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Abstract

The existence of a large number of thermal bridges in the Lightweight Steel-Framed (LSF)
building leads to its energy loss. The reduction of the heat transfer of thermal bridges is cru-
cial for increasing the thermal performance of the building envelope. In this study, the infra-
red technology was first used to measure the temperature of LSF buildings, and clear
thermal bridge junctions were determined. The THERM software was then used to simulate
the thermal bridge of the external wall-beam junction, external and internal corners of the
external wall, and cornice. Finally, according to the results obtained by numerical simulation,
the thermal bridge was improved for reducing its thermal loss and meeting the design stan-
dard of thermal bridge free. The results of the simulation showed that, when the thickness of
the rock wool (RW) of the external wall is greater than 75 mm, the linear thermal bridge coef-
ficient (W-value) at the junction of the external wall-beam is less than 0.01 W/(m-K), which
meets the design standard of thermal bridge free. When polyurethane (PU) is used instead
of RW for the external wall, its external corner meets the design standard of thermal bridge
free in the case where the thickness of the PU is greater than 65 mm. The internal corner of
the external wall can meet the design standard of thermal bridge free when PU is used
instead of RW. The thermal bridge of cornice can meet this standard by adding a PU thermal
insulation layer at the indoor sides, having a thickness greater than 20 mm. Studying the
thermal bridge of LSF buildings allows to promote the development of the green building
technology in China.

1. Introduction

Due to the fast development of urbanization, the energy consumption used for building con-
struction and operations is rapidly increasing. During 2023, the building sector accounted for
38.2% of the total carbon emission in China [1]. The lightweight steel-framed (LSF) building is
suitable for construction in many geological conditions of the foundation and 5 floors below
the building. It can significantly reduce the foundation construction cost, and it is less affected
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by the weather in the construction process. In addition, the LSF buildings have many advan-
tages, including the small weight with high mechanical strength, high architectural flexibility
for retrofitting purposes, high mechanical strength, suitability for prefabrication, cost-effec-
tiveness, and safety at work [2, 3]. Cold-formed steel is the main structural material in LSF
buildings [4-6]. It is usually used to form thermal bridges due to its high thermal conductivity.
In some conditions, the thermal bridges may affect the thermal comfort of the house, and even
damage its steel structure. In fact, the thermal bridges account for 23% of the total transmis-
sion heat loss of a building envelope [7]. Hence, in the latter, they play a crucial role in the
energy saving of the LSF buildings.

When a thermal bridge is present, the surface temperature of the steel will decrease, which
may lead to condensation, mold, and other related issues [8]. In addition, the thermal bridge
decreases the thermal resistance of the wall and increases the heat transfer of the building enve-
lope [9, 10]. Existing studies showed that the thermal bridges account for approximately 40%
of the total annual energy in Spain [11]. Zhao et al. [12] showed that the annual heating and
cooling loads of thermal bridges account for 1.7-8.2% of the total annual heating and cooling
loads. De Angelis et al. [13] studied the double-layer cold-formed thin-wall light steel prefabri-
cated building filled with mineral wool. They deduced that in general, the heat transfer coeffi-
cient of the wall is low without considering the LSF, and the difference is as high as 74%.
Zalewski et al. [14] studied the thermal bridges in prefabricated building walls. They deduced
that the heat losses in front of the steel frame are two times much important as elsewhere. Ge
etal. [15] studied the dynamic impact of thermal bridges on the energy consumption of resi-
dential buildings in Canada. Their results showed that, in hot climate, the presence of thermal
bridges increases the annual cooling load by 20%. In addition, for four cities in Canada, the
thermal bridges increase the annual space heating energy demand by 38-42%, and decrease
the annual space cooling energy demand by 8-26% [16, 17]. Song et al. [18] studied the linear
and point thermal bridges in steel truss metal panel curtain wall systems. They demonstrated
that during the night in winter, the average external surface temperature at the thermal bridge
is 3.1-4.9°C higher than that at the center of the metal panel.

O’Grady [19] studied the impact of the wind velocity on the ¥'-value of thermal bridges.
His results showed that the W-value highly depends on the wind velocity. In addition, he
adopted the infrared thermography technique (ITT) to study the heat loss of thermal bridges
in buildings. His results showed that the difference between multiple thermal bridging heat
losses qrp and those measured in calibrated hot box tests is in the range of —5-2.5%, while that
between the W-values obtained from the ITT and those measured in calibrated hot box tests is
in the range of 1-7% [20, 21]. Mao et al. [22] studied the thermal bridge effect of vacuum insu-
lation panels. They deduced that the thermal bridge increases with the increase of the mental
foil thickness, and exhibits higher heat losses when decreasing the thickness of the vacuum
insulation panel. Milovanovi¢ [23] showed that the impact of thermal bridges on the heating
energy demand is significant while that on the cooling energy is less pronounced.

Kim et al. [24] proposed a method for the detection of linear thermal bridges from thermal
images, using image processing techniques and artificial neural networks. Romero et al. [25]
proposed two novel construction improvements to reduce the impact of the thermal bridges
on the energy demand in three Spanish cities. Their results showed that these improvements
reduce the linear thermal transmittance of the thermal bridge and the heating demand to the
ranges of 20-63.4% and 16.1-22.6%, respectively. Zhang et al. [26] used thermal break ele-
ments to increase the thermal resistance of a balcony thermal bridge in South Korea. Their
results showed that the linear thermal transmittance of the thermal bridges with thermal break
elements is reduced by more than 60%, and the heating energy demands are reduced by more
than 8%. Real [27] demonstrated that structural lightweight aggregate concrete can be used
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instead of normal weight concrete to reduce the thermal bridging effects in buildings. Miguel
et al. [28] studied a cost-effective solar panel used as a building wall. Their results showed that
the back pass solar air collector is able to reduce the heating load of the test buildings by
approximately 20%.

Many differences exist between the LSF buildings and the traditional ones, mostly in terms
of design. However, the studies on the thermal bridges of LSF buildings and the heat transfer
performance of thermal insulation materials are still few. Therefore, this paper aims at study-
ing the heat transfer characteristic of typical thermal bridges, such as the external wall-beam
junction, external corner of the external wall, internal corner of the external wall, and cornice.
Improvement measures for thermal bridges are then proposed. The obtained results provide a
reference for the future design of thermal bridge free, which is of great significance for the
energy conservation of LSF building envelope.

2. Methodology
2.1 Structure of thermal bridges

The LSF building adopts cold-formed steel, which has very high seismic performance and can
significantly reduce the impact of natural disasters, such as earthquakes, on the building.
Therefore, the proportion of LSF buildings in new ones in Chengdu continues to increase.
Therefore, an LSF building in Chengdu (China) is considered as the object of this study

(Fig 1). RW is often used as thermal insulation material for building envelope. The structure of
the exterior wall of this LSF building is shown in Fig 2. It can be seen that the exterior wall is
made of cement mortar, and extruded polystyrene (XPS) is used as external insulation mate-
rial, covering the oriented strand board (OSB). In addition, the LSF is made of galvanized
cold-formed thin-wall C-type steel with 600 mm spacing. Table 1 presents the parameters of
the exterior wall of the LSF.

Fig 3 shows a thermal infrared image of the junction of typical thermal bridges. It can be
seen from Fig 3(A) that the temperature at the connection between the external wall and the
beam is significantly lower than the surrounding temperature, which forms a thermal bridge
phenomenon. It can be observed from Fig 3(B) and 3(C) that the temperature at the corner is
lower than that at the surface of the external wall, which is due to the change in the area of the
corner of the wall, leading to thermal bridge effects. Fig 3(D) shows the thermal bridge phe-
nomenon at the cornice. The structure of the thermal bridge in the LSF buildings is shown in
Fig 4.

2.2 Properties of the materials

The selection of building thermal insulation materials should consider the thermal insulation
performance, fire performance, durability, and environmental protection. Choosing the right
thermal insulation material is crucial to the energy efficiency, safety and durability of a build-
ing. At present, RW, polystyrene, polyurethane (PU), expanded polystyrene (EPS), extruded
polystyrene (XPS), and fiberglass are often used as thermal insulation materials in exterior
walls [3, 31]. The thermal insulation materials can be divided into organic, inorganic, and
composite insulation. In China, the organic thermal insulation materials used for building
walls mainly include EPS, XPS, and PU. The inorganic thermal insulation materials used for
building walls mainly include RW, glass wool, silicate, and foam glass. The organic materials
are usually lighter than inorganic materials, and they can reduce the weight and foundation
load of the building. This paper mainly studies the impacts of PU, EPS, and XPS on the heat
transfer characteristics of thermal bridges. Table 2 presents the parameters of these materials.
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Fig 1. LSF building.

https://doi.org/10.1371/journal.pone.0314634.9001

2.3 Numerical simulation parameters setting

The THERM software, which is widely used to study the thermal performance of walls [27,
32], is used in this paper to study the heat transfer characteristics of thermal bridges. The
boundary conditions were set as follows: surface heat transfer coefficients of inner and outer
surfaces of 8.7 W/(m?-K) and 23.0 W/ (m*-K), respectively [30]. The other surfaces were set as
adiabatic surfaces. This paper focuses on the heat transfer characteristics of thermal bridges in
winter. In the conducted numerical simulation, it is assumed that the outdoor air temperature,
indoor air temperature, and relative humidity of air are 3.8°C, 20°C, and 60%, respectively.

2.4 Calculation of linear heat transfer coefficient
The linear heat transfer coefficient (V) is calculated using Eq (1) [30]. Eq (2) is then substituted
into Eq (1) yielding Eq (3). Finally, ¥ can be calculated using Eq (5).

Q" — KA, —t) __ Q¥

Y=oy Ty X (v

where W is the linear heat transfer coefficient (W/m-K), Q°? is the heat transfer through a
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Fig 2. Structure of the exterior wall.

Exterior
-~ Cement mortar

— XPS
OSB

RW

OSB
- GPB

Interior

https://doi.org/10.1371/journal.pone.0314634.9002

building envelope containing a thermal bridge (W) (it can be determined by the THERM soft-
ware), K is the heat transfer coefficient of building envelope (W/(m-K)), A is the area of build-
ing envelope of Q?° (m?), t;and t, are respectively the air temperatures at the interior and
exterior sides of the building envelope (°C).

Q" =K A1) @)
K A1)

R O R ¥

A=C-1 (4)

where K?” is the two-dimensional average heat transfer coefficient of the building envelope
with thermal bridge (W/(m*-K)), C and [ are respectively the width and length of the building
envelope (m) (/is set to 1 in this paper) [30].

¥ = (K* - K)C (5)
In the simulation process, the influence range of the thermal bridge is 1.2-2 times that of the

wall thickness [33]. Therefore, in this study, the influence range of the thermal bridge is set to
400 mm. Based on the design standard of passive house, the maximum ‘¥'-value should be less

Table 1. Parameters of the exterior wall of the LSF building.

Materials Width (mm) Thermal conductivity W/(m-K) Reference
Cement mortar 20 0.930 [29]
Extruded polystyrene(XPS) 25 0.030 [30]
Oriented strand board (OSB) 10 0.120 [29]
Rock wool (RW) 140 0.036 [29]
C-type steel (C140x40x15x1.5) 140 58.200 [30]
Oriented strand board (OSB) 10 0.120 [29]
Gypsum board (GB) 9.5 0.330 [30]

https://doi.org/10.1371/journal.pone.0314634.t001
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Fig 3. Thermal infrared image of thermal bridge. a. Exterior wall-beam, b. External corner, c. Internal corner, d. Cornice.
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22.8

than 0.01 W/(m-K) [34]. Therefore, a W-value less than 0.01 W/(m-K) is considered to meet
the design standard of the thermal bridge free.

3. Results and discussion

3.1 Analysis and improvement of the thermal bridge of the external wall-
beam junction

The high thermal conductivity of the C-type steel, the different thermal conductivities of the
thermal insulation materials, and the damage of their continuity are the main reasons for the
thermal bridge of LSF buildings [35]. Hence, ensuring continuity is the first step in the
improvement of the thermal bridge. Otherwise, the thermal bridges can undergo breaking
treatment. The improvement method consists in connecting the prefabricated beams by exter-
nal hanging and installing them by supporting anchorage. The improved structure is shown in
Fig 5.

Fig 6 shows the simulation results of the temperature and heat flux distribution before and
after improvement. The calculated results of K** and ¥ are respectively 0.365 W/(m*-K) and
0.033 W/(m-K), which cannot meet the design standard of thermal bridge free. After improve-
ment, K*P and ¥ become equal to 0.287 W/ (m?K) and 0.019 W/(m-K), respectively. Since the
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W-value is greater than 0.01W/(m-K), it can be concluded that simply changing the connection
mode cannot reduce the thermal bridge effects.
The method which consists in increasing the thermal resistance of the thermal bridge can
be used to deal with the thermal bridge [30]. Hence, changing the thickness of RW is adopted
to reduce the thermal bridge. The impact of the thickness on K*” and ¥ is shown in Fig 7. It

Table 2. Parameters of thermal insulation materials.

Thermal insulation materials Thermal Conductivity W/ (m-K) Reference
Polyurethane (PU) 0.024 [30]
Extruded Polystyrene (XPS) 0.030 [29]
Expanded polystyrene (EPS) 0.038 [30]
https://doi.org/10.1371/journal.pone.0314634.t1002
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can be seen that K*P and ¥ gradually decrease with the increase of the thickness. When the
thickness is 75 mm, the ¥-value is 0.01 W/(m-K), which meets the design standard of thermal
bridge free. This demonstrates that the increase of the thickness of RW can significantly reduce

thermal bridge effects.
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3.2 Analysis and improvement of the thermal bridge of the external corner

Fig 8 shows the simulation results of the thermal bridge of the external corner. It can be seen
that the highest and lowest temperatures are 19.7°C and 3.9°C, respectively. The heat flux is
concentrated in the part of the C-type steel. This is due to the fact that the high thermal con-
ductivity of the steel causes thermal bridge effects. K*” and ‘¥ are respectively 0.241 W/(m*-K)
and 0.018 W/(m-K), which cannot meet the design standard of thermal bridge free.

The thermal performance of the wall is affected by the thermal insulation material. Thus,
the XPS, EPS, and PU are used as thermal insulation materials instead of the RW. Fig 9 shows
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the impact of the thermal insulation materials of different thicknesses on K*" and ‘P.. It can be
seen that, when the thickness increases, all the values of K*P and ¥ gradually decrease. When
the thickness is 95 mm, the ¥-values of the XPS and EPS are 0.011 W/(m-K) and 0.012 W/
(m-K), respectively. It can be deduced from the aforementioned analysis that the XPS and EPS
used as thermal insulation materials cannot satisfy the design standard of thermal bridge free
for the underlying condition, even if the thickness reaches 105 mm. When the thickness
increases to 65 mm, the W-value of PU decreases to 0.010 W/(m-K), which meets the design
standard of thermal bridge free. This is mainly because the thermal conductivity of PU is lower
than EPS and XPS, which means that the sheet thickness required for PU is thinner when
achieving the same insulation effect. Additionally, EPS and XPS are relatively water-absorbent,
which can cause their performance to decline after prolonged use in humid environments. In
contrast, PU is less absorbent and better able to maintain their insulation properties.

3.3 Analysis and improvement of the thermal bridge of the internal corner

Fig 10 shows the temperature distribution and heat flux distribution of the thermal bridge of
the internal corner. It can be seen that the highest and lowest temperatures are respectively
19.9°C and 3.9°C, and the heat flux distribution is concentrated in the corner. The W-value is
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0.012W/(m-K), which demonstrates that it cannot meet the design standard of thermal bridge
free.

Afterwards, the XPS, EPS, and PU are used as thermal insulation materials instead of the
RW. The results of the simulation are shown in Fig 11. It can be seen that, when EPS and XPS
are used as thermal insulation materials, the ¥-value is greater than 0.01 W/(m-K). However,
when PU is used as thermal insulation material, the W-value is less than 0.01 W/(m-K). This
demonstrates that the thermal bridge of the internal corner can meet the design standard of
thermal bridge free by changing the thermal insulation material.

During the foaming process, a large number of tiny closed-cell structures are distributed in
PU. When heat is conducted inside the material, it is necessary to overcome the resistance of
gas molecules to transfer in the pores. In addition, the closed-cell structure effectively blocks
the conduction flow of heat, which results in decreasing the heat conduction rate. The closed-
cell structure can be considered as a barrier to heat, allowing to significantly reduces the heat
loss and improve the insulation effect [36], in the case where PU has low thermal conductivity.
This is consistent with the study presented in [30], which shows that the use of low thermal
conductivity materials reduce the effect of the thermal bridge.

3.4 Analysis and improvement of the thermal bridge of the cornice

Fig 12 shows the simulation results of the thermal bridge of the cornice. It can be seen that the
highest and lowest temperatures are 19.74°C and 3.90°C, respectively. The heat flux at the
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cornice is concentrated at the connection part of the roof and the exterior wall. This is due to
the fact that the discontinuity of the thermal insulation layer makes the heat transfer changes
at the junction produce a thermal bridge.

Based on the actual situation of the cornice, the improved method consists in the establish-
ment of a wall thermal insulation layer with a roof thermal insulation layer form a continuous
one, as shown in Fig 13. The impacts of the thicknesses on K*” and ¥ are shown in Fig 14. It
can be seen that K*” and ¥ decrease with the increase of the thickness. When the thickness
becomes greater than 10 mm, the decreasing trend starts to slow down. On the one hand,
when the thickness is 25 mm, the W-values of the XPS and EPS are 0.012 W/(m-K) and 0.013
W/(m-K), respectively. This does not meet the design standard of thermal bridge free. On the
other hand, when the thickness of PU becomes greater than 20 mm, the W-value is less than
0.010 W/(m-K), which meets the design standard of thermal bridge free. It can be concluded
that the cornice thermal bridge free can be achieved when the thickness of PU is greater than
20 mm. This is consistent with the studies presented in [30] and [35], showing that the contin-
uous thermal insulation materials can increase the thermal resistance and reduce the thermal
loss of the thermal bridge. This is mainly due to the fact that the internal pores of the PU are
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independent, forming a continuous temperature insulation layer. In addition, the thermal con-
ductivity of the PU is low, and thus the conduction rate of heat is decreased, which results in
significantly reducing the energy loss of the building.

4. Engineering application

A single-storey LSF building in Chengdu (China) is considered as a practical engineering
application (Fig 15). The length and width of the building are both 8 m. Because the establish-
ment of the thermal bridge is complex, the computational load of the software is very high. In
addition, the mutual coupling between the thermal bridge junctions may affect the results of
the calculation. Therefore, a novel calculation method is used instead of the transient simula-
tion method. This method consists in calculating the energy consumption of the thermal
bridge before and after improvement as:

Q=D x K*® x b, x HDH18 (6)

where Q is the energy consumption of the thermal bridge during heating seasons (kW-h/a), D is
the thermal bridge area (m?), K?P is the two-dimensional heat transfer coefficient of the thermal
bridge (W/ (m?K)), b, is the temperature correction factor which is usually 1 above the ground
and 0.5 below it, and HDH18 denotes the heating degree hours (34.437 kK-h/a) [37].

The results of the calculation are shown in Table 3. It can be seen that before improvement,
the energy consumption of the thermal bridge at the external wall-beam junction is 22.63
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Fig 12. Simulation results of the cornice. a. Temperature distribution, b. Heat flux distribution.
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kW-h and the energy consumption per unit area is 12.57 kW-h/m”. In addition, the energy
consumption of the thermal bridge at the external corner of the external wall is 47.80 kW-h,
and the energy consumption per unit area is 8.3 kW-h/m>. Moreover, the energy consumption
of the thermal bridge at the cornice is 48.61 kW-h, and the energy consumption per unit area
is 13.81 kW-h/m?. After improvement, the energy consumption of the thermal bridge at the
external wall-beam junction is 11.78 kW-h/m? which denotes a reduction of 10.85 kW-h. Fur-
thermore, the energy consumption of the thermal bridge at the external corner of the external
wall is 29.95 kW-h, which denotes a reduction of 17.85 kW-h, and that at the cornice is 35.03
kW h, representing a reduction of 13.58 kW-h. This demonstrates that the thermal bridge can
be significantly improved in order to decrease the heat transfer to the environment.

5. Conclusion

In this paper, the thermal bridge of external wall-beam junctions, external corner of external
wall, internal corner of external wall, and cornice were first measured using an infrared ther-
mal imager. The obtained results showed that the temperature at the thermal bridge parts sig-
nificantly changes and the energy loss is large. The THERM software was then used to
quantitatively analyze the temperature and heat flux distribution of the thermal bridge. After-
wards, the values of K*” and ¥ of the thermal bridge were calculated. Finally, various methods
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were used for different thermal bridge parts to achieve the design standard of thermal bridge
free, and make the building achieve an energy saving effect. The main results can be summa-
rized as follows:

(1) For the thermal bridge of the external wall-beam junction, when the thickness of the
RW thermal insulation layer becomes greater than 75 mm, the W-value is less than 0.01 W/
(m-K), which can meet the design standard of thermal bridge free.

(2) For the underlying conditions, XPS and EPS are used instead of RW as thermal insula-
tion material of the external wall, which shows that the design standard of thermal bridge free
cannot be met. When a PU thickness greater than 65 mm is used as thermal insulation material
of the external wall of the external corner, the design standard of thermal bridge free is met.
PU can replace RW for the internal corner of the external wall in order to meet the design stan-
dard of thermal bridge free.

(3) The method for reducing the thermal bridge of the cornice consists in adding a PU ther-
mal insulation layer having a thickness greater than 20 mm at the inside room. This helpful to
decrease the energy loss of the cornice, and then achieve the design standard of thermal bridge
free.
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Fig 15. Single-storey LSF building.
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Table 3. Comparison between the energy consumption before and after improvement.

After improvement

Thermal bridge Thermal bridge Before improvement
2
name area (m’) Energy consumption Energy consumption per unit Energy consumption Energy consumption per unit
(kW-h) area (kW-h/m?) (kW-h) area (kW-h/m?)
Exterior wall -beam 1.80 22.63 12.57 11.78 6.54
External corner of 5.76 47.80 8.30 29.95 5.20
external wall
Cornice 3.52 48.61 13.81 35.03 9.95

https://doi.org/10.1371/journal.pone.0314634.t003

In future work, renewable materials or bio-based materials will be used as thermal insula-
tion materials of LSF to increase the thermal insulation performance and reduce the environ-
mental damage and carbon emissions. In addition, it is necessary to increase the waterproof
and fireproof performance of the thermal insulation materials. This will allow to meets the
increasingly stringent building energy efficiency standards and environmental protection
requirements. Therefore, further studying building thermal insulation materials for increasing
their performance and sustainability allow to reach green buildings.
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