aesthetics [16]. In addition, they compared the results to conventional
simulations and found that the two were comparable. Another example of an applica-
tion is predicting the performance of enclosures integrated with phase change materials
(PCMs) [17]. In this example, several models were compared to understand the difference
in speed and accuracy when selecting suitable PCMs for this application.

ML was also used to optimize the energy performance of buildings [18]. Using
design variables similar to those used in EnergyPlus [19], the model determined the
optimal design in less than one minute instead of hours using traditional simulation
approaches. Furthermore, the deviation between the optimum value obtained using ML
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and the simulation results using EnergyPlus was less than 3%, indicating good agreement
between the two methods.

Bansal et al. [20] used ML to create a metamodel to forecast long-term hygrothermal
responses and the moisture performance of light wood frames and massive timber walls.
However, the authors note that unless the input data include the full range of variability of
the climate variables, the prediction could be inconsistent. That demonstrates the obvious
limitation of ML methods: extrapolating outside the ranges of the input variables can but
might not necessarily produce erroneous results.

The benefits of ML applied to the built environment are apparent across a wide range
of applications. For example, when designing energy-efficient constructions, it is important
to account for the hygrothermal performance or the relationship between the movement
of heat, air, and moisture through the building envelope and its effect on durability. The
two are not mutually exclusive. Depending on the temperature and relative humidity,
condensation within the building envelope can occur, resulting in durability problems such
as mold and rot. For example, because insulation materials made from natural fibers are
inherently a food source, they are more susceptible to mold growth than synthetic materials
such as plastic foam insulation. To avoid the issue, hygrothermal simulations are used to
evaluate the effect of material properties and wall designs on durability. The approach is
complex and requires expert knowledge to implement. However, the benefits of ML can be
used not only to facilitate the implementation of new materials in wall construction but
also to provide guidance regarding material properties required to achieve a certain level
of performance in a wall design. More importantly, such work is possible in the absence of
expert knowledge.

The conventional approach to material development and deployment consists of the
following steps: (1) new material is developed, (2) hygrothermal properties are charac-
terized, (3) the building envelope material layout is adjusted so the new material can be
incorporated, and (4) hygrothermal simulations are carried out to assess performance
and durability.

In a wall system, the number and combination of variables that describe its perfor-
mance are vast, more than tens of thousands when breaking down the levels with respect
to material properties and the material layers that make up the wall assemblies. Coupled
with climate, the number increases by more than an order of magnitude. Optimizing the
materials and systems using an iterative process, as described earlier, requires significant
resources, time, and cost.

Another limitation of using hygrothermal simulations is that they can only be carried
out in one direction. That is, first, the user determines the properties of the material
and then constructs the wall assembly and runs the simulation. Then, the materials and
design are refined based on expert knowledge to improve performance. Unfortunately, the
simulations cannot be run in the opposite direction where the architect or designer specifies
a level of performance and the simulation generates the design or material properties
required to meet that level of performance.

Because ML looks at patterns in data sets, it is irrelevant whether the starting point
is the material properties or a level of performance at the assembly level. Herein lies the
advantage of using ML over conventional simulation methods, and the present paper
demonstrates this.

2. Building Science Advisor—New Construction

To help architects and engineers select durable enclosure designs with minimal effort,
Oak Ridge National Laboratory developed the Building Science Advisor (BSA). The new
construction tool guides the user to input the following data for a proposed wall: climate
zone, exterior cladding, water-resistive barrier, continuous insulation, sheathing, wall
structure type, cavity insulation, and interior vapor barrier. After the user inputs these
data, the tool searches a database for similar walls. Each entry into the database includes
a set of material properties for some or all the wall layers and an associated moisture
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durability rating. The moisture durability ratings for the condition described in the entry
are pass, inconclusive, or fail. These ratings are based on hygrothermal simulations or
expert opinions. The user’s wall can match more than one entry in the database. If this
happens, the most conservative durability rating and relevant durability guidance are
displayed. The durability guidance will tell the user why the wall did not pass the moisture
durability assessment and what can be done to improve the performance of the wall.

Figure 1 shows a presentation of this information for a user-selected wall. The user
can see and change the wall construction. The wall’s moisture durability and thermal
performance, as well as the wall’s construction visualization and durability guidance,
are displayed.
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Figure 1. Results screen of the BSA new construction tool showing the user-selected wall with
predicted performance and guidance for improving the moisture durability of the selected wall.

The moisture durability performance is based either on the mold index calculated
from the hygrothermal modeling outputs as outlined in ASHRAE Standard 160 or on the
consolidated expert opinion [21]. Typically, the entries in the database from hygrothermal
simulations specify the material properties of every layer in the wall, and the entries from
expert opinion specify only the material properties of select layers. The expert opinion-
based entries focus on common issues found in walls that are known to cause long-term
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moisture durability problems. A more thorough description of how this tool works can be
found in the literature [22].

3. Building Science Advisor—Retrofit

The retrofit web tool has similar inputs for the wall construction as the new construc-
tion tool. In the retrofit web tool, the user describes the existing wall to be retrofitted
and then selects the desired retrofit: exterior, gut, or interior retrofit. Figure 2 shows the
materials in the wall that can be changed depending on the chosen retrofit approach. After
the user selects the preferred retrofit approach, the tool searches a database of hygrothermal
simulation results for matches on the unchanged materials. For example, suppose the user
selected an exterior retrofit. In that case, entries in the database are found with the same
wall structure, interior vapor retarder, and interior finish as the existing wall.
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Figure 2. Wall materials that can be changed depending on the type of wall retrofit. CI = Continuous
Insulation.

All matches with a mold index of less than two are presented to the user. The matches
can be filtered for desired materials, and then one wall can be selected to view its moisture
and thermal performance, which can be compared with the existing wall. Figure 3 shows
the result screen for the tool, where the existing and retrofit wall materials, moisture
durability, and thermal performance are compared.

The core of these webtools is in the database used to assess the moisture durability
of a user’s wall. Most entries for the retrofit and new construction databases are based on
hygrothermal simulation results. However, to cover the wide range of layer and material
combinations for walls in each climate zone requires millions of simulations, which is
expensive in both simulation computing time and server speed when hosted for the
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webtool. Furthermore, using a static database does not allow flexibility for the user to input
new or custom materials to be evaluated in a wall.
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4. Hygrothermal Simulations to Create Inputs for Machine Learning

The BSA tool helps users answer design questions regarding thermal performance and
durability. Hygrothermal simulations are time-consuming and require expertise not only in
heat and mass transfer but also in setting up numerical models to evaluate the performance
and risks of the designs. Furthermore, once the simulations have been carried out for a
specific design, the remaining question is whether the solution is optimal and what should
be completed to make it perform better. Therefore, a quicker and simpler tool is needed to
evaluate and optimize the design.

The number of simulations to create a database to cover all possible design options the
user might select can rise to millions of cases. That is because each layer in the wall can have
multiple options. For example, the input options for the cladding could be different types of
brick, fiber cement siding, vinyl siding, wood siding, and others. The water-resistive barrier
can be almost water vapor impermeable, very vapor open, or somewhere in between. Wall
assemblies with just three options for a 7-layer wall assembly in 15 climates result in more
than 30,000 simulation cases in just 1 orientation. Adding options to select would increase
the number of cases exponentially.

A standard or typical database includes climate zone, wall orientation, the identity
of the layers (e.g., “brick” or “mineral fiber insulation”), description or property of the
layers (e.g., “thickness” or “vapor permeability”), and performance parameters (e.g., “mold
index” or “maximum moisture content”). Named inputs, or categories, are sufficient in a
database that is used only to select the performance for the cases the database includes. In a
previous paper, the authors used machine learning to predict performance using categorical
inputs [15]. However, when using categorical inputs, the user would not be able to evaluate
the performance of a wall with a material layer that is not included in the original data
set. Furthermore, interpolating between the simulated cases in the database would not
be possible with categorical or named inputs. Therefore, we elected to use the material
properties of the layers in the database instead of names or categories of materials, which is
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what is performed in BSA. These inputs would then be analyzed with ML techniques to
interpolate new results between the simulated cases.

Even though the simulations for the BSA tool include mass walls, this paper focuses
on lightweight wood frame construction.

4.1. Design Process

Hygrothermal simulations are post-processed per ASHRAE Standard 160 [21] to
consider the maximum acceptable moisture content in a critical layer and the mold growth
index in the wall. The exterior sheathing was selected as the critical layer. The mold growth
index (MI) was calculated on both the exterior and interior sides of the insulated cavity
to account for performance in cold and hot-humid climates. Mold growth in the building
assembly was predicted by running a five-year simulation and taking the maximum MI.
The MI can range from between 0 and 6 [23].

An additional criterion for some materials, such as wood-based sheathing boards,
is typically the limit for moisture content. Wood begins to suffer damage if its moisture
content remains at 20% for days or longer. High moisture content for a prolonged period
can allow the wood to begin to rot. In addition, dimensional changes due to high moisture
can further create damage and impact the integrity of the building envelope assembly.

4.2. Wall Assemblies and Climates Included in the Study

One-dimensional simulations were carried out for lightweight and masonry walls
using a hygrothermal simulation tool [24]. The simulation parameters used in the training
set included 19 climate locations covering all 8 US climate zones and the wall structures, as
depicted in Figure 4. The simulations included the locations and climate zones listed in
Table 1. Mobile, AL, Grand Island, NE, and Burlington, VT, were used to test the model’s
ability to predict performance; hence, they were not part of the training set.
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Table 1. Locations and climate zones used in simulations for hygrothermal performance. Italicized
locations were used as testing climates and were not part of the training set for ML.

Location Climate Zone Climate Characteristic

Miami, FL 1A Hot humid
Houston, TX 2A Hot humid
Mobile, AL 2A Hot humid
Phoenix, AZ 2B Hot dry
Tucson, AZ 2B Hot dry
Atlanta, GA 3A Mixed humid
Los Angeles, CA 3B Hot dry
San Francisco, CA 3C Marine
Baltimore, MD 4A Mixed humid
Knoxville, TN 4A Mixed humid
Albuquerque, NM 4B Mixed dry
Seattle, WA 4C Marine
Chicago, IL 5A Cold wet
Madison, WI 5A Cold wet
Syracuse, NY 5A Cold wet
Grand Island, NE 5A Cold wet
Flagstaff, AZ 5B Cold dry
Minneapolis, MN 6A Cold wet
Burlington, VT 6A Cold wet
Boise, ID 6B Cold dry
Anchorage, AK 7 Very cold
Fairbanks, AK 8 Subarctic

The layer details are listed in Table 2.

Table 2. Layer options for the lightweight and the masonry walls used in parametric simulations,
adapted from ref. [15].

Layer Lightweight Wall Masonry Wall

Brick, buff matt brick, vinyl, fiber
cement, stucco, wood X

Vinyl, stucco X
Ventilated, nonventilated air gap X X
Continuous insulation, extruded
polystyrene (XPS), expanded
polystyrene, mineral fiber, cork
(0/16/25/38/51/76/102 mm)
Water-resistive barrier, permeance:
0.5, 5, 10, or 50 perms X X

OSB (oriented strand board),
plywood, chipboard, wood
fiberboard, wood, exterior grade
gypsum board

X

89 mm or 140 mm wood frame X
203 mm CMU (concrete masonry
unit), grouted or ungrouted X

Cavity insulation: Fiberglass,
closed-cell spray foam, no insulation X

Interior continuous insulation: None,
25 mm XPS, 25 mm mineral fiber X

Vapor retarder: None, 0.5/1/5 perm,
variable permeance X X

Gypsum wallboard and latex paint X X
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4.3. Example of Simulation Results for Machine Learning Analyses

The performance data for ML analyses were created by running hygrothermal simula-
tions for wall assemblies in different climates. An example of a wall system, its layers, and
locations of interest are shown in Figure 5. The simulations were run for five years using
the same single-year weather file. The moisture design reference year (second most severe
year) per the ASHRAE Research Project 1325 [25] was used in each climate location. Three
key values are taken from each simulation: (1) temperature and relative humidity on the
exterior side of the insulated cavity (Point 1), (2) temperature and relative humidity on the
interior side of the cavity (Point 2), and (3) average moisture content of the exterior sheath-
ing (Point 3). The hourly temperature and relative humidity were used in postprocessing
to calculate the predicted mold index for Points 1 and 2.
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Figure 5. Wall assembly used in simulations with points of interest to develop post-processed results
for ML.

The maximum mold index and moisture content values over the five years were then
recorded for each case as the performance value and inputs for ML analyses. Figure 6
shows the hourly temperature and relative humidity on the exterior side of the insulated
cavity. Figure 7 shows the post-processed mold index and the average moisture content of
the exterior sheathing. The maximum values of the mold index and the moisture content
over the simulated period are selected as the final values. The mold index is calculated
both for the exterior and the interior side of the insulated wall cavity. The highest mold
index of the two is selected as the final performance value.
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The data for performance analysis based on the results in Figure 7 would be a mold
index slightly above 4 and a maximum moisture content of about 28% by weight.
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4.4. Creating Inputs from Simulation Cases for Machine Learning Analysis

This paper focuses on the analysis of wood-framed walls. These cases form 87% of the
cases in the database.

Named materials and thicknesses describe a wall in each functional layer of the
wall, such as cladding, continuous insulation, and water-resistive barrier. In this study,
we converted the named layers in the simulated wall assemblies into numeric values
describing each layer with relevant material properties for heat and moisture transport.
Using regression analysis with ML, these numeric values allow for a correlation between
the performance values and the inputs (material properties and weather parameters).

Cladding materials are exposed to rain and ambient air temperature and humidity.
Therefore, the cladding materials were characterized by the liquid uptake value (A-value,
kg/m2·s05), water vapor permeance (1 U.S. Perm = 57 ng/s·Pa ·m2) for so-called dry-cup
and wet-cup conditions (0%RH-50%RH and 50%RH-100%RH, respectively), moisture
storage (sorption at 80%RH, W80, kg/m3), and thermal resistance R (m2·K/W). The exterior
sheathing materials were characterized with the same parameters but without the liquid
uptake value. The water-resistive barriers (WRBs) and vapor retarders had only the
water vapor resistance values for dry- and wet-cup conditions. Instead of giving the
permeance values of layers as inputs for the model, we used the water vapor resistance,
Z = 1/permeance. Finally, the insulation layers were characterized by the water vapor
permeance (given in input as water vapor resistance, Z) and thermal resistance values. The
properties of materials used in the simulations are shown in Table 3.

Table 3. Materials and properties.

Materials k-Dry (W/m·K) A-Value,
kg/m2·s0.5

Permeance, Dry
Cup, Perm

Permeance, Wet
Cup, Perm W80, kg/m3 Thickness (m) R-Value

(m2·K/W)

Exterior sheathing
OSB 0.092 0.62 5.56 83.4 0.0125 0.136
Plywood (USA) 0.084 0.58 8.77 64.4 0.0150 0.179
Southern yellow pine 0.119 0.38 8.33 62.2 0.0200 0.168
Wood fiberboard 0.052 16.67 20.00 35.4 0.0125 0.240
Exterior gypsum 0.218 45.45 58.82 6.2 0.0127 0.058
Claddings
Buff matt clay brick 0.43 0.00013 1.19 4.54 2.4 0.1040 0.242
Brick old 0.4 0.2083 2.56 4.35 3.3 0.1040 0.260
Vinyl siding 0 0.10 0.10 0 0.018
Stucco 0.399 0.0033 1.02 2.08 106.6 0.0200 0.050
Western red cedar 0.084 0.0011 0.21 1.02 33.7 0.0200 0.238
Fiber cement siding 0.245 0.03 2.08 20.00 185.8 0.0080 0.033
Vapor retarders
PA membrane 0.88 16.67
VB: 0.1 perm 0.1 0.10
VR: 0.5 perm 0.5 0.50
VR: 1.0 perm 1 1.00
VR: 5.0 perm 5 5.00
WRBs
WRB: 0.5 perm 0.50 0.50
WRB: 5.0 perm 5.00 5.00
WRB: 10 perm 10.00 10.00
WRB: 50 perm 50.00 50.00

Cavity insulation Permeance per
inch R-value per inch

Fiberglass 118 0.652
Closed-cell spray foam 1.46 1.057

Additionally, to evaluate the performance in a more refined location and weather
conditions, the climatic information was converted to annual weather parameters to assess
the ability of ML to correlate the hygrothermal performance to the weather parameters.
In the ASHRAE Research Project 1325, “Environmental weather loads for hygrothermal
analysis and design of buildings,” [25] annual weather parameters were found to correlate
with the durability performance of wall assemblies, and the method to select moisture
reference years was created using annual average weather parameters. Therefore, it is
reasonable to assume that the weather parameters could be used in the ML analyses instead
of named weather locations as categorical inputs. Table 4 lists the weather locations and
the annual average weather parameters for temperature (T, ºC), relative humidity (RH, %),
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water vapor pressure (Pv, Pa), cloud index (Cloud, -), solar radiation on a wall facing north
(RadN, W/m2), solar radiation on a wall facing the orientation with the most wind-driven
rain (RadWDR, W/m2), rain on a wall facing north (RainN, mm/h), rain on a wall facing
the orientation with the most wind-driven rain (RainWDR, mm/h), average daily minimum
temperature (Av.Tmin, ºC), and average daily maximum temperature (Av.Tmax, ºC).

Table 4. Average annual weather parameters for weather locations. Solar radiation and wind-driven
rain are shown for two orientations: north (N) and the orientation of the wall that receives most of
the wind-driven rain (WDR). The locations in italics were used as testing locations and were not part
of the training set.

City, State T
(ºC)

RH
(%)

Pv
(Pa)

Cloud
-

RadN
(W/m2)

RadWDR
(W/m2)

RainN
(mm/h)

RainWDR
(mm/h)

Av.Tmin
(ºC)

Av.Tmax
(ºC)

Miami, FL 24.5 73.3 2031 3.8 70 88 0.0651 0.0799 20.7 28.5
Houston, TX 18.7 78.9 1762 4.2 62 78 0.0651 0.0713 13.4 24.8
Mobile, AL 18.7 74.6 1663 4.2 62 116 0.0734 0.0982 14.2 24.2
Phoenix, AZ 23.3 43.2 1113 2.6 59 116 0.0080 0.0171 17.3 29.4
Tucson, AZ 18.9 37.0 987 2.5 59 158 0.0135 0.0227 12.0 25.9
Atlanta, GA 14.7 71.4 1357 4.4 63 104 0.0386 0.0713 10.1 20.0
Los Angeles, CA 17 75.8 1478 3.6 64 126 0.0070 0.0435 13.7 21.2
San Francisco, CA 13.9 78.0 1261 3.7 56 133 0.0034 0.0775 10.4 18.6
Baltimore, MD 12.4 68.7 1218 4.2 56 70 0.0599 0.0720 7.1 17.7
Knoxville, TN 14.9 76.2 1439 4.8 61 96 0.0360 0.0426 9.5 20.4
Albuquerque, NM 13.4 44.5 912 3.2 57 146 0.0121 0.0143 6.8 20.6
Seattle, WA 11.1 77.3 1086 5.5 48 99 0.0049 0.0812 7.4 15.3
Chicago, IL 9.7 70.0 1062 5.0 58 80 0.0612 0.0974 4.6 14.5
Madison, WI 7.7 76.3 1012 5.3 60 68 0.0461 0.0489 2.2 12.6
Syracuse, NY 8.5 75.9 1038 5.3 56 88 0.0244 0.0449 3.0 13.5
Grand Island, NE 11.1 70.1 1114 4.2 55 55 0.0381 0.0381 5.7 17.7
Flagstaff, AZ 6.9 52.8 765 3.0 56 56 0.0435 0.0435 −1.1 14.6
Minneapolis, MN 7.8 74.0 1010 4.9 55 94 0.0332 0.0630 3.2 12.3
Burlington, VT 6.5 74.3 1006 5.4 56 113 0.0248 0.0317 1.7 17.7
Boise, ID 11.1 60.2 859 4.5 54 72 0.0135 0.0154 4.8 17.4
Anchorage, AK 2 74.5 747 5.7 40 93 0.0090 0.0188 −2.6 6.1
Fairbanks, AK −1.8 68.9 624 4.8 42 80 0.0029 0.0148 −6.9 3.3

4.5. Examples of Inputs for Machine Learning

The material properties for each layer in the wall assemblies and the annual average
weather parameters were used as inputs for ML (Table 5).

Table 5. Descriptions of the inputs for training the ML models. The italicized parameters are not
used as inputs in training the model but only to help identify the results afterward.

Parameter Description Parameter Description
Assembly Inputs Weather Inputs Annual Average of

Od_weather Weather location index T Outdoor air temperature
Exterior_cladding_id Exterior cladding index RH Outdoor air relative humidity

Air_gap_id Air gap index indicating existence
of air gap behind siding Pv Outdoor air vapor pressure

Ext_sheathing_id Exterior sheathing index Cloud Cloud index
Wall_structure_category_id Wall structure type index Rad Solar radiation on wall
A_clad Liquid uptake of cladding Rain Wind-driven rain on wall
R_clad R-value of cladding Av_Tmin Daily minimum temperature

Z_clad_dry/wet Water vapor resistance of cladding,
dry and wet cup test Av_Tmax Daily maximum temperature

R_exsh R-value of exterior sheathing

Z_exsh_dry/wet Water vapor resistance of exterior
sheathing, dry and wet cup test

R_ci_ext R-value of exterior
continuous insulation Outputs
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Table 5. Cont.

Parameter Description Parameter Description
Assembly Inputs Weather Inputs Annual Average of

Z_ci_ext Water vapor resistance of exterior
continuous insulation Mold_index Mold index

R_ci_int R-value of interior
continuous insulation MaxMC Maximum moisture content of

the exterior sheathing

Z_ci_int Water vapor resistance of interior
continuous insulation

R_cav R-value of cavity insulation

Z_cav Water vapor resistance of
cavity insulation

Z_wrb Water vapor resistance of
water-resistive barrier

Z_vb_dry/wet Water vapor resistance of vapor
barrier, dry and wet cup test

S_clad Moisture storage capacity
of cladding

S_exsh Moisture storage capacity of
exterior sheathing

Airgap_Z Water vapor resistance of air gap

4.6. Preprocessing and Visualizing the Data

Figure 8 shows the histogram of different input features used for the ML model to
predict the mold index. Most weather inputs are widely scattered between the minimum
and the maximum values. Some of the inputs are concentrated on several values, such
as the vapor resistance of the vapor barrier (Z_vb_wet) and the thermal resistance of the
continuous insulation on the interior side of the wall (R_ci_int). The histograms help
identify which inputs would require refinements to improve the ML predictions. Ideally,
we would want the distribution of values to be evenly scattered across the range of the
property values.
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4.7. Machine Learning Analyses for Mold Index and Maximum Moisture Content

A commercially available ML analysis tool (Google AutoML for Tables [26]) was used
to evaluate the tabular data. Google Vertex AI and its AutoML require little effort and can
be used to create a benchmark case for a data scientist’s development [27]. The caveat is
that the system is not free, which makes a case for testing and developing a local model if
cost is an issue. Additionally, the system does many tasks without the user’s knowledge,
and the methods used in the specific model are not disclosed. The benefit of using AutoML
is its ease of use, without setting up any local hardware or software environment. However,
the user can evaluate the goodness of the performance with several parameters. Therefore,
one can achieve good results by using a plug-and-play setup for the data. The authors will
present their local model development in a follow-up paper. The AutoML tool conducts
several ML tasks behind the scenes:

• Preprocessing the data;
• Performing automatic feature engineering;
• Model architecture searching;
• Model tuning;
• Cross-validating;
• Automatic model selection and ensembling.

Four steps were followed to train and test the ML models. First, the tool trained the
ML models to predict the mold index and the maximum moisture content using a data set
of simulated results. Second, we tested the performance of the models using the model
to predict the performance of new materials that were not part of the training set. Third,
the predictions for new climates were tested with materials that were already part of the
training set. Fourth, the performance of the ML models was tested with both the new
climates and the new materials.

4.7.1. Training the Machine Learning Model

A data set of 48,855 lines of simulated values was used to train the ML tool. The
default 80%/10%/10% random split was used (training/validation/test). The prediction
was optimized for residual mean squared error (RMSE) with mold index as the target.
Table 6 lists the mean absolute error (MAE), RMSE, and coefficient of determination (R2)
for predicting the maximum mold index and the maximum moisture content.

Table 6. Calculated accuracies for the mold index and maximum moisture content prediction.

Prediction Target MAE RMSE R2

Maximum mold index 0.024 0.058 0.997
Maximum moisture content 0.154 0.568 0.995

The features in the input data are shown in the order of importance in Figure 9 as
determined by the ML tool. The definitions of the parameters are listed in Table 5. The
most important features in determining the mold index in the walls are the water vapor
resistance (1/permeance) of the vapor barrier (Z_vb_wet and Z_vb_dry) and the thermal
resistance of the continuous insulation (R_ci_ext), which are in the top three for predicting
the maximum moisture content. However, the thermal resistance of the exterior sheathing
is now the most important feature for determining maximum moisture content. Otherwise,
the features are in a similar order for the mold index and maximum moisture content
predictions, with slight changes in the order of importance.

The predicted values from ML models for the mold index and moisture content are
depicted vs. the simulated values from hygrothermal simulation tools in Figure 10a,b, respec-
tively. In contrast to the mold index, the moisture content has sections where some of the sim-
ulated and predicted values diverge at moisture contents greater than 15%. Despite the diver-
gence, the correlation seems strong, as reflected by R2 values of 0.997 and 0.995, respectively.
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Figure 10. Predicted results from ML models vs. simulated values from hygrothermal simulation
tools for (a) the mold index and (b) the maximum moisture content. Charts include all input data in
the training set. The line indicates the perfect fit.

4.7.2. Predicting the Performance Parameters with New Materials

Two new materials, chipboard exterior sheathing and wood fiber exterior insulation,
were introduced, and simulation cases with those materials were carried out. Figure 11
shows the correlation between the ML-predicted and simulated mold index and maximum
moisture content for the new materials. Table 7 lists the performance indicators. The
method predicts these new materials well with no outliers. The results are well correlated
with the input data with R-squared over 0.97 both for the mold index and maximum
moisture content predictions and the MAE and RMSE representing less than 5% error
from the maximum values. However, at high moisture contents >20% by weight, the
predictions show consistently higher than simulated moisture contents, and the errors
in the predictions are concentrated in this range. This is possibly due to fewer input
data being available in ML training with high moisture contents and the highly nonlinear
nature of sorption isotherms. The 20% by weight moisture content or higher for wooden
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materials is considered unacceptable, so both the simulations and the ML predictions
predict unacceptable performance.
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Figure 11. Predicted vs. simulated mold index and maximum moisture content for new materials
(i.e., chipboard exterior sheathing and wood fiber exterior insulation) with existing climates in
training. (a) Mold index prediction. (b) Maximum moisture content prediction. The line indicates
perfect fit.

Table 7. Calculated accuracies for the mold index and maximum moisture content prediction for new
materials with existing climates in training.

Prediction Target MAE RMSE R2

Mold index 0.134 0.210 0.974
Maximum moisture content 1.940 2.716 0.977

4.7.3. Predicting the Performance with New Climates

Three new climates—Mobile, Alabama, Burlington, Vermont, and Grand Island,
Nebraska—were introduced into the simulations with materials that were included in
the training set for ML. Figure 12 shows the correlations for the predicted mold index
and maximum moisture content as a function of the simulated values. Table 8 shows the
performance indicators. The quality of the predictions is worse for the mold index, with
both the MAE and RMSE higher and the R2 lower for the new climate prediction than for
testing with the new materials. The three climates also have different trends: the predictions
for Mobile, Alabama, are generally on the high mold index and moisture content side,
whereas in Burlington, Vermont, the results are mostly on the low side. Burlington is one of
the coldest climates in the data set, and small changes in material and weather parameters
can cause large differences in performance. Therefore, more focus should be placed on the
extreme climates in the simulations that provide the input data. The ML model predicts
maximum moisture content better than the mold index with the new climates.

The performance with weather parameters for Mobile, Alabama, and Grand Island,
Nebraska, is conservative and provides safe guidance regarding mold growth by mainly
predicting a higher mold index than simulated. However, for Burlington, Vermont, the
predictions for the mold index are lower than those simulated, giving a false sense of
moisture safety for the wall design. The predictions for the maximum moisture content are
similarly low for Burlington, Vermont, but align much better with the simulated data. The
poor performance in predicting the mold index in one of the climates indicates that more
work is needed to improve the accuracy with new climate locations by adding new different
climates into the training set and investigating potential additional weather parameters
and their impact on predictions, although the general trend is acceptable.
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Figure 12. Predicted vs. simulated mold index and maximum moisture content for new climates
(i.e., Mobile, AL, Burlington, VT, Grand Island, NE) with existing materials in training. (a) Mold
index prediction. (b) Maximum moisture content prediction. The line indicates perfect fit.

Table 8. Calculated accuracies for the mold index and maximum moisture content prediction for new
climates with existing materials in training.

Prediction Target MAE RMSE R2

Mold index 0.238 0.420 0.901
Maximum moisture content 0.697 1.270 0.960

4.7.4. Predicting Performance with New Materials and New Climates

Finally, both the new materials and new climates were introduced together into the
simulations, and the performance was predicted with the ML tool. Figure 13 shows the
results for wall assemblies, including the two new materials in the three new climates, and
Table 9 shows the performance indicators of the predictions. As expected, the predictions
are now worse for MAE and RMSE. On the other hand, R2 slightly improved for the mold
index prediction compared with the predictions with new climates only. Most of the errors
in the predictions are caused by the new climates, and closer investigations of weather
parameters are needed.
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AL, Burlington, VT, Grand Island, NE). (a) Mold index prediction. (b) Maximum moisture content
prediction. The line indicates perfect fit.
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Table 9. Calculated accuracy for the mold index and maximum moisture content prediction for new
climates and materials.

Prediction Target MAE RMSE R2

Mold index 0.264 0.449 0.916
Maximum moisture content 2.400 3.413 0.909

5. Discussion

The benefits of this ML tool are, first, in the early design stages, to guide proper systems
before running a detailed evaluation on many systems. Thereby, it can reduce the significant
efforts in running hygrothermal analyses. Second, the tool will be the basis for optimizing
the durability performance while assessing thermal performance and decarbonization
possibilities. The ability to create granularity by interpolating performance as a function of
material properties allows for guiding new material development and selections.

This study shows that ML can predict the hygrothermal performance of a building
envelope design with reasonable accuracy (R2 > 0.90). The results indicate that performance
is strongly correlated to the vapor permeance of the vapor barrier and thermal resistance of
the continuous insulation layer for the selected envelope design. The dependence of the
accuracy on weather data is not as strong, which could explain why the model’s predictive
capability was not strong when the ML model was used to predict performance in other
climate zones. Regardless, the model needs additional refinement in filling data gaps to
address the performance of different assemblies and exposure to different climate zones,
which will be the emphasis of future work.

ML is as good as the input data given in training. The current data set still includes large
gaps between the high and low values of the input parameters, and many input values have
only a few options. The ML methods cannot accurately learn the dependency of the output as
a function of the input values unless there are input values in the region where the change in
performance occurs. Finding these regions of input values is also part of future work.

The future development of the tool includes guiding the designer by helping to
optimize the material layers in the wall assemblies to meet the user’s requirements for
thermal, energy, carbon, and moisture performance. The tool would guide the user to
select materials and layers that result in a moisture-safe building envelope. Based on the
developed ML tool, which uses material properties as inputs for training, we can run
multi-objective optimization to select the optimal material that minimizes embodied carbon
of the assembly while meeting all the insulation and moisture durability requirements. The
tool would guide improving the assembly for better performance in terms of durability,
energy losses, and carbon content.

To develop our own ML model, future work may consider testing various regression
models to determine the most accurate algorithm instead of using a commercially available
automated ML tool. For model training, more aggressive feature extraction will be applied
to reduce the amount of redundant data in the input data set, which can help increase the
accuracy and generalization of the model. We will also try different weight initialization and
fine-tune the learning model, such as the activation function and a number of hidden layers.
Commercially available automated ML tools allow quick benchmarking of our ML model.
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Nomenclature

Abbreviation Meaning Unit
A water absorption coefficient kg/m2·s0.5

AI artificial intelligence —

ASHRAE
American Society of Heating, Refrigerating and
Air-Conditioning Engineers

—

Av.Tmax annual average daily maximum temperature ºC
Av.Tmin annual average daily minimum temperature ºC
BSA Building Science Advisor —
cav cavity —
ci continuous insulation —
clad cladding —
Cloud cloud cover index —
CMU concrete masonry unit —
dry dry cup test value —
EPD Environmental Product Declaration —
ext exterior side —
int interior side —
k-dry thermal conductivity, dry material W/m·K
MAE mean absolute error same as target
MaxMC maximum moisture content of layer wt %
ML machine learning —
Mold_index mold growth index —
OSB oriented strand board —
PA polyamide —

Permeance permeance of material layer
US perm
(1 US perm = 57 ng/s·Pa ·m2)

Pv annual average partial water vapor pressure Pa
R thermal resistance of layer m2·K/W
RadN annual average solar radiation on north facing wall W/m2

RadWDR
annual average solar radiation on wall with
highest wind-driven rain

W/m2

RainN annual average rain on north facing wall mm/h

RainWDR
annual average rain on wall with highest
wind-driven rain

mm/h

RH annual average relative humidity %
RMSE root mean square error unit of target squared
S moisture storage capacity of layer at 80% RH kg/m2

T annual average temperature ºC
Thickness thickness of material layer m
VB vapor barrier —
VR vapor retarder —
W80 material moisture content at 80% RH kg/m3

wet wet cup test value —
WRB water-resistive barrier —
XPS extruded polystyrene —
Z water vapor resistance (1/permeance) 1/US perm
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Abstract: Heated glass can be applied to improve windows’ condensation resistance and indoor
thermal comfort in buildings. Although this applied technology has advantages, there are still some
concerns in practical applications, such as additional energy consumption and control issues. This
study evaluates the effectiveness of a heated window heating (HWH) system in terms of thermal
comfort and heating energy performance (HEP). The simulation-based analysis is performed to
evaluate the effectiveness of the HWH using a residential building model and to compare it with
radiant floor heating (RFH) and hybrid heating (HH) systems (i.e., combined HWH and RFH). This
study also investigates the peak and cumulative heating loads using HWH systems with various
scenarios of control methods and setpoint temperature. The predicted mean vote (PMV) is used as an
indoor thermal comfort index. The ratio of cumulative thermal comfort time to the entire heating
period is calculated. The results show that HWH and HH can reduce the heating load by up to
65.60% and 50.95%, respectively, compared to RFH. In addition, the times of thermal comfort can be
increased by 12.55% and 6.98% with HWH and HH, respectively. However, considering the social
practices of South Korea, HH is more suitable than HWH. Further investigations for HH show that
a surface setpoint of 26 ◦C is proper, considering both heating demands and thermal comfort. In
addition, the setpoint temperature should be determined considering HEP and the thermal comfort
for HWH, and the optimal setpoint temperature was suggested under specific conditions.

Keywords: heated window heating; radiant floor heating; thermal comfort; predicted mean vote;
control method

1. Introduction

According to a 2022 UN report, approximately 34% of the global energy consumption
in 2021 was attributed to buildings and construction, of which about 30% was consumed
for heating, cooling, water heating, lighting, and cooking in buildings. In the buildings’
part, 21% was consumed by residential buildings [1].

To improve the energy performance of buildings, the Republic of Korea has strength-
ened the thermal insulation performance of each part of the building. The country also
implemented a zero-energy building certification system in 2020 to enhance the overall
energy performance rather than that of specific building parts [2]. Currently, residential
buildings in Seoul, Republic of Korea, must achieve a thermal insulation performance of at
least 0.15 W/m2·K for exterior walls and 0.9 W/m2·K for windows. These performances
are similar to the level for passive house standards (i.e., wall: 0.15 W/m2·K, window:
0.8 W/m2·K) [3]. Although the thermal insulation performance of windows has been
substantially improved, they are still the thermally weakest part of the building envelope
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when compared with the walls, roofs (0.15 W/m2·K), and floors (0.15 W/m2·K), which also
constitute the envelope.

Windows with relatively poor thermal insulation degrade buildings’ energy perfor-
mance [4]. They also cause lower surface temperatures than the walls, roof, and floors,
which negatively affects the thermal comfort of occupants owing to cold drafts [5]. Raising
the heating setpoint to improve this situation increases energy consumption [6]. More-
over, low surface temperatures increase the probability of condensation on the window
surface [7], obstructing the occupant’s view of the outside [8].

One method to prevent condensation is to control the window’s surface temperature
to an appropriate level [4] by applying heated glass [9]. Heated glass is implemented by
inserting a heating wire into the glass or using a transparent conductive coating layer on
the glass surface [10]. When current is applied to the heated glass implemented with a
heating wire or transparent conductive coating (TCC), heat is generated through electrical
resistance. In architecture, the transparent conductive coating layer is widely used as
opposed to heating wire insertion owing to its superior light transmittance and visibility,
and research on this is actively underway.

Kurnitski et al. [9] investigated a method for estimating the efficiency and thermal
transmittance of heated glazing by using the heat transfer theory. For typical glazing,
the thermal transmittance can be determined as a single value under specific conditions
depending on the glass, coating, air layer thickness, and composition of gas forming the
air layer. However, for heated glazing, the thermal transmittance varies because different
amounts of heat pass through the glazing depending on the temperature of the heated
glass. Thus, researchers proposed a method for estimating the thermal transmittance and
efficiency that reflects this feature. Lee et al. [10] experimentally measured the internal
and external surface temperatures and heat flux of vacuum-heated glazing applied to
residential buildings. These are measured by dividing to the center and edge of a large-
area heated glazing. They also analyzed the heat gain and overheating tendencies based
on measured data. The results were examined to identify the considerations for heated
glass. They stressed that to prevent overheating, the temperature must be appropriately
set depending on the purpose of the heated glass (condensation, comfort, heating, etc.)
and to solve the difference in operating temperature between the center and the edge of
a large-area heated glass. Cakó et al. [11] measured the thermal comfort of heated glass
using two devices and analyzed the results according to the surface temperature and
distance. In conditions where the metabolic rate is 1.0 MET, and the clothing insulation
is 1.0 clo, the surface temperature of heated glass for thermal comfort is at least 40 °C.
The authors stated that the required setpoint temperature for thermal comfort might vary
with the experimental conditions (e.g., distance to an occupant, etc.), and stressed that
thermal comfort is improved by using the heated glass. Lee et al. [12] used a simulation
program to evaluate the heating energy performance of heated windows according to
the improvements in the thermal insulation performance of building envelopes, such as
the outer walls, floors, and windows in South Korea. They compared the performance
with those of air-based heating and radiant floor heating and found that as the thermal
insulation performance improved, the heating methods showed similar annual heating
energy consumption. Based on these results, they noted the usefulness of heated glass for
the heating system. To investigate the efficiency curves of heated glazing, Lee et al. [13]
conducted both experimental and analytical studies to examine the heat fluxes under
heating conditions of heated glass. Based on the results, they derived the efficiency curves
according to the setpoint of the heated glass and the difference in air temperature between
the internal and external. Moreau et al. [6] used an analytical method to evaluate the heating
energy characteristics of heated windows. They found that the heating energy consumption
was lower than required for typical double-glazed windows. They also emphasized that
the effect was greater when the heated windows were installed on the east or west side
than on the south side. Borys et al. [14] proposed a numerical analysis model based on
the heat transfer for heated windows’ indoor and outdoor heat flow and experimentally
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validated the model. Krukovski et al. [15] performed an analytical method to evaluate the
appropriate capacity for a heated window heating system in Ukraine. Mitsui and Sato [16]
investigated the sheet resistance according to the materials and coating thickness used for
the transparent conductive coating and experimentally derived the appropriate coating
thicknesses of the materials.

The previous studies can be broadly divided into four categories. The first group of
studies examined the sheet resistance of the transparent conductive coating layer, including
the coating materials and thickness. The second group of studies researched the efficiency
related to the internal and external heat flux of heated glazing. The subjects of the third and
fourth groups are thermal comfort and the heating system as the research of architectural
usefulness. Despite extensive research, few studies have comprehensively examined
heating performance and thermal comfort for practical applications in buildings. Moreover,
the perspectives of occupant comfort and energy use have not been adequately studied.
To improve the thermal comfort of occupants close to the window, typically in the winter
season [17], heating appliances underneath exterior windows are generally used. However,
an inappropriate setpoint temperature of the heating appliances causes overheating [18],
which is neither efficient for thermal comfort nor efficient for the energy consumption of
buildings. It is necessary to evaluate the usefulness by comprehensively considering the
thermal comfort and energy performance of heated windows.

Therefore, this study was conducted to comprehensively evaluate the usefulness of
heated windows considering thermal comfort and energy performance. The evaluation
was performed by modeling the living room of a residential building using a simulation
program, and the region and weather conditions of Gangneung in South Korea. To evaluate
the effectiveness of heated windows, the thermal comfort and energy performance were
compared with the radiant floor heating. In this study, the usefulness of heated windows
as a heating appliance was proven, and finally, a setpoint temperature was proposed by
comprehensively considering thermal comfort and energy performance in the condition of
this study.

2. Methodology

The effectiveness of the heated window system was evaluated by assessing heating
loads and indoor thermal comfort behaviors based on the simulation-based analysis of
residential zones. Three different heating systems (i.e., radiant floor heating, heated window
heating, and hybrid heating systems) were considered to carry out the comparative analysis
of each heating system. This section describes the features of the heated window system
used in this study, details of the analysis model, and the evaluation method.

2.1. Properties of Heated Glass

Heated glass is implemented through three main methods. The first method involves
inserting a nichrome heating wire into a typical glass, such as clear glass. This method is
used in the rear windows of automobiles to ensure visibility by removing accumulated
snow or frost. The second method involves attaching a heating film to the glass to generate
heat [19], and the third method uses a TCC on a substrate. This method uses sputter-
coating [12] or pyrolytic-coating to form TCC on the glass. The heated glass used in this
study is manufactured using a atmospheric pressure chemical vapor deposition (AP-CVD)
during glass manufacture. [20]. In the heated glass, glass is used as the substrate and
is coated with a transparent conductive oxide to form the TCC layer. Suitable materials
include indium tin oxide and fluorine-doped tin oxide (FTO). The heated glass used in this
study was coated with FTO [20].

Figure 1 shows the transmittance and reflectance of heated glass [21] according to the
wavelength measured with a solar spectrometer [22]. In the solar spectrometer, tungsten-
halogen and deuterium lamps are used as a light source to measure reflectance and trans-
mittance according to the wavelength. Table 1 shows the optical properties of the heated
glass, calculated according to ISO 9050 [23] and KS L 2514 [24] based on the measurements
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in Figure 1. Light transmittance and reflectance were calculated using the measured trans-
mittance and reflectance by the solar spectrometer and the daylight spectrum as D65 [25],
provided by the International Commission on Illumination. As a result, the ratio of the
total transmitted energy or the total reflected energy to the total energy of D65 becomes the
visible light reflectance or visible light transmittance. The other optical properties were cal-
culated using transmittance and reflectance of the solar spectrometer and weighting factors
for each wavelength. The heated glass showed high light transmittance of 82.5%, whereas
the emissivity of the coated side was 0.16, approximately 20% that of the glass side. The
results in Table 1 were input to the simulation program. The heated window was composed
by assembling one heated glass and two low-emissivity glasses in the simulation program.
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Table 1. Optical properties of heated glass.

Light
Transmittance

(%)

Light
Reflectance (%)

Total Solar
Transmittance

(%)

Total Solar
Reflectance (%)

UV
Transmittance

(%)

Emissivity (-)

Glass Side FTO Side Glass Side FTO Side Glass Side FTO Side

82.5 10.4 11.3 69.7 10.6 11.6 52.5 0.84 0.16

2.2. Simulation Model for Analysis of Heating Load and Thermal Comfort

This study used ESR-r (i.e., Environmental System Performance-reference) [26], a
dynamic simulation program for assessing building energy, to analyze the heating load and
thermal comfort when a heated window was used for heating supply. A feature of ESP-r
that defines the heating at a specific node was used to evaluate the application of heated
glass to heating. Figure 2 shows the building model and the cross-section of the heated
glazing in ESP-r. In Figure 2b, the thick lines represent the low-e coating and TCC, and the
dots are the nodes that can be defined as the heating surface of the window in ESP-r. The
red node is the heating surface of the model in this study. Since this method of modeling
heated windows in EPS-r has already been used and validated in a previous study [13], an
additional verification process was not performed in this study.

The building simulation model for the analysis included three zones: the glass zone
located on the southernmost side, followed by the room zone and the common zone. There
was no physical zone division between the glass zone and the room zone. Since the analysis
program does not allow the use of multiple heating systems in a zone, this study assumed
the zone (i.e., the domestic area) was divided into two zones, including room and glass
zones. The building was modeled with the size of a living room in a 100 m2 apartment
house, the standard housing area in the laws for a place in South Korea [27]. The floor area
of the building model, excluding the common zone, was 24 m2, the window area on the
south side was 9.6 m2, and the window-to-floor ratio was 40%.
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The boundary conditions for the analysis model’s side walls (east-facing and west-
facing walls) were modeled under the adiabatic with no heat flow, assuming they are
in contact with the adjacent households. The boundary condition for the north wall of
the room zone was modeled to be in touch with common spaces (corridors, stairwells,
etc.), thus creating a heat flow even though it was not directly exposed to the outdoor
air. Two models with different floor boundary conditions were generated to evaluate the
effect of heat loss through the ground. Model 01 used a boundary condition that assumed
contact with the ground. Model 02 used the adiabatic boundary condition with no heat
flow between households, assuming the household was located on an intermediate story.
The thermal insulation performance of each component (i.e., walls, roofs, floors, etc.) was
modeled to meet Korean regulations. The thermal transmittance of typical windows and
windows with heated glass was identically defined. Since the optical properties of heated
windows differ from those of typical windows, a heating function was added. Table 2
summarizes the main aspects of the analysis model.

Table 2. Details of the simulation model.

Category and Items Model 01 (Ground Floor) Model 02 (Typical Floor)

Floor area (m2) 24

Window area (m2) 96

Window-to-floor ratio (%) 40

Thermal
transmittance

(W/m2·K)

Exterior wall 0.129

Interior wall 0.184

Window 0.721

Heated window 0.721

Between floors - 0.782

Ground floor 0.147 -

Boundary
condition

Zone Glass Room Common Glass Room Common

Roof (ceiling) Similar current Adiabatic

Wall (east, west) Adiabatic Exterior Adiabatic Exterior

Wall (south) Exterior Zone (Glass) Zone
(Room) Exterior Zone (Glass) Zone

(Room)

Wall (north) Zone
(Room)

Zone
(Common) Exterior Zone

(Room)
Zone

(Common) Exterior

Floor Ground Adiabatic
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To focus the evaluation on the effect of applying the heated glass to heating, internal
heat gain elements such as occupants, lighting, and devices were not modeled. The
heating setpoint was set to 22 °C, and the heating systems worked to control the indoor
air temperature. The heating device capacity of each system was determined based on
auto-sized values automatically calculated with the design-day condition. Radiant floor
heating and heated window heating were applied to analyze the performance variations
between the two methods. Table 3 and Figure 3 show each heating method’s heat source
locations and indoor air-temperature sensor locations.

Table 3. Sensor, actuator, and setpoint of each heating system.

Radiant Floor Heated Window
Hybrid 01

Radiant Floor Heated Window

Sensor Dry bulb
temperature

Dry bulb
temperature

Dry bulb
temperature

Dry bulb
temperature

Sensor location Room zone Glass zone Room zone Glass zone

Actuator Room zone Glass zone Room zone Glass zone

Setpoint (◦C) 22

Heating period January to March, September to December
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Figure 3. Heating surface and air temperature sensing point of each heating system.

The weather data for the Gangneung region in South Korea were used to investigate
the heating load and thermal comfort, which were included in the simulation tool. The data
from the International Weather for Energy Calculations 1.1, created and provided by the
American Society of Heating, Refrigerating, and Air-conditioning Engineers (ASHRAE),
were used as the weather data. Table 4 presents the monthly characteristics of each mete-
orological item. Since the ground temperature was not included in these meteorological
data, the ground temperature was defined based on the average ground temperature from
1981 to 2010, which was provided by the Korea Meteorological Administration [28].

Figure 4 depicts the location and climate classification of Gangneung, South Korea,
using the Koppen–Geiger climate classification map [29]. The climate classification of South
Korea, including Gangneung, belongs to the humid continental climate. The northern
states of the United States, and the border area between Europe and Russia, show the same
climatic characteristics.
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Table 4. Weather data used in the simulation model.

Month
Dry Bulb Temperature (◦C) Relative Humidity

(%)
Wind Speed

(m/s)
Ground Temperature (Depth: 1.5 m)

(◦C)Avg Max Min

January 0.4 10.7 −9.8 46.8 3.0 9.1

February 2.2 13.6 −8.5 56.6 2.6 7.1

March 5.6 15.4 −3.5 54.4 2.7 7.2

April 12.4 27.0 1.7 58.6 2.9 9.3

May 18.0 34.0 6.9 62.5 2.7 12.6

June 20.6 29.9 14.3 73.9 1.6 16.0

July 24.0 34.1 17.2 77.4 2.2 19.3

August 24.9 37.1 16.5 78.3 1.5 21.7

September 20.1 28.5 14.2 72.9 1.9 22.0

October 15.2 25.7 5.3 66.6 2.3 19.9

November 9.0 19.6 −4.8 54.6 3.1 16.5

December 3.1 12.1 −6.2 50.6 3.3 12.6
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2.3. Description of Indoor Thermal Comfort

The predicted mean vote (PMV), the thermal comfort index used in this study, was
proposed in an experimental study by Fanger at the Technical University of Denmark. It
expresses the average thermal sensation experienced by people in a given environment [30].
The PMV can be used as an index to evaluate the comfort level of indoor environments
in residential buildings, offices, hospitals, etc., and to control the heating and cooling
facilities. It has been introduced as a thermal comfort index in ISO 7730 [31] and ASHRAE
55 [32], which are international standards. PMV is calculated by considering the heat
transfer between the body and surrounding environment using two parameters of the
occupant (i.e., metabolic rate and insulating of clothing) and four parameters of the indoor
environment (i.e., air temperature, mean radiant temperature (MRT), air velocity, and
humidity). Additionally, as shown in Table 5, PMV is calculated as a value ranging from
+3 to −3, which is the range of thermal sensation from hot to cold. Values closer to −3
indicate a thermal comfort level where the occupants feel colder, whereas values closer
to +3 indicate an environment where occupants feel hotter. Hence, a PMV of 0 represents
the optimal comfort level; statistically, 95% of the occupants are satisfied with the indoor

183



Energies 2023, 16, 1481

environment. ISO 7730 [31] and ASHRAE 55 [32] recommend a PMV range of −0.5 to 0.5
to provide indoor comfort.

Table 5. Seven-point thermal sensation scale.

Hot Warm Slightly Warm Neutral Slightly Cool Cool Cold

+3 +2 +1 0 −1 −2 −3

The input variables were set to evaluate the thermal comfort according to each heating
method, as shown in Table 6. The input meteorological data and model characteristics
were reflected to calculate the air temperature, relative humidity, and MRT in the analysis
program. In addition, the air velocity, metabolic rate, and insulation of clothing values were
direct inputs into the simulation program. A value of 0.1 m/s was input for the air velocity
considering the indoor conditions, whereas those for metabolic rate and clothing insulation
were 1.5 MET and 0.7 clo, respectively. According to ISO 7730, insulation of clothing of
0.7 clo signifies wearing undergarments, shirts, trousers, socks, and shoes, and a metabolic
rate of 1.5 MET designates standing and light activity (shopping, laboratory work, light
industry). The PMV of the glass zone and room zone were calculated every hour using the
analysis program, based on which the cumulative hours in each PMV range were analyzed
to evaluate thermal comfort behaviors.

Table 6. Input values to calculate the PMV.

Air
Temperature (◦C)

Relative
Humidity (%)

Mean Radiant
Temperature (◦C)

Air Velocity
(m/s)

Metabolic Rate
(-)

Cloth
(-)

Value calculated by the simulation model 0.1 1.5 0.7

3. Heating Load and Thermal Comfort of Heating Systems
3.1. Heating Load Comparison for Each Heating System

As shown in Figure 3, in radiant floor heating, the room zone and glass zone are
heated via room zone heating, whereas in heated window heating, they are heated via
glass zone heating. Therefore, the indoor air temperature may differ between the heating
zone and adjacent zones, and the accuracy of the analysis model used in this study will
deteriorate if the temperature difference is large.

Figure 5 shows each model’s indoor air temperatures of the glass zone and room zone
according to the floor boundary condition and heating system. The top graph presents the
indoor air temperature over time for each model, and the scatter plots below this present
the indoor temperature distribution of the room zone to the glass zone for each model.
According to the graphs of radiant floor heating and hybrid heating, the air temperature of
the room zone with respect to the glass zone was controlled at a low level. The times were
observed in which the air temperature of the glass zone was high owing to daytime solar
radiation, which caused a difference in the air temperature between the two zones. Since
these times are different from the times needed for heating in the model, it is expected to
have no substantial impact on the results of this study.

Figure 6 presents the heating load concerning the outdoor air temperature for each
heating method. The load is depicted only for outdoor air temperatures lower than the
heating setpoint (22 ◦C). In Figure 6a, the floor boundary condition is the ground, whereas
Figure 6b shows the adiabatic, which relates to the floor between two stories. Radiant
floor heating showed the highest peak heating load under both floor boundary conditions,
followed by hybrid heating and window heating. Table 7 presents the peak heating load of
each heating method.
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Table 7. Peak heating load and cumulative heating load of each simulation model.

Boundary Condition Ground Floor Typical Floor

Heating System Radiant
Floor

Heated
Window

Hybrid
Radiant

Floor
Heated

Window

Hybrid

Radiant
Floor

Heated
Window

Radiant
Floor

Heated
Window

Peak Load (kW) 5.04 1.70 2.47 0.85 4.62 1.62 2.21 0.95

Cumulative
heating

load
(kWh)

January 395.78 266.83 231.45 114.81 327.78 233.5 186.11 103.65

February 318.90 213.66 188.58 92.51 249.03 178.34 144.24 78.27

March 327.06 223.02 196.55 92.09 253.96 184.14 152.17 76.98

April - - - - - - - -

May - - - - - - - -

June - - - - - - - -

July - - - - - - - -

August - - - - - - - -

September - - - - - - - -

October 23.62 11.93 12.68 5.5 5.37 2.62 2.88 1.59

November 188.52 122.17 109.82 53.91 147.83 97.11 85.8 40.15

December 320.15 210.05 192.31 86.92 259.03 180.78 156.09 74.03

Annual 1574.03 1047.66 931.39 445.74 1242.99 876.49 727.29 374.67

Compared with the ground floor model (ground floor boundary condition), the peak
heating load of the typical floor model (adiabatic floor boundary condition) was small.
Under radiant floor heating, heated window heating, and hybrid heating, the peak heating
load was reduced by approximately 8.33%, 4.71%, and 12.17%, respectively. This trend is
because the typical floor model has no heat loss through the floor.

The peak heating load ratio of each heating model to the radiant floor heating model
was analyzed among the same boundary conditions of the floor. First, for the model with
the ground floor, the peak heating load ratio relative to radiant floor heating was 33.73%
for heated window heating and 60.32% for hybrid heating, whereas for the model with the
typical floor, the ratios were 35.06% and 57.79%, respectively.

Table 7 presents each model’s peak heating load and monthly and annual cumulative
heating loads. The incremental heating loads exhibited the same trend observed in the
above peak heating load analysis. Compared with the ground floor results, the typical floor
showed small monthly and annual cumulative heating loads, and window and hybrid
heating showed lower cumulative heating loads than radiant floor heating. However,
compared with the reduction in the peak heating load by applying heated windows, the
reduction in the cumulative heating load was small. For the ground floor model, the
annual cumulative heating load ratio relative to radiant floor heating was 66.56% for heated
window heating and 87.49% for hybrid heating, whereas the ratios were 70.51% and 88.65%,
respectively, for the typical model.

According to the above analysis, the peak and cumulative heating loads were reduced
when heated window heating was applied. This was because heating is provided via the
heated window, which has the lowest thermal insulation performance (0.721 W/m2) among
the envelope components where heat is exchanged with the outdoor air or a common
zone. The inner surface temperature of the heated window on heating is higher than
the outdoor air and indoor temperatures, thus preventing heat loss through the window
and reducing the heating load. Figure 7 shows the window’s outdoor air temperature,
indoor air temperature, and inner surface temperature in December for radiant floor
heating and heated window heating in the typical floor model. As explained, under heated
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window heating, the window’s inner surface temperature was higher than the indoor
air temperature. In contrast, under radiant floor heating, the window’s inner surface
temperature was lower than the indoor air temperature at night but higher during the
daytime. This trend was also observed in the ground floor model.
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Figure 7. Outdoor air temperature (OAT), indoor air temperature (IAT), and interior surface tem-
perature (IST) of window and floor for the ground floor model. (a) Radiant floor heating system;
(b) Heated window heating system.

Under hybrid heating, the peak and cumulative heating loads were lower than those of
radiant floor heating, although the heating load was higher than in heated window heating.
The annual cumulative heating load was 31.9% and 25.8% higher than in heated window
heating for the ground floor and typical floor, respectively. Figure 8 shows the analysis
results for the typical floor. Figure 7a shows the cumulative heat fluxes for the window,
south wall (glass zone), and north wall (room zone) of each model at night (00:00–04:00),
that is, without the influence of solar radiation. Positive values indicate heat gain, whereas
negative values indicate heat loss. Figure 7b shows the difference in indoor air temperature
between each model’s room zone and common zone for one week in December.
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Figure 8. Inner surface conduction and difference in air temperature between room and common
zones. (a) Cumulative conduction on inner surfaces of window, south wall (glass zone), and north
wall (room zone) for each heating system at night (00:00–04:00); (b) Difference in air temperature
between room zone and common zone for each heating system for one week (1–7 December).

According to Figure 7a, the heat fluxes of the window varied with the heating method,
whereas the heat flux of the south wall did not greatly vary with the heating method.
However, the heat flux of the north wall greatly varied with the heating method. As
the thermal transmittance and boundary condition of the north wall were identical for
each model, they should not differ according to the heating method; however, this study
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observed a difference. As shown in Figure 3, the temperature sensor and heating surface
location varied for each model according to the heating method. In the hybrid heating
model, because temperature sensing and heating were applied in the room zone and glass
zone, the air temperature of the room zone was formed according to the setpoint of 22 ◦C.

Conversely, in the heated window heating model, temperature sensing and heating
were applied to the glass zone; hence, the glass zone and room zone had similar air
temperatures, whereas the air temperature in the room zone was a little lower than 22 ◦C.
This caused a difference in the air temperature variation and, consequently, a heat flux
difference between the room zone and the common zone for each model. Figure 7b shows
the air temperature difference between each model’s room zone and common zone, which
was larger in the hybrid heating model than in the heated window heating model.

3.2. Thermal Comfort Comparison for Each Heating System

Figure 9 and Table 8 show the ratio according to each PMV range for each model over
the entire analysis period. The glass zone and room zone results for each model under
both floor boundary conditions are presented. Since heating was applied, the PMV was
never lower than −0.5 and was occasionally higher than 1.0. The hours when the PMV was
outside the thermal comfort range and evaluated as “warm” or “hot” were attributed to
irradiance during the daytime.
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Table 8. Cumulative hours for various ranges of PMV and comfort ratio (−0.5 ≤ PMV ≤ 0.5).

PMV Range

Ground Floor Typical Floor

Radiant Floor Heated Window Hybrid Radiant Floor Heated Window Hybrid

G R G R G R G R G R G R

2.0 < PMV ≤ 3.0 - - - - - - 2 - 2 - 2 -

1.0 < PMV ≤ 2.0 293 80 171 60 227 70 426 179 286 170 359 177

0.5 < PMV ≤ 1.0 934 897 793 392 891 534 1000 1003 8872 479 971 699

0.0 < PMV ≤ 0.5 2336 3391 3403 1984 3247 3764 2423 3186 3208 2605 3036 3492

−0.5 < PMV ≤ 0.0 805 - 1 1932 3 - 517 - - 1114 - -

Comfort Ratio 71.91 77.63 77.93 89.65 74.40 86.19 67.31 72.94 73.44 85.14 69.51 79.95

First, differences were observed in the PMV according to the floor boundary condition.
Compared with the ground floor, the ratio of time that PMV was lower than 0 was higher
on the specific model with the typical floor because heat loss through the floor did not
occur during heating. Additionally, the ratio of time that PMV was higher than 0.5 was
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higher in all models with the typical floor because heat loss through the floor did not occur
under overheating caused by irradiance.

Heated window heating and hybrid heating exhibited better thermal comfort than
radiant floor heating. According to the PMV analysis results for the typical floor, 70.12%
(glass zone: 67.31%, room zone: 72.94%) of the total 4368 h of radiant floor heating was in
the thermal comfort range in terms of the PMV. Under heated window heating and hybrid
heating, 79.29% (glass zone: 73.44%, room zone: 85.14%) and 74.73% (glass zone: 69.51%,
room zone: 79.95%) were in the thermal comfort range, respectively. Hence, the heating
methods, including heated windows, were more advantageous than radiant floor heating
in terms of thermal comfort.

For the typical ground condition, the ratio of time of thermal comfort according to
the heating method was compared based on the room zone. The ratio showed that heated
window heating and hybrid heating were approximately 16.73% and 9.60% higher than
radiant floor heating. This indicates that heated window heating improves the occupants’
thermal comfort.

Among the factors determining the PMV, the MRT can be influential depending
on the heating method. Except for radiant floor heating, other heating methods have
heated window heating; therefore, when heat is generated from windows with low surface
temperatures in winter, relatively high window surface temperatures are formed. This
results in a higher MRT than that achieved in radiant floor heating. Figure 10 presents
the MRT of the glass zone for each model under the typical floor condition from 1 to 14
December. The MRT in the daytime was increased because of irradiance. At night, when
there is no influence of irradiance, the MRT varied with the heating device, and it was
approximately 22.5 °C under radiant floor heating and about 24 ◦C under heated window
heating, which is a difference of roughly 1.5 °C. The MRT of hybrid heating was also below
that of heated window heating, although it was higher than that of radiant floor heating.
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Figure 10. Mean radiant temperature of the glass zone of each model under the typical floor condition.

Radiant floor heating is the traditional and typical heating method for residential
buildings in South Korea. This is related to the Korean custom of not wearing shoes in
residential spaces. Hence, the floor surface temperature is a major factor determining the
occupants’ thermal comfort. Figure 11 shows the floor surface temperature of the room
zone for the period of 1–7 December for each model. Under heated window heating, the
floor surface temperature was distributed from approximately 22 to 23 ◦C. In contrast, the
surface temperature was higher than 25 ◦C during the heating period under radiant floor
heating and hybrid heating. In the area shaded in red, the temperature difference between
heated window heating and hybrid heating was approximately 5 ◦C, which is greater than
that with radiant floor heating.
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Figure 11. Each model’s floor surface temperature (FST) and the indoor air temperature (IAT) of each
model. (a) Ground Floor; (b) Typical Floor.

Considering the results of the heating load and thermal comfort from the previous
analysis, heated window heating appears to be the most appropriate heating method.
However, as explained above, the floor surface temperature is important in Korea. In a
previous study [2] that applied a low-temperature radiant floor heating system using an
air-source heat pump, the indoor air setpoint was set to 26–28 ◦C to increase the floor
surface temperature. Therefore, hybrid heating combining heated window heating with
radiant floor heating is considered suitable for such a case.

4. Comparative Study Based on Control Method of the Hybrid Heating System

The heating load and thermal comfort according to the control method of hybrid
heating, which combines radiant floor heating with heated window heating, were evaluated.
Figure 12 shows the models of two hybrid heating systems. Figure 12a shows the air-
temperature sensing model for heated window systems in the hybrid heating system. It
is the same hybrid heating system as that used in Section 3. Figure 12b shows the model
of surface-temperature sensing for the hybrid heating system’s heated window heating
system. The difference between the two models is only the temperature sensing location
to control the heated window heating system. In addition to the temperature sensing
location for controlling the operation of the heated window, the setpoint for controlling
the surface-temperature sensing was changed from 22 to 36 ◦C, and the heating load
and thermal comfort characteristics were comparatively analyzed. The floor boundary
condition applied here was the same as that of the typical floor.
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4.1. Heating Load Comparison According to Control Method and Setpoint

Figure 13 shows the variation in the heating load under hybrid heating according to the
control method of the heated window and the setpoint. “Air” indicates the air temperature
control method, as in Figure 12a, and “Sur” indicates the surface temperature control
method, as in Figure 12b. First, the hybrid heating model using the air temperature control
method with a setpoint of 22 ◦C showed an annual cumulative heating load of 1101.96 kWh.
When the temperature sensing location was changed to the glass surface while maintaining
the setpoint, the annual cumulative heating load increased by approximately 6.60% to
1174.65 kWh. The annual cumulative heating load changed as the setpoint of the heated
window surface increased, with the lowest cumulative heating load observed at a setpoint
of 30 ◦C. The annual cumulative heating load was 1063.17 kWh, approximately 5.52% lower
than that in the air temperature control model and 9.49% lower than that in the surface
temperature control model with a setpoint of 22 ◦C. The load tended to increase at setpoints
higher than 30 ◦C.
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Figure 13. Variation in monthly heating load according to the control method and setpoint.

Figure 14 shows the ratio of the monthly heating load to the annual cumulative
heating load of each model. By month, from January to March and October to December,
the hybrid heating model using air temperature control with a setpoint of 22 ◦C showed
ratios of 26.29%, 20.19%, 20.79%, 0.41%, 11.43%, and 20.88%, respectively. The total annual
cumulative heating load increased when the temperature sensing location was changed
to the glass surface while maintaining the setpoint. However, there was no significant
difference in the ratio. As the setpoint of the surface temperature control method increased,
the monthly ratio changed; in January, February, and December, it tended to decrease as the
setpoint increased. In contrast, as the setpoint increased in October, the ratio continuously
increased from 0.61% to 8.93%. In March and November, it tended to increase after showing
the lowest ratio at a specific setpoint. In March, the annual cumulative heating load was
approximately 19.12% at the lowest setpoint of 30 °C; in November, it was about 10.70%
at 27 ◦C.

Figure 15 shows the ratio of the heating load to the annual cumulative heating load
of each heating system for each model. First, in the air temperature control model with a
setpoint of 22 ◦C, radiant floor heating showed a ratio of approximately 66.0%, whereas
that for heated window heating was about 34.0%. In the surface temperature control model
with the same setpoint, radiant floor heating and heated window heating showed ratios of
82.94% and 17.06%, respectively. As the heated window setpoint increased, the heating load
of radiant floor heating tended to decrease, and the heating load ratio was approximately
0.14% at 34 ◦C.
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Figure 15. Ratio of heating load to annual heating load for each heating system.

The surface setpoint at which the heating load ratios to the heating systems’ total
heating load were the most similar to “Air_22 ◦C” was 25 ◦C; at this setting, the load
ratios of floor heating and window heating were 63.26% and 36.74%, respectively. This
was because the air temperature control method with a setpoint of 22 ◦C and the window
surface temperature control method with a setpoint of 25 ◦C had a similar inner surface
temperature of the heated window. Figure 16 presents the inner surface temperatures
of the heated window in the air temperature control model with a setpoint of 22 ◦C and
the surface temperature control model with setpoints of 22 ◦C, 25 ◦C, and 28 ◦C, from
1 to 14 December. During the daytime when the window temperature increased owing
to irradiance, the same temperature was observed regardless of the control method and
setpoint. During the nighttime, each model showed different inner surface temperatures
of the heated window, and the model of the air temperature control and the model of the
surface temperature control with a setpoint of 25 ◦C exhibited the most similar surface
temperature trends.
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Figure 16. Inner surface temperature of the window.

4.2. Thermal Comfort Comparison According to Control Method and Setpoint

The thermal comfort of the hybrid heating models was analyzed. The thermal comfort
in the glass and room zones was analyzed, and the ratio of the time for cumulative analysis
for each PMV range to all periods was examined.

Figure 17 shows the thermal comfort analysis results in the glass zone of each model.
As heated window heating was applied to the glass zone, the changes in the PMV were
sensitive to the heated window setpoint. In the air temperature control model, the cumula-
tive time for thermal comfort (−0.5 ≤ PMV ≤ 0.5) was 3036 h, approximately 69.51% of the
total time (4368 h). The time for thermal comfort tended to decrease as the setpoint of the
heating window increased, and it sharply decreased from a specific temperature.
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Figure 17. Ratio of cumulative time for each range of PMV for the glass zone.

Figure 18 presents the glass zone’s air temperature and heated window inner surface
temperature for the air temperature control model with a setpoint of 22 ◦C and the surface
temperature control model with various setpoints. The figure shows the temperature
distribution for one week from 1 to 7 December. The air temperature of the glass zone for
the air temperature control model was similar to the air temperature control model with a
surface setpoint of 22 ◦C and 25 ◦C. However, suppose that the surface setpoint is higher
than 30 ◦C. In that case, the glass zone’s air temperature for the surface temperature control
model is higher than the air temperature control model during daytime and nighttime. It
means that the air temperature is higher than the air setpoint of the room zone.
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Figure 20 shows the combined annual cumulative heating load and the ratio of time 
for thermal comfort of the air temperature control and surface temperature control mod-
els. As analyzed above, when the surface setpoint was 30 °C, the heating load was the 
lowest at 1063.17 kWh. Therefore, a surface setpoint of 30 °C was found to be the most 
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Figure 18. Air temperature of the glass zone and the inner surface temperature of the window.
(a) Air temperature of glass zone; (b) Window inner surface temperature.

Figure 19 shows the cumulative time ratio according to the thermal comfort range
in the room zone. Overall, the cumulative time ratio of the thermal comfort range
(−0.5 ≤ PMV ≤ 0.5) was higher than that of the glass zone. In the air temperature control
method, the time for thermal comfort was 3492 h, approximately 79.95% of the total time.
In contrast, the surface temperature control method with the same setpoint was about 3%
lower, at 76.85%.
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Figure 20 shows the combined annual cumulative heating load and the ratio of time
for thermal comfort of the air temperature control and surface temperature control models.
As analyzed above, when the surface setpoint was 30 ◦C, the heating load was the lowest
at 1063.17 kWh. Therefore, a surface setpoint of 30 ◦C was found to be the most suitable for
the heating load. In contrast, the time for thermal comfort was the highest in both the glass
and room zones when the air setpoint was 22 ◦C. Table 9 summarizes the optimal setpoints
and differences in the parameters according to the control method.
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Figure 20. Annual heating load and ratio of time for thermal comfort.

Table 9. Setpoint, heating load, and thermal comfort for each control method.

Optimal
Setpoint (◦C)

Annual Heating
Load (kWh)

Ratio of Time for Thermal Comfort (%)

Glass Zone Room Zone

Air temperature control 22 1101.96 69.51 79.95

Surface
temperature control

Heating load 30 1063.17 50.80 68.59

Thermal comfort 22 1174.65 68.22 76.85

Optimal control 26 1109.26 64.4 76.08

In surface temperature control, the heating load of the model optimized for heating
load was 9.05% lower than the model optimized for thermal comfort, and the ratio of time
of the thermal comfort was also 25.54% and 10.75% lower in the glass zone and room zone,
respectively. In contrast, for the model for thermal comfort, the heating load increased by
approximately 10.49%, and the ratio of time for thermal comfort improved by 33.29% and
12.04% in the glass and room zones, respectively.

To propose the optimal surface setpoint by synthesizing the heating load and thermal
comfort, it is necessary to find the surface setpoint that maximizes the decrease in heating
load while minimizing the reduction in the ratio of the time of thermal comfort. Based
on Figure 19, the setpoint can be estimated by comprehensively considering the heating
load and thermal comfort. Up to a setpoint of 26 °C, the reduction in the ratio of time
for thermal comfort in the glass zone and room zone was not large, and the heating load
was improved.

5. Conclusions and Discussion

This study evaluated the effectiveness of the heated window heating system in a typical
residential building in South Korea. This study compared the heating load and thermal
comfort of three different heating system types (i.e., radiant floor, heated window, and
hybrid heating systems) in the Gangneung location, South Korea. The surface temperature
variations of the heated window were investigated to determine appropriate setpoint
temperatures regarding indoor thermal comfort and energy consumption.

The compared results of heating loads for each heating system indicated that applying
the heated window heating method decreased the peak and cumulative heating load. The
window surface was heated by the heated window system, which caused an increase in
the surface temperature of the glass. Theoretically, if the indoor surface temperature of the
heated window system is higher than the indoor air temperature, the heat loss through the
window is zero, which is advantageous regarding the heating load.

195



Energies 2023, 16, 1481

Compared to the heating load for radiant floor heating, the heating reductions were
about 34.40% (ground floor: 3.73%, typical floor: 35.06%) and 59.05% (ground floor: 60.32%,
typical floor: 57.79%) for the heated window and hybrid heating systems, respectively. In
addition, the ratios of time for thermal comfort in the glass zone and room zone were 72.45%
(ground floor: 74.77%, typical floor: 70.12%) for radiant floor heating, 81.54% (ground
floor: 83.79%, typical floor: 79.29%) for heated window heating, and 77.51% (ground floor:
80.29%, typical floor: 74.73%) for hybrid heating.

Such results demonstrated that the heated window heating system could present
better performance compared to the existing radiant floor heating method regarding the
heating load and thermal comfort. However, because the floor surface temperature was
lower under the heated window heating system than in the radiant floor heating system,
the hybrid heating system is more suitable for residential household types in South Korea.

A suitable control method and setpoint were estimated by evaluating the heating load
and thermal comfort according to the control method in the hybrid heating system. The
annual heating load was the lowest when the heated window surface temperature was set
to 30 ◦C. However, operating at a surface temperature of 30 ◦C caused the indoor space
to overheat, which was disadvantageous in terms of indoor thermal comfort levels. In
the case of the air temperature being set to 22 ◦C, the time ratio for the indoor thermal
comfort increased when compared with the surface temperature control. However, by
comprehensively considering the heating load and thermal comfort to estimate the control
method and setpoint, the heating load and thermal comfort levels were enhanced when the
heated window surface temperature was controlled to 26 ◦C.

This study has proved the effectiveness of the heated window systems as a building
heating appliance. Although the thermal insulation performance of windows has substan-
tially improved, the windows continue to be a thermally weak component of the building
envelope. Heat loss and condensation occur in thermally inefficient windows, and cold
drafts can affect the occupant’s thermal comfort. Hence, adding a heating functionality to
these windows should not only prevent condensation and improve thermal comfort, but
can also make them applicable to indoor heating. It was confirmed that the control of the
heated windows for the thermal comfort of occupants close to the heated windows could
adversely affect the thermal comfort of occupants far from the heated windows. In addition,
the optimal setpoint temperature for the thermal comfort and energy performance under
the conditions of this study (i.e., type of building, the region and the climate, internal gain,
thermal insulation performance of building element) was also proposed. However, since
the building model and area for evaluation of usefulness was limited to one, additional
research is needed to generalize the optimal setpoint temperature.

This study used a heating load to assess the effectiveness of heated windows as an
index. The primary energy consumption and carbon emissions can vary according to the
energy source of the heating system (electricity, gas, etc.). Furthermore, because this study
only utilized simulation-based analysis, future work should include experimental analysis
and evaluation through full-scale mock-ups and their application in a practical manner.
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Abstract: (1) Background: The embodied energy of building materials is a significant contributor to
climate change, in tandem with the energy use intensity (EUI). Yet, studies on the material impacts
of European retail buildings, namely with relation to EUI, are missing. Hence, this study set out to:
(i) evaluate the embodied energy and carbon emissions for a European retail building; (ii) quantify the
material flow in terms of mass; (iii) compare the embodied aspects to the operational EUI and carbon
use intensity (CUI); (iv) assess building materials with higher impacts; and (v) investigate strategies
to mitigate materials’ impacts. (2) Methods: A Portuguese retail building was selected as a case
study. A simplified LCA method was followed (cradle-to-gate), analysing the shell building materials
in terms of primary energy demand and global warming potential. (3) Results: the embodied
energy represented 32% of total lifecycle energy while the embodied carbon represented 94%. EUI
was 1×kWh/m2/y while CUI was 21 kg CO2eq/m2/y. The embodied energy was 4248 kWh/m2,
and the embodied carbon was 1689 kg CO2eq/m2. Cement mortar, steel, concrete, and extruded
polystyrene were the most intensive materials. (4) Conclusions: The embodied impacts of the analysed
store could decrease by choosing stone wool sandwich panels for the facades instead of extruded
polystyrene panels and roof systems with metal sheet coverings instead of bitumen materials.

Keywords: retail buildings; building shell; environmental impact; embodied energy; primary energy;
GHG emissions; GWP; LCA

1. Introduction

Buildings are the largest materials consumers in Europe, representing 50% of all
extracted materials, 42% of the final energy consumption, 35% of greenhouse gas (GHG)
emissions and 32% of waste flow [1]. GHG emissions are transversal to all aspects of
the construction industry [2]. There is now robust evidence that the embodied energy of
building materials is a significant contributor to climate change [3], in tandem with the
consumption of energy in buildings during the operational stage [4,5]. In this context,
the choice of building materials is of the utmost importance, not only because of the
embodied impacts they entail, but also because they can determine lifelong profiles of
energy use intensities (EUI) in buildings [3], especially regarding building envelopes. The
life cycle assessment (LCA) is a preferable tool that assists in assessing the environmental
impacts of building materials. It is encouraged to promote sustainable design, namely
in building sustainability assessment (BSA) methods, such as LEED or BREEAM [6,7].
The European Commission has also acknowledged the importance of LCA to estimate
potential environmental impacts in buildings, and as a result, CEN TC 350 was mandated
for the development of standards for the sustainability assessment of construction works [1].
Subsequently, the European Commission has launched research projects to analyse the
performance of residential and office buildings according to resource use, benchmarking
it against the standard and best practices, to develop an LCA model for these types of
buildings [1,8].
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Nonetheless, retail buildings are often disregarded from such studies. However, retail
buildings in particular have one of the highest EUI [9], which makes them an important
sector to target towards reducing carbon emissions and supporting the transition to a
competitive low-carbon economy [10]. Furthermore, retail is a particularly intensive sector
in terms of direct emissions, mostly due to refrigeration and HVAC systems. Since the oper-
ational energy of buildings is being pushed down by increasingly tighter regulations, such
as the Energy Performance of Buildings Directive [11], the embodied aspects of building
materials are increasingly important to reduce environmental impacts in the construction
industry [1]. It is therefore necessary to systematically assess the environmental impacts of
retail buildings through LCA methods, as to support decision making towards building
material choices that mitigate impacts, while delivering equivalent performance.

The literature review has retrieved several LCA studies that assess the environmental
impact of buildings, mostly office buildings [12–15], residential buildings [16–21], or a mix
of both [5]. These studies aimed mainly at identifying the impacts of building materials
and understanding the relationship between embodied energy, and operational energy and
quantified them with different results. Even though these studies do not relate to retail
buildings, they nonetheless offer a methodology that can be transposed to this building
typology, and results, namely by impact per group of material, that can be used to assess
differences and similarities between several building types. Most authors agree on typical
material groups where impacts are higher, as well as on the growing importance of the
embodied aspects of building materials in terms of energy and carbon emissions. In that
sense, Ramesh et al. [5] pointed out that operating effects were responsible for 80–90%
of the impacts, against 10–20% for embodied effects. Kofoworola and Gheewala [22]
suggested that the operational energy was 52% of total life-cycle impacts, despite the
importance of steel and concrete regarding most of the embodied environmental impacts;
Karimpour et al. [20] proposed that in milder regions, embodied energy could represent up
to 25–35% of the total life cycle energy. Thormark [19] demonstrated that, for low energy
buildings, 40–60% of total life cycle energy was embodied energy, and Gustavsson and
Joelsson [23] argued that with increased efficiency in operational energy and effectiveness
of insulation materials, embodied energy was becoming a significant factor in life cycle
energy, representing 45% in conventional residential buildings and up to 60% in low energy
buildings. Other authors corroborate the opinion that embodied energy is increasingly
more significant [20,24–26], reaffirming the need to balance the performance of buildings in
terms of both embodied and operational aspects to mitigate global environmental impacts.

Inversely, studies referring to these aspects is that retail buildings are scarce. Very few
studies have addressed the embodied and operational energy in commercial buildings,
and in particular, in retail buildings: Ooteghem and Xu [27] studied structural and enve-
lope building materials in a single-story retail unit in Canada from an LCA perspective.
Chau et al. [28] investigated the environmental impact of building materials for commer-
cial buildings in Hong Kong (in which retail buildings were included). Cinneli et al. [29]
examined the embodied energy contents of materials in a commercial building in Canada.
Khoa et al. [30] assessed the life cycle greenhouse gas emissions for several typical com-
mercial building fabrics in Australia, and Luo et al. [31] quantified the embodied carbon
emissions of building materials in residential, office, and commercial buildings in China.
These studies are too limited in number to provide approximate threshold levels that could
be used to compare, for instance, the percentage of embodied aspects of building materials
in terms of energy and carbon emissions vs. the percentage of energy used during the
operational stage, throughout the building life cycle. They represent a small fraction of
LCA knowledge concerning the impacts of retail buildings, since they vary in location,
scope, and systems boundaries. In effect, the literature review confirmed that current
knowledge about the impacts of embodied and operational energy in retail buildings is
extremely limited, which is evidence of the gap in knowledge this study intends to ad-
dress. Hence, this research intends to assess the embodied aspects of building materials
in terms of energy and carbon emissions for a retail building in Portugal. In addition, it

200



Energies 2023, 16, 378

intends to compare the embodied energy and carbon emission aspects to the energy and
carbon emissions consumed and produced during store operation. This quantification is
in line with the studies previously mentioned for residential and office buildings and is
essential to discern mitigation strategies that can be of use to reduce the environmental
impact of retail buildings. The need for applied research on the subject of material impacts
in retail buildings via the investigation of case studies has been identified by Omer and
Noguchi, Cabeza et al. [4,24] and van Ooteghem and Xu [27]. On this matter, van Ooteghem
and Xu [27] stated that the life cycle environmental impacts of retail buildings have been
largely neglected and called for more investigation in this area since retail buildings have
unique characteristics when compared to office and residential buildings that need special
attention, namely their higher EUI in the operational stage.

Out of the few studies that addressed retail buildings, none addressed aspects related
to the shell of these buildings, namely sandwich panels in facades, which is one of the
most common wall solutions of recent standalone retail buildings in Europe. This is
another gap in knowledge that this study will address. Van Ooteghem and Xu [27] studied
the embodied impacts of steel building systems and of roofs in single-story commercial
buildings in Canada. Wall systems, such as those identified in the present research, were not
addressed. Khoa et al. [30] assessed four typical commercial building fabrics in Australia,
leaving out sandwich panels in facades. Likewise, Luo et al. [31] and Chau et al. [28]
calculated the carbon emissions of the most used materials in retail buildings in China
and Hong Kong. However, these studies considered building solutions based on their
geographic location, which may not be similar to those often used in European countries.
Concrete blocks and bricks, for instance, were the most used construction materials for walls
in the literature review. Contemporary retail buildings in west European countries tend to
have an envelope made of a cladding wall system or simply of sandwich panels juxtaposed
to an auxiliary structure. Thermal performance is currently of the utmost importance
in Europe, due to climate change regulation. For that matter, studies on the thermal
performance of retail buildings were also researched, particularly of extruded polystyrene
as a material frequently used in retail building envelopes. Some of the retrieved studies
explored the embodied energy of this type of material [32–34], but not the role it played in
retail buildings’ life cycle energy.

Hence, this study’s major contributions can be summarized as follows: (i) to evaluate
the embodied energy and carbon emissions for a typical contemporary European retail
building, namely regarding its shell; (ii) to quantify the material flow of the shell materials
in terms of mass (kg/m2 of sales area); (iii) to compare the embodied impacts to the energy
and carbon emissions consumed and produced during store operation, over the building
life cycle (estimated in 50 years); (iv) to assess which typical building material impacts are
higher; and (v) to investigate strategies that can be used to mitigate materials’ impacts in
retail buildings, while delivering equivalent technical performance.

As the choice of building solutions, as well as the performance of envelope materials,
depends on the climatic conditions where buildings are located, a European retail building
in a Mediterranean Climate was selected as a case study. To evaluate the building’s
environmental impact in a rapid way, a simplified LCA method with a defined system
boundary is suggested. For the present study, impacts were assessed during the material
production stage (cradle-to-gate), excluding the transportation and construction stage.

2. Materials and Methods
2.1. Case Study Description

A retail store located in Loulé, Algarve, Portugal (Figure 1), was selected as a case study
for the analysis of the impacts of shell building material elements in terms of embodied
energy and GHG emissions. The selected store is part of a top global do-it-yourself (DIY)
retail group in terms of revenue [35], with stores in Europe, America, and Asia.

201



Energies 2023, 16, 378

Energies 2023, 15, x FOR PEER REVIEW 4 of 28 
 

 

2. Materials and Methods 
2.1. Case Study Description 

A retail store located in Loulé, Algarve, Portugal (Figure 1), was selected as a case 
study for the analysis of the impacts of shell building material elements in terms of 
embodied energy and GHG emissions. The selected store is part of a top global do-it-
yourself (DIY) retail group in terms of revenue [35], with stores in Europe, America, and 
Asia. 

 
Figure 1. Approximate location of the retail store in Algarve, Portugal. 

This store was selected as a case study because it is one of the group’s most recent 
stores in Portugal (opened in 2017), with enough years in operation to collect data from 
energy bills. 

The case study consists of a building located on a southeast slope, with two ventilated 
underground parking floors, plus the sales area floor, a mezzanine for staff facilities, and 
a roof with limited access, where photovoltaic (PV) panels are installed to produce green 
electricity (Figure 2). 

 
Figure 2. Front facade and roof with photovoltaic panels of the case study store in Algarve, Portugal. 

Figure 1. Approximate location of the retail store in Algarve, Portugal.

This store was selected as a case study because it is one of the group’s most recent
stores in Portugal (opened in 2017), with enough years in operation to collect data from
energy bills.

The case study consists of a building located on a southeast slope, with two ventilated
underground parking floors, plus the sales area floor, a mezzanine for staff facilities, and
a roof with limited access, where photovoltaic (PV) panels are installed to produce green
electricity (Figure 2).
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The retail building has a total gross floor area of 16,473 m2 and a sales area of 9556 m2

(Figure 3). The main facade of the building is opaque, and the window-to-wall ratio is
about 5%, with southeast exposure (Figure 4).
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The store is open 12 h per day, seven days per week. According to the Köppen Climate
Classification, subtype for this climate is “Csa” or Mediterranean Climate. The warmest
month, on average, is July, with an average temperature of 29 ◦C (minimum temperature
of 21 ◦C and maximum temperature of 32 ◦C). The coolest month on average is January,
with an average temperature of 16 ◦C (minimum temperature of 13 ◦C and maximum
temperature of 22 ◦C). The selected case study is a typical big-box nonfood store. It is
representative of a large nonfood store from an international retailer in Portugal due to
its peripheral urban location, store size (<9000 m2 in sales area), and store layout. The
choice of building solutions and building materials is also typical of retail buildings: the
superstructural elements of the underground floors are made of concrete, while those of
the sales floor are made of a conventional hot-rolled steel structure. The facades comprise
sandwich panels, while the roof comprises ceramic blocks covered by rock wool and a
flexible waterproofing bitumen membrane (Table 1).
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Figure 4. Case study’s building modelling in software REVIT® with shell building material specifications.

Table 1. Building materials used in the envelope of the case study.

Energy Consumption per Building System

HVAC 17%
Lighting 41%

Equipment (elevators and escalators) 42%

Total annual energy consumption

In terms of equipment, the store has LED lighting, two elevators, and two escalators.
The HVAC systems comprise three heat pump packaged rooftop units for the sales area
and a VRF system for the staff rooms. The breakdown of the annual energy consumption
of the main building systems is indicated in Table 2.

Table 2. Breakdown of the annual energy consumption of the case study’s main building systems.

Envelope Element Building Element Detailed Composition Building Element Abbreviation

Walls
Exterior wall in white colour composed by rigid

polyurethane foam (PUR) sandwich panels (6 cm
thickness and a density of 35–50 kg/m3)

6 cm thick sandwich panels in rigid
polyurethane foam (PUR)

Roofs

The roof is 34 cm thick, the external surface is white
and has the following composition (from the interior
to the exterior: (i) lightweight ceramic pot (2 rows of
holes) and beam slab (total thickness of 23′cm and
thermal resistance = 0.23 m2◦C/ W); (ii) rock wool

(density= 35–100 kg/m3, 10 cm thickness, and
thermal resistance=2.50 m2◦C/W); and (iii) flexible

waterproofing membrane impregnated with
bitumen (1 cm thickness)

flexible waterproofing bitumen
membrane 1 cm + rock wool 10 cm +
lightweight pot and beam slab 23 cm

2.2. Methodology

The data required to conduct this study were obtained from different sources: (i) the
retail group’s technical department provided the building’s projects, bills of quantities
for all building services, winning contractor’s bid, and energy bills of the store; (ii) the
worksheet, where the weights of building materials were inserted to calculate the total
mass of building elements, was downloaded from Level(s), an European Union volun-
tary BSA framework [37]; (iii) the weights of building materials were estimated based
on published trade literature, product technical datasheets and catalogues; and (iv) the
impacts of building materials were calculated in SimaPro version 9.0.0.48 software, based
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on Ecoinvent version 3 database, according to the Cumulative Energy Demand (LHV)
V1.00 methodology.

Hence, six main steps were considered in this study to calculate the impacts of shell
building materials of a retail store (Figure 5).
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Figure 5. Methodology flow chart.

In step 1, analysis of the costliest building works, the cost of each building system
based on the contractor’s winning bid was evaluated (Figure 6 and Table S1), to determine
the most expensive building works. As retailers value cost structure in their investments
and prioritize decision making according to potential financial gain [38], shell elements
were selected to conduct the present assessment, representing more than half of the total
construction cost, and therefore were chosen to perform the present LCA. Shell elements
were also selected for having a similar lifetime in years to that of the building (50), with
low replacement factors.

In step 2, bill of quantities (BoQ) input, the bill of quantities for shell elements based on
the contractor’s winning bid was transposed to a Level(s) excel file and organized according
to the main building parts proposed by the Level(s) template (Table A1 in Appendix A).
Weights were assigned to building elements’ materials according to a conversion factor
(kg/unit). The percentage of weight split by material type was also indicated in this excel
file, as well as the assumed building lifetime (considered 50 years in the present case study)
and the replacement factor of each building component (Table A2 in Appendix B).
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Figure 6. Cost disaggregation by the percentage of the cost of building system for the case study store.

In step 3, bill of materials (BoM) output, the breakdown of the total weight in tons and
in the percentage of each material type was calculated (Table 3). Since Level(s) bundles
insulation materials into one category and ceramic materials into the category “concrete,
brick, tile, natural stone, ceramic”, a further breakdown of these two categories was
performed. Hence, insulation materials were split into extruded polystyrene and stone
wool, and ceramic materials were split into round gravel, concrete block, cement mortar,
screed, crushed limestone, ceramic tile, and concrete.

Table 3. Bill of materials output regarding shell building elements by material type in terms of total
weight and percentage of weight.

Material Type Breakdown Material Total (t) Material Total (%)

Glass 0.37 0.00%
Plastic 2.19 0.01%

Bituminous mixtures 86.02 0.20%
Metals 2320.69 5.50%

Electrical and electronic equipment 70 0.17%
Concrete, brick, tile, natural stone, ceramic 39,415.43 93.44%

Round gravel 3.74 0.01%
Concrete block 1509.3 3.58%
Cement mortar 56.08 0.13%

Screed 326.98 0.78%
Crushed limestone 7154.82 16.96%

Ceramic tile 1.38 0.00%
Reinforced concrete 30,363.13 71.98%
Insulation materials 289.61 0.69%

Rock wool 167.93 0.40%
Extruded polystyrene 121.67 0.29%

Combined total * 42,184.31 100.00%
* Material flow: 4414,43 Kg/m2 (building floor area of 9556 m2).

In step 4, environmental impact assessment, the impact categories of shell materials in
terms of primary energy demand (PE) and global warming potential (GWP) in kg CO2 eq
were calculated in SimaPro 9.0.0.48 software, as a preferable life-cycle assessment tool [30].
The inventory dataset chosen to evaluate the life cycle impacts of the selected case study
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was Ecoinvent version 3. European averages of the Ecoinvent database inventory were
selected for materials’ impact calculation, and where these were not available, rest-of-the-
world values were considered. System boundaries were delimited by the production and
transportation of materials to the marketplace (cradle-to-gate). All other lifecycle stages
were excluded from this study, namely the construction and transportation stages. One
kg of material was selected as a declared unit. Primary energy demand was calculated
according to the cumulative energy demand (LHV) V1.00 methodology and expressed in
MJ, and later converted to kWh. GWP was calculated according to the IPCC 2013 GWP 100a
V1.03 methodology and expressed in kg CO2 eq. These impact categories were selected
to provide comparison to familiar metrics for retailers in terms of energy use during the
operation stage, namely, to compare material impacts results to EUI values and carbon use
intensity (CUI) values (Table 4). Hence, to analyse further total impacts’ results, they were
normalized per m2 of sales area of the building, which gave rise to the indicators embodied
energy intensity (EEI) kWh/m2 and embodied carbon intensity (ECI) in kg CO2 eq /m2.

Table 4. Impact categories of shell building elements by material type in terms of primary energy
demand (in MJ and kWh) and GWP (in kg CO2 eq).

Impact Category * Energy (MJ) Energy (kWh) % IPCC GWP 100a
(kg CO2 eq) %

Concrete, brick, tile, natural stone,
ceramic

Gravel, round {RoW}| market for gravel,
round|Cut-off, S 656 182 0% 44 0%

Concrete block {GLO}| market
for|Cut-off, S 1,222,540 339,594 1% 135,314 1%

Cement mortar {RoW}| market for
cement mortar|Cut-off, S 61,511,953 17,086,654 42% 8,178,828 51%

Screed total amount 485,943 134,984 0% 62,547 0%
Limestone, crushed, washed {RoW}|

market for limestone, crushed,
washed|Cut-off, S

582,959 161,933 0% 39,466 0%

Ceramic tile {GLO}| market for|Cut-off,
S 16,250 4514 0% 1130 0%

Concrete 20,014,386 5,559,552 14% 2,774,402 17%
Glass 0% 0%
Plastic 0% 0%

Acrylic varnish, without water, in 87.5%
solution state {RoW}| market for acrylic
varnish, without water, in 87.5% solution

state|Cut-off, S

66,874 18,576 0% 4249 0%

Polycarbonate {GLO}| market
for|Cut-off, S 79,777 22,160 0% 6558 0%

Bituminous mixtures 0% 0%
Bitumen adhesive compound, hot

{GLO}| market for|Cut-off, S 4,519,716 1,255,477 3% 43,842 0%

Metals 0% 0%
Reinforcing steel {GLO}| market

for|Cut-off, S 57,631,652 16,008,792 39% 4,893,783 30%

Insulation materials * 0% 0%
Stone wool, packed {GLO}| market for

stone wool, packed|Cut-off, S 3,021,457 839,294 2% 226,984 1%

Polystyrene, extruded {GLO}| market
for|Cut-off, S 11,559,108 3,210,863 8% 1,176,143 7%

Total 146,132,705 40,592,419 16,140,162.98

* SimaPro 9.0.0.48 software, EcoInvent database, Method: cumulative energy demand (LHV) V1.00 and IPCC 2013
GWP 100a V1.03.
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In step 5, energy bills analysis, the energy bills of the store were collected from the
year 2021, and data regarding the annual values of energy consumption and correspondent
GHG emissions were gathered from the bills (Table 5). Normalizing annual energy con-
sumption and GHG emissions per m2 of sales area obtained EUI and CUI values for the
case study store. As the store produces solar energy locally (64% of the total energy con-
sumption), the store’s EUI was calculated assuming that the energy bills represented 36%
of the total operational energy. GHG emissions related to the production and installation of
the PV panels were accounted for at 38 g CO2eq/kWh [39]. Annual fugitive GHG emissions
from HVAC systems were considered null in the present study since up to 2022, and there
were no gas leakages in this store. This may be due to proper maintenance, or because the
HVAC system is still relatively new. Nonetheless, it is possible that gas leakages may occur
in the future. The gas load of HVAC equipment is described in Table 5. To compare the
percentage of lifecycle energy and GHG emissions in terms of EEI/EUI and ECI/CUI, a
static approach was considered within the defined system boundaries, in which values are
set without analysing their variation over time [40].

Table 5. Annual energy consumption and related GHG emissions according to the store’s energy bills.

Energy Bill Month Energy (kWh) GHG Emissions (kg CO2 eq)

Jan/21 9736 66,619
Feb/21 15,121 50,634
Mar/21 10,955 36,684
Apr/21 11,802 39,518
May/21 9101 33,723
Jun/21 11,727 43,456
Jul/21 11,909 44,130

Aug/21 14,755 54,674
Sep/21 14,832 51,815
Oct/21 15,415 53,850
Nov/21 14,470 50,551
Dec/21 17,106 59,758

43,183 *

Total 156,930 628,595 **
* GHG emissions from production stage of the installed PV panels (38 g CO2 eq/kWh according

to the PV supplier)
** HVAC systems did not have any leakages thus far. Their gas load is the following:

Heat pump packaged rooftop unit 1 79,340
Heat pump packaged rooftop unit 2 79,340
Heat pump packaged rooftop unit 3 22,970

VRF system 41,550

In step 6, retailers desk research, the top 30 global retailers most recent sustainability
reports [41] were analysed to assess strategies they use to mitigate the impacts of building
materials in their stores.

In the Conclusion section, the main findings of the environmental impacts of shell
elements for retail buildings in terms of embodied energy and GHG emissions are described,
as well as suggestions for future studies.

3. Results

The case study’s bill of quantities based on the winning contractor’s bid was analysed
to assess which building system weighted the most in terms of cost (Figure 6). The costliest
building systems were superstructure, general construction works, and electrical works.

Shell elements (general construction works, superstructure, and lifts and escalators)
represented 67% of the total construction cost, while core elements represented 29% and
external works 3%. When looking at shell elements in detail, to identify the costliest build-
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ing components, concrete superstructure (31%), steel superstructure (19%) and locksmiths
(15%) were the most expensive elements (Table S1).

In Table 3, the total weight of materials by material is presented. Overall, reinforced
concrete was the material with the highest weight (72%), followed by crushed limestone
(17%) and steel (5.5%).

In Table 4, the results of the SimaPro analysis are presented in terms of the materials’
primary energy (in MJ and kWh) and GWP (in CO2 eq). Cement mortar is the material
with the highest embodied energy (42%) and GWP (51%), followed by steel (39% and 30%,
respectively) and concrete (14% and 17%, respectively). Extruded polystyrene, which is the
main material of façade sandwich panels, accounted for 8% of primary energy and 7% of
GWP, whereas its contribution in weight was 0.29%. Stone wool and extruded polystyrene,
as insulation materials, have important differences in their impacts, as the contribution of
roofing stone wool in terms of primary energy was 2% and of GWP was 1%.

In Table 5, the store’s annual energy consumption and GHG emissions are presented.
The EEI of the analysed store is 4248 kWh/m2, and the ECI is 1689 CO2 eq/m2, whereas
the annual EUI is 180 kWh//m2/y and annual CUI is 21 kg CO2 eq/m2/y.

Correspondingly, the operational energy represents 68% of the projected life cycle
energy, whereas the embodied energy represents around 32%. Moreso, the GHG emissions
in the operation stage represent 6% of the projected life cycle emissions, whereas those
embodied in building materials represent 94%.

4. Discussion

By assessing the impacts of materials in retails stores, it is possible to determine the
contribution of design choices in terms of environmental impact over the building life cycle,
which would remain undisclosed if not for LCA accounting methods. Such information
would support designers, project teams, retail owners and developers in the decision-
making process of the design and refurbishment of existing retail stores. Therefore, in the
Discussion section, we intend to address the results obtained for each of our research goals,
which are presented in the following subsections.

4.1. Embodied vs. Operational Energy and Carbon Emissions

The results of the present study indicate that according to the system boundaries
defined for the analysed case study, the impacts of shell building materials in terms
of primary energy demand (thereby referred to as embodied energy) represent 32% of
total life cycle energy, whereas the impacts of shell building materials in terms of GWP
(thereby referred to as embodied carbon) represent 94%. Inversely, 68% of life cycle energy
and 6% of GHG emissions occur in the operation stage of the building. This corroborates
the growing importance of embodied energy in building materials pointed out by other
authors [20,23–26], as energy efficiency measures and more efficient building envelopes
minimize the annual energy consumption during the operational stage. With relation to the
literature review, the findings to this study corroborate the findings of Karimpour et al. [20]
that argued that in milder regions, embodied energy could represent up to 35% of the
total life cycle energy, of Bribián et al. [40], according to which the proportion of embodied
energy in conventional buildings is of up to 38%, and of Kofoworola and Gheewala [22]
that placed operational energy at 52% of total life cycle impacts, despite the importance
of steel and concrete in embodied impacts. It is expected that with regulations on energy
efficiency, namely the European Energy Performance of Building Directive (EPBD) [11]
and the Energy Efficiency Directive [42], Member States will push towards highly energy-
efficient and decarbonized buildings, as measures to mitigate climate change by 2050 [10].
Thus, the amount of embodied energy in buildings is likely to increase, especially in
low energy buildings, at about 40–60% of total embodied life cycle energy, as defended
by Thormark [19] and Gustavsson and Joelsson [23]. In the case of retail buildings, the
ratio of operational energy versus embodied energy tends to be higher than in other
building typologies, as retail EUI values in the operation stage are three to five times higher
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than those of office and residential buildings. Nonetheless, in retail buildings, the ratio
of embodied energy is likely to augment as EUI average values have decreased in the
retail sector over the past decade [43], and thus is the ratio of GHG emissions, with the
increasingly more popular local production of renewable energy in retail stores.

In the analysed store, EUI was found at 180 kWh/m2/y, which is 20% below the aver-
age for non-food retailers mentioned in the literature [44]. The CUI was 21 kg CO2 eq/m2/y,
which is a top performance result based on the literature benchmarks for retail build-
ings [44]. The CIU of the analysed store is very low since 64% of the store’s energy
consumption is produced by PV panels installed onsite, which means there are no carbon
emissions involved for all the energy produced on site. In addition, about half of the
purchased grid energy was produced from renewable sources. Thus, with the increasing
penetration of renewable energy in the market, minimizing the total energy consumption
in retail buildings during the operation stage is more challenging than minimizing carbon
emissions from energy consumption. From the analysed case study, with locally produced
PV energy and with proper maintenance of HVAC systems, annual GHG emissions derived
from the operation stage can be drastically reduced. Hence, it is apparently easier for
retailers to find strategies to reduce energy consumption and carbon emissions during the
operational stage than to mitigate the embodied energy and carbon emissions in buildings,
mostly because of the lack of knowledge regarding the environmental impacts of building
materials, a gap in knowledge which this study addressed as a research goal.

For instance, most of the energy consumed in non-food retail buildings is for HVAC
systems [9], which makes the choice to use envelope building materials of retail buildings
of great importance. Envelope materials with high thermal resistance enable the reduction
of energy losses, as they function as powerful thermal insulators and therefore can reduce
internal heat gains, in turn leading to lower energy consumption in HVAC systems [30,45].
Nonetheless, different insulation materials with similar thermal resistance can have differ-
ent environmental impacts. In this sense, extruded polystyrene, the main material of the
sandwich panels used in this store, accounted for 8% of embodied energy and 7% of embod-
ied carbon, whereas rock wool used for roofing had significantly lower embodied energy
(2%) and embodied carbon (1%). These findings are similar to those of Bríbian et al. [40],
according to whom stone wool has a primary energy demand 4 times lower and a carbon
footprint 4.7 times lower than that of rigid polyurethane foam. Hence, when using low im-
pact materials, attention must be paid to their thermal characteristics and to their expected
lifetime to effectively reduce the total building′s life cycle impacts [24]. In the case of the
analysed store, material impacts could be reduced by using stone wool sandwich panels
for facades instead of extruded polystyrene panels, with similar thermal performance.

4.2. Quantification of Material Flow and Materials Intensity

The material flow of the analysed building was 4414 kg/m2. In terms of the total mass,
reinforced concrete (72%), crushed limestone (17%) and steel (5.5%) were found to be the
most significant materials. In terms of primary energy demand in kWh, cement mortar
(42%), steel (39%), concrete (14%), and extruded polystyrene (8%) were found to be the
most intensive materials. In terms of GWP in kg CO2 eq, these materials were also the
most intensive ones, accounting for 51%, 30%, 17% and 7% of GHG emissions, respectively.
These findings are in line with those of Cabeza et al. [24] for commercial buildings that
placed steel, cement, and sand as the materials with the largest contributors to embodied
energy due to their mass. Likewise, Chau et al. [28] placed concrete and rebar as the largest
contributors to total life cycle environmental impacts in a commercial building.

In the case of insulation materials, the findings of the present study also confirm
those of Chau et al. [28], in the sense that materials with little mass may have important
lifecycle impacts.

In relation to the total sales area, the EEI and ECI of shell elements were found to
be 4248 kWh/m2 and 1689 kg CO2 eq/m2, respectively. The breakdown of the most
relevant building materials’ impacts was the following: cement mortar 6437 kWh/m2
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and 856 kg CO2 eq/m2, steel 6031 kWh/m2 and 512 CO2 eq/m2, concrete 2094 kWh/m2

and 290 CO2 eq/m2, and extruded polystyrene 1210 kWh/m2 and 123 kg CO2 eq/m2.
Comparison of these values with other case studies found in the literature is difficult,
as studies vary according to building type, methodology, scope, and localization, as
stated by van Ooteghem and Xu [27]. In China, Luo et al. [31] obtained a material flow
of 494 kg CO2 eq/m2, ranking steel, concrete, and mortar as the most carbon-intensive
materials, which is in line with the findings of the present study. Nevertheless, the impact
of steel was 195.13 CO2 eq/m2, the impact of concrete was 105.05 CO2 eq/m2, and the
impact of mortar 58.05 CO2 eq/m2, which is significantly less than the results obtained in
the present case study. Nevertheless, for the analysed case study, the amount of concrete
is higher, as the store has two underground car parking floors. As for steel elements,
facades and roofing, the material quantities found in this store are similar to those of similar
standalone stores.

In Sri Lanka, Kumanayake et al. [46] obtained a material flow of 2318.27 kg/m2

for a commercial office building, and the embodied carbon in the material production
phase was 629.60 kg CO2 eq/m2. Reinforced steel, concrete and clay bricks were major
carbon-emitting materials. In Hong Kong, Chau et al. [28] concluded that concrete, steel,
plaster and render and screed were the main contributors to the total impact of commercial
buildings, in which concrete accounted for up to 28% of the total impact, rebar for up
to 22%, and plaster, render and screed for up to 15%.

Overall, there is a consensus in these studies that steel, cement, and concrete account
for the majority of environmental impacts at the manufacturing stage [24,30,40], which is
also in line with the findings of the present study.

4.3. Strategies to Mitigate Materials’ Impacts in Retail

Some of the solutions more frequently mentioned in the literature to mitigate life cycle
impacts of building materials are [20,46]: (i) to reduce quantities of materials, (ii) to incor-
porate lower carbon intensity materials in concrete, (iii) to promote the use of low-carbon
materials, (iv) to use recycled materials and (v) to favour materials with environmental la-
belling (e.g., Environmental Product Declarations (EPD)). Nonetheless, not all solutions can
be performed in the retail sector. For instance, some strategies to mitigate environmental
impacts must be operated during material production processes. The embodied impacts of
concrete could decrease by a more eco-efficient production of clinker, the use of alternative
fuels in the cement industry, the use of different types of cement waste, and the use of
lime mortars instead of cement mortars [40]. The mitigation strategies that can be more
sustainable for retail buildings are described in the next subsections. Some retailers already
mentioned them in their sustainability reports, with varying degrees of implementation.

4.3.1. Use of Low Environmental Impact Materials

Wood is acclaimed as a viable construction material for superstructures by many
authors, as it is almost carbon neutral [3,31,40,47]. According to Le et al. [30], structures
that combine timber with other materials have fewer impacts than those using metal,
brick, or concrete. Wooden structures have been used sparsely in retail, creating a build-
ing visually lighter, adaptable, and recyclable. Some retailers’ green building concepts
include the use of organic building materials, namely wood for structural frames, front
facades and, in many cases, the roof shell. Light steel framing has also been identified
as a promising structure due to it being lightweight and for allowing for increased floor
area [31]. The replacement of limestone-based clinker in Portland cement by supplementary
cementitious materials (namely fly ash, granulated blast-furnace slag, and calcined clay)
is suggested by Rissman et al. [47] as a way to reduce the amount of cement needed in
concrete. The replacement of conventional insulation with natural materials such as cork,
wood fibre and sheep’s wool, or with recycled materials such as cellulose fibre, is sug-
gested by Bribián et al. [40], which further points to the difficulty in recycling polystyrene
or polyurethane at their current assemblage process, thus stressing the need to design for
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disassembly. Other solutions that minimize the impact of building materials mentioned
in the literature include the substitution of ceramic tiles by light clay or silica-calcareous
bricks [40], or the replacement of concrete by unfired bricks and stone [26].

In a general way, the use of environmentally friendly and recyclable materials is
commonly highlighted by retailers in their sustainability reports, namely the use of recycled
asphalt with recycled aggregate as a base material used in parking lots, the use of resources
sparingly and the increased amount of recycled and sustainable materials employed in the
construction of stores, or the use of prefabricated structural steel systems in new stores
made of up to 80% of recycled content. The diversion of construction waste from landfill by
recycling eligible roof membranes and metal fixtures was also reported by retailers, as well
as the reuse of shelving fixtures and chiller cases, and of steel frames and sashes, to reduce
construction waste. These actions support the findings of Bribián et al. [40] in identifying
the recycling of building materials as essential to reduce the embodied energy in buildings.
According to Bribián et al. [40], the use of recycled metal in structural elements can provide
savings of more than 50% in terms of embodied energy.

4.3.2. Optimized Design

As superstructure materials represent most of the embodied energy and carbon in
buildings, largely due to their weight, the design optimization of structural elements is
of the utmost importance to minimize embodied impacts. The use of bolted connections
in conventional hot-rolled steel structures is also a good practice to allow for design for
disassembly [27]. Nevertheless, despite the importance of steel and concrete in the total
lifecycle impacts of buildings, the optimization of other shell elements such as window
area, insulation level and concrete flooring, is also important [20]. Material efficiency in
design also includes the reduction of material waste, the improvement of the durability
of buildings, their reusability, ease of refurbishment, and towards the end of their life-
cycle, their recyclability [47]. The promotion of optimized design principles is apparent
in retail buildings, including modular design, reversible attachments, material standard-
ization, and the use of prefabricated elements. These strategies are mentioned in some
retailers’ sustainability reports (dataset 1), although the extension of its use in retail stores
remains undisclosed.

4.3.3. Use of BSA Tools

BSA methods help stakeholders quantify the environmental impact of buildings,
namely in terms of material choice. The growth of guidelines in BSA methods addressing
waste efficiency, as well as the quantification of the embodied impacts of materials by LCA
approaches, corroborates the growing importance of building materials in sustainability
assessment [3]. The two most internationally used BSA methods, LEED and BREEAM [48],
have integrated several of the above-mentioned strategies to reduce the impacts of buildings
under their assessment processes. LEED [6] encourages the use of materials for which life
cycle information is available and that have environmentally, economically, and socially
preferable lifecycle impacts. These include the sourcing of raw materials (namely bio-
based materials, certified wood, salvaged or refurbished materials, and of recycled content
and locally sourced materials) and the careful choice of material ingredients (awarding
material ingredient reporting or optimization); BREEAM [7] encourages the reduction
of environmental and social impacts of buildings under a lifecycle approach, namely
through the conduction of an LCA study to assist in the selection of products with a low
environmental impact, ensuring that all lifecycle impacts are taken into account in the
design stage, and allowing optimal solutions to be identified and adopted early on. For
that purpose, BREEAM awards points to EPDs for the responsible sourcing of construction
products (with lower environmental, economic, and social impacts) and the design for
durability and material efficiency (encouraging the reuse of existing materials and the use of
materials with recycled content). The management of waste is also considered by BREEAM,
in promoting the reduction and diversion of waste to landfills during the construction
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and operational stage and the design for disassembly and adaptability. Nevertheless, BSA
methods in Europe and throughout the world are market oriented and national policy
driven, and in this sense, there is lack of an international standardized approach to measure
building sustainability [49]. This context has led the European Commission to launch
Level(s), as a voluntary sustainability reporting framework [48,50], with a set of indicators
and metrics that consider the full life cycle of the building. Level(s) can be used directly or
indirectly with other BSA methods, and therefore, the use of its bill of quantities template
file is encouraged (see Appendices A and B), as it facilitates the estimation of the weight
of materials used in new construction or refurbishing projects, which is fundamental for
LCA studies.

4.3.4. Applicability of Mitigation Strategies in Retail Buildings

The degree to which the described mitigation strategies varies within retailers may
be related to several different factors, mostly related to knowledge on the environmental
impact of building materials, maturity of alternative solutions in the construction industry,
and cost. Many retailers are owner-occupiers, and they are in the best position to make
long-term investment decisions about their buildings. They will tend to have a longer-term
perspective and stand to benefit directly from their material choices. This applies both
to new buildings and the refurbishment of existing ones. However, the limited mandate
time of a board of administration in a retail company (usually 3 to 4 years) contributes to a
greater focus and attraction on the short-term payback of the investments especially for
refurbishments, thus limiting the range of alternative solutions to be considered for the
buildings they use.

Developers are the primary players in commercial construction and can be speculative,
which frequently results in a short-term perspective on the buildings’ financial value.
Speculative developers will typically be interested in material and energy efficiency only if
it is a significant factor in the buying decision. This weakens the incentive for investments in
materials impact mitigation strategies. Whichever is the circumstance, too much importance
is placed on the initial investment required, rather than on life-cycle cost assessments and
return-on-investment calculations.

The main reasons for using mitigation strategies in retail buildings are perceived to
be long-term economic benefits, the availability of subsidies, image benefits, the desire to
reduce environmental impacts, and because of corporate social responsibility. On the other
hand, the most common barriers hindering retailers from deploying more mitigation strate-
gies in material choices are perceived high capital costs, long payback times, ignorance and
lack of knowledge regarding embodied impacts of building elements, a perception of risk
and that alternative solutions are unproven, incoherent policy, and planning constraints.

Some of the suggested mitigation strategies are easy to use and do not pose a risk on
retailers. If the use of wood in structural elements and light steel framing is too daring
for some building owners, increasing the quantity of recycled materials in buildings is
more feasible, namely in that of steel in structural elements, or that of recycled aggregates
in concrete and in paving solutions. Optimizing the design of structural elements and
designing for disassembly are also straightforward strategies to mitigate construction
impacts. Choosing materials with equivalent performance, but with minor impacts, could
also be easily achieved in retail. For instance, the embodied impacts of the materials of
the analysed store could be minimized by choosing stone wool sandwich panels for the
facades instead of extruded polystyrene panels and by choosing metal sheet coverings for
the roof system instead of bitumen materials.

Lastly, the use of BSA tools to support project design in retail buildings will assuredly
lead to better design choices, as most building sustainability aspects are covered by these
methods, including different levels of LCA studies.
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4.4. Implications

LCA studies can effectively assess the environmental performance of buildings and
identify improvement opportunities; this was evident in the assessment of the case study,
which identified materials that could be replaced for technically equivalent materials in
terms of thermal performance (e.g., rock wool instead of extruded polystyrene or coated
steel sheets instead of asphalt-based materials), at a fraction of the environmental impacts,
in turn validating LCA methods as useful tools for sustainable business management and
further encouraging its use.

Retail is a diverse but highly concentrated industry in terms of ownership and sales
and is composed of a very large number of participants. This level of concentration allows
for easier deployment of sustainable practices across the sector. In addition, the retail sector
is strategically positioned in the construction industry and can influence the supply stream
of materials used in this sector. Given that each studied retailer operates hundreds of
stores, results show a key potential to reduce the impacts of building materials in the retail
sector, in either new stores or refurbishing processes. Regarding the latter, there is a great
opportunity for material impact mitigation in the upkeep of existing retail stores, as the
embodied energy and carbon impacts of new structural elements could be avoided.

In addition, if core and external works’ elements were included in the present study,
the amount of embodied energy and embodied carbon would augment in proportion to op-
erational energy, which further reinforces the effort that should be made in material choice
at early design stages, to minimize total life cycle impacts. Accordingly, Chau et al. [28]
argue that the total impact of non-structural elements is 1.4–1.6 times that of structural
elements, since structural elements have no replacement factor, and core elements in retail
buildings can be renovated as often as every five years, depending on market demands [51].
As the frequent refurbishment cycles of retail stores, motivated mostly by competition
circumstances, lead to increased life cycle impacts in retail buildings [28], more attention
should be given to strategies that save material quantities, reduce the use of materials
with high energy and carbon intensities and promote the use of environmentally friendly
materials [46].

4.5. Limitations

This study analysed the impacts of shell building materials in a retail building. The
results of this study are approximate rather than precise since without EPDs, and impacts
can only be estimated using existing inventories that, on occasion, are difficult to adapt to
individual projects [40]. Inventory databases provide general values rather than specific,
regional context-adapted values.

In further studies, it is also necessary to analyse the impact of core and external
materials in the life cycle of retail buildings and to enlarge system boundaries to other
life cycle stages. Nonetheless, as pointed out by Hertwich et al. [52] and Pomponi and
Moncaster [3], an incomplete assessment is better than no assessment, and in the case of
retail buildings, preliminary studies are necessary, as current knowledge about the impacts
of materials is extremely limited [4,24].

Impacts in SimaPro software were calculated in terms of primary energy demand,
whereas the EUI of the store was calculated in terms of final energy. The current default
conversion coefficient is 2.1 in the European Union [53], which implies that for each unit
of electricity, 2.1 units of primary energy are required. This study did not provide direct
conversion of final energy into primary energy. Nevertheless, the values presented in
this study provide an original understanding of the need to reduce the embodied impacts
of materials at their initial lifecycle stages, since the tendency is for operational energy
to decrease.

5. Conclusions

This study set out to assess the embodied energy and carbon emissions for a typical
contemporary European retail building, while comparing it to the energy and carbon
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emissions consumed and produced during store operation, over the building life cycle,
which represents a significant contribution to the existing body of knowledge, as no such
studies were identified in the literature for European retail stores. In addition, this research
also suggests strategies that can be used to mitigate materials’ impacts in retail buildings in
a straightforward way, enhancing the study’s applicability.

The present study results place the embodied energy of a retail store in Portugal at 32%
of total life cycle energy and the embodied carbon at 94% of total life cycle carbon emissions.
EUI was found at 180 kWh/m2/y, which is 20% below the average for non-food retailers
found in previous research work. Likewise, the CUI was 21 kg CO2 eq/m2/y, which is a
top performance result. The CIU of the analysed store is very low since most of the store’s
energy consumption is produced by PV panels installed onsite. In addition, about half of
the purchased grid energy is produced from renewable sources. Thus, with the increasing
penetration of renewable energy in the market, the CUI derived from energy consumption
is likely to decrease, which reinforces the importance of building materials choice for the
overall life-cycle impact of the building.

In relation to the store’s sales area, the embodied energy was found to be 4248 kWh/m2

and the embodied carbon 1689 kg CO2 eq/m2. The most intensive energy and carbon
materials were cement mortar, steel, concrete, and extruded polystyrene. Embodied impacts
for the present case study could be minimized by choosing stone wool sandwich panels for
the facades instead of extruded polystyrene panels and by choosing metal sheet coverings
for the roof system instead of bitumen materials.

Easy solutions to reduce material impacts in retail buildings include increasing the
quantity of recycled materials in steel structural elements, in concrete and in paving
solutions. Optimizing the design of structural elements and designing for disassembly
are also straightforward strategies to mitigate construction impacts, as well as choosing
materials with equivalent performance but with minor impacts.

There is a great opportunity for material impact mitigation in the upkeep of existing
retail stores, especially in developed countries where the building stock is extensive, in-
cluding the extension of the lifetime of buildings. The embodied energy and carbon in
buildings could be drastically minimized in refurbishment processes, as the impacts of
new structural elements could be avoided. In addition, with tighter regulations on the
energy consumption of buildings, as set up by the EPBD, and in the emerging low-energy
building era, the embodied impacts of materials are increasingly important, as the results
suggest. Nevertheless, becoming carbon zero is easier to achieve in retail buildings, namely
through the onsite production of renewable energy and energy offsetting methods, than
becoming near zero energy, mainly due to the high EUI of the retail sector and extensive
operating hours.

Recommendations and Future Research

In further studies, it is necessary to analyse the impact of core and external works’
materials in the life cycle of retail buildings and to enlarge system boundaries to other
life-cycle stages, including demolition or refurbishment options. A pluralistic approach is a
key to the transition to a low-carbon built environment. In this sense, mitigation strategies
that include strong policy and regulation at a governmental level, namely carbon mitigation
offsets, emissions trading, carbon tax, carbon sequestration and decarbonization of the
energy grid should also be under debate. Tangible benefits of integrating LCA studies
in future building codes should also be considered, to accelerate the transition towards a
sustainable, low-carbon building sector.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/en16010378/s1, Table S1: Cost disaggregation by building com-
ponent for the case study store, based on the winning contractor’s bid.
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Appendix A

Table A1. Bill of quantities input of shell building elements for the analysed retail store, according to
level(s) template file.

Bill of Quantities Organised by the Main Building Parts and Elements Floor Area (m2) 9556.00

Tier 1
Building
Element

Tier 2 Building Element Tier 3 Building Element
Description of the

Product/Material Being
Purchased

Bill of
Quantities Unit

Conversion
Factor

(kg/Unit)
Total (kg) Cost

€/Unit Cost €/kg Total Cost
(EUR)

Shell roof Weatherproofing

roofing system: 0.75 mm metal

sheet, 150 kg/m3 rock wool
plates, waterproofing in 3 layers

of 4 kg/m2 asphalt membrane

9119 m2 25 227,975.00 34.45 1.38 314,149.55

Shell Roof Weatherproofing

waterproofing membrane in

polymer bitumen 3 kg/m2 and
fiberglass reinforcement,

polymer bitumen 4 kg/m2,
extruded polystyrene sheets

50 mm, synthetic fibre geotextile

blanket 150 g/m2, pebble

78 m2 56.65 4418.70 35.25 0.62 2749.50

Shell Roof Weatherproofing

waterproofing membrane in

polymer bitumen 3 kg/m2 and
fiberglass reinforcement,

polymer bitumen 4 kg/m2,
50 mm extruded polystyrene

plates, 150 g/m2 geotextile
synthetic fibre mat; slabs, 35 mm

screed and 30 mm insulation

146 m2 83.65 12,212.90 52.30 0.63 7635.80

Shell Roof Weatherproofing steel sheet 0.75 mm 767 m2 5 3835.00 16.25 3.25 12,463.75

Shell Facades
External wall systems,

cladding and
shading devices

50 mm sandwich panels, with
rock wool interior, and

fastening structures
3903 m2 19 74,157.00 33.15 1.74 129,384.45

Shell Facades
External wall systems,

cladding and
shading devices

0.5 mm steel sheet, including
secondary metal frame 1288 m2 9 11,592.00 23.18 2.58 29,855.84

Shell Facades
External wall systems,

cladding and
shading devices

3 mm perforated aluminium
panels, including secondary

aluminium frame
416 m2 17 7072.00 101.14 5.95 42,074.24

Shell Facades
External wall systems,

cladding and
shading devices

2 mm steel plate including
fastening frame 200.15 m2 17 3402.55 62.22 3.66 12,453.33

Shell Facades
External wall systems,

cladding and
shading devices

2 mm metal grid including
fastening frame 40 m2 17 680.00 266.91 15.70 10,676.40

Shell Facades
External wall systems,

cladding and
shading devices

reinforced masonry of concrete
blocks, cement mortar and sand 5284 m2 270 1,426,680.00 20.51 0.08 108,374.84

Shell Facades
External wall systems,

cladding and
shading devices

masonry of concrete blocks 50 ×
20 × 15 cm, cement and

sand mortar
306 m2 270 82,620.00 11.06 0.04 3384.36

Shell Facades
External wall systems,

cladding and
shading devices

plastering with cement mortar,
hydraulic lime and sand 674 m2 83.2 56,076.80 7.97 0.10 5371.78

Shell Facades External paints, coatings
and renders

Interior paintings on concrete
block walls and

plasterboard walls
5241 m2 0.26 1362.66 3.06 11.77 16,037.46

Shell Facades External paints, coatings
and renders

Interior paintings on concrete
block walls and

plasterboard walls
742 m2 0.26 192.92 3.42 13.15 2537.64

Shell Non_loadbea-
ring_elements

Internal walls, partitions
and doors Steel door, metal frame, 80 cm 14 Unit 10.64 148.96 1114.00 104.70 15,596.00

Shell Facades Façade openings (including
windows and external doors) Fire door 60 min, 90 cm 1 Unit 11.97 11.97 1960.00 163.74 1960.00
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Table A1. Cont.

Bill of Quantities Organised by the Main Building Parts and Elements Floor Area (m2) 9556.00

Tier 1
Building
Element

Tier 2 Building Element Tier 3 Building Element
Description of the

Product/Material Being
Purchased

Bill of
Quantities Unit

Conversion
Factor

(kg/Unit)
Total (kg) Cost

€/Unit Cost €/kg Total Cost
(EUR)

Shell Non_loadbea-
ring_elements

Internal walls, partitions
and doors Fire door 60 min, 90 cm 9 Unit 11.97 107.73 1960.00 163.74 17,640.00

Shell Non_loadbea-
ring_elements

Internal walls, partitions
and doors Fire door 60 min, 90 cm 16 Unit 11.97 191.52 5932.00 495.57 94,912.00

Shell Facades Façade openings (including
windows and external doors)

Automatic sliding doors, 2.00 m.
Double glazing 8.8.6 (laminated
colourless glass on the outside

and tempered glass on
the inside)

3 Unit 25 75.00 6973.00 278.92 20,919.00

Shell Facades Façade openings (including
windows and external doors)

Thermo-lacquered aluminium
frame with 6 mm tempered

crystal glass
12 Unit 33.6 403.20 336.00 10.00 4032.00

Shell Non_loadbea-
ring_elements

Internal walls, partitions
and doors

Fireproof sliding gate in iron
frame, 60 min 16 Unit 200 3200.00 13,166.00 65.83 210,656.00

Shell Facades Façade openings (including
windows and external doors) Steel door, metal frame, 90 cm 6 Unit 11.97 71.82 1968.00 164.41 11,808.00

Shell Facades Façade openings (including
windows and external doors) Steel door, metal frame, 140 cm 7 Unit 18.62 130.34 6134.00 329.43 42,938.00

Shell Facades Façade openings (including
windows and external doors) Steel door, metal frame, 140 cm 3 Unit 14 42.00 1167.00 83.36 3501.00

Shell Roof Weatherproofing
Smoke exhaustion skylight 2000
× 2000 mm in transparent
honeycomb polycarbonate

49 Unit 7.08 346.92 1487.00 210.03 72,863.00

Shell Roof Weatherproofing Skylight 2000 × 2000 mm 89 Unit 4.58 407.62 668.00 145.85 59,452.00

Shell Roof Weatherproofing

Day light and smoke-exhaustion
skylight 1400 × 1400 mm,

16 mm transparent honeycomb
polycarbonate.

2 Unit 5.92 11.84 1166.00 196.96 2332.00

Shell Roof Weatherproofing
Natural tubular lighting system

SOLATUBE®, 35 cm diameter
17 Unit 1.75 29.75 703.00 401.71 11,951.00

Shell Facades
External wall systems,

cladding and
shading devices

Double-skinned sectional door
filled with rigid

polyurethane foam
1 unit 200 200.00 4742.00 23.71 4742.00

Shell Facades
External wall systems,

cladding and
shading devices

Micro-perforated metal
rolling grille 4 unit 22 88.00 9725.00 442.05 38,900.00

Shell Facades
External wall systems,

cladding and
shading devices

Stapled glass facade composed
of double-glazing: 12 mm

tempered glass + 16 mm air
chamber + 10+10.4 tempered,
transparent laminated glass.

Stainless steel fasteners.

1 unit 10.5 10.50 117,390.00 11,180.00 117,390.00

Shell Parking_facilities

Above ground and
underground (within the

curtilage of the building and
servicing the building

occupiers)

Foam insulation 50 mm 73596 m2 1.65 121,433.40 5.17 3.13 380,491.32

Shell Parking_facilities

Above ground and
underground (within the

curtilage of the building and
servicing the building

occupiers)

soundproofing mineral wool
45 mm 565 m2 4.5 2542.50 3.79 0.84 2141.35

Shell Facades External paints, coatings and
renders

Bituminous emulsion;
Waterproofing membrane in

polymer bitumen 4 kg/m2 and
polyester reinforcement

protected with polyethylene on
both sides; High density

polyethylene granular sheet
with embedded geotextile

2613 m2 4.4 11,497.20 15.00 3.41 39,195.00

Shell Foundations_substructure Basements C12/15 concrete 2266 m2 144.3 326,983.80 6.39 0.04 14,479.74

Shell Foundations_substructure Basements Rockfill in limestone quarry
gravel, Ø40/70 mm 8684 m2 640 5,557,760.00 11.61 0.02 100,821.24

Shell Foundations_substructure Retaining walls
formwork with modular metal

panels for reinforced
concrete walls

5226 m2 13 67,938.00 13.67 1.05 71,439.42

Shell Foundations_substructure Basements
C30/37 reinforced concrete wall,

A500 NR steel, 86.6 kg/m3 676.32 m3 2586.6 1,749,369.31 135.29 0.05 91,499.33

Shell Foundations_substructure Retaining walls

Gabion wall: 2.70 mm diameter
galvanized steel wire mesh box,

80 × 100 mm2 hexagonal mesh,
and limestone, on tires

1050.695 m3 1600 1,681,112.00 50.86 0.03 53,438.35

Shell Foundations_substructure Piles metal panel formwork for
foundations 2005.92 m2 13 26,076.96 11.39 0.88 22,847.43

Shell Foundations_substructure Piles
Foundation in reinforced

concrete C30/37, steel A500 NR,
42.6 kg/m3

1430.316 m3 2542.6 3,636,721.46 104.53 0.04 149,510.93

Shell Foundations_substructure Retaining walls
Reinforced concrete foundation

and concrete walls C30/37,
A500 NR steel, 67.9 kg/m3

182.83 m3 2567.9 469,489.16 122.22 0.05 22,345.48

Shell Non_loadbearing_elements Ground floor slab
Slab in reinforced concrete
C30/37 and steel A500 NR,

50 kg/m3
173.04 m3 2550 441,252.00 109.70 0.04 18,982.49

Shell Loadbearing_struc-
tural_frame

Frame (beams, columns and
slabs)

Steel S275JR (Fe430) in metallic
structure, HEA 450959 kg 1 450,959.00 2.18 2.18 983090.62

Shell Loadbearing_struc-
tural_frame

Frame (beams, columns and
slabs)

C30/37 reinforced concrete
column, A500 NR steel, 235.6

kg/m3; sheet metal formwork
317 m3 2736 867,312.00 345.00 0.13 109,365.00

Shell Loadbearing_struc-
tural_frame

Frame (beams, columns and
slabs)

Reinforced concrete beam,
C30/37, A500 NR steel, 122.8
kg/m3; wooden formwork

1400 m3 2623 3,672,200.00 176.00 0.07 246,400.00

Shell Non_loadbearing_elements Ground floor slab

Slab foundation in reinforced
concrete C30/37, steel A500 NR,
48 kg/m2; wooden formwork;

quartz hardener powder

7 kg/m2

8284.31 m2 1305 10,811,024.55 89.40 0.07 740,617.31
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Table A1. Cont.

Bill of Quantities Organised by the Main Building Parts and Elements Floor Area (m2) 9556.00

Tier 1
Building
Element

Tier 2 Building Element Tier 3 Building Element
Description of the

Product/Material Being
Purchased

Bill of
Quantities Unit

Conversion
Factor

(kg/Unit)
Total (kg) Cost

€/Unit Cost €/kg Total Cost
(EUR)

Shell Non_loadbearing_elements Ground floor slab

Slab of reinforced concrete
C30/37, steel A500 NR,

48 kg/m2; wooden formwork;
quartz hardener powder

7 kg/m2

63.2 m2 555 35,076.00 44.55 0.08 2815.56

Shell Non_loadbearing_elements Ground floor slab

Slab of reinforced concrete
C30/37, steel A500 NR,

48 kg/m2; quartz hardener

powder 7 kg/m2

317 m2 805 255,185.00 57.30 0.07 18,164.10

Shell Loadbearing_struc-
tural_frame Upper floors

Fungiform slab of reinforced
concrete C30/37, volume

0.269 m3/m2, steel A500 NR,
13.7 kg/m2; lightweight

concrete block with expanded
clay FB65/40; electrowelded

mesh AR42 of A500 EL steel and
quartz powder hardener

7 kg/m2

3295 m2 1631 5,374,145.00 59.00 0.04 194,405.00

Shell Loadbearing_struc-
tural_frame External walls

C30/37 reinforced concrete wall,
A500 NR steel, 183.4 kg/m3 61 m3 670.75 40,915.75 337.00 0.50 20,557.00

Shell Non_loadbearing_elements Ground floor slab

C30/37 concrete flooring, steel
fibres, polyethylene mesh,
quartz hardener powder

7 kg/m2

8624 m2 501.4 4,324,073.60 21.60 0.04 186,278.40

Shell Loadbearing_struc-
tural_frame Upper floors

Slab with galvanized steel plate
and reinforced concrete C30/37,
total volume of concrete 0.082

m3/m2, steel A500 NR,
1 kg/m2

716 m2 300.84 215,401.44 30.78 0.10 22,038.48

Shell Non_loadbearing_elements Stairs and ramps
Concrete staircase C30/37, A500

NR steel, 22 kg/m2, olive leaf
plate sill

114 m2 504.4 57,501.60 79.88 0.16 9106.32

Shell Non_loadbearing_elements Stairs and ramps Escalators, with a load capacity
of 9000 kg/120 people 4 Unit 15000 60,000.00 66823.00 4.45 267,292.00

Shell Non_loadbearing_elements Stairs and ramps Lift, with a load capacity of
2000 kg/27 people 2 unit 5000 10,000.00 34778.00 6.96 69,556.00

Shell Non_loadbearing_elements Internal walls, partitions and
doors

Ceramic tile, mortar of cement,
hydraulic lime and sand 153 m2 9 1377.00 29.51 3.28 4515.03

Appendix B

Table A2. Bill of materials input of shell building elements according to material type for the
analysed retail store, in terms of percentage of weight for each building element, assumed lifetime
and replacement factor, according to Level(s) template file.

Bill of Materials by Material Type (% Weight). Normalised
Weight of
Materials

Needed over
Lifetime

Normalised
Cost of

Materials
Needed over

Lifetime

Concrete,
Brick, Tile,

Ceramic, etc.
Glass Plastic Bituminous

Mixtures Metals Insulation
Materials

Electrical and
Electronic

Equipment

Total %
(Should Be

100%)

Assumed Lifetime
of Product/Material

(Years)

Normalised
Requirement Factor

over Building
Lifetime

32.0% 20.0% 48.0% 100.0% 50 1.5 341,962.50 471,224.32
84.7% 12.4% 2.9% 100.0% 50 1.5 6628.05 4124.25
89.7% 8.4% 2.0% 100.0% 50 1.5 18,319.35 11,453.70

100.0% 100.0% 50 2 7670.00 24,927.50
25.0% 75.0% 100.0% 50 2 148,314.00 258,768.90
100.0% 100.0% 50 2 23,184.00 59,711.68
100.0% 100.0% 50 1 7072.00 42,074.24
100.0% 100.0% 50 1.5 5103.82 18,679.99
100.0% 100.0% 50 2 1360.00 21,352.80

100.0% 100.0% 50 1 1,426,680.00 108,374.84
100.0% 100.0% 50 1 82,620.00 3384.36
100.0% 100.0% 50 1 56,076.80 5371.78

100.0% 100.0% 50 3 4087.98 48,112.38
100.0% 100.0% 50 3 578.76 7612.92

75.0% 25.0% 100.0% 50 2 297.92 31,192.00
75.0% 25.0% 100.0% 50 2 23.94 3920.00
75.0% 25.0% 100.0% 50 2 215.46 35,280.00
75.0% 25.0% 100.0% 50 2 383.04 189,824.00

75.0% 25.0% 100.0% 50 2 150.00 41,838.00
75.0% 25.0% 100.0% 50 2 806.40 8064.00

75.0% 25.0% 100.0% 50 2 6400.00 421,312.00
75.0% 25.0% 100.0% 50 2 143.64 23,616.00
75.0% 25.0% 100.0% 50 2 260.68 85,876.00
100.0% 100.0% 50 2 84.00 7002.00

75.0% 25.0% 100.0% 50 2 693.84 145,726.00
85.0% 15.0% 100.0% 50 2 815.24 118,904.00
75.0% 25.0% 100.0% 50 2 23.68 4664.00
75.0% 25.0% 100.0% 50 1.5 44.62 17,926.50

75.0% 25.0% 100.0% 50 3 600.00 14,226.00
100.0% 100.0% 50 2 176.00 77,800.00

75.0% 25.0% 100.0% 50 1 10.50 117,390.00
100.0% 100.0% 50 1 121,433.40 380,491.32
100.0% 100.0% 50 1 2542.50 2141.35

100.0% 100.0% 50 1 11,497.20 39,195.00
100.0% 100.0% 50 1 326,983.80 14,479.74
100.0% 100.0% 50 1 5,557,760.00 100,821.24

100.0% 100.0% 50 1 67,938.00 71,439.42
95.0% 5.0% 100.0% 50 1 1,749,369.31 91,499.33
95.0% 5.0% 100.0% 50 1 1,681,112.00 53,438.34

100.0% 100.0% 50 1 26,076.96 22,847.42
95.0% 5.0% 100.0% 50 1 3,636,721.46 149,510.93
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Table A2. Cont.

Bill of Materials by Material Type (% Weight). Normalised
Weight of
Materials

Needed over
Lifetime

Normalised
Cost of

Materials
Needed over

Lifetime

Concrete,
Brick, Tile,

Ceramic, etc.
Glass Plastic Bituminous

Mixtures Metals Insulation
Materials

Electrical and
Electronic

Equipment

Total %
(Should Be

100%)

Assumed Lifetime
of Product/Material

(Years)

Normalised
Requirement Factor

over Building
Lifetime

95.0% 5.0% 100.0% 50 1 469,489.15 22,345.48
95.0% 5.0% 100.0% 50 1 441,252.00 18,982.48

100.0% 100.0% 50 1 450,959.00 983,090.62
95.0% 5.0% 100.0% 50 1 867,312.00 109,365.00
95.0% 5.0% 100.0% 50 1 3,672,200.00 246,400.00
95.0% 5.0% 100.0% 50 1 10,811,024.55 740,617.31
95.0% 5.0% 100.0% 50 1 35,076.00 2815.56
95.0% 5.0% 100.0% 50 1 255,185.00 18,164.10
95.0% 5.0% 100.0% 50 1 5,374,145.00 194,405.00
95.0% 5.0% 100.0% 50 1 40,915.75 20,557.00
95.0% 5.0% 100.0% 50 1 4,324,073.60 186,278.40
95.0% 5.0% 100.0% 50 1 215,401.44 22,038.48
95.0% 5.0% 100.0% 50 1 57,501.60 9106.32

100.0% 100.0% 50 1.5 90,000.00 400,938.00
100.0% 100.0% 50 1.5 15,000.00 104,334.00

100.0% 100.0% 50 1 1377.00 4515.03
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