
����������
�������

Citation: Li, T.; Xia, J.; Chin, C.S.;

Song, P. Investigation of the Thermal

Performance of Lightweight

Assembled Exterior Wall Panel

(LAEWP) with Stud Connections.

Buildings 2022, 12, 473. https://

doi.org/10.3390/buildings12040473

Academic Editors: Francesco Nocera,

Roberto Alonso González Lezcano

and Rosa Giuseppina Caponetto

Received: 9 March 2022

Accepted: 7 April 2022

Published: 12 April 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

buildings

Article

Investigation of the Thermal Performance of Lightweight
Assembled Exterior Wall Panel (LAEWP) with Stud Connections
Tianzhen Li 1, Jun Xia 1,2, Chee Seong Chin 1,2,* and Pei Song 3

1 Department of Civil Engineering, Xi’an Jiaotong-Liverpool University, 111 Ren’ai Road,
Suzhou 215123, China; tianzhen.li18@student.xjtlu.edu.cn (T.L.); jun.xia@xjtlu.edu.cn (J.X.)

2 Institute for Sustainable Materials and Environment, Xi’an Jiaotong-Liverpool University, 111 Ren’ai Road,
Suzhou 215123, China

3 Shanghai Jun Dao Residential Industry Co., Ltd., 438 Jinwei Road, Baoshan District, Shanghai 201901, China;
p.song@jundaozhugong.com

* Correspondence: chee.chin@xjtlu.edu.cn

Abstract: One of the most effective ways to improve building energy efficiency and consumption is
to increase the thermal insulation of the building envelope and reduce the heat loss through walls. A
new type of thermal insulation wall panel, consisting of a lightweight assembled exterior wall panel,
was investigated in this research through experimental and numerical analyses. The feasibility of
achieving the anticipated thermal performance through finite element modeling using ABAQUS®

was verified. Good agreement between numerical simulation and experimental measurement was
found, and the accuracy is 98.8%. To further reduce the heat transfer coefficient (U-value) of the panel
to improve its thermal performance, parametric analyses were conducted utilizing the validated finite
element model. The simulation shows that changing the insulation material is the best option, and
the U-value reduction percentage reached 13.2%. Moreover, the combination of reducing the number
of steel studs, decreasing the size of steel studs, implementing the opening of the light-gauge steel,
and improving the insulation material led to a 23.7% reduction in the U-value at 0.695 W·m−2·K−1.

Keywords: finite element analysis; heat transfer coefficient; light-gauge steel; parametric study

1. Introduction

Enhancement of energy efficiency in the construction industry has become China’s
national priority [1] due to the increased weighting of building energy consumption in the
past decades [2–4]. To achieve sustainable development goals, building energy conservation
shall be achieved through the improvement of building design, construction, and usage.
The exterior wall is one of the main components of a building, and its structure and
materials directly affect the building’s energy consumption. It has been estimated that 34%
of the energy consumption of residential buildings is attributed to the exterior walls [5].
Therefore, to improve building energy efficiency and reduce energy consumption, the
most effective way is to increase the thermal performance of the exterior building walls
to reduce heat loss [6]. Lightweight assembled exterior wall panel (LAEWP), a new type
of lightweight thermal insulation wall, usually consists of light-gauge steel, exterior slabs
such as stone soundboard or oriented strand board, and interior insulation materials such
as rock wool or thermal insulation mortar. Usually, the light-gauge steel frames serve as
the main structural component. LAEWP is proposed to accelerate construction by reducing
onsite work and was proved to be structurally sound [5]. However, its thermal performance
is in doubt due to the light-gauge steel frame and steel studs as connectors.

Light-gauge steel has great mechanical properties, high strength, secure processing,
and better connection. For the reason that the thermal conductivity of light-gauge steel
is around 50 W·m−1·K−1, which is much higher than that of thermal insulation material
(thermal conductivity of rock wool is usually less than 0.05 W·m−1·K−1), the thermal bridge
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will form and thus dramatically increase building energy consumption [7,8]. Condensation
due to temperature differences will cause mildew and dripping off the wall, which would
also deteriorate the thermal insulation performance of the insulation material and affect
the everyday use of the wall panels. Therefore, thermal performance is a crucial factor for
the implementation of LAEWP in addition to structural requirements.

In recent years, numerous studies have been focused on the thermal insulation per-
formance of the assembled wall. Gorrell stated that condensation is the major problem in
prefabricated composite building walls [9]. The main reasons identified were, for example,
exfiltration of warm, moist indoor air, water vapor diffusion, and inadequate separation
and/or insulation [9]. Fantozzi et al. conducted a detailed analysis and discussion on
the dynamic thermal performance of the lightweight wall. They found that the thermal
insulation performance of prefabricated exterior wall panels can be significantly improved
through the lumped parameter method [10]. By comparing the conventional plate, Song
et al. adopted the heat insulation bracket and improved aluminum die to reduce the
phenomenon of the thermal bridge on the thermal performance of the metal curtain wall
system [8]. Bamonte et al. analyzed the influence of the thermal performance of the wall
panel with phase change material using the finite element method (FEM), and the wall
panels with phase change materials led to a 20% reduction in the energy required for the
indoor physical environment in the hot season [11]. Pekdogan and Basaran pointed out
that more heat loss can be decreased in different climates and directions by adding the
thermal insulation of the sandwich wall. The heat loss can also be dramatically reduced by
65% [12]. Hachim and Abed introduced a new design method of a sandwich wallboard
designed by adding layers of insulation material to the wall, which can effectively save
electricity [13].

Chu et al. analyzed the condensation problem of precast concrete sandwich insu-
lation exterior wall panels and they found that all types of precast concrete sandwich
insulation wall panels have condensation inside though the area was small [14]. Pan et al.
used the infrared thermal imaging method to test the exterior envelope structure of the
assembled building. The results showed that the defect of the envelope structure of the
assembled building is more minor, which is beneficial for the building energy saving [15].
Bu et al. investigated the thermal insulation performance of the expanded polystyrene
(EPS) modular shear wall structure system, and it was found that the insulation layer
thickness on both sides of the EPS module system is 60 mm and the heat transfer coefficient
is only 0.27 W·m−2·K−1, which shows that the system has excellent thermal insulation
performance [16]. Li et al. analyzed the thermal insulation performance of sandwich ven-
tilation walls. Compared with the heat transfer coefficient with a non-thermal insulation
cover, the thermal insulation performance of the sandwich wall can be further improved
by 12.3% [17]. Wang et al. stated that the polystyrene particle insulation mortar could
adequately compensate for the shortcomings of the high thermal conductivity of steel
bars and effectively reduce the thermal bridge effect and maintain the indoor temperature
stability [18]. To decrease the heat transfer coefficient of the wall, Jin et al. put forward a
reasonable web openings parameter and spacing, which provided design suggestions for
engineering practice [19]. According to the simulation results presented by Li et al., it was
found that when the number of web openings is five, the proportion of web opening is
50%, the height of the keel cross section is 200 mm, and more layers of gypsum board are
added, the thermal insulation effect is better [20].

The LAEWP investigated in this research utilized a new type of high-strength concrete
to reduce the thickness of the exterior concrete layer and, therefore, the self-weight of the
pane was decreased. The decrease in panel weight will reduce the transportation cost and
simplify the installation process. Although the panel is structurally adequate, the thermal
performance is affected by adopting a 50 mm thick exterior concrete layer and steel head
studs connecting the concrete slab and supporting light-gauge steel. The primary focus of
the research was to determine an improved insulation solution for the proposed LAEWP,
for which a combined approach will be presented.



Buildings 2022, 12, 473 3 of 13

2. LAEWP Configuration

The configuration of the proposed LAEWP can be seen in Figure 1. The overall
dimension of the panel is 1400 mm × 1400 mm × 200 mm and includes seven components,
as shown in the figure legends. The dimensions are consistent with the thermal performance
experiment, while the stud and light-gauge steel frame configuration is equivalent to the
full-size panel. The exterior layer adopted high-strength concrete with compressive strength
of over 140 MPa. The concrete layer was connected to the light-gauge steel by steel-headed
studs whose diameter and length are 10 mm and 40 mm, respectively. A 10 mm thick
air layer was maintained between the concrete and light-gauge steel by adjusting the
embedment depth of the steel studs. Two types of light-gauge steel members, namely, the
C-shape and U-shape, were used in the panel. The dimension of the C-shape and U-shape
light-gauge steel members are 120 mm × 50 mm × 15 mm × 2 mm and 120 mm × 50 mm
× 2 mm, respectively. The whole thickness of high-strength concrete is 50 mm. The 20 mm
thick fibrous concrete board was utilized as the back panel, while sprayed EPS insulation
material or polystyrene particle mortar with 120 mm thickness was used to fill the space
between the front and back concrete panel and the space between the light-gauge steel
frames. The fully prepared LAEWP specimen is shown in Figure 2.

Buildings 2022, 12, x FOR PEER REVIEW 3 of 14 
 

thermal performance is affected by adopting a 50 mm thick exterior concrete layer and 
steel head studs connecting the concrete slab and supporting light-gauge steel. The pri-
mary focus of the research was to determine an improved insulation solution for the pro-
posed LAEWP, for which a combined approach will be presented. 

2. LAEWP Configuration 
The configuration of the proposed LAEWP can be seen in Figure 1. The overall di-

mension of the panel is 1400 mm × 1400 mm × 200 mm and includes seven components, 
as shown in the figure legends. The dimensions are consistent with the thermal perfor-
mance experiment, while the stud and light-gauge steel frame configuration is equivalent 
to the full-size panel. The exterior layer adopted high-strength concrete with compressive 
strength of over 140 MPa. The concrete layer was connected to the light-gauge steel by 
steel-headed studs whose diameter and length are 10 mm and 40 mm, respectively. A 10 
mm thick air layer was maintained between the concrete and light-gauge steel by adjust-
ing the embedment depth of the steel studs. Two types of light-gauge steel members, 
namely, the C-shape and U-shape, were used in the panel. The dimension of the C-shape 
and U-shape light-gauge steel members are 120 mm × 50 mm × 15 mm × 2 mm and 120 
mm × 50 mm × 2 mm, respectively. The whole thickness of high-strength concrete is 50 
mm. The 20 mm thick fibrous concrete board was utilized as the back panel, while sprayed 
EPS insulation material or polystyrene particle mortar with 120 mm thickness was used 
to fill the space between the front and back concrete panel and the space between the light-
gauge steel frames. The fully prepared LAEWP specimen is shown in Figure 2. 

 
Figure 1. Configuration of LAEWP (unit: mm). ① steel stud, ② high strength concrete, ③ U-shape 
light-gauge steel, ④ fiber concrete board, ⑤ air layer, ⑥ C-shape light-gauge steel, and ⑦ EPS 
insulation layer. 
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light-gauge steel, 4© fiber concrete board, 5© air layer, 6© C-shape light-gauge steel, and 7© EPS
insulation layer.
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3. Thermal Performance Testing

The heat transfer coefficient of the LAEWP was measured according to BS EN ISO
8990:1996 [21] by a certified third party testing service provider. The heat flow due to
moisture transfer or redistribution was prevented in the experiment by controlling the
moisture in the testing environment and maintaining an initial dry condition of the speci-
men. The measured heat transfer coefficient for the two panels with polystyrene particle
mortar and EPS foam are shown in Table 1. The heat transfer coefficient of the panel with
EPS foam (0.9 W·m−2·K−1) was smaller than that of the panel with polystyrene particle
mortar (1.15 W·m−2·K−1). Because the experiment is expensive and time-consuming,
numerical simulation was adopted to assess the various improvement approaches and
further optimization.

Table 1. Two different test results of the exterior wall panel.

Items Insulation Material Heat Transfer Coefficient
(W·m−2·K−1)

1 Polystyrene particle mortar 1.15
2 EPS foam 0.90

4. Thermal Performance Simulation
4.1. Method Verification

Thermal simulation results from previous research [22] were used to verify the sim-
ulation method used in the paper. It is stated that the steady-state heat transfer of the
wall can be approximated as a one-dimensional steady-state heat transfer problem [23].
Therefore, a 3D model was created in ABAQUS® using 3D BH240 elements to simulate
the masonry unit. The XY plane geometric dimensions of the new 3D BH240 model were
acquired based on the geometry of 2D BH240 model in reference [22] and the length of the
model in the Z direction is set as 190 mm, where the thickness of the air layer is 40 mm.
All the boundary conditions, thermal conductivity of different materials, and simulation
parameters of the new 3D BH240 model were obtained according to reference [22]. The
third boundary condition of the steady-state heat conduction was used as the boundary
condition of finite element analysis. Furthermore, a tie constraint was used for all contacts
between components. The thermal conductivity of different materials and air interlayers in
the FEM model are shown in Table 2. The indoor and outdoor ambient temperatures and
surface conditions were obtained as shown in Table 3.

Table 2. Thermal conductivity values.

Items Thermal Conductivity
(W·m−1·K−1)

Concrete 1.5100
Masonry mortar 0.9300

Air interlayer—40 mm 0.0845

Table 3. Simulation parameter values.

Items Value

Indoor ambient temperature (◦C) 18.0
Outdoor ambient temperature (◦C) 0.0

Indoor surface film condition (W·m−2·K−1) 8.7
Outdoor surface film condition (W·m−2·K−1) 23.3

Through steady-state heat transfer analyses in ABAQUS®, the maximum and min-
imum temperature values of the hot and cold sides of the model were 15.050 ◦C and
0.953 ◦C, respectively. The maximum and minimum heat flux values of the model were



Buildings 2022, 12, 473 5 of 13

114.50 W·m−2 and 6.20 W·m−2, respectively. The temperature distribution and heat flux
distribution of the 3D model were similar to those in the literature, as shown in Figure 3a.

The heat transfer coefficient equals the heat of the unit area of the wall in a unit
time when the temperature difference between the two sides of the wall is 1 ◦C. In the
steady-state heat transfer process, the total heat flux of each layer of heat transfer surface
in the vertical direction is equal. Therefore, the heat transfer coefficient of the wall can be
calculated by the average temperature difference between the two sides of the wall and
the average heat flux density of any section perpendicular to the heat flow direction. The
calculation formula is shown in Equation (1):

K =
q

∆T
(1)

q is the average heat flux of the heat transfer layer in the vertical direction of heat flow;
∆T is the average temperature difference on both sides of the wall. Based on the results of
ABAQUS®, the average temperature difference is 14.097 K, so the heat transfer coefficient
of the model can be obtained only by knowing the average heat flux. Because the heat
flux distribution is the same along the thickness direction in any section perpendicular to
the heat flow direction. The heat flow distribution on the section can be represented by
any heat flow distribution path along the Y direction. Therefore, two different paths were
created in the model, and then heat flux data of all nodes can be obtained in each path.
Therefore, the average heat flux can be calculated through the average left and right heat
flux values. Each path and the heat flux of each node can be shown in Figures 3 and 4.
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Figure 3. (a) Left calculation path in the 3D model; (b) heat flux (W·m−2) of each node in the left path.

The average heat flux values of the left and the right path in the 3D model are 31.25 W·m−2

and 32.09 W·m−2, respectively, so the average surface heat flux is 31.67 W·m−2. Therefore,
the heat transfer coefficient between the FEM model and the reference can be shown in
Table 4, and the difference is only 1.5%. Thus, the method for obtaining the heat transfer
coefficient was verified based on the 3D BH240 model and will be used to calculate the heat
transfer coefficient.

Table 4. Heat transfer coefficient between the model and reference.

Items Average Heat Flux
(W·m−2)

Average Temp.
Difference

(K)

Heat Transfer
Coefficient

(W·m−2·K−1)

3D model 31.67 14.097 2.247
Reference [22] 31.90 13.979 2.282
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4.2. FEM Model of the LAEWP

The FEM models of the LAEWP and each component are shown in Figure 5. All
elements were considered as homogeneous solids, and the element type selected was the
DC3D8 linear thermal analysis element. In practice, because light-gauge steel and concrete
are connected by studs, it is necessary to accurately simulate the stud holes in concrete in
the ABAQUS® modeling process. Due to the occurrence of an air layer in the actual model,
the heat flow cannot be transferred typically if the air layer model is not established in
ABAQUS®. Therefore, it is necessary to establish the air layer according to the arrangement
of studs.
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4.3. Material Property

The thermal conductivity of concrete is estimated to be 1.62 W·m−1·K−1 [24]. Accord-
ing to EN ISO 6946: 2017 [25], when the thickness of the air layer d was 10 mm, the thermal
resistance RT equals 0.15 m−2·K−1·W−1. Therefore, the thermal conductivity of the air
layer λ can be calculated using Equation (2), which equals 0.067 W·m−1·K−1.

RT =
d
λ

(2)

Based on the results obtained from the literature, the thermal conductivity of the
EPS insulation material and light-gauge steel were 0.036 W·m−1·K−1 and 50 W·m−1·K−1,
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respectively [26]. The thermal properties of the steel stud were the same as that of light-
gauge steel. As per GB 50176-2016 [27], the thermal conductivity of fiber concrete was
0.85 W·m−1·K−1. The thermal conductivity of different materials adopted for the LAEWP
is summarized in Table 5.

Table 5. Thermal property of different materials of the LAEWP.

Items
Thermal

Conductivity
(W·m−1·K−1)

Density
(kg·m−3)

Specific Heat
(kJ·kg−1·K−1)

Concrete [24] 1.620 2500.00 0.92
Air layer [25] 0.067 1.29 1.00

EPS [26] 0.036 20.00 2.41
Steel stud [26] 50.000 7850.00 0.48

Light-gauge steel [26] 50.000 7850.00 0.48
Fiber concrete [27] 0.850 1500.00 1.05

4.4. Boundary Conditions

The external and internal temperatures were set equal to −20 ◦C and 20 ◦C, respec-
tively. According to EN ISO 6946: 2017 [25], for horizontal heat flow, the convective surface
heat transfer coefficient for the external and internal environment he and hi can be set as
25 W·m−2·K−1 and equals 7.69 W·m−2·K−1, respectively. The tie constraint was used for
all contacts between components, and steady-state heat transfer analyses were conducted
based on heat conduction.

4.5. Results and Analysis

The distribution of temperature (NT11) and heat flux (HFL) of the LAEWP and
different components are shown in Figure 6, and the extreme values of temperature and
heat flux are summarized in Table 6. The maximum heat flow occurs at the connection
between the steel stud and the light-gauge steel because the thermal conductivities of both
materials are much higher than those of others, and there is a large amount of heat flow
transfer when they are in contact. The minimum heat flow occurs around the EPS insulation
layer because the thermal conductivity of EPS is the lowest, and a large amount of heat
flow is transferred through the light-gauge steel.

Table 6. Extreme values of temperature and heat flux.

Items Maximum Minimum

Temperature (◦C) 18.60 −19.57
Heat flux (W·m−2) 1.730 × 104 1.608

According to Equation (1), to obtain the heat transfer coefficient of the LAEWP, the
average heat flux q and the corresponding temperature difference ∆T need to be calculated.
Because the total heat flow at any section perpendicular to the direction of heat flow
is equal, the value of HFL3 will be taken as the actual heat flow rather than the HFL
magnitude. The integration point algorithm will be numerically carried out to obtain
the average heat flux in this process. Then, the average heat flux of concrete and fiber
concrete were obtained from the numerical model as shown in Figures 7 and 8, which
equal 30.8465827 W·m−2 and 30.8465868 W·m−2, respectively. The temperature difference
∆T was also be calculated based on the average temperature of all nodes of concrete and
fiber concrete, which equal −18.505 K and 15.373 K, respectively. With an average heat flux
of 30.847 W·m−2 and a temperature difference of 33.878 K, the heat transfer coefficient of
the LAEWP equals 0.911 W·m−2·K−1, which is in good agreement with the experimental
result of 0.9 W·m−2·K−1 and the accuracy is 98.8%. The numerical result is sufficient
to serve as the benchmark for further optimization work. The potential reasons for the
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overestimation can be inaccurate thermal conductivities and partial heat loss in the practical
test. Furthermore, in the actual specimen construction process, due to the filling of EPS
insulation materials, the thickness of the air layer may have decreased. However, in the
numerical simulation model, an air layer of 10 mm was set, and the thermal conductivity
of the air layer is almost twice that of EPS, which will also lead to an increase in the U
value in the numerical simulation and have an impact on the insulation performance of the
panel. Therefore, this is also an optimization factor that we need to consider in the later
optimization process.
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5. Improvement of the LAEWP
5.1. Univariate Improvement Approaches

To further improve the thermal performance of the LAEWP, several improvement
approaches were proposed, such as reducing the stud size, reducing the stud number,
application of web openings, and enhancing the thermal conductivity of various insulation
materials. The effectiveness of several of those approaches was evaluated through the FEM
model. Details of the models are explained, as shown in Table 7.

Table 7. Description of Improvement Approaches.

Label Approaches Details

1 (SSR) Stud size reduction The diameter and length of studs reduced from 10 mm
and 40 mm to 8 mm and 30 mm, respectively

2 (SNR) Stud number reduction The number of studs on each edge frame reduced
from 5 to 4

3 (TCL) Thicker concrete layer The thickness of concrete/fiber concrete changed from
50 mm/20 mm to 60 mm/30 mm

4 (AAL) Avoid air layer
The material property of the air layer
(0.067 W·m−1·K−1) changed to EPS

(0.036 W·m−1·K−1)
5 (FWO) Frame web opening See Figure 9 and corresponding explanation

6 (IME) Insulation material
enhancement

The thermal conductivity changed to 0.02 W·m−1·K−1,
which is an average number for aerogel insulation

material

Web openings of light-gauge steel were introduced to extend the heat transfer path
and decrease the equivalent thermal conductivity. The LAEWP is a non-bearing struc-
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ture, so according to the reference [19,28], the dimension of the web openings can be
70 mm × 3 mm × 20 mm × 9 mm (length lu × height lv × horizontal spacing du × vertical
spacing dv). The ratio of web opening is set as 50%, and the end distance of the web opening
is recommended to be 0 mm, as shown in Figure 9.
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The extreme values of temperature and heat flux of the LAEWP under different
improvement scenarios are summarized in Table 8. All six improvement approaches
have limited influence on the extreme temperature values of the LAEWP. Only three
improvement approaches, SNR, TCL, and FWO, can reduce the thermal bridge effect of the
LAEWP to some extent.

Table 8. Description of Improvement Approaches.

Label Temperature T (◦C) Heat Flux q (W·m−2)

Maximum Minimum Maximum Minimum

1 (SSR) 18.60 −19.57 1.934 × 104 1.556
2 (SNR) 18.60 −19.57 1.601 × 104 1.334
3 (TCL) 18.60 −19.57 1.696 × 104 1.572
4 (AAL) 18.64 −19.58 2.079 × 104 1.349
5 (FWO) 18.60 −19.57 1.532 × 104 0.567
6 (IME) 19.18 −19.99 1.743 × 104 0.892

Benchmark 18.60 −19.57 1.730 × 104 1.608

The heat transfer coefficient and the performance of different improvement methods
can be obtained, as shown in Table 9. From the improvement approach labeled AAL, it
was found that the final U value is decreased to 0.829 W·m−2·K−1 when the air layer was
replaced entirely by EPS material. The final U value was smaller than the experimental
result, 0.9 W·m−2·K−1, which also validates the estimation in Section 4.5. From Table 9, all
six improvement approaches can reduce the heat transfer coefficient of the LAEWP and
improve its thermal insulation performance. However, the first three (SSR, SNR, and TCL)
have less impact when compared with the rest of the approaches (AAL, FWO, and IME).
The minimal heat transfer coefficient of all six models is 0.791 W·m−2·K−1, which indicates
that the improvement of the insulation material has the greatest impact on the insulation
performance of the LAEWP.

5.2. Multivariate Improvement Approaches

As can be seen from the above, several univariate improvement approaches can
effectively improve the insulation performance of the LAEWP to some extent. To further
improve the thermal performance of the panel, the combination of several improvement
approaches were investigated. The combination cases and results can be found in Table 10.
From the point of view of optimizing cost and facilitating panel installation, the multivariate
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improvement approach labeled SSR + SNR + FWO was firstly carried out compared with
other approaches because the labeled TCL will lead to the change of panel size and weight
and bring construction difficulties. The labeled AAL and IME will lead to the increase in
optimization cost, respectively. The result of the labeled SSR + SNR + FWO was below
expectation, so the labeled AAL and IME can be respectively considered based on the result
of the labeled SSR + SNR + FWO. All three multivariate improvement approaches can
decrease the heat transfer coefficient of the LAEWP and better optimize the experimental
result, where the approach labeled SSR + SNR + FWO + IME has been shown to give
the best reduction percentage of the U-value by 23.7%. The heat transfer coefficient is
0.695 W·m−2·K−1.

Table 9. Heat transfer coefficient of univariate improvement approaches.

Label
¯
q of LAEWP

(W·m−2)
∆T
(K)

Heat Transfer
Coefficient K
(W·m−2·K−1)

Reduction
(%)

Benchmark 30.847 33.878 0.911 -
1 (SSR) 30.160 33.921 0.889 2.4%
2 (SNR) 30.279 33.998 0.891 2.2%
3 (TCL) 30.446 33.703 0.903 0.9%
4 (AAL) 28.488 34.351 0.829 9.0%
5 (FWO) 28.890 34.270 0.843 7.5%
6 (IME) 27.318 34.528 0.791 13.2%

Table 10. Heat transfer coefficient of univariate improvement approaches.

Label
¯
q of LAEWP

(W·m−2)
∆T
(K)

Heat Transfer
Coefficient K
(W·m−2·K−1)

SSR + SNR + FWO 27.945 34.376 0.813
SSR + SNR + FWO + AAL 25.431 34.892 0.729
SSR + SNR + FWO + IME 24.369 35.046 0.695

6. Conclusions

To increase building energy efficiency, a new thermal insulation wall panel, consisting
of a lightweight assembled exterior wall panel, was introduced to achieve sustainable
development and decrease building energy consumption. Experimental and numerical
analyses were carried out to study the thermal insulation performance of the LAEWP. The
main conclusions can be summarized as follows:

1. The thermal insulation of the LAEWP with EPS foam (0.9 W·m−2·K−1) was found to
have better performance than that of the LAEWP with polystyrene particle mortar
(1.15 W·m−2·K−1);

2. The heat transfer coefficient of LAEWP found numerically was 0.911 W·m−2·K−1,
which is in good agreement with the experimental result and the accuracy is 98.8%.
Therefore, the FEM result is close enough to serve as the benchmark to evaluate the
effectiveness of various improvement approaches. Reasonable overestimation of the
heat transfer coefficient was also validated in the later improvement stage;

3. All six improvement approaches analyzed led to a reduction in the heat transfer coef-
ficient of the LAEWP, ranging from 0.9% to 13.2%. The relative effectiveness methods
are enhancement of insulation material and air layer, as well as the implementation of
a web opening;

4. The multivariate improvement approach labeled SSR + SNR + FWO + IME was
found to have the best insulation performance. The best reduction percentage of
the U-value is 23.7%, and the heat transfer coefficient of LAEWP was recorded as
0.695 W·m−2·K−1.
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The paper presents the 3D FEM simulation tool that was verified to be as effective
and accurate as the 2D FEM model. The 3D simulation model on LAEWP was further
validated through the comparison with experimental results. Thus, the effectiveness of
various optimization methods can be preliminarily assessed. The proposed tool provides
a novel investigation method for the future optimization of the panel, which saves the
time and effort of repeating the physical tests. However, it shall be noted that the actual
performance of the panel may also be subject to its working environment, for example,
the indoor and outdoor moisture contents and the moisture content in the specimen itself.
Although prior research concluded that change in humidity mainly affects the radiation
between air layers and has little effect on heat conduction and convection for the composite
wall [29], the thermal performance of LAEWP is worth further investigation, especially its
performance in the actual application through onsite monitoring.
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