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Abstract

The use of Home Energy Management System (HEMS) is increasing world-
wide for the effective use of energy inside the building. The Japanese govern-
ment aims to set up HEMS for all of the new dwellings by 2030. Thermal
comfort is associated with the trend of energy use in a building. In order to
find out the seasonal thermal environment and thermal behaviors of the oc-
cupants for thermal comfort adjustment living in smart houses, we conducted
a questionnaire and measurement survey in a condominium with 18 floors
and 356 families equipped with HEMS. Indoor air temperature and relative
humidity were measured for one year and the data was analyzed. The ques-
tionnaire survey was conducted online to understand the thermal behaviors
of the occupants. The result showed a large variation in indoor air tempera-
ture during different seasons. The occupants behaved differently according to
the seasons. The indoor air temperature of some of the flats in summer was
observed even higher than as recommended temperature setting in Japan.
They maintained thermal comfort by adopting active behaviors like changing
clothing insulation, and using fan and window opening. Due to high insulat-
ing materials used in the building, the indoor air temperature was not that
much lower even in winter without the use of any electric heating devices.
The result indicates that the occupants behaved differently to adjust the in-
door thermal environment even during the use of smart HEMS.
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1. Introduction

Household energy use has been increasing due to increasing use of modern ap-
pliances like air conditioning units, computers, electric vehicles, DVDS etc.
which are basically used to make the lifestyle easier and more comfortable. For
sustainable energy use, it is important to manage energy use effectively. Energy
management in an effective way is more important in building sectors, especially
in residential buildings because the huge amount of energy is used in residential
buildings and residential energy use is increasing day by day worldwide. Effec-
tive energy management system are the major concerns of buyers in housing
corporate sectors worldwide including Japan [1]. HEMS are linked from the vi-
sualization of electricity used to create a smart home to power control of home
appliances. The number of electric appliances used at home determines the elec-
tricity use and influences indoor thermal environment in domestic buildings [2].
So, the use of HEMS might be useful for visualizing energy used by different
electrical appliances and controlling the waste of energy.

Thermal comfort is defined as “that condition of mind which expresses satis-
faction with the thermal environment” [3]. Indoor thermal comfort is associated
with the trend of energy used for heating and cooling appliances in a building.
The use of mechanical heating or cooling is the main passive thermal behaviors
of the occupants for indoor thermal comfort adjustments during summer and
winter. The use of heating appliances can change the thermal environment of
any building in any region [4]. Those living in the coldest region may enjoy a
sufficiently warm built environment, while on the other hand, those in tempe-
rate regions may not perceive warmth enough due to a lack of proper heating
systems [5]. But, over heating or cooling may result in excessive energy use and
energy waste. There are different guidelines for indoor heating and cooling use
but those existing guidelines are inappropriate and need to be made more flexi-
ble [4]. Thermal comfort in both residential and office buildings relates to the
outdoor thermal condition. It is believed that with mechanical heating and
cooling have a narrower air temperature range than without it. But, even in me-
chanical heating and cooling use there might be wide range of indoor air tem-
peratures based on active behaviors of the occupants.

In order to know the indoor thermal environment and air temperature range
equipped with HEMS, we conducted a long-term measurement and question-
naire survey and its data was analyzed.

The results will be useful to understand actual thermal environment and the

variation of air temperature based on outdoor air temperature in smart living.
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The result might be useful for effective use of HEMS as well.

2. Methods

A HEMS managed residential building in the Shinagawa ward of Tokyo Japan
had been selected for this study. The study site is in south-west of Tokyo metro-
politan area. The general climatic profile is warm and temperate. Annual preci-
pitation is 1469 mm. The hottest month is August with an average maximum
temperature of 31.6°C and the coldest is January with an average minimum
temperature of 1.8°C. The monthly average relative humidity is highest in Sep-
tember and it is 86%. The lowest is in January and it is 54.7%. Annual outdoor
air temperature and indoor air temperature is described in Section 3.1.

An eighteen-storied condominium with 356 families shown in Figure 1(a)
was selected for this study. Most of the studied flats in the condominium are 3
LDK (3 bedrooms, one living room including dining and one kitchen) and a few
are 4 LDK (4 bedrooms, one living room including dining and one kitchen). The
area of the flats varies from 71 to 90 m>

We kept measurement device as shown in Figure 1(b) in 356 flats of the stu-
died condominium. Measurement was carried out at an interval of 2 - 10 mi-
nutes to understand the indoor air temperature, relative humidity and lighting.
The outdoor air temperature was taken from the Tokyo Meteorological Station,
which is just 13 km away from the study area. The measured data has been av-
eraged to a 10-minute interval to match the 10-minute interval of outdoor air

temperature. The questionnaire survey is conducted online.

(b)

Figure 1. The studied building and the device used for measurement.

3. Results
3.1. Monthly Indoor and Outdoor Air Temperature

The relationship between monthly mean indoor and mean outdoor air temper-

atures was investigated to understand how the indoor air temperature fluctuated

corresponding to outdoor air temperature. As shown in Figure 2, the fluctuation
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Figure 2. Monthly indoor and outdoor air temperatures.

of indoor air temperature is quite similar to that of outdoor air temperature but
the amplitude is smaller. Realized indoor air temperature is different from one
month to another. The difference between indoor and outdoor air temperature
is large in January and small in August. The indoor air temperature is almost
20°C for the months with monthly outdoor air temperature below 10°C; that is,
in January, February and March. The highly insulating materials used in the
building is one of the causes of this temperature difference besides heating use,
because similar trend is observed even with those flats of less use of heating de-
vices, which was estimated from the indoor air temperature variation trend.
Similar results have been obtained from the study done in residential buildings
in China and England [6] [7].

3.2. Seasonal Indoor and Outdoor Air Temperature of the Studied
Flats in Different Seasons

The seasonal variation of the indoor air temperature along with outdoor air
temperature is observed to understand the influence of seasonal change. Figure
3 shows the relationship between indoor and outdoor air temperatures in re-
spective four different seasons for the whole year. We found the seasonal varia-
tion of indoor air temperature in the studied building. The mean air temperature
is 27.1°C in summer and 20°C in winter. The indoor air temperature in spring
and autumn seasons tend to be highly correlated to the outdoor air temperature
The autumn mean air temperature is 2.1°C lower than summer and 3°C higher
than spring seasons. In winter season, the indoor and outdoor air temperature
difference is quite large; the indoor air temperature is much higher than outdoor
air temperature. It is due to the highly insulating materials used in the building
along with the use of heating. In summer, the difference between indoor and

outdoor air temperature is quite small.
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Figure 3. Seasonal differences in indoor air temperature.

3.3. Seasonal Differences in Indoor Air Temperature by Months in
Different Floors

We observed the mean indoor air temperature of four months representing to all
seasons according to the floors. As shown in Figure 4, the result showed that the
mean indoor air temperature ranged from 19°C to 31.5°C in different seasons in
different floors. The seasonal changes of indoor air temperature does not neces-
sarily look consistence with each other. For example, the indoor air temperature
of floor 15 has the highest temperature among all the floors in January, but floor
9 has the highest temperature among all the floors in August. The difference
between indoor and outdoor air temperature is high in January and low in Au-
gust. This suggests that the indoor environment has been influenced by the oc-
cupants’ behaviors rather than floor level in the studied condominium.

3.4. Seasonal Differences by Location

The mean indoor air temperatures with 95% confidence interval (Mean + 2 S.E.)
in two different positions (center and corner) were analyzed from the measured
data according to seasons. Figure 5 shows that the location of the flat in the
building has influenced the indoor air temperature in different seasons. Flats at
the center have slightly lower higher temperature than the flats at the corner.
The studied condominium has the south main orientation so the flats in the
center lose heat from north and south sides only, but the flats located at the cor-
ner lose heat from three sides including east side for east corner flats and west

side for west corner flats.

3.5. Indoor and Outdoor Relative Humidity

Relative humidity depends on temperature. It requires less water vapour for high
relative humidity at low temperatures and more water vapour for high relative

humidity in high temperature. Figure 6 shows that the indoor relative humidity
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Figure 5. Indoor air temperature according to the location.

is consistent with outdoor relative humidity in different seasons though the in-
door relative humidity is lower than the outdoor. Possibly, the use of humidifiers

and dehumidifiers is not so high.

3.6. Clothing Behaviours

Clothing influences heat exchange between the human body and the thermal en-
vironment, contributing to thermoregulation by creating a moderate mi-

cro-climate within the fabric layer [8]. Previous studies [9] [10] have proved that
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Figure 6. Seasonal indoor and outdoor relative humidity.

clothing is equally adjusted to maintain thermal comfort in different areas.

The monthly mean clothing insulation analysis in the studied area as shown in
Figure 7 has the similar trend of clothing compared to the study made by Wa-
tanabe ef al conducted in Gifu area of Japan [11]. The mean clothing insulation
is 0.71 clo.

3.7. Window Opening

The proper opening and closing of windows can help to regulate the indoor
thermal environment so that it is one of the important adaptive behaviours [12].
Opening a window produces a mixing of indoor and outdoor air (when outdoor
air temperature is low) and help to drop the indoor air temperature. The condi-
tion of window opening was observed to analyse how the occupants were ad-
justing thermal comfort in terms of natural way of thermal adjustment. Figure 8
showed that the occupants were equally using window open in different months
but the proportion is high in May, June and July. The proportion of window
opening decreased in November and December. The reason must be the occu-

pants started using mechanical heating.

3.8. Fan Use

As shown in Figure 2 the indoor air temperature is higher than 27°C in July, Au-
gust and September which is regarded to be the upper limit of the recommended
temperature set-point in Japan. We tried to analyse how the occupants have
adapted to the thermal environment represented by higher indoor temperatures. A
large proportion of the occupants were using fan when the indoor air temperature
was above 27°C (Figure 9). FR is the condition when the mechanical cooling has
not been used and CL is the condition when the mechanical cooling is used. As

the indoor air temperature increased, the proportion of the occupants
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using fan also increased. Possibly, this behaviour of the occupants must have
helped them to adjust thermal comfort even for the high indoor air temperature
[13].

4. Discussion

Generally, it may be considered that the occupants become fully dependent on
the use of mechanical system for thermal environment if they live in smart
houses because the energy use can be self-controlled or by automatic systems.
The studied condominium is equipped with HEMS, which provides the occu-
pants with the information about indoor and outdoor temperature condition,
weather information or the amount of energy used for a particular device used
indoors. So, the occupants living with such system can adjust the indoor thermal
environment favorable to them with the use of mechanical heating and cooling.

But the results obtained here in this study showed that the occupants were not
fully dependent on the mechanical system only because the temperature varia-
tion in not uniform. The behaviors of the families differed from one to another.
The occupants living in this condominium are adapting various other activities
like changing clothing insulation, using fan and window openings besides the
use of mechanical system. During summer, the indoor air temperature of some
of the flats was higher than the recommended temperature for cooling that is
28°C in Japan. The analysis so far proves that the adaptive behaviors have influ-
enced the indoor thermal environment rather than the fully use of mechanical
energy management system. Fanger’s PMV and PPD models exclude the occu-
pants’ adaptive behaviors [14]. However our results emphasize considering the
adaptive behaviors of the occupants as well as predicting the actual thermal en-
vironment of the occupants.

If this knowledge is considered during the development and installation of
any smart energy management system, it may be more applicable and long last-

ing.

5. Conclusions

From a series of analyses on the data collected by thermal measurement survey
conducted in a HEMS condominium in Shinagawa, Tokyo metropolitan area in
Japan, we have found the following results.

1) The indoor air temperature in the studied condominium was not similar
according to flats or floors.

2) The location of the flats at the center or corner has influenced the indoor
thermal environment.

3) Daily, monthly and seasonal differences were observed in indoor air tem-
peratures and relative humidity.

4) The clothing insulation was highly influenced by outdoor temperature.

5) The window opening behaviors of the occupants are high.

6) In June, July is compared to August. A high proportion of the occupants
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were adopting active behaviors even with the use of HEMS.

7) The fans are equally used.
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