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Exterior insulation finishing systems (EIFSs) can efficiently promote energy efficiency of build-
ings. In this study, an EIFS with high thermal efficiency is presented to improve the insulation
behavior of building enclosure. Based on heat transfer analysis results, energy simulations of
buildings with fire spread prevention structures were performed. Results revealed that heat flow
through the wall increased by 10.3 % when using a metal rail to fix the insulation; in contrast,
using non-combustible phenolic foam reduces heat flow by 37.4 %, satisfying the requirement for
fire spread prevention structures. Additionally, the energy consumption decreased by 8.8 % when
both mineral wool and phenolic foam were applied. Fire spread prevention structures are
essential to improve the fire safety performance of buildings. This external insulation system
efficiently promote energy saving in building; additionally, leveraging a phase change material to
improve the thermal storage performance of the building can reduce energy consumption by up to
11.9 %.

1. Introduction

Global energy consumption has increased owing to the rapid population growth and urbanization following industrialization; in
particular, the energy consumption of buildings currently accounts for 40 % of the total energy consumption worldwide [1,2].
Therefore, following the Paris Agreement, policies to reduce greenhouse gas emissions by 2030 and achieve carbon neutrality by 2050
were proposed worldwide [3]. The most effective approach to reducing the energy consumption of buildings entails improving their
insulation effect. Thus, the development of aerogel [4-7] vacuum [8-10], and super-resistant insulation materials [11-13] has been
actively emphasized. In the interior thermal insulation construction method, thermal bridges occur in areas in contact with the
structures [14,15]; these thermal bridges can be prevented by reinforcing the insulation of the joints and thermal cross-blocking [16].
However, the external insulation method is more effective in terms of preventing unnecessary thermal energy losses because it does not
cause thermal bridges [17]. Notably, the exterior insulation plastering finishing method, introduced in the 1950s, involves applying a
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Fig. 1. EIFS construction details: (a) without insulation fastener, (b) with insulation-fixing rail, (c) with insulation fastener, and (d) with insulation fastener (for
soft insulation).

thin plaster after installing an insulation material on the exterior of a building. Subsequently, the minimum requirements for exterior
wall insulation were established under DIN 4108 in 1969 [18], with the term “exterior insulation finishing system (EIFS)” unified in
the 1990s [19].

Fig. 1(a) shows the EIFS construction details without an insulation fastener. The finishing material is used after the insulating
material is attached to the plastered structure using a mortar adhesive, while the plastering layer is formed using a mesh. Although a
commonly used EIFS method, it is vulnerable to insulation losses or damage [20]. To solve this problem, rails were used to fix the
insulation materials in place, as shown in Fig. 1(b). However, in this rail-fixing method, thermal bridges may occur owing to the high
thermal conductivity of the metallic rail used in fixing the heat-insulating material [21].

An external insulation method using an insulation fastener has also been used recently to overcome this problem, as shown in Fig. 1
(c). In this approach, plastic nails, which have lower thermal conductivities than metallic nails, are used to fix the insulating materials.
These nails can penetrate the structures and fix the insulating materials, thereby preventing the insulating material from detaching or
becoming damaged due to external wind pressures. In general, thermal insulation fasteners with a head diameter of 60 mm are used as
they feature high fixing forces. Soft insulation materials, such as mineral wool or glass wool, can be fixed more firmly using reinforcing
materials, which, in turn, helps improve the fixing force of the fasteners, as shown in Fig. 1(d).

As buildings become taller and more technologically equipped owing to industrial developments and rapid population growth,
human and material losses due to fires continue to increase [22,23]. Recently, with the industrial and economic developments in South
Korea resulting in steadily increasing urban population density and high-rise and large-scale buildings, building fires have gradually
become larger, affecting numerous lives and causing significant property damage. In some recent fire accidents, it was found that the
affected buildings had been constructed with materials with poor flame retardancy, which allowed the fire to spread quickly and made
it difficult to extinguish, resulting in many casualties because the toxic gas generated during combustion also spread rapidly [24,25].
Based on the fire statistics published by the Korea National Fire Agency [26], building fires account for the highest proportion of fires.
Thus, the Ministry of Land, Infrastructure and Transport (MOLIT) amended the “Building Enforcement Decree” on the fire retardant
performance of building finishing materials to prevent the spread of fires in buildings [27]. Accordingly, when installing insulation on
a building with a height above 9 m (>3 stories), non-combustible or semi-non-combustible materials must be used or structures that
prevent the spread of fire must be constructed, as announced by MOLIT. For buildings with less than five stories (<22 m high),
standards for installing flame retardant materials have also been added. These guidelines also apply to medical, educational research,
elderly care, and training facilities. In particular, finishing materials with flame retardant performances exceeding those of
semi-non-combustible materials are used for piloti buildings that serve as evacuation centers in the event of a fire.
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Fig. 2. Schematic of fire spread prevention structure for buildings.

The term “fire spread prevention structure,” determined and publicly notified by MOLIT, implies that, in such structures, the space
between the material covering the exterior wall and the support structure of this material should be compactly filled with the following
materials (at least 400 mm wide on each floor) to prevent vertical fire spread [28]. In particular, in Korea, the following prescriptions
exist.

1. Fireproof gypsum boards with sizes of 12.5 mm or larger, as defined by the Korean Industrial Standard KS F 3504 (gypsum board
product).

2. Gypsum cement boards of 6 mm or more, as specified in the Korean Industrial Standard KS L 5509 (gypsum cement boards), or flat
cement boards of 6 mm or more, as defined in KS L 5114 (fiber-reinforced cement boards).

3. Mineral wool (MW) insulation boards, as specified in the Korean Industrial Standard KS L 9102 (artificial mineral fiber insulation).

4. By the Korean Industrial Standard KS F 2257-8 (fire resistance test method for building members—performance conditions for
vertical non-load bearing members), the fire resistance performance test must result in 15 min of flameproof performance, and the
material’s backside temperature must not rise above 120 K.

Furthermore, for buildings with >9 m height (>3 stories), a fire spread prevention structure needs to be installed every two floors.
Fig. 2 shows schematics of the fire spread prevention structure of a five-story building in accordance with the revised law. The
amended law stipulates that the entire exterior wall must use an insulating material with a flame-retardant grade or higher or a fire
spread prevention material must be used every two floors.

Recently, the global issue of fire spread caused by combustible exterior wall cladding materials has emerged. Consequently, many
researchers are studying fires in building exterior walls. Zhang et al. studied melt-flowing and -dripping flames increase fire risks in
exterior walls. Bench-scale experiments explored melting-dominant flame spread in EPS foam. Critical fuel coverage and ignition
diameter were determined. The study aims to enhance fire protection for building exteriors [29]. Hou et al. investigated upward flame
spread in XPS and PU foams under line n-heptane fire, noting sustained spread and analyzing burning performance. They revised the
relationship between flame height and total heat flux to quantify the fire source’s effect on flame-retarded and non-retarded materials
[30]. Meng et al. analyzed upward flame spread over XPS foams with varying porosities. Flame height and temperature initially rise,
then decrease with increased porosity due to fuel and oxygen competition mechanisms [31]. Recent research on fire in building
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Fig. 3. Research framework.
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Fig. 4. Details of fire spread prevention structure in EIFS.

exterior walls focuses on flame spread and combustion rates of applied materials. However, this study offers originality and
distinctiveness by proposing fire spread prevention structures along with details to enhance thermal performance. Additionally, the
phase change materials (PCMs), known to be effective in external wall applications, were employed to achieve a more efficient exterior
insulation finishing system. PCMs are substances capable of storing or releasing heat during the phase change process, enabling
efficient use of thermal energy. Furthermore, previous research has confirmed that PCM’s thermal inertia effect helps maintain indoor
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Table 1
Surface heat transfer resistances [35].
Building elements Heat transfer resistance (m2-K/W)
Indoor surface Outdoor surface (R,)
R;
&) Direct contact with outdoor Indirect contact with outdoor
air air
The outer wall of living room (Including side walls and windows and 0.11 0.11 0.043
doors)
Bottom floor of living room 0.086 0.15 0.043
Ceiling or roof of the living room on the top floor 0.086 0.086 0.043
Intermediate floor of apartment 0.086 - -
Table 2
Thermal properties of EIFS for ISO 10211 heat transfer analysis.
Materials Thermal conductivity (W/ Heat transfer resistance (m>K/  Volumetric heat capacity (MJ/ Thickness
m-K) w) m*K) (mm)
Indoor surface 0.04
Concrete 1.41 1.83 200
Plastering mortar 0.53 1.21 5
Mortar adhesive 0.53 1.21 5
Thermal insulation EPS 0.035 0.113 200
material MW 0.037 0.094
PF 0.02 0.059
Fastener Nail 0.21 2.259 270
type
Rail 60 3.7 240
type
Plastering mortar (mesh) 0.53 10
Finishing mortar 0.53 10
Outdoor surface 0.13

temperatures low and reduces cooling energy consumption [32].

In this study, heat transfer analyses of a building wall with a fire spread prevention structure were performed through HEAT3
simulations to analyze the heat flow. In addition, the annual building energy consumption was calculated using EnergyPlus to derive
an energy-efficient building envelope system.

2. Performance analysis

2.1. Analysis framework

Fig. 3 illustrates the flow of analysis in this study. Focusing on two representative details of building exterior wall insulation
cladding, thermal transfer analysis is conducted, followed by building energy analysis. Based on this, a building exterior wall finishing
system is derived, considering both energy performance improvement with fire spread prevention structures.

2.2. Analyses of heat transfer and energy performance

To reduce the energy consumption of a building and the damage caused by fires, it is necessary to satisfy the standards for the use of
high-performance insulation and fire spreading prevention materials. Fire-resistant thermal insulation systems mainly serve to reduce
building energy consumption and prevent the spread of fires when they occur. Thus, it is necessary to determine the optimal speci-
fications of non-flammable-grade and high-efficiency thermal insulation materials and evaluate the thermal bridges and energy
performance of buildings. Fig. 4 presents the details of a fire spread prevention structure in an EIFS. In an EIFS, thermal bridges may
occur through insulation fasteners, metal rails, and fixing nails. Even with an EIFS composed of high-efficiency insulation, thermal
bridges must be considered to accurately determine energy efficiency.

2.3. Heat transfer analysis method

In an EIFS, the use of rails and fasteners for fixing insulation materials can cause irregular movement in the heat flow through
dissimilar materials with different thermal conductivities. Structural thermal bridges are expected when using bonding materials. DIN
4108 stipulates that these thermal bridges should be analyzed using a technically sufficient and validated method or an accurate
thermal bridge verification method. In cases with no thermal bridging standards or without internal insulation applied to the outer
shell of a building, an additional value for thermal bridging is recommended to be included. Such thermal bridges can be divided into
linear and point thermal bridges, depending on their shapes; linear thermal bridges can occur in balconies, in roof parapets, and around
windows. The coefficient of a linear thermal bridge indicates the amount of heat lost or acquired through the linear thermal bridge
under the steady state. The ISO 10211 and ISO 14683 standards have been adopted as methods for calculating heat loss through
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Table 3
Heat transfer analysis.

EIFS_EPS

EIFS_EPS rail

EIFS_EPS _nail

EIFS_MW_EPS _nail

(continued on next page)
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Table 3 (continued)

EIFS_MW_PF _nail

EIFS_PF _nail

Table 4
Input conditions for simulations of modeled building.
Environmental control Heating: 20 °C, Relative humidity (R.H.) 50 % Cooling: 26 °C, R.H.* 50 %
Occupancy schedule 00:00-08:00, 18:00-24:00 100 %
08:00-18:00 30 %
Metabolic (activity) 130 W/person (Factor: 0.9)
Lighting density 4.0 W/m?
Office equipment 3.0 W/m?
Occupancy density 0.05 person/m?>
Infiltration 0.7 ACH
Ventilation 10 L/s-person
HVAC Ideal Loads Air System, Heated floor
Weather Seoul, Korea
Table 5
Construction details of base model.
Construction details Thickness (mm) Thermal conductivity (W/m-K) Density (kg/m3) Specific heat capacity (J/kg-K)
External wall (EPS) Cement plaster 20 0.720 1760 840
EPS 200 0.040 15 1400
Cement plaster 20 0.720 1760 840
Concrete 200 1.400 2100 840
External wall (PF) Cement plaster 20 0.720 1760 840
PF board 200 0.020 40 1400
Cement plaster 20 0.720 1760 840
Concrete 200 1.400 2100 840
External wall (MW) Cement plaster 20 0.720 1760 840
MW 200 0.038 140 840
Cement plaster 20 0.720 1760 840
Concrete 200 1.400 2100 840
Floor Urea-formaldehyde foam 175 0.040 10 1400
Concrete 100 1.400 2100 840
EPS 80 0.040 15 1300
Mortar 30 1.130 2000 1000
Internal wall Cement plaster 20 0.720 1760 840
Concrete 100 0.120 530 1600
Cement plaster 20 0.720 1760 840
Ceiling Gypsum board 25 0.250 900 1000
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Fig. 5. Perspective view and details of external wall for high-performance building envelope systems.

Table 6

Analysis of high-performance envelope systems with PCM.
Case Configuration
EPS Thermal insulation with EPS
EPS_18 EPS +9 mm PCM layer with 18 °C phase change temperature
EPS_20 EPS +9 mm PCM layer with 20 °C phase change temperature
EPS_22 EPS +9 mm PCM layer with 22 °C phase change temperature
MW _EPS Thermal insulation with EPS and MW (500 mm in height)
MW _EPS_18 MW_EPS + 9 mm PCM layer with 18 °C phase change temperature
MW _EPS_20 MW_EPS + 9 mm PCM layer with 20 °C phase change temperature
MW _EPS_22 MW_EPS + 9 mm PCM layer with 22 °C phase change temperature
MW_PF Thermal insulation with PF and MW (500 mm in height)
MW _PF_18 MW_PF + 9 mm PCM layer with 18 °C phase change temperature
MW_PF_20 MW_PF + 9 mm PCM layer with 20 °C phase change temperature
MW_PF_22 MW_PF + 9 mm PCM layer with 22 °C phase change temperature
PF Thermal insulation with PF
PF_18 PF + 9 mm PCM layer with 18 °C phase change temperature
PF_20 PF + 9 mm PCM layer with 20 °C phase change temperature
PF.22 PF + 9 mm PCM layer with 22 °C phase change temperature
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Table 7
Heat transfer analysis results (EIFS_EPS).

Thermal coupling matrix L3D: 0.2575 W/K
Heat flow using L3D: 6.4368 W

thermal bridges [33,34]. Moreover, ISO 14683 serves as a method for estimating heat loss through approximations, by standardizing
the main areas where thermal bridges occur.

The thermal performance was analyzed using BLOCON HEATS3 for an EIFS using both fire-resistant structures and high-efficiency
thermal insulation materials. According to the calculation method of ISO 10211, which specifies the thermal bridge surface tem-
perature and heat flow of a building, the exact amount of heat transfer can be determined, including that from the thermal bridge
transmitted through the wall. The equivalent and linear thermal transmittance rates were calculated using the following equations:

. Q
Ya=aTen’ W
2w,
Uy =U; + ’A , @)
_Q e
V=AT (Ui o1y, 3)

where U, is the equivalent thermal transmittance (W/m2~K), AT is the temperature difference between the inside and outside (°C), A is
the surface area (m?), Q is the total heat flow of the wall (W), U; is the thermal transmittance of material i (W/m?K), [; is the length of
the thermal transmittance of U; (m), and y is the linear thermal transmittance (W/m-K).

The outdoor temperature was set to —5 °C, and the indoor temperature was set to 20 °C, according to DIN 4108-2. In addition, for
an accurate heat transfer analysis, the surface heat transfer resistances generated from the indoor and outdoor surfaces were
considered. Therefore, as listed in Table 1, a thermal transfer analysis was performed considering the indoor and outdoor surface heat
transfer resistances, as specified in the current building code.

ISO 10211 stipulates that, when calculating and modeling the amount of heat flow through a structure, the symmetry line should
serve as the standard in the case of a continuous section; however, its length should be modeled to be at least three times the wall
thickness or 1000 mm, whichever is greater. Therefore, the length of the case considered in this study was set as 1290 mm. The thermal
properties of the EIFS for the ISO 10211 heat transfer analysis are listed in Table 2. The simulations analyzed four cases of EIFS walls
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Table 8
Heat transfer analysis results (EIFS_EPS rail).

Thermal coupling matrix L3D: 0.2839 W/K
Heat flow using L3D: 7.0977 W

using expanded polystyrene (EPS), MW, and/or phenolic foam (PF) as insulation material—EPS_nail (EPS), MW_EPS nail (MW_EPS),
MW _PF_nail (MW_PF), and PF _nail (PF)—as presented in Table 3.

2.4. Energy performance analysis

DesignBuilder version 5.4 was used to evaluate the energy performance of the fire and thermal insulation systems of the buildings.
DesignBuilder uses the EnergyPlus tool, which was developed by the US Department of Energy, to dynamically simulate the energy
consumption of a building.

In this analysis, the model was based on a typical Korean apartment, as shown in Table 4. A typical Korean apartment was selected
from the open architectural database provided by the Ministry of Land, Infrastructure, and Transport (MOLIT) of South Korea [36]. The
input conditions for each building component of the model are presented in Table 5. This model was simulated by constructing an
exterior wall using combustible EPS, semi-non-combustible-grade PF, and non-combustible-grade MW as the variables.

2.5. High-performance building envelope systems

Fig. 5 shows a high-efficiency building insulation system using a phase change material (PCM). The PCM improves the thermal
storage performance of buildings, enabling the efficient use of heat, thus resulting in reduced building energy consumption. The PCM
applied to the inside of the model featured a thickness of 9 mm, thermal conductivity of 0.2 W/m-K, specific heat of 1970 J/kg-K, and
density of 235 kg/m®. Phase change temperatures of 18, 20, and 22 °C were selected to maintain an appropriate indoor temperature
during winter, considering the climate characteristics of South Korea, where the heating energy is higher than the cooling energy [37,
38]. Table 6 presents the analysis of the high-efficiency insulation system in which the PCM was applied.

3. Results and discussion

3.1. Heat transfer analysis results

Table 7 shows the results of the heat transfer analysis for the EIFS_EPS case, constructed without an insulation fastener; notably, it
exhibited excellent thermal results because there were no broken areas in the insulation; in addition, thermal bridges did not occur.
Furthermore, the thermal coupling matrix L3D value for the EIFS_EPS case was 0.257 W/K, and the heat flow using L3D was 6.4368 W.
Table 8 shows the EIFS_EPS rail case, where the rail-type fastener was composed of steel and exhibited a thermal conductivity of 60 W/

10
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Table 9
Heat transfer analysis results (EIFS_EPS_nail).

Thermal coupling matrix L3D: 0.2581 W/K
Heat flow using L3D: 6.4516 W

m-K. Therefore, the heat transfer through the steel rail was high, and heat loss occurred in the areas where the insulator was fixed with
this rail. In addition, the thermal coupling matrix L3D value was 0.2839 W/K, and the heat flow using L3D was 7.0977 W. Thus, it was
confirmed that the heat loss was 10.3 % higher than that in the EIFS_EPS case. Table 9 shows the results of the heat transfer analysis for
the EIFS_EPS nail case. As a plastic nail with a thermal conductivity of 0.21 W/m-K (which is significantly lower than that of steel) was
used, the thermal bridging caused by the fasteners was negligible. The thermal coupling matrix L3D value of the EIFS EPS case was
0.2581 W/K, and the heat flow using L3D was 6.4516 W. Thus, the heat flow increased by 0.2 %, as compared with that in the EIFS_EPS
case, where no insulation fastener was used. Therefore, using nail-type insulation fasteners was deemed excellent for fixing insulation
materials. Table 10 lists the results of the heat transfer analysis for the EIFS_MW_EPS_nail case, where the insulation applied to the fire
spread prevention structure was non-flammable-grade MW at a thickness of 500 mm, and the thermal conductivity was 0.038 W/m-K.
Owing to the difference in the thermal conductivities when using EPS, the thermal coupling matrix L3D was 0.2701 W/K, and the heat
flow using L3D was 6.7529 W; compared with the EIFS_EPS _nail case, the heat flow was somewhat increased. This was attributed to the
increase in the thermal transmittance of the fire spread prevention structure. Table 11 presents the results of the heat transfer analysis
for the EIFS_MW_PF _nail case, where MW was used as the material for the fire spread prevention structure and PF was used for the
other insulation materials. The thermal conductivity of the PF was 0.020 W/m-K. The thermal coupling matrix L3D value was 0.2109
W/K, and the heat flow using L3D was 5.2734 W. Compared with that for the EIFS_EPS _nail case, the heat flow was reduced by 18.1 %.
This was attributed to the low thermal conductivity of PF. Table 12 shows the results of the heat transfer analysis for the EIFS_PF _nail
case, where the entire external wall was applied with PF, which is a non-combustible insulation material. The requirements of the fire
spread prevention structure were satisfied, even when the entire external wall was non-combustible. The thermal coupling matrix L3D
was 0.1611 W/K, and the heat flow using L3D was 4.0284 W. This indicated a 37.4 % decrease in the heat flow, as compared with the
EIFS_EPS case.

The results of the heat transfer analyses for each case are shown in Table 13. The two types of fasteners used to secure the insulation
material to the exterior wall, as presented in Table 2, have thermal conductivity values of 0.21 W/mK for the nail type and 60 W/m-K
for the rail type. Due to this difference in thermal conductivity, the rail-type fastener was found to exhibit rapid heat flow along this
area, leading to a pronounced thermal bridging effect. In contrast, the nail-type fastener showed a stable heat flow similar to that of the
insulation material, attributed to its lower thermal conductivity. In addition, when there was a difference in the thermal conductivity
of the insulation material and the fire spread prevention structure, the heat flow was concentrated toward the material with higher

11
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Table 10
Heat transfer analysis results (EIFS_.MW_EPS _nail).

Thermal coupling matrix L3D: 0.2701 W/K
Heat flow using L3D: 6.7529 W

thermal conductivity. The total amount of heat transfer differed by up to 37.4 %, depending on the thermal conductivity of the
insulation applied to the exterior wall.

3.2. Results of energy performance analysis

In prior research, to validate the reliability of building energy performance, actual indoor temperature measurements were
compared and analyzed alongside temperature change data obtained through simulation predictive analysis. In previous studies, the
coefficient of variation of the root mean square error (CV(RMSE)) was utilized for comparison and verification [39]. Fig. 6 shows the
results of the analyses of the heating, cooling and annual energy consumption under the four cases, respectively. It was found that the
heating energy consumption for the EIFS building was lower than that the internal insulation system of the building because the
efficiency of thermal energy use was higher [17]. For MW_EPS, the heating energy consumption tended to increase because a
500-mm-thick layer of MW, which features a higher thermal conductivity than EPS, was applied to the fire spread prevention structure
between each floor. However, for MW_PF, the overall heating energy decreased because the thermal conductivity of PF was 0.02
W/m-K.

Contrary to the results for the heating energy consumption, the cooling energy consumption tended to increase with the insulation
performance. In general, heat loss was reduced in the buildings using high-efficiency thermal insulation materials. This is because the
heat generated indoors, such as that from the human body, lighting, and machines, cannot be dissipated. It was found that the heating
energy consumption during winter was low because of the use of high-efficiency thermal energy in the EIFS buildings; however, the
cooling energy consumption was high because the cooling load in summer increases owing to the decrease in heat loss. Fig. 7 shows the
results of the analyses of the total annual energy consumption for the four cases. The EPS case involved an EIFS building with no fire
spread prevention structure, whereas the MW_EPS, MW_PF, and PF cases entailed EIFS buildings with fire spread prevention structures.
Compared with the EPS case, the overall energy consumption in the MW_EPS case increased. However, the energy consumption in
MW _PF and PF was reduced by 8.8 % and 9.9 %, respectively. As shown in Table 2, the thermal conductivity of EPS was 0.035 W/m-K,
while that of PF was 0.02 W/m-K. The use of insulation materials with low thermal conductivity resulted in reduced energy con-
sumption due to lower heat energy loss. Thus, a fire-resistant thermal insulation system can reduce energy consumption, while
satisfying the requirement of the fire spread prevention structure.

12
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Table 11
Heat transfer analysis results (EIFS_.MW_PF_nail).

Thermal coupling matrix L3D: 0.2109 W/K
Heat flow using L3D: 5.2734 W

3.3. Results of energy performance analysis for high-performance building envelope systems

Fig. 8 shows the building energy simulation results. In buildings with a PCM, an average reduction of 3 % in building energy
consumption was noted, as compared with that before PCM application. In addition, when the PCM was applied to the inner side of the
exterior insulation system of a building with the fire spread prevention structure, an additional reduction of 2 % was achieved in the
building energy consumption. The largest building energy reduction was observed when a PCM with a phase change temperature of
20 °C was applied. This was because the PCM had the highest heat storage performance; the indoor temperature in winter was between
18 °C and 22 °C. Compared with EPS, where the PCM was absent, the building energy consumption in PF, with the PCM featuring a
phase change temperature of 20 °C, decreased by 11.9 %. In terms of simply reducing the annual energy consumption, the building
envelope system with PF alone was concluded to be the best. However, when considering fire safety, the building envelope systems
with both MW and PF afforded excellent results in terms of both thermal and fire safety performance.

4. Conclusions

EIFSs efficiently utilize building thermal energy but face issues with mortar adhesive weaknesses leading to detachment and fire
spread risks. Fastener-based solutions exist, yet metal rails create thermal bridges. This study proposes an EIFS method fixing insu-
lation from outside, enhancing thermal efficiency. Heat transfer analysis informs this method’s development. Energy simulations focus
on fire spread prevention, highlighting the importance of EIFS with high thermal efficiency. Heat transfer analysis revealed that using
metal rails increased heat flow by 10.3 %, while plastic nails maintained similar heat flow to mortar adhesives. Applying non-
combustible PF to the entire exterior wall reduced heat flow by 37.4 %, meeting fire spread prevention requirements. A building
energy demand assessment showed a slight increase in total consumption with MW between floors compared to EPS alone. However,
energy consumption decreased by 8.8 % with MW and PF, and by 9.9 % with PF alone on the exterior wall. Using PCM in an external
insulation system reduced energy consumption by up to 11.9 %, emphasizing the importance of energy reduction and fire safety.
Among the cases established in this study, the configuration involving a fire spread prevention zone using mineral wool, followed by
external insulation with PF and PCM (MW_PF_20), was evaluated as the optimal case, successfully achieving both fire safety perfor-
mance and energy efficiency. This study systematically proposes measures to enhance both the fire prevention structure of building
exteriors in accordance with Korean regulations and energy efficiency improvement. However, it is limited by the scope of analysis
constrained by Korean regulations. In future research, will be focusing to numerically apply fire safety-related systems from

13



S. Wi et al. Case Studies in Thermal Engineering 59 (2024) 104541

Table 12
Heat transfer analysis results (EIFS_PF_nail).

Thermal coupling matrix L3D: 0.1611 W/K
Heat flow using L3D: 4.0284 W

Table 13
Heat flow for each case.
Case Thermal coupling matrix L3D (W/K) Heat flow using L3D (W) Difference in rate with EIFS_EPS (%)
EIFS_EPS 0.257 6.4368 -
EIFS_EPS rail 0.283 7.0977 10.3
EIFS_EPS_nail 0.258 6.4516 0.2
EIFS_MW_EPS_nail 0.270 6.7529 4.9
EIFS_MW_PF _nail 0.210 5.2734 -18.1
EIFS_PF_nail 0.161 4.0284 -37.4

representative countries such as the United States, Europe, and Asia and analyze trends specific to each country.
Fire spreadfire spreadfire spread.
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