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Abstract: Temporary housing must be developed to support the long-term residence needs
of disaster victims. The present study assesses a temporary housing unit, the so-called
Mobile Energy Shelter House (MeSH), incorporating the “Korean Dwelling Insulation
Standard” in order to reduce energy usage for cooling and heating. To assess energy
performance, the characteristics of the indoor thermal environment were measured during
the winter and summer seasons. In summer, at maximum insolation, the outdoor temperature
was 37.6 °C and the indoor temperature of the MeSH ranged from 18 to 24 °C when
the cooling system was not used. Conversely, during winter, the average outdoor
temperature was —11.3 °C and the indoor temperature ranged from 16.09 to 20.63 °C when
a temperature-controlled floor-heating was installed. Furthermore, the Predicted Mean Vote
(PMV) was adopted to determine whether the ISO 7730 comfort criterion
(i.e., PMV range from —0.5 to +0.5) was achieved. Based on the calculations presented here,
PMV in summer ranged from —1.21 to +1.07 and that in winter ranged from —0.08 to —0.85,
suggesting that the thermal environment is not always comfortable for occupants in either
summer or winter. Nevertheless, the ISO comfort criterion can be achieved through varying
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air velocity in summer and changing clothing characteristics in winter. A comparison
between yearly energy demand of existing characteristic temporary housing (Shelter House)
and the MeSH modules used in this study was performed. The simulation results show
a 60% difference in energy demand between MeSH and existing temporary housing
shelter houses.

Keywords: natural disaster; emergency relief; temporary housing; indoor thermal
environment; predicted mean votes; energy efficiency

1. Introduction

Extensive research has been conducted on issues related to post-disaster temporary housing [1-5].
The number of natural disasters has increased markedly in recent decades [6], having a considerable
impact on the built environment. In disaster scenarios, most buildings suffer extensive damage, many
collapse entirely, and the destruction of homes is one of the most visible effects of a disaster, resulting
in large numbers of homeless people [7].

The United Nations Disaster Relief Coordinator has advised that, in order to restore the livelihoods
of affected communities, post-disaster reconstruction programs should start as soon as possible [8].
Housing provision plays a crucial role in such programs since it is one of the most important human
needs and is essential to well-being [9]. A house is a space for people to live in, providing conditions for
family life, comfort, protection, and privacy. Disaster relief efforts should prioritize the need for housing,
because the loss of a house involves more than physical deprivation; it represents the loss of dignity,
identity, and privacy [3,4,10,11].

Providing housing is a fundamental step toward establishing some sense of normalcy in the life of the
affected community; and in limiting the death toll and the spread of diseases by providing for personal
hygiene and protection against external factors such as inclement weather.

Although the provision of shelters is widely accepted as a necessary component of response and
recovery following disasters such as earthquake, hurricanes, tsunamis, and floods, it is not yet clear
which type of shelter is best as in certain cases shelter implementation has been hindered by
inappropriate climate, cultural differences, poorly located settings, camp-related social issues, expenses,
overcrowding, poor services, and delays [6,11-13]. In addition, the design of shelters may potentially
provide an unacceptable standard of living. Lastly, in some cases, it has also been difficult to recover shelters
for future storage and re-use [14].

However, post-disaster scenarios include a range of factors that might result in inadequate solutions,
mainly due to the need for rapid and large-scale action under chaotic conditions [10], and previous
studies have presented many problems related to post-disaster housing [15]. As a consequence, disaster
housing solutions very often fail to achieve their objectives [16—18].

In Korea, there was considerable loss of property as a result of Typhoon “Rusa” in 2002, with
approximately 1720 houses being demolished or damaged. Accordingly, shelter houses were required
for displaced residents, and 1510 temporary housing units were provided by the national government [7].
Unfortunately, these temporary houses were simply commercial container boxes, which are unsuitable
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for permanent accommodation [16]. Eight years after the typhoon, 33 housing units were destroyed
during the bombardment of Yeonpyeong Island in 2010, and temporary houses were donated by
a non-governmental association known as “Hope Bridge”. These temporary housing units each have a
net residential floor area of 18 m?, and consist of a living and sleeping room, toilet, and kitchen.
Nevertheless, despite offering improvements over previous shelter housing, these temporary houses
proved too small to house people in comfort [17]. Accordingly, more appropriate shelter housing is
urgently required.

This study presents a plan for a temporary house, termed the Mobile Energy Shelter House;
MeSH [18,19]. After creating a prototype MeSH, indoor thermal performance was measured in summer
and winter. Based on the findings, we synthesized performance, measured temperature and PMV, and
investigated the viability of this type of temporary housing [20].

2. Methodlogy
2.1. Description of Mobile Energy Shelter House (MeSH)

The MeSH have to be loadable onto vehicles for rapid deployment [21]. Therefore, road width is the
main constraint on the floor area of MeSH. The road conditions are a width of 2.75 m and height of 4.2 m.
The vehicle dimensions used are: width 2.5 m, depth 16.7 m, height 4.0 m, and weight 40 tons. These
dimensions are established by the Road Traffic Act in South Korea, so the maximum width of the floor
area is designed to be 3.0 m considering a safety factor and basic module unit of 30 cm [22].

The module use is based on double occupancy and includes a Room module (RM), Toilet module
(TM), and Kitchen module (KM), and each module can be arranged variously according to the family
structure. The area of the RM is 18 m?, that of the TM is 4.5 m?, and the KM is 9 m?. The overall area
of the MeSH is 31.5 m? and a corridor in located on the bottom of the module to allow easy access to
each room. Figure 1 shows the basic exterior of a MeSH and its corresponding floor plan [23].
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Figure 1. Schematic view of Mobile Energy Shelter House (MeSH) module: (a) Placement
of an emergency shelter house; (b) MeSH floor plan.

In the “Minimum Residential Standard” defined by Ministry of Land, Infrastructure and Transport in
South Korea, a single room with one single bed requires a floor area of 7.8-8.63 m?; a room with a
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double bed requires 8.12-8.88 m?; a room with two single beds requires 9.62—11.48 m?. A toilet area is
set to 2.4-2.88 m? considering the toilet seat, basin, and shower facility as the minimum facilities and
the size of area for using the facility should be 2.43 m? [22]. A basic floor plan, as shown in Figure 1, is
based on a two-member family, but the MeSH can accommodate more than two people by adjusting the
number of modules. The U-value of the exterior wall is 0.31 W/m?-K, of windows is 1.8 W/m?-K, the
door is 2.7 W/m?-K, roof is 0.18 W/m?-K, and floor is 0.23 W/m?-K, as shown in Table A1.

2.2. Field Measurements

The investigated MeSH units were located in Mu-ju, which is situated in the center of South Korea
and has average summer temperature and humidity for South Korea. In summer 2014, the daily average
temperature was 23.3 °C, with maximum and minimum temperatures of 35.5 and 14.0 °C, respectively.
In winter, the average daily temperature was 0.9 °C, with maximum and minimum temperatures of
18.3 and —13.9 °C, respectively.

Temperature, humidity and the Predicted Mean Vote (PMV) were measured to determine the indoor
thermal environment performance of MeSH modules in Mu-ju [24]. To examine the indoor thermal
environment of the RM, we measured indoor temperature and relative humidity using a T-type
thermocouple equipped with a data logger (HP 34970A (Agilent Technologies, USA) and TR-72UI
(T&R corporation, USA) [25].

Indoor environmental quality and thermal comfort depend on several physical, physiological, and
psychological factors. Here, the indoor thermal environment was quantified using the measured data,
and based on the PMV, which was calculated with six body heat environment factors (temperature, air
flow, humidity, mean radiant temperature, activity, amount of clothing) according to Equation (1) [24]:

PMV = (0.303e™0936™ 1 0.028){(M — W — 3.05 X 1073) X [5773 — 6.99(M — W) — p,]
= —0.42[(M — W) — 58.15] — 1.7 x 10~5M (5867 — p,) — 0.0014M (34 — t,) (1)
= —3.96 x 10_8fcl X [(tcl + 273)4 - (E’ + 273)4] - fclhc(tcl - ta)}

Here, M denotes the metabolic rate (W/m?) of the body’s surface area; W is external work (W/m?),
which is equal to zero for most activities; f,; is the ratio of an individual’s mean surface area while
clothed, to that while unclothed; t, is the air temperature (°C); t, is the mean radiant temperature
(°C); pq is the partial water vapor pressure (p,); h. is the convective heat transfer coefficient
(W/m?-°C); and t,; is the surface temperature of clothing (°C).

The PMYV value is calculated from the above expression and then compared to the ISO7730 comfort
standard to evaluate the thermal sensation (Table 1) [24].

Table 1. Seven-point Predicted Mean Vote (PMV) scale of comfortable thermal range.

Cold Cool Slightly Cool Neutral Slightly Warm Warm Hot
-3 -2 -1 0 +1 +2 +3

We used information on metabolic activity (met) and clothing (clo) in accordance with the ASHRE
Handbook [26]. In particular, metabolic activity was assumed to depend on the activities performed
during the day, and we considered resting activity to correspond to 1.2 met (equal in summer and winter).
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The values used for met and clo are shown in Table 2. Finally, temperature, air velocity, humidity, and
radiant temperature were measured using an AM-101 PMV meter.

Table 2. Thermal comfort conditions, metabolic activity, and clothing parameters used in model.

Activity Clothing
Summer season Winter season
Underwear 0.04 Underwear 0.04
Top wear 0.14 Top wear 0.20
Sit or Stand and Rest 1.2 T-shirt (short) 0.19 T-shirt (Tick)  0.34
Trousers (thin) 0.15 Pants (Tick)  0.24
Socks 0.03 Socks 0.03

- - Outwear (Thin) 0.36
metabolic activity (met) (69.6 W/m?) 0.55 clothing (clo) (0.085 m*-K/W)1.21 clo (0.186 m*-K/W)

RM air temperature was measured at heights 0f 0.3, 1.2, and 2.1 m. The floor surface (0 m) and ceiling
surface (2.4 m) were also selected as measuring points for indoor temperature, although the
representative indoor temperature for the RM was assumed to occur at the center point (i.e., at 1.2 m
height). In total, 43 thermocouples were installed within the RM. All RM data were obtained within a
time interval of 15 min at the measurement points shown in Figure 2. Indoor temperature distributions
were examined in the horizontal and vertical planes.

Figure 2. Measurement on thermal performance: (a) Measurement axis; (b) Measurement
of Predicted Mean Vote (PMV).

3. Results and Discussion
3.1. Indoor and Outdoor Temperature and Humidity

The summer season in South Korea is characterized by high temperature and humidity. Consequently,
it was important to control temperature and humidity through ventilation as in the MeSH air-conditioning
equipment is not installed. Therefore, temperature and humidity in the RM module were measured to
ensure compliance with the “thermal comfort zone” defined by ASHRAE [26].

The measurements show that the MeSH was affected considerably by outdoor conditions, as the units
have no cooling system. At 08:00, the indoor temperature of 17.5 °C was similar to that outdoors, but
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the outdoor temperature can reach 37.6 °C. Meanwhile the indoor temperature is 22.9 °C and it
corresponds to the thermal comfort zone. Relative humidity was nearly 100% at 08:00 and decreased
with increasing temperature. At 11:37, when the temperature peaked, the minimum relative humidity
was 30.2%.

The difference between indoor and outdoor daytime temperatures is influenced by solar irradiance
during the daytime but it decreases after sunset. Furthermore, the relative humidity decreases depending
on the temperature rise. The RM module did not exceed 28.3 °C under cross ventilation conditions even
when affected by outdoor conditions and the relative humidity corresponds to the humidity comfort zone
after 11:00.

Therefore, the MeSH developed by this research corresponds to the ‘“thermal comfort zone”
represented by ASHRAE during the more than 60% of the daylight hours even though a cooling system
is not installed. The interior environment of the RM module was determined to be similar to the summer
relative humidity and thermal comfort zone conditions recommended by ASHRAE [27].

The indoor temperature distributions within the RM module at 08:00, 14:00, and 16:00 in 2 August
2014 for the summer season were measured in the vertical and horizontal planes, as shown in Figure 3.
In the vertical plane, Figure 4, temperature increased over time and with closer proximity to the ceiling.
The temperature of the ceiling relative to the floor is increased by solar irradiance. Due to the storage of
heat by the structure, the overall indoor temperature distribution at 16:00 is approximately 1 °C warmer
than at 12:00 when the highest outdoor temperature occurs. In the horizontal plane, temperature
increased over time and with closer proximity to the window than the corridor. The RM modules include
a window on both side walls at the same position for cross-ventilation, which serves to lower the indoor
temperature. Furthermore, the wall of RM module contiguous with the TM module is affected by outdoor
conditions, and the temperature of the RM wall directly facing outdoor is highly influenced by
outdoor conditions.
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Figure 3. Thermal performance with humidity and thermal comfort zone in summer.
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Vertical

Horizontal

Figure 4. Temperature distribution of Room module (RM) module in summer.

The winter climate in South Korea is cold and dry. Therefore, the RM modules include an electric
panel for floor heating to control temperature and humidity; these parameters were measured on
9 January 2015 from 20:00 to 08:00 when the temperature was low in order to confirm the thermal
comfort zone. Thus the room temperature is not influenced by outdoor conditions.

At 20:00, the measured temperatures were —9.3 °C outdoors and 19.9 °C indoors. Although the
outdoor temperature dropped to —12.2 °C, the indoor temperature remained between 16.2 and 21.5 °C.
More than 80% of the measurement period complied with the ASHRAE “thermal comfort zone” range
of 18 to 24 °C. Relative humidity measurements began at 08:00 and were 9.1% outdoors and 30.4%
indoors. Outdoor relative humidity represents dry conditions not exceeding 30%, but indoor relative
humidity reached 75% and corresponded to the “humidity comfort zone” over 85% of the measurement
period. The electric panel used in this research set the indoor temperature at 20 °C and on/off control
was applied. Therefore the heating was switched off when the temperature reached the set-point, as
shown in Figure 5. Increasing the set-point temperature to 21 °C resulted in a longer duration of time
within the “temperature comfort zone” at night. Therefore, using the radiant floor-heating panel,
the MeSH achieved the “thermal and humidity comfort zone” parameters for more than 80% of the
night- time period.

The indoor temperature distribution in winter was measured in the vertical and horizontal planes at
20:00, 00:00, and 04:00, as shown in Figure 6. In the vertical plane, temperature declined over time and
with closer proximity to the ceiling. The temperature of the floor was approximately 1.2 °C warmer than
the ceiling, and the thermal performance of the door was 4.7 W/m*-K, due to the influence of outdoor
conditions. In the horizontal plane, temperature declined over time and with proximity to the window.
The cross-ventilation effect of the RM module is beneficial in summer, but disadvantageous in winter,
resulting in lower temperatures near the window. To address this issue, double-glazed window units with
a thermal performance of 2.4 W/m?-K were installed to reduce heat exchange via the window.
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Figure 5. Thermal performance with humidity and thermal comfort zone in winter.
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Figure 6. Temperature distribution of RM module in winter.
3.2. Indoor Thermal Comfort through Predicted Mean Vote (PMV) Analysis

The PMV factors used for the analysis were 0.55 clo (summer), 1.21 clo (winter) and 1.2 met (summer
and winter). PMV was calculated based on the measured temperature, humidity, average radiant
temperature, air velocity, metabolic activity, and clothing information. Data measured using the
AM-101 PMV meter are shown in Table 3 [28].

Summer PMV values were within the range —1.21 to +1.07 (Figure 7). At 11:00, the PMV values met
the ISO comfort criterion of —0.5 to +0.5, whereas periods were outside the comfort zone range due to a lot
of solar radiation. Conversely, between 08:00 and 11:00, the PMV values corresponded to a thermal
comfort level of “slightly cool (i.e., —1)”. Subsequently, the PMV values corresponded to thermals levels
designated “slightly warm (i.e., +1)” until 19:00.
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Table 3. Data measured using the AM-101 PMV meter.

Parameter Summer Season Winter Season
Average temperature 24.81 °C 18.99 °C
Average humidity 62.55% 24.51%
Average Mean Radiant R o
Temperature (MRT) 24.15°C 18.09°C
Average velocity 0.093 m/s 0.032 m/s
PMV —1.21 to +1.07 —0.85 to —0.08

We assumed that the “slightly cool” PMV values can be addressed by changing the clothing
characteristics, whereas “slightly warm” values can be addressed by changes in air velocity. Cooling
fans used in Korea operate at an average speed of 3 to 4 m/s. Setting a fan speed to a minimum of 3 m/s
resulted in a PMV of —0.04. Therefore, during the summer season, PMV values can be expected to satisfy
the ISO comfort of —0.5 to +0.5 solely by varying air velocity [26].

In winter, PMV values ranged from —0.85 to —0.08 and exhibited the same trend as indoor
temperature, due to the floor-heating system incorporating temperature controllers set at
20 °C (error range from —5 to 5 °C) with the temperature control device heating was outside the comfort
range intermittently. However, most of the PMV values were within the ISO comfort range. The PMV
value of the entire time must change the amount of clothing and heating equipment set temperature in
order to enter in the comfort range. Increasing the set-value temperature from 20 to 21-22 °C ensures
that the temperature is consistently within a comfortable range. However, when the internal temperature
of the RM changes the set temperature, it is impossible to confirm the humidity, air flow, and radiation
temperature. Thus, PMV was re-calculated by changing the types of clothing used in the calculation. For
the value outside the comfortable range, we added to the amount of clothing a short-sleeved, short robe
(thin) 0.34 to a value close to the little cold (—1). We applied the changes in clothing characteristics
described above to the PMV factor data point exhibiting the lowest value (-0.85), which occurred at
03:45, and demonstrated that a PMV value of —0.38 could be achieved. During the winter season, access
close ISO thermal comfort can be achieved by changing the amount of clothing.

3.3. Predicted Energy Demand

Energy analysis tools utilize numerical analysis methods such as finite difference and response
coefficient to estimate the hourly energy balance of a building considering indoor and outdoor conditions
and the heat storage load of the walls, which vary over time during the analysis period [28]. This study
used the EnergyPlus simulation program, which was developed to integrate the advantages of DOE-2,
BLAST, and COMIS. As such, it improves upon previous shortcomings such as incomplete indoor
temperature predictions using thermal calculation algorithms for Conduction Transfer Function (CTF),
Conduction Finite Difference (CFD) and Combined Heat and Moisture Transfer (HAMT) [29].

The EnergyPlus simulation used to compare advertised temporary housing with the MeSH modules
used in this study was calculated with the existing yearly energy demand [30]. Occupant schedules and
device usage, light heating, and outer conditions were entered in the same conditions, as shown in Figure A1
and Table A1 [31].
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The simulation results (Figure 8) show a 60% difference in energy demand between the MeSH
(108.49 kWh/(m?-year)) and the existing temporary housing Shelter House (272.56 kWh/(m?-year)).
Analysis of monthly energy demand shows a difference occurs in the winter, which confirms that
more than about a two times heating energy demand difference occurs in January and December that
have the lowest average temperature.
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Figure 7. Comparison between PMV measurement and ISO comfort in summer and winter.
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Figure 8. Simulated energy savings: (a) Monthly energy demand; (b) Yearly energy demand.
4. Conclusions

In this study, we investigated the thermal comfort of proposed temporary housing as a starting point
for the development of housing solutions for residents displaced by natural disasters. We have developed
the Mobile Energy Shelter House (MeSH) to be produced as a modular shelter, considering Korean
standards in relation to dwelling space, insulation and so on. To test the MeSH, we measured temperature
and relative humidity and calculated PMV for both summer and winter. The results were used to evaluate
indoor thermal performance and to estimate the energy demand of the MeSH.

In summer, the average indoor temperature was 23.68 °C and average humidity was 60.64%, meaning
that even without installing a cooling system, approximately 70% of the period complies with the
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ASHRAE-defined comfort zone. In winter, the average indoor temperature was 18.51 °C and average
humidity was 24.51%, such that approximately 80% of the period complies with the comfort zone when
a radiant floor-heating panel is used.

The thermal comfort index of +1 (slightly warm) can be achieved if fan speed is summer is increased
to 3 m/s, and a thermal comfort index of —1 (slightly cool) in winter can be achieved at a clo value of
1.55, both of which satisfy the conditions for the thermal comfort zone.

Analysis of energy demand showed that the MeSH was highly energy efficient when compared with
existing emergency shelter designs. In monthly analysis results, differences in energy demand occurred
more between existing shelters and MeSH. Especially, in January and December, the difference of
energy demand was more than two times higher than for an existing shelter house. Yearly energy demand
of the existing shelter design was estimated at 272.56 kWh/(m?-year), compared with which the MeSH
design that achieved a 60% savings (108.49 kWh/(m?-year).
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Figure A1l. Hourly internal loads following various schedules: (a) Occupancy, (b) Indoor
lights, (¢) Equipment. The set temperatures for heating and cooling complied with the
schedules: (d) Heating, (e) Cooling.

Table A1. MeSH specifications, internal heat gains, and thermal performance of the envelopes,

and ventilation and infiltration rates for Energy Plus.

Parameters Input values
Location Daejeon, Republic of Korea (36° N, 127° E)
Number of floors 1 floor
Net floor area 23.93 m?
Heating temperature 24
Heating set-back temperature 12
Set temperature .
Cooling temperature 20
Cooling set-back temperature 28
Equipment 8.2 W/m?
Internal heat gains Lights 5.8 W/m?
Occupancy 0.03 Person/m?
Exterior wall 0.31 W/m*K
U-values of envelopes Roof 0.18 W/m*-K
Floor 0.23 W/m*K
Window 1.50 W/m* K
Ventilation rate 0.51 L/(s'm?) (flow per exterior surface area)

Air fl
trHow Infiltration rate 0.30 L/(s-m?) (flow per exterior surface area)
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