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Abstract: Light steel framed (LSF) construction is becoming widespread as a quick, clean and
flexible construction system. However, these LSF elements need to be well designed and protected
against undesired thermal bridges caused by the steel high thermal conductivity. To reduce energy
consumption in buildings it is necessary to understand how heat transfer happens in all kinds of
walls and their configurations, and to adequately reduce the heat loss through them by decreasing
its thermal transmittance (U-value). In this work, numerical simulations are performed to assess
different setups for two kinds of LSF walls: an interior partition wall and an exterior facade wall.
Several parameters were evaluated separately to measure their influence on the wall U-value, and the
addition of other elements was tested (e.g., thermal break strips) with the aim of achieving better
thermal performances. The simulation modeling of a LSF interior partition with thermal break strips
indicated a 24% U-value reduction in comparison with the reference case of using the LSF alone
(U = 0.449 W/(m2.K)). However, when the clearance between the steel studs was simulated with
only 300 mm there was a 29% increase, due to the increase of steel material within the wall structure.
For exterior facade walls (U = 0.276 W/(m2.K)), the model with 80 mm of expanded polystyrene (EPS)
in the exterior thermal insulation composite system (ETICS) reduced the thermal transmittance by
19%. Moreover, when the EPS was removed the U-value increased by 79%.

Keywords: LSF construction; facade wall; partition wall; thermal transmittance; thermal bridges;
parametric study; numerical simulations

1. Introduction

Buildings account for around 40% of the total energy consumption and about 36% of CO2
emissions in Europe [1]. The main factors of building energy consumption are the properties and
design of the building envelope, the operation of building services, the occupants’ behavior and the
climate/location [2–5]. Most of this energy, ranging from nearly 50% [6] up to 60% [7] depending on
climate, design, use type and occupational patterns, is used by air-conditioning systems to achieve
thermal comfort inside the buildings. Energy in the form of heat is dissipated to the environment
at different rates according to the ventilation and building elements’ characteristics (e.g., thermal
transmittance U-value). The rate of these losses/gains is important because it directly affects the
operation and maintenance costs of mechanically ventilated and/or air conditioned buildings [8].

Usually a wall element is composed of several layers, such as internal and external cladding (e.g.,
cement mortar), one or two supporting panes (e.g., ceramic brick masonry), air cavity, and thermal and
acoustic insulation (e.g., expanded polystyrene (EPS) or mineral wool). Typically lightweight steel
framed (LSF) walls are made of the following main types of materials [9]: (1) supporting steel frame,
which is constituted of cold formed profiles; (2) sheathing panels, such as inner gypsum plasterboard
and outer oriented strand board (OSB), and; (3) insulation materials, such as mineral wool filling the air
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cavity between steel studs (which besides thermal insulation, has also an important acoustic insulation
role [10]) and the exterior thermal insulation composite system (ETICS), where the thermal insulation
material could be EPS (expanded polystyrene), XPS (extruded polystyrene), mineral wool or other.

The U-value of an opaque building element (e.g., facade LSF wall) depends on several factors,
such as the thickness of each layer, the number of layers, the thermal conductivity of each layer
material, the existence of thermal bridges due to the presence of an inhomogeneous thermal layer
(e.g., a steel stud), the existence of air voids in the insulation, and the external and internal surface
thermal resistances [11]. Perhaps the most relevant parameters regarding the thermal transmittance of
a LSF building element are the level of insulation (i.e., its thickness), material properties (e.g., thermal
conductivity) and positioning of insulation, and the amount of steel frame material [7,12].

In colder climates to reduce the U-value, and consequently the heat transmission losses, the level
of thermal insulation is increased to diminish the heating energy demand [13]. While in warmer
climates this level of thermal insulation could be reduced, reducing energy consumption for space
heating/cooling as well as the embodied energy related with the insulation materials [14]. In these
warmer climates the outdoor temperatures are often higher than the indoor temperatures, which could
significantly increase the heat gains. Thus, the use of passive cooling strategies, such as natural
ventilation [15], phase change materials [16], free cooling [17] and ground ventilation using an
earth-to-air heat exchanger [18] becomes more relevant. In order to predict the energy consumption it
is usual to perform advanced dynamic simulations of the entire building [19,20] or make use of more
simplified approaches [21].

Apart from the level of thermal insulation (i.e., the thickness of thermal insulation layer(s)),
in LSF elements, the position in the building element influences the effectiveness of this insulation
(i.e., its U-value or thermal transmittance), and is thus very relevant [12]. Notice, that the thermal
insulation positioning is also relevant to the effective thermal inertia/mass of the building, but this was
not evaluated in the present paper, neither in reference [12] work. Moreover, this insulation, mainly the
LSF batt insulation (e.g., mineral wool), is relevant not only for thermal purposes but also for acoustic
insulation [10]. A typical interior partition and exterior facade LSF wall cross-sections will be studied
in this paper, as presented later in Sections 2.1 and 3.1, respectively.

At the design stage there are several ways to compute the U-value of a building element [11].
The detailed calculation method based on numerical simulations (e.g., finite element method (FEM))
should be performed using the modeling rules prescribed in standard ISO 10211 [22]. The most simple
approach, applicable for homogeneous thermal layers, which may contain air layers up to 300 mm
thick, is to consider the thermal resistance of each layer (depending on the thickness of the layer and on
the thermal conductivity of the material) and to compute the reciprocal of the sum of all these thermal
resistances, including both internal and external surface resistances [23]. Notice that the external
thermal surface resistance mainly depends on the wind direction and velocity, as well as on the surface
roughness [24].

The standard ISO 6946 [11] also prescribes an approximate method, known as the ‘Combined
Method’, for building elements containing homogenous and inhomogeneous layers, including the
effect of metal fasteners, by means of a U-value correction term. However, this methodology is not
applicable for LSF elements, where the thermal insulation is bridged by metal (cold and hybrid frame
construction), making this type of construction even more challenging in order to obtain an accurate
and reliable U-value [23].

Several researchers devoted their attention to the thermal behavior and energy efficiency of LSF
construction [5,9,23,25,26]. Soares et al. [26] performed a scientific bibliographic review about this
kind of research. The first main driving research topic identified in the previous cited work was: “the
development of single and combined strategies to reduce thermal bridges and to improve the thermal
resistance of LSF envelope elements”. The present work deals with this suggested main research
issue. Recently Santos et al. [23] accomplished a comparison between experimental measurements in
LSF walls’ thermal transmittance and numerical simulations (2D and 3D FEM models) and analytical
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approach (ISO 6946 combined method). It was concluded that for the LSF wall with a simpler frame
(i.e., only vertical steel studs) the analytical ISO 6946 and the 2D FEM numerical approaches provide
quite good accuracy in the U-value estimation.

Since the ISO 6946 combined method is not applicable for LSF elements where the thermal
insulation is bridged by the steel frames, some researchers developed some alternative analytical
methods for this type of structure, such as Gorgolewsky [27] who developed a simplified analytical
method for calculating U-values in LSF cold and hybrid construction. This method was based on the
principles provided by ISO 6946, but adapted to consider the increased thermal effect of the steel frame,
increasing the accuracy of the proposed methodology.

Given the high level of heterogeneity regarding the thermal conductivities of the materials
composing the LSF elements, namely the steel frame and the thermal insulation, it is very challenging
not only to accurately compute its thermal transmittance, but also to perform accurate and reliable
measurements, both in-situ and in laboratory [8]. Regarding the experimental approach there are
several methods for the thermal characterization of building elements, such as the heat flow meter
(HFM) method, the guarded hot plate (GHP) method, the hot box (HB) method (which could be
calibrated (CHB) or guarded (GHB)) and the infrared thermography (IRT) method. For LSF elements the
most suitable experimental method, given its large heterogeneity in its component materials’ thermal
conductivity (e.g., steel and thermal insulation), is the hot box apparatus, since the measurements are
not local, but instead in a representative wall area [28].

Recently, Atsonios et al. [29] developed two experimental methods for in-situ measurement of the
overall thermal transmittance of cold frame LSF walls, namely the representative points method (RPM)
and weighted area method (WAM). These methods make use of the analysis of the examined wall
using thermal IR images with the recording and processing of indoor/outdoor air temperature and
heat flux. Figure 1 displays an infrared thermal image of an LSF wall, where the thermal bridge’s effect
due to the high thermal conductivity of the vertical steel studs is quite visible. The vertical red lines
denote higher surface temperatures due to an increased heat flow in the vicinity of each vertical steel
profile, clearly identifying the position of them in the exterior colder surface of the LSF wall.

Figure 1. Thermal bridge’s effect due to vertical steel studs in a light steel framed (LSF) wall captured
in an infrared thermal image [30].

In fact, due to high thermal conductivity of steel in LSF structures, thermal bridges inspired many
researchers to investigate the related thermal performance issues. De Angelis and Serra [31] evaluated
the thermal insulation performance of metal framed lightweight walls and concluded that the correct
evaluation of LSF walls’ thermal performance requires more complex and detailed analysis than the
ones necessary for traditional reinforced concrete and masonry constructions.

Also in 2014, Santos et al. [30] evaluated the importance of flanking thermal losses of LSF
walls using a 3D FEM model validated by comparison with experimental laboratory measurements.
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They found heat flux variations from −22% (external surface) to +50% (internal surface) when flanking
heat loss was set to zero as a reference case for a LSF wall with a thermal transmittance equal to
0.30 W/(m2.K). Later, in 2016, Martins et al. [32] performed a parametric study in order to evaluate the
effectiveness of some thermal bridges mitigation strategies in LSF walls, allowing the improvement of
thermal performance and reducing energy consumption by air-conditioning systems. A reduction of
8.3% in the U-value was found, comparatively to the reference LSF wall, due to these thermal bridges’
mitigation strategies. Additionally, the use of new insulation materials (e.g., aerogel and vacuum
insulation panels (VIPs)), which were combined with the mitigation approaches, led to a 68% decrease
in the U-value.

In previous research works there was a lack of research on both interior partitions and exterior
facade LSF walls, as well as the thermal performance comparison between them. In this work the
thermal transmittance (U-value) of LSF walls is evaluated by means of a parametric study related with
the wall typology (internal partition and external facade) and its composition. The main objective
of this study is to quantify the relevance of several parameters in the U-value of LSF partition and
facade walls. The evaluated parameters were selected among the most relevant ones and could be
easily implemented in practice with used materials available in the market (e.g., recycled rubber,
extruded polystyrene (XPS) and aerogel thermal break strips). Moreover, the analyzed LSF wall
configurations were newly implemented for this study (i.e., are different from the ones evaluated
before by other researchers).

The simulations were performed bi-dimensionally, and the results could be of interest to building
developers and researchers, helping them to mitigate thermal bridges and achieving energy savings,
whenever an LSF construction system is used. In Portugal (but probably also in other countries)
most of the building designers neglect the effect of repetitive thermal bridges due to the steel
frame on the thermal transmittance calculations of LSF elements, leading to lower and erroneous
U-values. Consequently, the real building energy consumption will be higher than the predicted one
in these cases and there is a higher probability of building pathologies related with the occurrence of
interstitial condensations.

After this introduction, the evaluated interior and exterior LSF walls are presented, including
the reference partition and facade LSF walls and the parameters used in the sensitivity analysis are
described. Next, the accuracy of the used 2D FEM algorithm is verified by means of a comparison with
ISO 10211 [22] test cases and with the analytical approach, defined in ISO 6946 [11], for a simplified
model assuming no steel frame and homogeneous layers. Then, the 2D FEM simulations are explained,
including the used boundary conditions and how the air layers were addressed in these simulations.
After, the obtained results are presented and discussed for the two LSF wall typologies evaluated.
Finally, the main conclusions of this work are presented.

2. Characterization of LSF Interior Walls

2.1. Reference LSF Interior Partition Wall

The reference interior wall is a configuration of an LSF wall normally used as an internal partition
within the same dwelling. As illustrated in Figure 2 and listed in Table 1, this LSF internal partition is
constituted by two gypsum plasterboards (12.5 mm thick each) on each side of the steel frame (made
with steel studs C90, 90 mm wide, and 0.6 mm of steel sheet thickness) and the air cavity is fully filled
with mineral wool batt insulation (90 mm). The distance between vertical profiles for internal reference
walls was set on 600 mm. The total thickness of this partition wall is 140 mm.
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Figure 2. Cross-section of an interior LSF reference partition wall modeled on THERM software.

Table 1. Materials, thicknesses (d) and thermal conductivities (λ) of the LSF interior reference
partition wall.

Material (From Outer to Innermost Layer) d [mm] λ [W/(m.K)] Ref.

GPB 1 (2 × 12.5 mm) 25 0.175 [33]
Mineral wool 90 0.035 [34]

Steel stud (C90 × 43 × 15 × 0.6 mm) 90 50.000 [35]
GPB 1 (2 × 12.5 mm) 25 0.175 [33]

Total Thickness 140 - -
1 GPB—gypsum plasterboard.

Notice that, even being an internal partition, this LSF wall can separate a conditioned space from
an unconditioned space (e.g., a garage), with lower temperature. Therefore, this internal partition also
has thermal requirements. Table 1 also displays the thickness (d) of each material layer, as well as the
thermal conductivity (λ) of each material. Usually the sheathing panels (e.g., gypsum plasterboard)
are fixed to the LSF structure with metallic self-drilling screws. These fixing bolts were not considered
in the simulations since its number is very reduced and the related punctual thermal bridge effect on
the overall wall U-value is very reduced and, thus, could be neglected [12].

2.2. Parameters for the Sensitivity Analysis

Table 2 displays the parameters that will be evaluated in the sensitivity analysis, as well as the
values to be used for each one. These models and parameters (illustrated in Figure 3) are: the thickness
of the steel studs (Model I1); the clearance between steel studs (Model I2); the material and thickness
of the thermal break (TB) strips (Model I3); the TB strip materials (Model I4), and; the sheathing panel
materials (Model I5). The parameters and values used for each one will be briefly explained in the
next paragraphs.

Table 2. Interior partition LSF wall: models and parameter values to be evaluated.

Model Evaluated Parameter Ref. Value Value 1 Value 2 Value 3
I1 Thickness of Steel Studs [mm] 0.6 1.0 1.2 1.5
I2 Clearance Between Steel Studs [mm] 600 300 400 800
I3 Thickness of Aerogel TB 1 Strips [mm] 0.0 2.5 5.0 10.0
I4 Material of TB 1 Strips with 10 mm - MS-R1 2 XPS 3 CBS 4

I5

Sheathing Panels Materials
GPB 5 Thickness [mm] 2 × 12.5 12.5 - 12.5
OSB 6 Thickness [mm] - 12.0 2 × 12.0 -
XPS 3 Thickness [mm] - - - 12.0

1 TB—thermal break; 2 MS-R1—Acousticork (recycled rubber); 3 XPS—extruded polystyrene; 4 CBS—cold break
strip (aerogel); 5 GPB—gypsum plasterboard; 6 OSB—oriented strand board.
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Figure 3. Interior LSF partition cross-sections: (a) Models I1 and I2; (b) Models I3 and I4; (c) Model I5.
Layers: 1O gypsum plasterboard (GPB); 2Omineral wool; 3O steel stud C90; 4O air layer; 5O TB strip.

The first parameter to be evaluated was the steel studs thickness used in the wall steel frame
(Model I1). The amount of steel inside the wall structure is very relevant because metal has a very
high thermal conductivity and its presence in LSF frames create a path that allow the heat to easily
cross through the walls, what is known as steel thermal bridges. The reference thickness of the
internal partition steel studs is 0.6 mm, which is a usual value for a non-load-bearing partition wall.
Steel profiles are also modeled as 1.0, 1.2 and 1.5 mm thick, as this can be found in load-bearing LSF
walls (displayed in Table 2 and illustrated in Figure 3a).

The distance between vertical steel studs is another parameter that will be evaluated (Model
I2) in order to assess its relevance on the thermal behavior of the LSF internal partitions (Figure 3a).
The reference wall has a distance of 600 mm between steel studs (Figure 2), which is the most used
clearance given the usual 1.20 m wideness of the sheathing panels. Three more distances will be
evaluated in this parametric study, namely 300, 400 and 800 mm (Table 2).

Thermal break is obtained by the insertion of an insulation material (i.e., with a low thermal
conductivity), between the steel sections and the innermost layer of the wall, minimizing the heat
transfer through the thermal bridges caused by the steel structure and thus, improving/reducing the
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thermal transmittance (U-value) of the wall. In this parametric study three different thicknesses for an
aerogel thermal break strip will be evaluated, namely 2.5, 5.0 and 10.0 mm (Model I3 in Figure 3b).

Nowadays, several materials are available to be used as thermal break strips in LSF structures,
such as recycled rubber (an environmentally friendly solution), XPS (a cheaper solution) and aerogel
(a state-of-the-art insulation material with very low thermal conductivity). In this assessment three
different materials were tested as thermal break strips (see Model I4 in Figure 3b), namely: recycled
rubber [36], extruded polystyrene (XPS) and cold break strip (CBS) aerogel [37], as displayed in Table 2.
The thicknesses of the thermal break strips are 10.0 mm and thermal conductivities are listed in Table 3.

Table 3. Thermal conductivities (λ ) of thermal break strips (10.0 mm thick).

Material λ [W/(m.K)] Ref.

Recycled Rubber (Acousticork MS-R1) 0.122 [38]
XPS 1 Insulation 0.037 [35]
CBS 2 Aerogel 0.015 [37]

1 XPS—extruded polystyrene; 2 CBS—cold break strip.

To verify the influence of sheathing panel materials (Model I5), several configurations were
modeled for the internal walls as shown in Table 2 and displayed in Figure 3c. The sheathing panels in
the reference LSF wall are two gypsum plasterboard panels on each side of the steel structure. On the
first parameter variation the inner gypsum plasterboard was replaced by one OSB panel in both sides
of the LSF structure. On the second parameter variation, both gypsum plasterboards were replaced
by two OSB panels on each side. Regarding the third parameter variation, the inner OSB panel was
replaced by one XPS panel with the same thickness (12.0 mm), as illustrated in Figure 3c.

3. Characterization of LSF Exterior Walls

3.1. Reference LSF Exterior Facade Wall

The reference exterior wall is an LSF wall normally used for facades, which means that it is a wall
that must be prepared to handle high gradients of environment temperature. Therefore, it has an extra
thermal insulation layer which was placed on its outside surface. In this case, ETICS (external thermal
insulation composite system) using EPS (expanded polystyrene) was chosen as the main insulation
material (50 mm thick).

The steel structure that forms the wall frame is made of galvanized cold-formed steel studs and,
different for internal walls, the thickness of the steel profile sheet is now 1.5 mm; since this kind of
wall is very often a load bearing wall, C90 vertical studs were adopted. Similar to the interior LSF
walls, the distance between the vertical profiles for the reference wall is 600 mm. The horizontal
cross-section that shows all the layers of the reference exterior LSF wall is illustrated in Figure 4 and
the specifications and characteristics of internal composition materials are detailed in Table 4.

Figure 4. Cross-section of an exterior LSF reference wall modeled on THERM software.
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Table 4. Materials, thicknesses (d ) and thermal conductivities (λ ) of the reference exterior facade wall.

Material (From Outer to Innermost Layer) d [mm] λ [W/(m.K)] Ref.

ETICS 1 finish 5 0.450 [39]
EPS 2 50 0.036 [40]
OSB 3 12 0.100 [41]

Mineral wool 90 0.035 [34]
Steel stud (C90 × 43 × 15 × 1.5 mm) 90 50.000 [35]

OSB 3 12 0.100 [41]
GPB 4 12.5 0.175 [33]

Total Thickness 181.5 - -
1 ETICS—external thermal insulation composite system; 2 EPS—expanded polystyrene; 3 OSB—oriented strand
board; 4 GPB—gypsum plasterboard.

3.2. Parameters for Sensitivity Analysis

The parameters and the values that were evaluated in the sensitivity analysis are displayed in
Table 5 and illustrated in Figure 5.

Table 5. Exterior facade LSF wall: models and parameters values to be evaluated.

Model Evaluated Parameter Ref. Value Value 1 Value 2 Value 3

E1 Thickness of Steel Studs [mm] 1.5 0.6 1.0 1.2
E2 Clearance Between Steel Studs [mm] 600 300 400 800
E3 Thickness of Aerogel TB 1 Strips [mm] 0.0 2.5 5.0 10.0
E4 Material of TB 1 Strips with 10 mm - MS-R1 2 XPS 3 CBS 4

E5

Inner Sheathing Panels Materials
GPB 5 Thickness [mm] 12.5 - 2 × 12.5 12.5
OSB 6 Thickness [mm] 12.0 2 × 12.0 - -
XPS 7 Thickness [mm] - - - 12.0

E6 Thickness of EPS 8 ETICS 9 [mm] 50 0.0 30 80
1 TB—thermal Break; 2 MS-R1—Acousticork (recycled rubber); 3 XPS—extruded polystyrene; 4 CBS—cold break
strip (aerogel); 5 GPB—gypsum plasterboard; 6 OSB—oriented strand board; 7 XPS—extruded polystyrene;
8 EPS—expanded polystyrene; 9 ETICS—external thermal insulation composite system.

The thickness of steel studs used on LSF wall steel frame is the first parameter that will be
evaluated (Models E1). The reference value was 1.5 mm and the three additional thicknesses assessed
were: 0.6, 1.0 and 1.2 mm (Figure 5a).

Similar to interior partition walls, for exterior facade walls the influence of clearance between the
vertical steel studs were also quantified (Models E2). The reference LSF wall has 600 mm of distance
between studs and the following clearances were also modeled: 300, 400 and 800 mm (Figure 5a).

Regarding the thermal break strips (Figure 5b), their thickness (Models E3) and materials (Models
E4) were the same as for interior partition walls (Figure 3b).

To verify the influence of internal sheathing panels, the exterior wall model was tested in
different innermost layer configurations, as shown in Table 5 and illustrated in Figure 5c (Models E5).
The reference exterior facade wall has one OSB and one gypsum plasterboard panel as the innermost
layer. Notice that these OSB panels are very important in load bearing walls because they give extra
resistance to horizontal lateral loads [42]. On the first variation (Value 1), the sheathing panels are
composed of two OSBs. For the second variation (Value 2), the internal layers are formed by two
gypsum plasterboards (GPBs). In the third variation (Value 3) the OSB panel is replaced by one XPS
panel with the same thickness (12.0 mm).

ETICS insulation layer thickness has a great influence on the thermal performance of the external
walls. Therefore, this parameter influence will be also evaluated (Models E6). The EPS insulation
thickness of the reference exterior LSF wall is 50 mm (Table 5). Three more values will be evaluated,
namely: 0.0 mm (i.e., no EPS thermal insulation), 30 and 80 mm (Figure 5c).
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Figure 5. Exterior LSF facade cross-sections: (a) Models E1 and E2; (b) Models E3 and E4; (c) Models
E5 and E6. Layers: 1O ETICS finish; 2O EPS; 3O OSB; 4O mineral wool; 5O steel stud C90; 6O gypsum
plasterboard (GPB); 7O air layer; 8O TB strip.

4. Verification of 2D FEM Models

In this section the accuracy of the two-dimensional (2D) finite element method (FEM) models
used in these computations is verified. First, the numerical results are compared against the two 2D
test cases presented in ISO 10211 [22] and implemented by the authors. Then, the numerical 2D results
are compared with the analytical solution provided by ISO 6946 [11] for simplified wall models with
homogeneous layers (i.e., without LSF structure).
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4.1. ISO 10211 Test Cases

To verify the accuracy of two-dimensional calculation algorithms, the ISO 10211 [22] Annex
C, provides two test cases reference values (case 1 and 2) that was applied to the 2D FEM THERM
software [43] to be classified as a steady-state high precision method.

In the first test case a sketch of a half square column with 28 points placed equidistantly inside
the column, for which the corresponding temperatures for each point are known, was provided.
The difference between the analytical solution given for each point inside the column and the
temperature computed by the algorithm should not exceed 0.1 ◦C. For all the 28 points provided,
the temperatures calculated by THERM (Figure 6a) were the same, with one exception, but stayed
below a 0.1 ◦C difference from the given reference temperature.

Figure 6. Temperature distribution obtained by the authors for the 2D test cases of ISO 10211 [22]:
(a) test case 1; (b) test case 2.

For the second case, ISO 10211 requires that the difference between the temperatures calculated
by the method being verified and the reference temperatures listed in the standard shall not exceed
0.1 ◦C, and the difference between the heat flow calculated and the reference value shall not exceed
0.1 W/m. The temperatures (Figure 6b) and heat flow calculated by THERM for test case 2 were exactly
the same as prescribed by ISO 10211 Annex C. Notice that these results ensure not only the precision of
the THERM software algorithm [43], but also the authors’ expertise to use it.

4.2. ISO 6946 Analytical Approach

Another way to check the reliability of 2D FEM models is to compare the numerical results obtained
with a simplified model of the same wall composed only for homogeneous layers (i.e., without the steel
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frame). For those walls with homogeneous layers, analytical solutions are available in ISO 6946 [11]
and easy to calculate based on the thickness of each layer and on the material thermal conductivities.
The input values (i.e., materials, layer thicknesses and thermal conductivities) were presented before
in Table 1 (reference LSF interior partition wall) and Table 4 (reference LSF exterior facade wall).
Regarding surface thermal resistances, the used values were obtained in ISO 6946 [11] for horizontal
heat flow, namely 0.13 and 0.04 m2.K/W for internal (Rsi) and external surfaces (Rse), respectively.

The obtained thermal transmittance values for the analytical [11] and numerical approach (2D
FEM) are displayed in Table 6. These results once again ensure the authors’ skills in using THERM
software for modeling [43], as well as its high accuracy.

Table 6. Thermal transmittances obtained for simplified wall models with homogeneous layers.

Wall Typology (Without Steel Frame)
U-Value [W/(m2.K)]

Analytical 2D FEM 1

Interior Reference Partition Wall 0.321 0.321
Exterior Reference Facade Wall 0.227 0.227

1 using THERM software [43].

5. Two-Dimensional FEM Simulations

5.1. Boundary Conditions

As a mandatory entry to perform a numerical modeling simulation, it is necessary to define the
boundary conditions to be applied on the LSF walls. Regarding temperatures, the interior temperature
was set at 20 ◦C (a usual winter indoor comfort set-point temperature) and the exterior temperature
was 0 ◦C (a usual design outdoor temperature for the winter season in mild climates such as in
Portugal). An additional temperature of 10 ◦C was set for the partition walls ‘exterior’ unconditioned
space; this value was considered an intermediate temperature between the adopted indoor (20 ◦C)
and outdoor (0 ◦C) temperatures. Notice, that the obtained U-values do not depend on the chosen
temperature difference between the interior and exterior environments, since this value is computed
for a unitary temperature difference (i.e., per degree Celsius (◦C) or, according to international standard
units, per Kelvin (K).

Regarding surface thermal resistances, the values set on ISO 6946 [11] for horizontal heat flow
were used (i.e., 0.13 and 0.04 m2.K/W for internal (Rsi) and external resistance (Rse), respectively).
Notice that for the interior partition walls, internal surface resistances were used in both sides of the
partition (i.e., 0.13 m2.K/W).

5.2. Modeling Air Layers

The air layers inside the walls were modeled with a solid-equivalent thermal conductivity.
The thermal resistance for these unventilated air-gaps were obtained in the ISO 6946 [11]. Knowing the
thickness of the air-gap and dividing by its tabulated thermal resistance, the solid-equivalent thermal
conductivity used in the 2D FEM numerical simulations was obtained, as displayed in Table 7.

Table 7. Thermal resistance and solid-equivalent thermal conductivity of air layers.

d1
air [mm] R2

air [m2.K/W] λ3
eq [W/(m.K)]

2.5 0.055 0.045
5.0 0.11 0.045

10.0 0.15 0.067
90.0 0.18 0.500

1dair—thickness of air layer; 2 Rair—thermal resistance of air layer (from ISO 6946); 3 λeq—solid-equivalent
thermal conductivity.
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6. Results and Discussion

6.1. Interior LSF Partition Walls

Table 8 displays the obtained thermal transmittances values for interior LSF partition walls, as well
as the differences in relation to the reference LSF partition wall. To facilitate the quick analysis, the same
results are illustrated graphically in Figure 7.

Table 8. Thermal transmittance obtained for interior LSF partition walls.

Model Evaluated Parameter Ref. Value Value 1 Value 2 Value 3

I1 Thickness of Steel Studs [mm] 0.6 1.0 1.2 1.5
U-value [W/(m2.K)] 0.449 0.474 0.482 0.491
Absolute difference - +0.025 +0.033 +0.042

Percentage difference - +5.6% +7.3% +9.4%
I2 Clearance Between Steel Studs [mm] 600 300 400 800

U-value [W/(m2.K)] 0.449 0.580 0.515 0.420
Absolute difference - +0.131 +0.066 −0.029

Percentage difference - +29.2% +14.7% −6.5%
I3 Thickness of Aerogel TB 1 Strips [mm] 0.0 2.5 5.0 10.0

U-value [W/(m2.K)] 0.449 0.415 0.392 0.374
Absolute difference - −0.034 −0.057 −0.075

Percentage difference - −7.6% −12.7% −16.7%
I4 TB 1 Strips Materials [10 mm] - MS-R1 2 XPS 3 CBS 4

U-value [W/(m2.K)] 0.449 0.421 0.396 0.374
Absolute difference - −0.028 −0.053 −0.075

Percentage difference - −6.2% −11.8% −16.7%

I5

Sheathing Panels
GPB 5 Thickness [mm] 2 × 12.5 12.5 - 12.5
OSB 6 Thickness [mm] - 12.0 2 × 12.0 -
XPS 3 Thickness [mm] - - - 12.0

U-value [W/(m2.K)] 0.449 0.419 0.397 0.338
Absolute difference - −0.030 −0.052 −0.111

Percentage difference - −6.7% −11.6% −24.7%
1 TB—thermal Break; 2 MS-R1—Acousticork (rubber); 3 XPS—extruded polystyrene; 4 CBS—cold break strip
(aerogel); 5 GPB—gypsum plasterboard; 6 OSB—oriented strand board.

Comparing the obtained thermal transmittance value for the interior reference partition wall
without steel frame (Table 6, 0.321 W/(m2.K)) and the calculated value for the reference interior LSF
partition wall (Table 8, 0.449 W/(m2.K)) it is possible to verify that the LSF metallic structure increases
the thermal transmittance value by about 40% (i.e., +0.128 W/(m2.K)). Notice that this large increase in
the U-value is due to the high thermal conductivity of steel (see Table 1)—even for a very small steel
thickness (only 0.6 mm)—and due to the fact that all thermal insulation (mineral wool) is bridged by
the steel studs (i.e., it is not continuous).

The thickness of steel studs (Model I1) was the first parameter to be assessed (Table 8). As expected,
given the higher amount of steel, when increasing the thickness from 0.6 mm (reference value) up to
1.0, 1.2 and 1.5 mm, there was an increase in the U-value of 5.6%, 7.3% and 9.4%, respectively.

The second parameter evaluated (Table 8) was the distance between the vertical studs (Model I2),
with the reference value equal to 600 mm. The decrease of this distance to 300 and 400 mm brought an
increase in the wall U-value of 29.2% and 14.7%, respectively. This was expected given the increased
amount of steel per unit area of the LSF wall. On the other hand, the increase of this distance from
600 mm up to 800 mm brought a wall U-value decrease of about 6.5%.

The existence of a thermal break (TB) strip (Model I3) increases the insulation of the steel
structure and consequently decreases the thermal transmittance of the wall, as expected (Table 8).
This U-value reduction was 7.6%, 12.7% and 16.7% for an aerogel TB strip with a thickness of 2.5,
5.0 and 10.0 mm, respectively.
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Figure 7. Thermal transmittances obtained for interior LSF partition walls.

The influence of the TB strip material (10 mm thick) was also evaluated (Model I4). Using recycled
rubber (MS-R1) as a thermal break material, the U-value reduction was about 6.2% compared with
the reference wall model without the TB strip (Table 8). For an XPS TB strip, the U-value decreased
11.8% and when using a material with a lower thermal conductivity (CBS aerogel) the wall thermal
transmittance dropped even more (−16.7%). The former material (aerogel) provided the best results
but is still quite an expensive material in comparison with the other two (recycled rubber and XPS).

Three variations according to what was previously presented for Model I5 (Table 2) were proposed
for the configurations of sheathing panels. All three modeled variations for sheathing panels show
better results than the reference interior LSF wall, because gypsum plasterboard has the highest thermal
conductivity value, providing the uppermost U-value for the reference interior LSF partition wall
(Table 8). The U-value reduction varied from 6.7% for GPB and OSB panels up to 24.7% for GPB
and XPS panels. The largest reduction was expected given the very reduced thermal conductivity
of XPS material (0.037 W/(m.K)) in comparison with others [i.e., GPB (0.175 W/(m.K)) and OSB
(0.100 W/(m.K))].

Looking now to the extreme values obtained (see highlighted values in Table 8 and Figure 7),
the highest thermal transmittance increase (+29.2%) was achieved for the Model I2V1, corresponding
to a minimum clearance between steel studs (i.e., 300 mm). The lowest thermal transmittance
decrease (−24.7%) was achieved for the Model I5V3, corresponding to GPB and XPS sheathing panels.
These extreme U-values verify the great relevance of steel inside the LSF wall (Models I2), as well as
the importance of providing a continuous thermal insulation layer (Model I5V3), even with a small
thickness (only 12.0 mm in each side). Additionally, this XPS sheathing layer has also the advantage of
being an affordable solution when compared with more expensive material (e.g., the aerogel TB strips
(Models I3)).

In order to visualize and compare the temperature and heat flux distribution for these models,
Figure 8 graphically displays this information. The temperature distribution in both LSF wall
cross-sections is very similar (Figure 8a), and the influence of the steel stud in the temperature
distribution is visible, given the high thermal conductivity from steel and consequently the thermal
bridge effect. Analyzing the heat flux images (Figure 8b), the strong concentration of the heat flux
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around the steel stud is clear. Moreover, there are higher heat flux values for Model I2V1 (i.e., the wall
with 300 mm clearance between studs), in comparison to the other model.

Figure 8. Temperature (a) and heat flux (b) color distribution for internal LSF wall models with the
highest U-value increase (300 mm vertical stud distance) and decrease (XPS + GPB sheathing panels).

6.2. Exterior LSF Facade Walls

On Table 9 are shown the thermal transmittance values obtained for exterior LSF facade walls,
as well as the differences between each parameter U-value and the reference LSF exterior wall U-value.
For a better visualization and easier analysis for all modeled parameters, the graphic presented in
Figure 9 plotted the obtained U-values and percentage differences.

Figure 9. Thermal transmittances obtained for exterior LSF facade walls.
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Table 9. Thermal transmittances obtained for exterior LSF facade walls.

Model Evaluated Parameter Ref. Value Value 1 Value 2 Value 3

E1 Thickness of Steel Studs [mm] 1.5 0.6 1.0 1.2
U-value [W/(m2.K)] 0.276 0.267 0.272 0.274
Absolute difference - −0.009 −0.004 −0.002

Percentage difference - −3.3% −1.4% −0.7%
E2 Clearance Between Steel Studs [mm] 600 300 400 800

U-value [W/(m2.K)] 0.276 0.323 0.299 0.263
Absolute difference - +0.047 +0.023 −0.013

Percentage difference - +17.0% +8.3% −4.7%
E3 Thickness of Aerogel TB 1 Strips [mm] 0.0 2.5 5.0 10.0

U-value [W/(m2.K)] 0.276 0.263 0.255 0.248
Absolute difference - −0.013 −0.021 −0.028

Percentage difference - −4.7% −7.6% −10.1%
E4 TB1 Strips Materials [10 mm] - MS-R1 2 XPS 3 CBS 4

U-value [W/(m2.K)] 0.276 0.265 0.256 0.248
Absolute difference - −0.011 −0.020 −0.028

Percentage difference - −4.0% −7.2% −10.1%

E5

Inner Sheathing Panels
GPB 5 Thickness [mm] 12.5 2 × 12.5 - 12.5
OSB 6 Thickness [mm] 12.0 2×12.0 -
XPS 3 Thickness [mm] - - - 12.0

U-value [W/(m2.K)] 0.276 0.282 0.271 0.256
Absolute difference - +0.006 −0.005 −0.020

Percentage difference - +2.2% −1.8% −7.2%
E6 Thickness of EPS 7 ETICS 8 [mm] 50 0 30 80

U-value [W/(m2.K)] 0.276 0.494 0.327 0.223
Absolute difference - +0.218 +0.051 −0.053

Percentage difference - +79.0% +18.5% −19.2%
1 TB—thermal break; 2 MS-R1—Acousticork (rubber); 3 XPS—extruded polystyrene; 4 CBS—cold break strip (aerogel);
5 GPB—gypsum plasterboard; 6 OSB—oriented strand board; 7 EPS—expanded polystyrene: 8 ETICS—external
thermal insulation composite system.

To evaluate the influence of the steel structure the U-value for the exterior wall with homogeneous
layers was compared (i.e., without steel frame, from Table 6, 0.227 W/(m2.K)) with the U-value computed
for the complete reference exterior wall (from Table 9, 0.276 W/(m2.K)). The thermal transmittance
increase due to the steel frame was 0.049 W/(m2.K) (i.e., +22%, or even only 18% for the 0.6 mm thick
(Model E1V1)). Notice that this increment in the U-value is much lower when compared with the
interior partition wall: +0.128 W/(m2.K) or +40%. This reduced relevance of the steel structure in
the exterior partition wall, even having a steel thickness almost triple from the interior wall (1.5 mm
instead of 0.6 mm), could be justified by the continuous thermal insulation in the ETICS (hybrid LSF
structure), while in the interior partition wall all the thermal insulation is bridged by the steel frames
(cold LSF structure).

Looking to the importance of the steel studs thickness in this exterior facade wall (Model E1),
when this thickness is reduced from 1.5 mm to 0.6 mm there is a decrease of only 3.3% in the thermal
transmittance (Table 9), while in the interior partition wall the corresponding value when there is an
increase in the steel thickness from 0.6 mm up to 1.5 mm is +9.4% (Table 8). This again confirms the
higher relevance of the steel structure in the interior partition wall.

The second evaluated parameter is the clearance between the vertical studs (Model E2), where the
reference value is 600 mm. When decreasing the distance between the studs—300 and 400 mm—the
wall U-value increases 17.0% and 8.3%, respectively. In contrast, when the studs where placed farther
apart (800 mm) the U-value decreases 4.7%. As explained before, those thermal transmittance variations
are closely linked with the amount of steel inside each wall configuration.
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The results of the thickness variation for the CBS aerogel thermal break strip on exterior facade
walls were computed using Model E3 (Table 9). As expected, by increasing the TB thickness to 2.5,
5.0 and 10.0 mm, there was a decrease of the wall U-value by 4.7%, 7.6% and 10.1%, respectively.
Confronting these results with similar ones for the interior partition wall (7.6%, 12.7% and 16.7% in
Table 8), it can be seen that the decrease in U-values is now considerably lower. This could be justified
by the reduced importance of the steel frame in the exterior walls and consequently the effect of the TB
strips is also reduced.

Evaluating the effectiveness of different materials for the 10 mm thick TB strip (Model E4),
as expected, the aerogel (CBS) strip allowed the biggest reduction on wall thermal transmittance
(10.1%), followed by the XPS strip (reduction of 7.2%) and recycled rubber (MS-R1) with a 4.0% decrease
on the U-value.

Model E5 (Table 9) shows the results of changing the innermost sheathing panels material.
Three different configurations were assessed. The first was composed by two panels of GPB and
presented a U-value increase of 2.2%. The second configuration used two panels of OSB and it obtained
a U-value reduction of 1.8% in comparison with the reference value. For the last variation, the internal
layers were composed of a GPB panel and an XPS panel, having the most significant results (i.e.,
a reduction of 7.2%). Notice, that this last U-value reduction is significantly lower when compared
with the one computed for the interior partition wall (−24.7%). Again, this is related with lower
relevance of the steel frame thermal bridge transmission due to the existence of the ETICS continuous
thermal insulation in the exterior facade wall. Therefore, the relevance of an extra continuous thermal
insulation layer is also reduced.

Model E6 evaluates the influence of the EPS thickness in the ETICS. The exterior reference facade
wall has 50 mm of EPS, compared with three additional values of 0, 30 and 80 mm. Clearly this was
the most relevant evaluated parameter, leading to an increase of 79% in the U-value (Model E6V1)
when there is no exterior thermal insulation and a reduction of 19.2% when the EPS thickness was
increased to 80 mm (Model E6V3).

Figure 10 displays the color temperature and heat flux distribution for these two models with the
most extreme U-value variation. Regarding the temperature distribution (Figure 10a), the influence of
the continuous thermal insulation on Model E6V3 (hybrid LSF structure), with a warmer steel frame
temperature in comparison with Model E6V1 (cold frame LSF structure) is very visible. Looking at the
heat flux distribution (Figure 10b), as expected, the values for Model E6V1 are visually higher than
Model E6V3, given the continuous thermal insulation layer in this second model.

Figure 10. Temperature (a) and heat flux (b) color distribution for exterior LSF wall models with the
highest U-value increase (0 mm EPS ETICS) and decrease (80 mm EPS ETICS).
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7. Conclusions

In this work, a sensitivity analysis regarding the thermal transmittance (U-value) was performed
for two different types of lightweight steel framed (LSF) walls: interior partition and exterior
facade. The numerical results were obtained by using 2D finite element method (FEM) models.
The accuracy of these models was verified by comparison with ISO 10211 test cases and with ISO 6946
analytical approach.

The assessed parameters were: (1) thickness of steel studs; (2) clearance between studs; (3) thermal
break strips thickness and (4) material; (5) configuration of internal sheathings panels, and; (6) thickness
of EPS external thermal insulation composite system (ETICS), only for the external facade wall.
The results of this parametric study were compared to a reference interior partition LSF wall, with a
U-value equal to 0.449 W/(m2.K) and to a reference exterior facade LSF wall, with a U-value equal to
0.276 W/(m2.K). Regarding the obtained results, notice that the percentages of U-value change are high,
but the absolute differences are rather small in most cases.

The interior partition LSF wall showed higher U-values and a greater influence of the internal steel
structure on the wall thermal transmittance. This was expected given the high thermal conductivity of
steel and the absence of a continuous thermal insulation on interior partition walls potentiates the
thermal bridges’ effects on the LSF structure, resulting in higher U-values. Nevertheless, higher heat
flux through the interior walls enables other evaluated parameters to have a greater influence on wall
thermal transmittance (e.g., clearance between steel studs (up to +29.2%) and XPS sheathing panel
(down to −24.7%)).

The thickness augment of the metallic structure increased the thermal transmittance of the interior
wall up to +9.4% (1.5 mm thick). The use of thermal break (TB) strips reduced the U-value of the
interior wall down to −16.7% (10 mm thick aerogel strip). The use of different materials in the TB strip
was also assessed. The U-value reduction depends on the thermal conductivity of the material used in
the TB strip: −6.2% for recycled rubber, −11.8% for XPS and −16.7% for aerogel.

For the exterior facade LSF walls, the existence of an ETICS continuous thermal insulation on the
outer side reduces the heat flux through the wall, particularly through the steel frame, resulting in a
lower wall U-value and decreasing the importance of other evaluated parameters. In fact, the major and
the minor U-value increment changed the thickness of the EPS insulation ETICS layer (i.e., an augment
of +79.0% when there is no EPS (0.0 mm thick) and a decrease of −19.2% for 80 mm EPS thickness).
Notice that the reference wall has 50 mm of EPS ETICS.

Decreasing the steel thickness (1.5 mm) to 0.6 mm reduced the U-value to only −3.3%
(−0.009 W/(m2.K)). Notice that in the interior partition wall the absolute U-value increased, when the
steel thickness changed from 0.6 mm up to 1.5 mm, and was more than four times higher (i.e.,
+0.042 W/(m2.K), showing the lower importance of the steel structure in this exterior facade LSF wall.

When changing the distance between the vertical studs from 600 mm to half (300 mm) and
doubling the amount of steel, the U-value increased only +17.0% (+0.047 W/(m2.K)). Notice that in the
interior partition wall the absolute U-value increase was almost the triple (i.e., +0.131 W/(m2.K)).

The use of aerogel thermal break strips with different thicknesses (up to 10 mm) reduced
the U-value down to −10.1% (−0.028 W/(m2.K)). Notice that in the interior wall this absolute
U-value reduction was more than double (i.e., −0.075 W/(m2.K)). Using a 10 mm thick TB strip with
different materials (rubber, XPS and aerogel) decreased the U-value to about −4.0% (−0.011 W/(m2.K)),
−7.2% (−0.020 W/(m2.K)) and −10.1% (−0.028 W/(m2.K)), respectively. Notice that in the interior wall
these U-value reductions were quite higher: −6.2% (−0.028 W/(m2.K)), −11.8% (−0.053 W/(m2.K)) and
−16.7% (−0.075 W/(m2.K)), respectively.

The use of different inner sheathing panels (GPB, OSB and XPS) led to a U-value variation down
to −7.2% (−0.020 W/(m2.K)) for the XPS/GPB panels. Notice that in the interior LSF wall this absolute
U-value reduction was much more relevant [i.e., more than five times higher (−0.111 W/(m2.K))].
This was due not only to the absence of any continuous thermal insulation in the reference interior LSF
wall, but also to the fact that in this case the two wall sides were updated with an XPS sheathing panel
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(one in each side), while in the exterior facade only the inner wall surface was updated with an XPS
sheathing panel.

For further related research work, the authors intend to perform laboratorial experimental
measurements in similar interior and exterior LSF walls. These measurements will be useful to ensure
the reliability of the numerical simulations and validate the numerical models. In order to consider
and evaluate the relevance of some three-dimensional (3D) effects in the thermal performance of these
interior and exterior LSF walls, the authors also intend to perform some 3D FEM simulations in a
complementary future research work. Another predicted future work is to evaluate the cost-benefit of
these thermal performance improvement measures and the provided energy efficiency benefits for an
LSF building.
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