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Abstract: An investigation was conducted into temporary modular housing for use in disaster
areas to assess the feasibility of energy independence. Flexible modular units have been proposed
as a temporary housing solution in disaster areas, as they can be deployed in combination with
energy units across a wide range of environments. A dynamic energy simulation was used to
examine the heating/cooling requirements and the potential photovoltaic power generation of
such modular housing in an East Asian climate. This was used to assess the potential for energy
independence. The building performance was analyzed based on measurements of airtightness,
insulation performance, and thermal bridge phenomena taken from mock-up modular housing.
According to the wall assembly method, it was confirmed that the airtightness performance was
poor. Further investigations explored the possibility of reducing the annual heating/cooling loads
by improving the airtightness, which would contribute to greater energy independence. In general,
the specific housing needs of different victim groups can easily be satisfied through the application of
different modular unit combinations.
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1. Introduction

In recent years, the frequency of disasters has sharply increased worldwide [1,2]. Disasters can
negatively affect an individual’s life, health, and property and can also have national consequences
in terms of the population, economy, and infrastructure [3]. In general, disasters can be categorized
as natural or social disasters. According to worldwide disaster statistics from 2017, natural disasters
included cold waves and heavy snowstorms in Europe; 81 tornadoes in the United States and a large
forest fire in California; and heavy snowfall, typhoons, and earthquakes in Japan [1,2]. In South
Korea, disasters such as cold waves, heat waves, tropical nights, and typhoons occur frequently.
Furthermore, forest fires, fires in densely concentrated buildings, and collapsing buildings represent
significant threats, as they have the potential to cause significant loss of life or property. For example,
on 15 November 2017, apartment buildings were destroyed and many people lost their homes due to
an earthquake in the Pohang area. When disasters occur, it is necessary to provide food and temporary
housing quickly to victims. Previously, local public facilities such as schools, religious buildings,
and public amenities have often been used as temporary shelters.

In other situations where it is difficult to provide temporary housing, portable facilities such
as emergency tents and containers have been used. Another type of temporary housing can be
provided by modular buildings. Modular buildings are made from lightweight materials and they
are easy to carry and assemble; this makes them suitable for use as temporary shelter. Accordingly,
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modular buildings have been used in Japan, the United States, and Europe [4,5]. Modular housing
has been studied for decades [4–10]; for example, Kamali and Hewage analyzed its advantages and
limitations [6]. Other research has examined passive energy use, energy simulations, and phase change
materials (PCMs) [7–10]. However, in disaster situations, infrastructure facilities such as electricity,
water, and gas may not be available, which represents a serious limitation for modular housing.
Therefore, it is necessary to consider the requirements of temporary housing and design solutions that
enable temporary residence without the need for such infrastructure.

In this study, the temporary modular housing used in disaster areas was investigated in order
to assess the feasibility of energy independence. The results of this investigation were then used
to propose a suitable design for temporary housing using flexible modular units. These modular
units are useful in disaster situations, as they can be used in many different combinations alongside
energy units. This means that the specific housing needs of different victim groups can easily be
satisfied. We began by investigating the modular buildings currently being used as temporary housing
in disaster situations, both domestically and abroad. We then evaluated the energy requirements of
these buildings based on a mock-up model. Thermal insulation, airtightness, and condensation were
targeted as major factors that affect the energy performance. Finally, the heating/cooling requirements
and the potential for energy independence were assessed based on improvements in airtightness and
the installation of solar photovoltaic (PV) systems.

2. Theoretical Discussion and Case Studies

According to Smith [11], industrialized housing has developed based on demand and available
construction techniques. During the 16th and 17th centuries, Great Britain colonized much of the world,
including India, the Middle East, Africa, Canada, and the United States. As a result, rapid construction
was required in these areas. To meet this demand, components (wooden kits) were manufactured
in England then transported worldwide via ships. This was first recorded in 1624. Later, on-site
methods, where components are assembled at the construction site, and out-site methods, where the
components are assembled in a factory before transportation, were developed; this is called the
modularization method. Modular structures can be used for commercial and residential applications,
which may be temporary or permanent. Modular commercial buildings include temporary structures
such as construction site trailers, mobile classrooms, communication pods, and exhibition rooms as
well as permanent structures such as dormitories, healthcare facilities, hotels, government buildings,
and schools. The overseas modular building market has been led by advanced countries such as those
in Europe, Japan, the United States, Canada, and Australia. The United Kingdom has the largest market
for modular buildings, which make up 2.1% of the total construction market. In Korea, the market is
estimated to be worth between₩1.34 and₩4.3 trillion [12].

2.1. Literature Review

In South Korea, studies on disaster relief housing are mostly related to architectural
planning, such as planning requirements for temporary housing facilities, construction methodology,
and functional demands. Kim et al. examined different types and plans for temporary housing relief
as architectural countermeasures for disaster refugees [13]. In particular, they classified and examined
time-series-type structures and construction methods and then proposed a relief housing system
suitable for open system modular housing. Moon et al. mentioned that temporary housing is affected
by climate, structure, material, and duration of use, with structure being the most important factor.
They demonstrated that fixed and portable housing can be categorized according to the structural
characteristics [14]. The relief housing development by Lim et al. can be seen as a representative
study on practical development [15]. They developed relief housing using standard elevation modules.
The pilot application was examined using a subway station as a temporary shelter. Wang et al.
proposed a horizontal expansion method based on joint development with modular-method-applied
temporary housing [16]. Through the design and mock-up module fabrication, they addressed the
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need for additional techniques to be developed with respect to reinforcing airtightness when joining,
horizontal leveling when joining units, and the locking method between units. Similarly, disaster relief
housing plans and temporary modular housing have been developed, but they are limited by the
development of technical plans, structural aspects, and the joining of modules. In fact, few studies have
addressed the thermal insulation and environmental performance aspects of housing development,
which is necessary to understand the energy independence performance and the need for new and
renewable energy generation and storage systems.

Modular housing for use in disaster areas should be able to provide the energy required by
residents by utilizing elemental technologies such as solar panels, even in areas where the supply
infrastructure is not available. Many previous studies [17–20] have been conducted on net zero energy
buildings and energy-independent buildings utilizing passive and active designs. Wind energy systems
and PV panels are actively used for zero energy buildings and the energy savings achieved using
active elements have been compared and analyzed. Aldegheri et al. demonstrated that it is possible to
achieve energy production equivalent to 43% of the annual energy consumption of demonstration
houses with building-integrated concentrating photovoltaics (BICPVs) [19]. It is important for modular
housing to be suitable for various climates. Zubair et al. showed that the cooling load could be reduced
by 12.3% by installing a PV panel on net present cost(NPC)-based roof, even in hot climates [20].

2.2. Domestic and Overseas Modular Housing for Disaster Response

Table 1 summarizes the existing research for modular disaster relief housing in South Korea and
overseas in terms of the climate, shape, and vertical/horizontal expansion [15,21–27]. Typical shapes
include modules, containers, a combination of containers and tents, assembly type, and box unit
type. Each of these is classified as either horizontal or vertical space expansion type due to structural
differences based on the shape characteristics. In situations where the structures are not secured to
make them stable, horizontal expansion is common; in contrast, modular and container-type buildings
have a steel structure that facilitates vertical expansion. Features such as the finish and design of the
exterior material are selected according to the local climate.

South Korea type A has a modular design which facilitates both horizontal and vertical expansion.
The units (e.g., living room and utility units) can be configured depending on the number of people in
the household. It has a steel structure, and steel panels are used for the exterior material. USA type A is
designed so that the thermal insulation can be customized according to the weather. In addition, solar
panels are used to supply electricity and water can be stored in a water module capable of collecting
rain water. USA type B is a vertically expandable combination of container- and tent-type structures.
The rooms can easily be divided and the tents can be converted to increase the space for kitchens,
bathrooms, and storage. It can accommodate up to two households based on a family of four people.
USA type C is a modular prefabricated system. It is not suitable for horizontal or vertical expansion
but is designed to withstand storms. USA type D is an assembly type suitable for both horizontal
and vertical expansion. It is easy to assemble, can be expanded without tools, and is suitable for
uneven terrain. Aluminum insulation panels are also used, which means that it can easily be reused or
expanded; this makes it suitable for temporary classrooms or offices as well as housing. Japan type
A is a container-based system suitable for horizontal expansion, which is achieved by connecting
two containers. Once they have been used as temporary housing following earthquakes or tsunamis,
they can be converted to permanent structures. Japan type B is another container-based system, but it
allows both horizontal and vertical expansion. It is suitable for sloped or narrow areas of land and
can be constructed up to three stories high if the basic container area is secured. The container frame
means that the structure has excellent internal performance, so it can be used on a permanent basis.
Furthermore, since expansion is easy, it can be adapted to various sizes depending on the number of
people that need to be accommodated. Europe type A has an assembly-type structure that facilitates
horizontal expansion. Since each material is controlled, installation is easy and expansion is simple.
It is designed so that the indoor temperature can easily be maintained by reflecting solar heat according
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to the climate. As a result of a survey, it is focused on the convenience of installation and structural
safety. Although solar panels are technically employed, the details regarding capacity and installation
type are difficult to confirm.

Table 1. Case study of modular housing [15,21–27].

Types Type Extend Function Description Images
Climate Area

Korea—A
Modular Horizon (O)

Vertical (O) Solar panel
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units means that they are convenient to move and transport, while their cubic shape makes vertical
and horizontal expansion straightforward. Depending on the duration of use, they can be used as
temporary or permanent facilities. One set of units is used to build one house and, depending on
the area requirements, they may be moved and installed independently. Moreover, the units can be
combined and expanded according to functional requirements. To facilitate energy production and
storage in situations with no infrastructure, PV systems and energy storage systems (ESSs) are included
in the energy unit. The water unit includes a water treatment system which supplies water and recycles
rainwater/greywater for domestic use. The air-conditioning, heating, and hot water systems used to
maintain the living environment produce energy by consuming electricity. The core unit is used to
allow horizontal and vertical movement between the other units.
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In this study, we employed a TRSNSYS 17 simulation that used a transfer function method to
simplify the arduous heat balance method. We conducted mock-up experiments to verify the energy
independence of the architecture based on current designs and construction methods. Actual data for
insulation and airtightness were used as boundary conditions for the simulation.

3. Mock-Up Modular Housing

Figure 2 shows a typical layout for flexible modular housing units. The model represents
a two-story, single-family house with a floor area of 72 m2 (65 m2 of air-conditioned area) and
an elevation of 5.99 m. It is constructed by assembling eight basic modules measuring (3 × 3 × 3) m and
consists of a kitchen, living room, bathroom, and three bedrooms. Figure 3 shows the composition of
the walls. From the outside, they consist of a composite panel, thermal insulator, moisture-permeable
waterproof sheet, plywood, glass wool, and gypsum board. Once the foundations and columns have
been assembled, the wall panels are added, followed by the windows and doors, and finally the
interior and exterior materials. The building design meets the insulation criterion (walls less than
0.260 W/m2

·K, windows and doors less than 1500 W/m2
·K) for energy-saving building design in the

central region of Korea [28]. Figure 4 shows the production process for modular housing. Figure 5
shows the explanation of modular joint by sliding lock methods. The coupling between modules uses
the prefabricated sliding lock method. After assembling the module, airtight taping and external
finishing are performed.
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3.1. Test of Building Performance Using Mock-Up

In Korea, housing is constructed using industrial techniques such as modularization according to
the performance and living standard requirements defined by the government. The details of these
requirements are given in Appendix 6: The performance and production standards of industrialized
housing from Article 13 (performance and production standards of industrialized housing) of the
regulation for housing construction standards published by the Ministry of Land, Infrastructure,
and Transport in Act 584 [29]. Of these requirements, the airtightness performance, thermal insulation
performance, and condensation, which affect energy consumption, are evaluated in this section.

Table 2 shows the modular housing airtightness and thermal insulation evaluation standards and
the condensation prevention requirements. Airtightness was evaluated using “KS L ISO 9972: thermal
insulation and building airtightness measurement–fan pressurization method” [30], and airtightness of
1.5 times/h must be maintained based on a pressure differential of 50 Pa. A Minneapolis blower door
device was connected to a door to ensure that there were no leaks at the joint between the device and
the building. The parts that affect airtightness, such as the kitchen hood and power outlets, were treated
to make them airtight. In the case of thermal insulation, the performance was evaluated according
to “KS F 2278: thermal insulation test method for windows and doors” [31], which must conform to
the heat loss prevention standards of the local area. The condensation prevention performance was
assessed using measurements taken from a condensation prevention performance simulation of the
building’s structure developed using a program suitable for testing international standards, such as
the condensation prevention performance test method ISO 10211 [32]. In this study, we determined
whether condensation occurred using the temperature difference ratio (TDR) from ISO 10211. The TDR
for the surface temperature of joints and the indoor/outdoor temperature must be 0.20 or less [33].
The TDR equation is given by

TDR = (Ti − Tm)/(Ti − To) (1)

where Ti, To, and Tm denote the temperature inside, outside, and at the joints, respectively. Moreover,
a thermal imaging camera was used to diagnoses thermal bridges at the drywall connection. In order
to make the indoor and outdoor temperatures different, an indoor electronic radiant heating system
was installed and the temperature difference was adjusted to 10 ◦C or greater.

Table 2. Performance standards of industrialized housing.

Item Standard Requirement

Airtightness KS L ISO 9972 Airtightness 1.5 times/h, at 50 Pa pressure difference
Insulation KS F 2278 Suitable for heat loss prevention standard

Condensation ISO 10211 Temperature difference ratio less than 0.20

3.2. Simulation Study Cases

This case study examined the energy independence performance of the proposed model in
past disaster areas in East Asia. Figure 6 shows the location of the analysis area and the past
disaster status. Chengdu, Dacca, Bangkok, Ulsan, and Sapporo have frequently suffered from
disasters and represent areas where disasters are likely to occur in the future. To verify the feasibility of
energy-independent operation, we examined the solar PV system and heating/cooling load requirements.
Modular housing has the advantage of a short construction period and reduced on-site labor costs
through the componentization and the assembly of building materials. However, this construction
method can result in challenges around sound insulation, fire resistance, and airtightness.
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In this study, airtightness was considered to be important for reducing the load required for
construction. The heating and cooling energy load requirements for airtightness were calculated.
These simulations were used to assess the thermal characteristics of this modular housing design in
different climates as well as their effect on passive technologies such as airtightness and implications
for energy independence. The required airtightness and insulation performances of the walls/windows
were used as the boundary conditions for the simulation. The detailed simulation conditions are listed in
Table 3. Table 4 shows the simulation cases for airtightness, the calculated heating/cooling loads, and the
solar PV system installations. Mock-up case 1 (Base) represents the current mock-up level, Case 2 is the
wooden house level 9.00 ACH50 (1/h), Case 3 is the detached house level 3.08 ACH50 (1/h), and Case 4
is the confidential apartment level 1.80 ACH50 (1/h). ACH50 is the air changes per hour at a pressure
differential of 50 Pa. For the heating analysis, the heating load was less than 22 ◦C, 50% relative
humidity (R.H.) and the cooling load was greater than 26 ◦C, 50% R.H. It operated continuously when
the indoor conditions were outside the thermal set range. For electric energy production, the Type 562
module was used to analyze the power generated by solar panels. Weather data, building model (Type
56), and solar panel type (Type 562) were used in the interpretation. Input variables included regional
weather data, solar cell electrical characteristics, and system installation conditions (installation surface
and installation orientation angle). For the installation surface, the amount of power generated from
the roof and wall installations was examined. The azimuth was considered to be installed on the
walls with south and west/east bearings. Through this, it was possible to confirm the most ideal
production amount for the solar installation depending on the climate. Finally, the possibility of
an energy-free design was confirmed by matching the heating/cooling energy load requirements with
the electricity production.

Energy independence rates (%) = (Annual requirement of heating and cooling
loads/Solar PV electric generation) × 100%

(2)

Table 3. Boundary conditions for simulation.

Weather Conditions Chengdu, Dacca, Bangkok, Ulsan, and Sapporo (Meteonorm)

Gross Floor Area 72 m2 (Air-conditioned areas of 65.3 m2/Non-air-conditioned areas
of 6.7 m2)

U-Value Wall 0.180 (W/m2
·K), windows 0.996 (W/m2

·K)
Internal Heat Four persons (body heat emissions of 100 W/person, ISO 7730)

Set Temperature
(Heating/Cooling)

Heating set temperature and relative humidity: 22 ◦C, 50% R.H.
Cooling set temperature and relative humidity: 26 ◦C, 50% R.H.

Solar Photovoltaic (PV) Module: TYPE 562/efficiency factor: 16% Maximum output of 240 W
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Table 4. Simulation cases of airtightness and solar PV installation conditions.

Cases Airtightness Note Cases
Solar PV System

Installation (Slope
Angle)

Note

Case 1 12.13
Heating and cooling

requirement load

Case a Roof (0◦)
Electricity generation

calculation
Case 2 9.00 Case b Wall: South (90◦)
Case 3 3.08 Case c Wall: West (90◦)
Case 4 1.80 Case d Wall: East (90◦)

4. Results and Discussion

4.1. Building Performance

Table 5 shows the air leakage rate and airtightness performance according to the pressure
difference. When a pressure difference of 50 Pa was applied, the air leakage rate was 426 ± 6 m3/h
and the airtightness performance ACH50 was 12.13 1/h. This demonstrates that the airtightness
performance ACH50, which is proposed in the performance and production standards for housing
units, does not satisfy the limit of 1.50 1/h.

Table 5. Results of airtightness evaluation.

Item Standard Pressure Difference Results

Measure results

1 29.2 Pa 329 m3/h
2 24.6 Pa 304 m3/h
3 20.1 Pa 274 m3/h
4 15.1 Pa 240 m3/h
5 10 Pa 197 m3/h

Test results
Leakage 50 Pa (426 ± 6) m3/h
Airtightness (5.91 ± 0.60) m3/(m2

·h) @50 Pa
ACH@50 12.13 1/h

Figure 7 shows the relationship between the air leakage rate and the differential pressure.
In a housing unit, the structural components are dry and it is difficult to ensure the airtightness
performance if airtight construction is not used for the joints. The airtightness of buildings is
an important factor for improving their energy performance [34], and many studies on the airtightness
of residential housing have been performed in various countries [34–42].Sustainability 2019, 11, x FOR PEER REVIEW 10 of 16 
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Figure 8 shows the envelope airtightness of residential housing in Korea and other countries.
Korean houses are categorized into light frame (ACH50 3.50 1/h), post and beam (ACH50 2.25–12.30 1/h),
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and cross-laminated timber (ACH50 1.10 1/h) [41]. International housings are categorized into light weight
(ACH50 4.91 1/h), cavity wall envelope (ACH50 5.39–14.90 1/h), and precast concreate and timber-framed
houses (ACH 1.69 1/h) [39,40,43]. Timber housings are categorized into light timber frame (ACH50
3.38–23.50 1/h), post and beam (ACH50 5.91–10.55 1/h), and log house (ACH50 78.68 1/h) [42].
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The modular housing proposed in this study is wooden and has an airtightness of 12.13 1/h
at 50 Pa. Therefore, by improving the airtightness of the modular housing proposed in this study,
the energy performance can be increased and refugees will be able to live in residential areas with
lower energy production. Kim et al. showed that it is possible to improve airtightness by using spray
foam insulation or an air barrier instead of the glass wool mainly used in wooden homes in Korea [41].
Kim et al. also showed that inserting a polyethylene film between the gypsum boards could improve
the airtight performance of a wooden house by 50% [42].

The thermal transmittance of the walls, according to KS F 2278, was found to be 0.180 W/(m2
·K).

When a separate test report was completed (test report number: RK2014-0103), the thermal transmittance
of the windows was 0.996 W/(m2

·K). This meets the required standard when compared with the standard
for the exterior walls of living rooms (0.240 W/(m2

·K) or less) and windows/doors (1.500 W/(m2
·K) or

less) of nonapartment houses in the Central Region II of South Korea, as stated in the Energy Saving
Standard for Buildings (notification no. 2017-881 of the Ministry of Land, Infrastructure, and Transport).

The diagnosis of thermal bridges was conducted using a thermal imaging camera with an outdoor
temperature of (7.8 ± 0.3) ◦C, an indoor temperature of (26.3 ± 1.8) ◦C, and indoor/outdoor temperature
difference of (18.5 ± 1.5) ◦C, which was a condition where thermal bridges may occur. Figure 9 shows
the results for part of the housing unit. It was confirmed that a thermal bridge occurred at the joints
between the wall modules and at the edges. To evaluate the occurrence of condensation, a program
is provided in ISO 10211; however, we performed the calculation using the measured values with
the TDR equation. The required value for the condensation evaluation standard for industrialized
houses is a TDR of 0.02 or less. The TDR of the joints in the ceiling was 0.37 and the TDR of the joints
in the floor was 0.79; hence, it was determined that this performance should be improved in order
prevent condensation. The results of the condensation examination are valid for an indoor/outdoor
temperature difference of 18.5 ± 1.5 ◦C and additional work is in progress to extend this according to
the ISO 10211 method and analysis criteria. Overall, the airtightness performance should be improved
by improving the joints between wall components and preventing thermal bridges (condensation).
In particular, airtightness design, proper construction and installation, and the technical application of
airtightness gaskets must be examined to improve the airtightness in areas where window frames,
windows and window frames, and doors and door frames meet.
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Figure 9. Diagnosis results of thermal bridges.

4.2. Simulation Results

4.2.1. Required Heating and Cooling Loads

Figure 10 shows the distributions of the annual outside temperature, relative humidity, and solar
radiation on horizontal of the study region. The climatic conditions affect the nature of building
energy consumption; hence, the design and construction of modular houses must be suitable for the
actual climate. However, given that modular homes are produced in a factory then assembled locally,
analysis is required to design appropriate wall fittings for each region. In this study, we investigated
the heating and cooling load demands that would be generated in East Asia based on modular homes
designed for energy-saving performance in Korea.

Figure 11 shows the annual required heating/cooling load based on the mock-up modular
house and improved airtight performance. The annual heating/cooling energy demands for the
mock-up modular house in Sapporo, which has a cold wet climate (Case 1, 12.13 1/h), was high at
1552 kWh/m2

·year. In contrast, it was minimal in Dacca, which has a savannah climate. In Ulsan,
where the climate is warm and humid, the annual heating/cooling energy requirement (Case 1, 12.13
1/h) was 1069 kWh/m2

·year. The relationship between airtightness and the heating/cooling energy
requirement according to the climate characteristics of each region shows that the energy requirements
are greatly reduced when the airtight performance is reduced.
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Figure 10. Average weekly outdoor air temperature, relative humidity and solar radiation on horizontal
for Bangkok, Dacca, Chengdu, Ulsan, and Sapporo.
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Figure 11. The simulation results of required heating/cooling loads.

4.2.2. Solar PV Power Generation

The PV power generation facility was intended to be installed on the outer shell of the target
house for the purpose of energy independence. The conditions required for vertical installation
were considered. The PV module is a crystalline module with power generation efficiency of 16%.
The ambient and solar conditions of the PV facility reflect the local weather data. Figure 12 shows
the annual power generation per unit module. When generating power from the roof and walls in
each direction, the greatest power generation was achieved when the PV unit was installed on the roof.
This was followed by units on south-facing walls.

Sustainability 2019, 11, x FOR PEER REVIEW 12 of 16 

 

considered. The PV module is a crystalline module with power generation efficiency of 16%. The 
ambient and solar conditions of the PV facility reflect the local weather data. Figure 12 shows the 
annual power generation per unit module. When generating power from the roof and walls in each 
direction, the greatest power generation was achieved when the PV unit was installed on the roof. 
This was followed by units on south-facing walls. 

 
Figure 11. The simulation results of required heating/cooling loads. 

 
Figure 12. Solar PV generation. 

4.2.3. Energy Independence Rates 

Figure 13 shows the energy independence rate according to the heating/cooling energy 
requirements and PV power generation. In Section 4.2, we showed that the lowest heating/cooling 
loads were in Bangkok and Dacca, where there is a savannah climate and cooling loads were the main 
source. The energy independence rate exceeded 100% when the roof was selected as the PV unit 
location and airtight performance improvements were conducted. In other regions, the ability to 
achieve 100% energy independence was limited, even when the airtightness was improved and an 
appropriate location for the PV installation was selected. However, the amount of power generation 
is expected to vary depending on the type of solar panel and the installation method. Thus, it is 
necessary to consider the correct installation method and area based on characteristics such as the 
mobility of the modular building. Furthermore, in addition to increasing the design capacity of the 
PV unit, limiting the energy demand of the actual user will help to achieve energy independence. In 
the future, energy balance will be achieved through detailed load analysis in order to obtain basic 
data according to the design patterns. 

Dacca
(Bangladesh)

Bangkok
(Thailand)

Chengdu
(China)

Ulsan
(Korea)

Sapporo
(Japan)

0

200

400

600

800

1,000

1,200

1,400

1,600

1,800

CASE 1 CASE 2 CASE 3 CASE 4 CASE 1 CASE 2 CASE 3 CASE 4 CASE 1 CASE 2 CASE 3 CASE 4 CASE 1 CASE 2 CASE 3 CASE 4 CASE 1 CASE 2 CASE 3 CASE 4

Cooling load Heating load

A
nn

ua
l c

oo
ln

g
/h

ea
tin

g 
lo

ad
 (K

w
h 

(㎡
a)

1552

1160

417

258

1069

798

286

178143
220

595

796

157178

288
350

140158

290
367

193 
207 

136 
158 155 

104 

137 

77 

118 126 

88 

115 

76 
93 96 

130 
118 

78 
94 95 

0

50

100

150

200

250

BANGKOK DACCA CHENDU ULSAN SAPPORO

Roof Wall_S Wall_W Wall_E

So
la

r P
V

 g
en

er
at

io
n 

[k
W

h/
㎡

]

Figure 12. Solar PV generation.

4.2.3. Energy Independence Rates

Figure 13 shows the energy independence rate according to the heating/cooling energy
requirements and PV power generation. In Section 4.2, we showed that the lowest heating/cooling
loads were in Bangkok and Dacca, where there is a savannah climate and cooling loads were the
main source. The energy independence rate exceeded 100% when the roof was selected as the PV
unit location and airtight performance improvements were conducted. In other regions, the ability
to achieve 100% energy independence was limited, even when the airtightness was improved and
an appropriate location for the PV installation was selected. However, the amount of power generation
is expected to vary depending on the type of solar panel and the installation method. Thus, it is
necessary to consider the correct installation method and area based on characteristics such as the
mobility of the modular building. Furthermore, in addition to increasing the design capacity of the PV
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unit, limiting the energy demand of the actual user will help to achieve energy independence. In the
future, energy balance will be achieved through detailed load analysis in order to obtain basic data
according to the design patterns.Sustainability 2019, 11, x FOR PEER REVIEW 13 of 16 
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Figure 13. Energy independence rates.

5. Conclusions

In this study, we explored the feasibility of achieving energy independence for modular housing
by reducing the airtightness and selecting an appropriate location for the PV unit. This was achieved
through dynamic energy simulations. The energy independence rates were evaluated based on
a mock-up of modular housing in five East Asian cities: Sapporo, Ulsan, Chengdu, Dacca, and Bangkok.
From the test and simulation results, the following conclusions were made:

(1) The airtightness performance ACH50 of the mock-up modular house was 12.13 1/h and
the thermal transmittance of the walls was 0.180 W/(m2

·K), which did not satisfy the airtightness
performance standards for industrialized houses. However, the thermal insulation performance
(Central Region II) satisfied the required standard. To respond appropriately to a disaster
situation, the technology needs to be improved to satisfy the airtightness performance standards for
industrialized houses.

(2) Reducing the airtightness can reduce the annual heating/cooling load. The heating load showed
the greatest reduction in the Sapporo area, which has a cold and humid climate. The relationship
between airtightness reduction and the cooling/heating energy requirements varies according to
the climate characteristics of each region, and the energy demand greatly decreased when the
airtightness decreased.

(3) The energy generation per unit area was greatest when the PV unit was positioned with
zero ceiling azimuth. Dacca and Bangkok showed the greatest power generation of all the regions.
If improvements in airtightness are achieved and an appropriate aspect is selected for the PV
unit, then energy independence is possible in Dacca and Bangkok if the Case 3 (3.08 1/h) level is
improved. In addition, when the heating/cooling load was compared with the annual power generation,
these regions were shown to have low heating/cooling requirements and high power generation.

In order to realize energy independence for modular structures, we intend to develop a more
refined method by improving the construction. In addition, for long-term technical improvement,
efforts are needed to establish quantitative standards in the design stage and to advance the technology
in terms of heat bridges, airtightness, and insulation material guide books. A more detailed simulation
will be conducted so that different types of solar PV units and efficient energy storage systems with
power distribution can be assessed for disaster scenarios. From another point of view, we also need to
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analyze how people’s energy-saving spirit affects energy independence and the residential environment
in a disaster situation.
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ACH Air change rates
TDR Temperature difference ratio
Ti Inter air temperature (◦C)
Tm Inter wall surface temperature of external wall (◦C)
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