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Abstract: In the construction domain, there is a growing emphasis on sustainability, resource efficiency,
and energy optimisation. Light-gauge steel panels (LGSPs) stand out for their inherent advantages
including lightweight construction and energy efficiency. However, the effective management of
thermal efficiency, particularly addressing thermal bridges, is crucial. This paper conducts a detailed
numerical investigation into the thermal performance of LGSPs, examining varied insulation ratios.
Thermal finite element (FE) models were initially developed using the THERM software and validated
against code predictions and results available in the literature. A comprehensive parametric study
explored different insulation ratios, insulation materials, and wall thicknesses, discovering their
impact on thermal transmittance (U-value). Key findings revealed that U-value correlated with
insulation material conductivity, with E-PLA insulation exhibiting the lowest values, and increasing
wall thickness resulted in decreased U-values. It was found that a strategic use of insulation yielded
a U-value reduction of over 65%. New simplified design approaches were developed, featuring
insulation ratios linked to accurate U-value predictions for LGSP configurations. The new design
approaches were found to provide more accurate and consistent U-value predictions. Moreover,
optimum insulation ratios for new builds and existing building extensions were found to be around
0.9 and 0.7 for 275 mm and 325 mm thick walls, respectively. These proposed energy-efficient
solutions, facilitated through advanced design, are well-aligned with net-zero construction objectives.

Keywords: light-gauge steel; thermal performance; numerical analysis; insulation ratios; U-value;
new design approach

1. Introduction

In the field of construction, the prominent focus on sustainable practices, resource effi-
ciency, and the optimisation of energy consumption has become a critical concern. The drive
for this is not only rooted in environmental awareness but also in the economic rationale
for resource conservation and cost reduction throughout the construction and demolition
processes. Moreover, addressing thermal energy consumption poses a significant challenge
in the design and construction of both conventional and modular infrastructures [1-3], due
to its central role in environmental impact and operational expenses [4].

Among the diverse range of construction options available, light-gauge steel pan-
els (LGSPs) have garnered considerable attention for their unique set of advantages. A
typical LGSP consists of steel studs, gypsum plasterboard panels, cavity insulation, and
mechanical fasteners [5,6]. The classification methods, framing techniques, and testing
requirements may be adhered to as specified in the standards [7]. LGSPs offers advantages
such as a lightweight nature, an ease of erection, superior structural performance, fire
resistance, energy efficiency, and sustainability [8-13]. These benefits make it a popular
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choice in various building applications, including commercial, industrial, and residential
buildings. LGSPs also offer the advantage of on-site assembly, free from the detrimental
effects of moisture, thereby streamlining construction timelines and enhancing overall
project cost-efficiency [14]. However, despite these compelling advantages, LGSPs are not
without their drawbacks. One important issue is how well they insulate against heat loss,
especially when it comes to thermal bridges. This can significantly affect energy efficiency,
which is determined by factors like the wall’s inner and outer surfaces and the insulation
thickness [15]. Neglecting to address the thermal bridge effects of LGSPs can have profound
consequences, significantly reducing the energy efficiency of steel structures, amplifying
operational energy consumption, and incurring consequential costs [16]. Therefore, con-
sidering different materials of thermal insulation, including thickness and cavity width of
the wall, is one of the most effective strategies for reducing U-value and advancing energy
conservation in buildings [17,18].

The thermal efficiency of LGSPs has been the focus of several previous investiga-
tions [10,18-22]. In order to enhance the energy efficiency of wall panels by mitigating the
thermal bridge effect and reducing U-values, numerous strategies have been proposed in
the literature and extensively examined through both numerical simulations and experi-
mental investigations. These strategies include using less-conductive insulation materials
and thermal breaks [18], vacuum insulation panels [21], introducing several narrow stag-
gered slots on the steel web of the frames [23,24], and modifying the suitable cross-section
shape of the steel profile to minimize the contact area between the steel frames and the
sheathing panel [25]. The use of staggered slotted perforation has been gaining atten-
tion as an effective solution to improve thermal efficiency despite a lowered structural
load-carrying capacity [2,26,27].

Lohmann and Santos [28] conducted an investigation on Trombe wall thermal be-
haviour and energy efficiency. The results showed that the Trombe wall device could
significantly improve the thermal behaviour of an LGSP compartment and reduce heating
energy consumption if it was adequately designed and controlled to mitigate night-time
heat losses. Roque and Santos [16] conducted a numerical study on the effectiveness of the
position of the insulation in the facade walls. Their findings revealed significant variations
in thermal performance depending on the insulation layer’s positioning. Gervasio et al. [29]
illustrated that it was feasible to make substantial enhancements in the thermal efficiency
of residential buildings by optimizing the distribution of insulation materials throughout
the building envelope. In a review study conducted by Omer [30] focusing on insulation
thickness, the numerical findings revealed that as the insulation thickness increased, the
expected outcome of reduced heating and cooling energy demands per square metre of
the wall was observed. Specifically, with 0.02 m of insulation, there was a remarkable 50%
reduction in the annual total heat transfer, and this reduction further dropped to less than
20% with the installation of 0.10 m of insulation. Soares et al. [31] provided a comprehensive
review investigation of the primary techniques employed to assess the overall thermal
transmittance and thermal performance of nonuniform and moderately uniform building
components such as walls, windows, and construction elements utilizing innovative mate-
rials. Roque et al. [32] provided numerical evidence that the optimal method for enhancing
the thermal performance of light steel-frame structures is the installation of a continuous
insulation layer on the exterior of the steel frame. This approach, aligning with warm con-
struction principles, was empirically established as the most effective means of achieving
superior thermal and fire behaviour [33] in light steel-frame construction. Sun et al. [34]
proposed an innovative design for LGSPs, featuring various panels and layers, including a
nonmetallic broken bridge layer and agricultural waste straw, to enhance the structural
integrity and performance. Through experimentation, they determined that this innova-
tive construction significantly reduced heat loss due to the broken bridge layer and the
air gap between the steel frame and the sheathing panel. These research investigations
highlight the importance of wall configurations, insulation materials, and experimental or
numerical approaches in enhancing the thermal performance and predicting the thermal
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transmittance of light-gauge steel walls. However, there is limited research [35] performed
to investigate the influence of the insulation ratio (the ratio between insulation thickness
and cavity width) on the thermal performance of LGSPs. Therefore, this research aims to
address a critical knowledge gap in the thermal efficiency of LGSPs and aims to provide
valuable insights for optimising insulation strategies during the design phase.

In this research, the thermal performance of LGSPs in two different wall configurations,
with thicknesses of 275 mm and 325 mm, is examined through thermal finite element
modelling. These models are validated using comparisons with ISO 10211 [36] test cases
and prior studies conducted by Santos et al. [37]. The primary objective of this study
is to conduct an extensive analysis, examining the influence of several key factors on
the thermal performance of LGSPs. These factors include the ratio of insulation layer
thickness to air cavity width (ranging from 0.2 to 1.0 in 0.2 intervals), the choice of insulation
material (including options such as stone wool, E-PLA, mineral wool, rock wool, and glass
fibre), and variations in total wall thickness (at 275 mm and 325 mm). Finally, a design
methodology has been formulated to estimate the U-values of cold-formed steel-framed
wall panels with various insulation ratios, facilitating a more straightforward approach to
U-value estimation.

2. Materials and Methods
2.1. General

This section offers an in-depth exploration of numerical simulations applied to LGSPs
for the assessment of thermal efficiency. It provides a concise overview of governing
equations linked to thermal conductance, elaborates on finite element modelling, outlines
validation techniques, and introduces parametric studies.

2.2. Numerical Simulation and Governing Equations

It is valuable to explore certain theoretical correlations among parameters associated
with the thermal conductance of building materials, forming the basis for the subsequent
implementation of numerical studies. ISO 6946 [38] prescribes methods to estimate the
thermal resistance of a building element with homogeneous and/or inhomogeneous layers.
The thermal transmittance (U-value) is determined by taking the reciprocal of the total
thermal resistance (Ry.¢), as presented in Equation (1).

_ 1
Riot

u )

When a building element is formed by n number of homogeneous layers, and the
heat flow is perpendicular to the layers, the heat flow transfer is one-dimensional. In this
instance, the total thermal resistance (R¢) can be determined as shown in Equation (2),
where Ry; is the internal surface resistance, R, is the external surface resistance, and Rjis
the thermal resistance of each homogeneous layer. According to ISO 6946 [38], R;; and Rs,
can be considered as 0.13 and 0.04 m2K/W, respectively.

Riot = Ri + )4 Rj + Ree 2)

When estimating the thermal resistance of building elements comprising homogeneous
and inhomogeneous layers, such as LGSPs investigated in this study, ISO 6946 [38] recom-
mends a simplified method to estimate the total thermal resistance (Ry¢). Santos et al. [39]
assessed this method to estimate the thermal transmittance of LGSPs. The total thermal
resistance (Ryo¢) is calculated by combining the parallel path and isothermal planes meth-
ods. The method stated in ISO 6946 [38] is only valid for elements that have layers that are
either homogeneous and inhomogeneous, and may include air layers that are no more than
0.3 m thick as well as metal fastenings. If the ratio of the upper limit of thermal resistance
to the lower limit of thermal resistance is greater than 1.5, then the method cannot be used.
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Similarly, if there is metal bridging the insulation, then the method cannot be applied.
Further, specific limitations of using this method are detailed in ISO 6946 [38].

The upper limit of the total thermal resistance is estimated considering a one-dimensional
heat transfer across the building element surfaces, using the parallel path option. The expres-
sion for the upper limit is shown in Equation (3), where Ryotupper represents the upper limit

of the total thermal resistance (in m*K/W). The parameters Riot.a, Riorp, Reotier - -+ s Riotyg
represent the total thermal resistances from environment to environment for each section,
calculated in accordance with Equation (2), and the parameters f,, fy, fe,--- ... , fq denote the
fractional areas of each section.
1 o f a f b f c f q
= + + +---+ 3)
Rtot;upper Rtot;a Rtot;b Rtot;c Rtot;q

The lower limit of the total thermal resistance is estimated by assuming all planes
parallel to the surfaces of the element are isothermal surfaces. Hence, the isothermal planes
option is used. The first stage in estimating the lower limit of the total thermal resistance
involves determining the equivalent thermal resistance (R;) for thermally inhomogeneous
layers. The expression to estimate the equivalent thermal resistance is given in Equation (4).
Here, R; denotes the equivalent thermal resistance (in m?K/W), and the parameters Ry,
Rpj, Rej, o , Ryj represent the thermal resistance for each thermally inhomogeneous
layer for each section. The parameters f,, fy, fe, ... ... , fq denote the fractional areas of each
section. Then, the lower limit of the total thermal resistance is estimated using Equation (2).

1 fe b fe S

Rj Ry Ryj Ry Ry;

(4)

As recommended by ISO 6946 [38], the total thermal resistance of a building element
is estimated by simply taking the average of total upper and total lower thermal resistances,
as given in Equation (5).

- Rtut;upper + Rtot;lower

Rtot - 2 (5)

2.3. Numerical Finite Element Modelling
2.3.1. General

For the numerical analysis of the LGSPs, the THERM 7.8 modelling software [40] was
used in this study. This software provides 2D conductive heat transfer analyses to model
and simulate the behaviour of heat transfer through components of buildings. A typical
LGSP configuration considered in this study is depicted in Figure 1. Similar configurations
with varying parameters were considered in the parametric study. More details of the
configurations and varying parameters are described in Section 2.5.

Interior

Exterior

Figure 1. Configuration of an LGSP considered.

2.3.2. Thermal Conductivity Properties

Defining the material properties of each wall component in the THERM 7.8 soft-
ware [40] for the considered wall is a prerequisite before incorporating them into the
model. Thermal conductivities for boards, insulations, steel, and air were obtained
from the literature and assigned as follows: Finish ETICS coat (A = 0.75 W/m:-K) [4],
EPS or ETICS insulation (A = 0.04 W/m-K) [4], OSB (A = 0.13 W/m-K) [4], stone wool
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(A =0.034 W/m-K) [4], expanded polylactic acid (EPLA) (A = 0.03 W/m:-K) [41,42], min-
eral wool (A = 0.035 W/m-K) [32], rock wool (A = 0.037 W/m:-K) [16], glass fibre (A = 0.04
W/m-K) [42], steel frames with cross sections such as C100 x 40 x 10 x 1, U75 x 40 x 10
x 1,and Z75 x 25 x 1 (A =50 W/m:K) [4], and plasterboard (A = 0.25 W/mK) [4]. When
considering horizontal heat flow, the thermal conductivity of air (A,j;) is dependent on the
thickness of the air layer (d) and its thermal resistance (R), as defined by a ratio of thickness
divided by thermal resistance in accordance with ISO 6946 [38]. Consequently, the thermal
conductivity for each specific thickness of the air layer was determined by calculating the
corresponding thermal resistance values as recommended by ISO 6946 [38].

2.3.3. Boundary Conditions and Meshing

The internal and external surface temperatures were configured at 20 °C and 0 °C,
respectively, in accordance with ISO 6946 [38]. This standard prescribes the internal and
external film coefficients as 7.69 W/m?K and 25 W/m?K. The remaining boundaries were
designated as adiabatic surfaces, ensuring no heat transfer. Similar boundary conditions
have been employed in the thermal modelling of LGSPs and 3D-printed concrete struc-
tures [16,35,37,42]. For mesh control, the Quad Tree Mesh Parameter was set to 6, while
the maximum number of iterations and the maximum allowable percentage of error in
energy were both defined as 5 and 10%, respectively. Figure 2 shows the default meshed
wall configuration as generated by the THERM 7.8 software [40].

Figure 2. Meshing scheme of a LGSP.

2.4. Validation of Thermal Finite Element Models
2.4.1. General

The heat transfer modelling techniques incorporated in the THERM 7.8 software [40]
were subjected to validation using established reference test cases from ISO 10211 [36]
and comparisons with U-value findings in the literature related to LGSPs. ISO 10211 [36]
comprises four standard test cases for validating calculation methods, and in this research,
test case 1 and test case 2 were applied to validate the 2D models. Furthermore, thermal
models were compared with the thermal analysis results reported by Santos et al. [37] for
different LGSP configurations.

2.4.2. Test Case 1 by ISO 10211 [36]

Test case 1 represents surface temperatures at 28 points of half of a square column
(see Figure 3). It suggests using them for the validation of a model, with the difference
between the temperatures suggested by ISO 10211 [36] and the temperatures calculated by
the numerical model using THERM 7.8 [40] not exceeding 0.1 °C. Accordingly, half of a
400 mm x 200 mm square column was modelled using THERM 7.8 [40]. The boundary
conditions were set to AB =20 °C, BC = CD =0 °C, and AD as adiabatic surface. The
thermal conductivity of the material was set to 0.1 W/mK. The obtained temperatures at
28 nodes from the software analysis was compared with the temperatures given in ISO
10211 [36]. Table 1 shows the temperature comparisons. The comparisons indicated that
the closest alignment between the results from the THERM 7.8 software [40] and the ISO
10211 [36] solutions was attained with less than 0.1 °C difference.
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Figure 3. (a) Test case 1 model and (b) temperature profile obtained from THERM.

Table 1. Comparison of analytical temperature solutions at each grid point obtained from ISO 10211

[36] and THERM 7.8.
Grid Temperature (°C) Grid Temperature (°C) Grid Temperature (°C) Grid Temperature (°C)
No. Tiso  Truerm  NO- Tiso  Truerm  NO- Tiso  Truerm  NO- Tiso  Traerm
1 9.7 9.7 2 13.4 13.4 3 14.7 14.7 4 15.1 15.1
5 5.3 5.3 6 8.6 8.6 7 10.3 10.3 8 10.8 10.8
9 32 3.2 10 5.6 5.6 11 7.0 7.0 12 7.5 7.5
13 2.0 2.0 14 3.6 3.6 15 47 47 16 5.0 5.0
17 1.3 1.3 18 2.3 2.3 19 3.0 3.0 20 32 32
21 0.7 0.7 22 1.4 1.4 23 1.8 1.8 24 1.9 1.9
25 0.3 0.3 26 0.6 0.6 27 0.8 0.8 28 0.9 0.9

2.4.3. Test Case 2 by ISO 10211 [36]

As an additional method of validation, ISO 10211 [36] recommends a different test case,
which involves a wall section comprising layers filled with various materials, as depicted
in Figure 4. The layers, numbered 1 to 4, were filled with concrete, wood, insulation, and
aluminium, respectively. The thermal conductivities of each material are outlined in Table 2.
Additionally, for each wall component denoted as AB, AC, CD, CE, EM, GJ, IM, and FG-K],
the thickness measured 500, 6, 15, 5, 40, 1.5, 1.5, and 1.5 mm, respectively. Boundary
conditions were established at 0 °C and 20 °C on surfaces AB and HI, respectively. Surface
film coefficients for these surfaces were adopted as per ISO 10211 [36] recommendations,
set at 16.67 W/m?K and 9.09 W/m?K. The temperature profile obtained from the THERM
7.8 software [40] is illustrated in Figure 4.

Table 2. Thermal conductivities of materials in the wall [36].

Layer Number Material Thermal Conductivity (W/mK)
1 Concrete 1.15
2 Wood 0.12
3 Insulation 0.029
4 Aluminium 230
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Figure 4. (a) Test case 2 wall section [36] and (b) temperature profile obtained from THERM.

According to ISO 10211 [36], temperature values derived from the validated method
(i.e., THERM 7.8 [40] in this study) should exhibit a difference of no more than 0.1 °C
from ISO solutions. Table 3 compares the temperature solutions obtained from THERM
7.8 [40] and given in ISO 10211 [36]. The comparison results demonstrate that the THERM
software [24] achieved the closest agreement with ISO temperature solutions, with a
difference of less than 0.1 °C. Furthermore, the heat flow rate obtained from the model was
9.538 W/m, which closely aligned with the ISO 10211 [36] recommendation of 9.5 W/m.

Table 3. Comparison of temperature at the nodes in the wall according to ISO 10211 [36].

Temperature Suggested by Temperature Obtained by

Node 1SO 10211 (°C) THERM (°C)
A 7.1 7.1
B 0.8 0.8
C 79 7.9
D 63 63
E 0.8 0.8
F 16.4 16.4
G 163 163
H 16.8 16.8
I 183 183

2.4.4. LGSPs by Santos et al. [37]

Santos et al. [37] conducted a comprehensive investigation into the thermal behaviour
of various interior and exterior LGSPs. Their research explored the effects on U-values
based on different insulation materials and varying thicknesses. Thermal models were
developed and the results were compared against the results reported in Santos et al. [37].
The validation process included both interior and exterior wall configurations.

An interior wall was constructed with two 12.5 mm thick gypsum plasterboards
on each side of the wall, a steel stud (C90 x 90 x 0.6), and a 90 mm thick cavity that
was fully filled with mineral-wool batt insulation. This configuration was modelled as
a reference interior wall, setting the total thickness of the wall at 140 mm, as illustrated
in Figure 5. Steel studs were set in intervals of 600 mm. Thermal conductivity values
as reported in Santos et al. [37] were used for the modelling. The effects of fixing bolts
(e.g., metallic self-drilling screws) were neglected in the simulation as their number was
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reduced, and the overall U-value was affected insignificantly, due to its reduced punctual
thermal bridge effect.

Exterior

140mm

A
v

600mm Interior

Figure 5. Configuration of the interior light steel-frame wall.

Sixteen models of interior LGSPs were developed and those included varying pa-
rameters of thickness of steel (series I1), the clearance between steel frames (series I,), the
thickness of thermal break (TB) strips (series I3), the material of TB strips (series 14), and the
sheathing panel material (series I5). It is important to note that the thermal conductivity val-
ues for the thermal breaks used in the series 4 model, as indicated in Santos et al. [37], were
0.122 W/mK for recycled rubber (Acoustic MS-R1), 0.037 W/mK for extruded polystyrene
insulation, and 0.015 W/mK for the cold-break-strip aerogel.

As mentioned above, all parameters were incorporated, and U-values were calcu-
lated using THERM 7.8 [40] for interior LGSPs. The ratios of simulation results to those
reported in Santos et al. [37] for all the considered interior LGSPs are presented in Table 4.
The comparison revealed that THERM 7.8 [40] provided the closest agreement with U-
values reported in Santos et al. [37], with a mean simulation-to-Santos et al. [37] ratio
(Usantos €t al. [37]/Utnpgrm) very close to unity and a coefficient of variation (COV) value
of 0.007.

Table 4. Comparison of U-values predicted from THERM 7.8 and Santos et al. [37] for interior LGSPs.

Model Evaluated Parameter UTHERM Usantos et al. [37] Usantos et al. [371/UTHERM
Reference model 0.457 0.449 0.98
Thickness of steel studs (mm)
I 1.0 0.484 0.474 0.98
1.2 0.495 0.482 0.97
1.5 0.505 0.491 0.97
Clearance between steel studs (mm)
I 300 0.587 0.580 0.99
400 0.525 0.515 0.98
800 0.432 0.420 0.97
Thickness of aerogel strips (mm)
Iy 2.5 0.421 0.415 0.99
5.0 0.398 0.392 0.98
10.0 0.381 0.374 0.98
Material of thermal break strips with 10 mm
L Acoustic (recycled rubber) 0.430 0.421 0.98
Extruded polystyrene 0.402 0.396 0.99
Cold break strip (aerogel) 0.381 0.374 0.98
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Table 4. Cont.

Model

Evaluated Parameter UTHERM Usantos et al. [37] Usantos et al. [371/UTHERM

Sheathing panel materials

GPB + OSB 0.422 0.419 0.99

OSB + OSB 0.405 0.397 0.98

GPB + XPS 0.341 0.338 0.99

Mean 0.98

COVv 0.007

Compared to interior LGSPs, exterior LGSPs comprised additional thermal insulation
layers, including expanded polystyrene (EPS) and an external thermal insulation com-
posite system (ETICS) applied to the outer surface. These layers were incorporated to
effectively manage the substantial temperature fluctuations, a common requirement for
facade applications. The modelling utilized thermal conductivity values as presented in
Santos et al. [37]. Figure 6 provides a visual representation of the exterior wall’s cross
section used in the analyses.

Exterior

181.5mm

»
L

<
«

600mm Interior

Figure 6. Configuration of the exterior light steel-frame wall.

Nineteen models of exterior LGSPs were developed and those included varying
parameters of thickness of steel (series E1), the clearance between steel frames (series E2),
the thickness of thermal break (TB) strips (series E3), the material of TB strips (series E4),
the sheathing panel material (series E5), and the thickness of EPS and ETICS (series E6). As
described above, all parameters were incorporated, and U-values were calculated using
THERM 7.8 [40] for exterior LGSPs. Table 5 displays the ratios of simulation results for
all the exterior LGSPs under consideration to the values reported in Santos et al. [37]. The
analysis indicated that THERM 7.8 [40] demonstrated the highest level of agreement with
the U-values reported in Santos et al. [37], with a mean simulation-to-Santos et al. [37] ratio
(Usantos et al. [37]/Urngrm) very close to 1 and a COV of 0.005.

Table 5. Comparison of U-values predicted from THERM 7.8 and Santos et al. [37] for exterior LGSPs.

Model

Evaluated Parameter UTHERM Usantos et al. [37] Usantos et al. [37/UTHERM

Reference model 0.281 0.276 0.98

Thickness of steel studs (mm)

0.6 0.272 0.267 0.98

1.0 0.275 0.272 0.99

1.2 0.279 0.274 0.98
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Table 5. Cont.

Model Evaluated Parameter UTHERM Usantos et al. [37] Usantos et al. [371/UTHERM
Clearance between steel studs (mm)
E, 300 0.331 0.323 0.98
400 0.305 0.299 0.98
800 0.269 0.263 0.98
Thickness of aerogel strips (mm)
B 2.5 0.265 0.263 0.99
5.0 0.259 0.256 0.99
10.0 0.253 0.248 0.98
Material of thermal break strips with 10 (mm)
E, Acoustic (recycled rubber) 0.269 0.265 0.99
Extruded polystyrene 0.259 0.256 0.99
Cold break strip (aerogel) 0.253 0.248 0.98
Sheathing panel materials
Es GPB + OSB 0.286 0.282 0.99
OSB + OSB 0.277 0.271 0.98
GPB + XPS 0.261 0.256 0.98
Thickness of EPS 7 ETICS 8 (mm)
F 0.0 0.499 0.494 0.99
30 0.331 0.327 0.99
80 0.227 0.223 0.98
Mean 0.98
COV 0.005

To conclude, the developed thermal FE models could accurately simulate the ther-
mal efficiency and U-values of LGSPs and were considered suitable for performing a
parametric study:.

2.5. Parametric Study
2.5.1. General

The primary objective of this parametric study was to determine the impact of insula-
tion materials, their thicknesses, and the overall wall width on the thermal performance
of the LGSPs. The goal was to identify optimal design solutions using effective insulation
materials to enhance the wall’s thermal performance. In total, 52 models were developed
and analysed using THERM 7.8 [40]. The LGSP configuration and varying parameters are
discussed herein.

2.5.2. Computational Specimens

The thermal transmittance values (U-values) of LGSP walls were examined with two
different wall configurations, each with varying total thicknesses: 275 mm and 325 mm. The
schematic shape of the considered wall is illustrated in Figure 7. The impact of insulation
material thickness was determined by varying it in relation to the h/H ratio, where “h”
represents the thickness of the insulation material, and “H” denotes the total cavity width.
The insulation materials included five different types: stone wool, mineral wool, rock wool,
E-PLA, and fibreglass. The h/H ratio for both wall thicknesses (275 mm and 325 mm)
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varied for each wall and was set to 0, 0.2, 0.4, 0.6, 0.8, and 1. The outline of the parametric
study is presented in Table 6.

Interior

v
¥

H 325mm

hi2

hi2 i
?

v

1200mm Exterior

Figure 7. Cross section of the LGSP wall with a total thickness of 325 mm.

Table 6. Outline of the parametric study.

Wall Thickness Insulation Ratio (h/H) Insulation Type Number of Models
0 2
0.2 Sf?ir layer | 10
one woo
and Mineral wool
325 mm 0.6 € 10
Rock wool
08 Glass Fibre 10
1.0 10
Total 52

Itis important to note that each wall was denoted as Cj, , in the parametric study, where
X, y, and z represent the h/H ratio, total thickness of the wall, and the name of the insulation
material, respectively. This nomenclature was applied to both walls with thicknesses of
275 mm and 325 mm in the fully filled air configuration, which were designated as Cg75’ air

0 .
and C3,5 ,;,, respectively.

3. Results and Discussion
3.1. Walls with a Thickness of 275 mm

The thermal transmittance values (U-values) for each model with a wall thickness of
275 mm, along with the percentage decrease in U-value compared to that of an uninsulated
wall filled with air, are presented in Table 7.

The results primarily demonstrate that increasing the thickness of the insulation layer
significantly reduces the U-value of the wall and increases the percentage reduction in
U-value compared to an uninsulated wall with only an air cavity. The highest U-value,
which was 0.641 W/m?2K, was observed in the wall with no insulation and an air-filled
cavity, while the lowest U-value, 0.179 W/ m?2K, was achieved in fully insulated walls
(using E-PLA). The results indicate that as the ratio of insulation material thickness to
cavity width increases, the reduction in U-value gradually increases, ranging from 36%
to 72%. Another parameter assessed in this analysis was the influence of the insulation
material on the U-value of the wall. For each thickness ratio, E-PLA provided the lowest
U-value, while glass fibre resulted in the highest U-value.

When considering the combined effect of thickness ratio and insulation material type,
the highest reduction in U-value compared to the wall with only air was 72.07%, achieved
by walls fully insulated with E-PLA, whereas the lowest reduction was 36.66%, observed in
walls filled with 20% of glass fibre. Regardless of the insulation material used, the U-value
ranged from 0.363 W/m?K to 0.179 W/m?K, with reductions varying from 36% to 43% for
a 0.2 h/H ratio, 51% to 57% for a 0.4 h/H ratio, 59% to 65% for a 0.6 h/H ratio, 64% to 69%
for a 0.8 h/H ratio, and 66% to 72% for fully insulated walls.
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Table 7. Results of insulated walls and uninsulated wall with a thickness of 275 mm.

Percentage of

hie Configaration  Thickness ) Matedial | UVAlue Wl Decrsein
0 Cos ir - Air 0.641 -
CO% Stone Stone wool 0.382 40.41
CZ e pia E-PLA 0.363 43.37
02 CO% Mineral 39.2 Mineral wool 0.387 39.63
CO2 Rock Rock wool 0.395 38.38
CO2 Fiver Glass fibre 0.406 36.66
Co% Stone Stone wool 0.288 55.07
Cotr_pia E-PLA 0.270 57.88
04 Co% Mineral 78.2 Mineral wool 0.292 54.45
Co% Rock Rock wool 0.300 53.20
CS'745,Piber Glass fibre 0.312 51.33
Co% stone Stone wool 0.239 62.71
Co% p_pLA E-PLA 0.222 65.37
0.6 CO%. Mineral 117.6 Mineral wool 0.243 62.09
Co% Rock Rock wool 0.250 61.00
CY% Fiver Glass fibre 0.261 59.28
COB stone Stone wool 0.210 67.24
CoR v pra E-PLA 0.195 69.58
08 COB. Mineral 156.8 Mineral wool 0213 66.77
CO8 Rock Rock wool 0.220 65.68
COR river Glass fibre 0.230 64.12
Chb stome Stone wool 0.193 69.89
CHr pia E-PLA 0.179 72.07
10 Co% Mineral 196.0 Mineral wool 0.197 69.27
Co3 Rock Rock wool 0.204 68.17
C%'705,Fib or Glass fibre 0.213 66.77

3.2. Walls with a Thickness of 325 mm

In Table 8, the U-values were assessed for each model with a 325 mm wall thickness,
as well as the corresponding percentage reduction in U-value compared to an uninsulated
wall with an air-filled cavity. Similar to the walls with a thickness of 275 mm, an increase
in the insulation layer thickness resulted in a significant decrease in U-values and an
increase in the percentage of U-value reduction when compared to the reference wall
without insulation. The reference wall, filled only with air, exhibited the highest U-value at
0.638 W/m?K, while the lowest U-value of 0.134 W/m?K was achieved by the wall fully
insulated with E-PLA.



Buildings 2024, 14, 300

13 of 19

Table 8. Results of insulated walls and uninsulated wall with a thickness of 325 mm.

Percentage of

h/H Conf}gfllrlation I"lfllflliﬁlrtlleosz }niﬁ; Iﬁ::::ii:fl U-Value (W/m’k) Decrease in
U-Value
0 Clos i - Air 0.638 -
CY% Stone Stone wool 0.348 45.45
Co2 r_pra E-PLA 0.329 48.43
0.2 CY% Mineral 49.2 Mineral wool 0.352 44.83
CI% Rock Rock wool 0.361 43.42
CI Fiver Glass fibre 0.372 41.69
Cg‘z‘é,s tone Stone wool 0.246 61.44
Cot r_pra E-PLA 0.229 64.11
04 CYo% Mineral 98.4 Mineral wool 0.250 60.82
Ca% Rock Rock wool 0.258 59.56
Cgi45,Fib or Glass fibre 0.269 57.84
CI stone Stone wool 0.194 69.59
Co% p_pLa E-PLA 0.179 71.94
0.6 CI2 Mineral 147.6 Mineral wool 0.197 69.12
Ch% Rock Rock wool 0.204 68.03
Ci% Fiver Glass fibre 0.214 66.46
CIR stone Stone wool 0.164 74.29
CoR r_pra E-PLA 0.151 76.33
0.8 CI3 Mineral 196.8 Mineral wool 0.167 73.82
CIB Rock Rock wool 0.173 72.88
CIR Fiver Glass fibre 0.183 71.32
Ch stone Stone wool 0.147 76.96
Clr pia E-PLA 0.134 79.00
10 C3% Mineral 246.0 Mineral wool 0.150 76.49
CA3 Rock Rock wool 0.156 75.55
Ci2 Fiver Glass fibre 0.165 74.14

For different h/H ratios, the U-value fell within the range of 41% to 79%, and it was
inversely proportional to the h/H ratio. Additionally, the influence of the type of insulation
material on the U-value was evaluated for the walls with a thickness of 325 mm. Like the
walls with a 275 mm thickness, E-PLA resulted in the lowest U-value at 0.134 W/m?2K, while
glass fibre provided the highest U-value, at 0.329 W/m?K, second only to the reference
wall fully filled with air.

When considering the overall effect of applying insulation materials while varying the
h/H ratio, the highest percentage reduction in U-value compared to the reference wall was
79.0%, achieved by the wall fully insulated with E-PLA, while the lowest reduction was
41.39%, observed in the wall with 20% of glass fibre. The U-value ranged from 0.372 W/m?K
to 0.150 W/m?2K for all five insulation materials. The reduction in U-value varied from
41% to 48% for walls with a thickness ratio of 0.2, 57% to 64% for 0.4 h/H, 66% to 71% for
0.6 h/H, 71% to 76% for 0.8 h/H, and 74% to 79% for fully insulated walls.
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3.3. Comparison between Walls with Thicknesses of 275 mm and 325 mm

The U-values for both wall configurations were separately analysed and compared
in the previous subsections. To provide a more concise summary, it can be concluded
that the changes in reduction percentages with respect to h/H ratios exhibited a similar
behaviour for both wall thicknesses. Notably, as the wall thickness increased, the reduction
percentage also increased. For instance, Figure 8 provides a visual comparison of results
for both walls using glass-fibre insulation material, highlighting this observation. Likewise,
in Figure 9, the temperature distributions and heat flux distributions for an instance along
both 275 mm thick walls, one fully insulated with glass fibres and the other without
any insulation material, were compared. This comparison illustrates the influence of the
insulation material on the thermal transmission of an LGSP wall.

80
|
S 70 m
g L] e ®
60 B
= ] b
S 50 =
2 .
3 40 E
o /,U
[S)
30 // @ Percentage of reduction of U-values for 275mm thick wall with glass fibre
S
20 /4
10 // M Percentage of reduction of U-values for 325mm thick wall with glass fibre
' »
0 0.2 0.4 06 0.8 1=

h/H

Figure 8. Comparison of U-value reduction against h/H ratio for both walls insulated with glass-

fibre insulation.

Color Legend

05° 27° 500 72 94° ll7’lll9“ 16.1° 18.4° c

‘ Color Legend

| 052 270 500 720 94 1170 139 161° 184° c
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(b)

Figure 9. Comparison of temperature distributions (a) for 275 mm thick walls without insulation
material and (b) fully insulated with glass fibres.

3.4. Comparison of LGSP Results with 3D-Printed Concrete Panels

Recently, Ravula and Gatheeshgar [42] investigated the thermal-energy performance
of 3D-printed concrete wall panels with varying insulation ratios. Their study included
100 mm and 200 mm 3D-printed wall thicknesses infilled with mineral wool, rock wool,
glass fibre, and E-PLA, with insulation ratios ranging from 0 to 1.0. Table 9 compares
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the U-value reductions obtained for the 3D-printed concrete wall panels with glass-fibre
insulation against the results obtained from this study for LGSPs. The comparison revealed
that the results for 3D-printed concrete followed a similar trend. However, it was observed
that the magnitude of the U-value reduction was higher for 3D-printed concrete walls
despite the lower thickness of the wall. This difference was mainly governed by the wall
configuration and the different materials used in LGSPs and 3D-printed concrete walls.

Table 9. Comparison of LGSP results with 3D-printed concrete wall panels for similar insulation
ratios (glass fibre).

Decrease in U-Value (%)

WH LGSPs (This Study) 3D-Printed Concrete Walls [42]
275 mm Wall 325 mm Wall 100 mm Wall 200 mm Wall

0.2 37 42 43 53

0.4 51 58 60 68

0.6 59 66 63 76

0.8 64 71 72 81

1.0 67 74 75 83

4. Design Approach
4.1. General

The parametric study results from previous sections reveal that the U-value of LGSPs
is mainly governed by insulation type and insulation ratios. Adopting a simplified design
approach would be beneficial to capture these effects. Hence, a new design approach is
presented in this section with the aim of estimating the U-value of LGSPs with varying
insulation ratios more accurately. In addition, the optimum insulation thickness required
to meet the target U-values for different types of walls is estimated.

4.2. Design Equations

The U-value estimation according to the ISO design method [38] for LGSPs with
varying insulation ratios becomes complex due to inhomogeneous layer arrangements.
Therefore, it is beneficial to propose equations to estimate the U-value based on the com-
prehensive parametric study results with different insulation ratios. To achieve this, a
ratio (U/U’) was established where U’ represents the U-value obtained from the refer-
ence wall, which was the wall filled with air (no cavity insulation). Parametric results
were graphed to identify potential correlations between the data. For instance, Figure 10
illustrates equations for walls insulated with glass-fibre material, featuring thicknesses of
275 mm and 325 mm. It is observed that there is a clear relationship between the insulation
ratio (h/H) and U-values. A fourth-order polynomial equation was found to be a suitable
representation of that correlation. These proposed simplified design approaches provide a
more straightforward method for estimating U-values for LGSP walls, reducing complexity
while maintaining accuracy. A similar design methodology was proposed in a previous
study for 3D-printed concrete panels with varying insulation ratios [42].

Equations were formulated based on the established correlation to predict the thermal
transmittance values (U-values) of LGSP walls with different insulation ratios. In this
context, the term U/U” denotes the reduction factor, with U representing the thermal
transmittance, and U’ denotes the reference thermal transmittance for LGSP wall panels
with no insulation. These methodologies were applied to all computational specimens
and achieved the same structure of formulations. Therefore, the general equation for all
computational specimens can be suggested as Equation (6).

4 3 2
S )G )
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wherea, b, ¢, d, and e are coefficients as outlined in Table 10. U’ was defined as 0.641 W/m?2K
for 275 mm thick walls and 0.638 W/m?K for 325 mm thick walls. The proposed unified
equation can serve as a valuable tool for designers to predict the U-values of LGSP walls
with different insulation infills.

A
1 L @ 275mm thick wall with glass fibre
0.8
5 B 325mm thick wall with glass fibre
5 06 o _ . 5 5
= y = 2.0833x* — 5.4861x3 + 5.4583x2 — 2.7246x + 0.9995
04 L] °
= * o
= s
0.2 y = 2.2135x* — 5.9896x° + 6.1302x? — 3.0935x + 0.9996
0 >
0 0.2 04 0.6 0.8 1

h/H

Figure 10. Polynomial equations for different U-value ratios calculated for both walls (275 mm and
325 mm) with the same insulation material (glass fibre).

Table 10. Coefficients 4, b, ¢, d, and e for Equation (1).

Wall Insulation

Thickness Material . b ¢ d ¢

Stone wool 1.9531 5.3993 5.6615 2.9141 0.9994

E-PLA 2.7344 7.1238 6.9358 3.2657 0.9997

275 mm Mineral wool 2.6042 6.6435 6.3611 3.0106 0.9994
Rock wool 2.0833 5.4630 5.4861 2.7858 0.9997

Glass fibre 2.0833 5.4861 5.4583 2.7246 0.9995

Stone wool 2.3437 6.3773 6.5660 3.3007 0.9991

E-PLA 2.7344 7.4016 7.4770 3.5987 0.9992

325 mm Mineral wool 2.7344 7.1470 7.0330 3.3795 0.9996
Rock wool 2.0833 5.7639 6.0625 3.1415 0.9998

Glass fibre 2.2135 5.9896 6.1302 3.0935 0.9996

4.3. Optimum Thickness of Insulation Material

The updated UK building regulations [43] introduce minimum target U-values for
various building elements, including domestic walls. This 2021 edition incorporates amend-
ments from 2023, applicable in England. The recommended U-values for domestic walls
are presented in Table 11. As per the revised UK building regulations [43], the optimal h/H
ratio was computed for each wall thickness and insulation material. The resulting h/H
ratios for each wall are presented in Table 12.

Table 11. Target thermal U-values for domestic walls [43].

Type of Wall Recommended U-Value for Domestic Walls
New build 0.18 W/m?K
Existing building extension 0.18 W/m2K

0.30 W/m?K, for internal ternal insulati
Existing building refurbishment /m or mterna’ or externa’ nsuiation

0.55 W/m?K, for cavity insulation
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Table 12. Optimum h/H ratios for different insulation materials.
Insulation Stone Wool E-PLA Mineral Wool Rock Wool Glass Fibre

Thickness (mm) 275 325 275 325 275 325 275 325 275 325

New build 1 0.7 0.9 0.62 - 0.71 - 0.75 - 0.82

Existing building extension 1 0.7 0.9 0.62 - 0.71 - 0.75 - 0.82

Internal or external 035 027 031 024 037 027 04 0.3 0.44 031
insulation

| Cavity 0.05 0.05 0.05 004 005 0.04 005  0.05 0.06 0.05
insulation

As shown in Table 12, “Cavity Insulation” generally exhibits lower /i/H values compared
to other configurations, emphasizing the importance of selecting the right insulation material
for the intended use. On the other hand, Table 12 illustrates how the choice of insulation mate-
rial influences thermal resistance. For example, mineral wool, rock wool and glass fibre exhibit
higher h/H values, for the wall thickness equal to 325 mm, to meet the recommended U-values
for domestic walls. Likewise, increasing the insulation thickness, /, typically enhances thermal
resistance. The difference in i/H values between 275 mm and 325 mm thickness variations
is particularly evident, demonstrating the importance of insulation thickness in improving
thermal performance. Finally, this comparative analysis of wall insulation configurations
takes into account key factors, including insulation material, insulation thickness, h, and total
wall thickness. It equips decision-makers, including builders, architects, and homeowners,
with valuable insights for making informed choices that enhance both energy efficiency and
comfort in construction projects. The h/H ratio within this analysis serves as a valuable ref-
erence, aligning with building regulations and accommodating variations in wall thickness
to optimise thermal resistance. It acts as a practical guide for creating spaces that strike the
perfect balance between energy conservation and occupant well-being.

5. Conclusions

In this study, a comprehensive analysis of the thermal behaviour and thermal trans-
mittance (U-value) of light-gauge steel panels (LGSPs) with different insulation ratios was
conducted. The analysis was carried out using 2D finite element models implemented
in THERM [40]. These models were validated through a comparison with ISO 10211 test
cases [36], and previous research conducted by Santos et al. [37]. The parametric study
included different insulation options (stone wool, E-PLA, mineral wool, rock wool, and
fibreglass) and insulation ratios (0, 0.2, 0.4, 0.6, 0.8, and 1.0) to broaden the range of thermal
transmittance data on LGSP walls. The results were compared with the U-value of the
reference wall for each thickness, i.e., the wall with no cavity insulation. Based on the
results, the following conclusions were drawn:

Increasing the insulation layer thickness led to a decrease in the U-value of the wall.
The U-value of LGSP walls is directly associated with the thermal conductivity of the
insulation material, with a lower thermal conductivity resulting in lower U-values.

e  Walls fully insulated with E-PLA exhibited the lowest U-values for both 275 mm and
325 mm thicknesses.

e Aswall thickness increased, U-values decreased, with 325 mm thick walls showing
lower U-values for each h/H ratio compared to 275 mm thick walls.

e  Utilizing 80% of insulation materials for 275 mm thick walls and 60% for 325 mm thick
walls achieved more than a 65% reduction in U-values compared to walls with no
cavity insulation.

e A simplified and unified equation was developed to predict the U-values for LGSP
walls with varying insulation ratios.

e  The optimum h/H ratios for new builds and existing building extensions were found
to be around 0.9 and 0.7 for 275 mm and 325 mm thick walls, respectively, with stone
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wool and E-PLA being the only materials that met the standard U-values for 275 mm
thick walls. For internal and external insulation and cavity insulations, the optimum
ratios were 0.3 and 0.05 for both wall thicknesses.

The exploration of different insulation ratios aims to provide designers with valuable
insights into the thermal performance of LGSPs. This knowledge will empower designers
to meet their target U-values for buildings, ultimately resulting in decreased energy usage
and reduced heating and cooling expenses. In summary, the findings hold significant
relevance for the design and construction of energy-efficient buildings, particularly those
incorporating LGSPs.
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