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Effect of balcony forms
difference on indoor thermal
environment and energy saving
performance of
multiple-dwelling house

Xin Yuan*, Yuji Ryu and Dian Sekartaji

Faculty of Environmental Engineering, The University of Kitakyushu, Kitakyushu, Japan

By optimizing the design of the building envelope, it is possible to create a more
comfortable and energy-efficient indoor environment for the occupants.
However, due to environmental issues in high-density cities, open balconies
might affect the health of occupants. The current research focuses on the effect
of a single balcony form in different climates, which could be detrimental to the
diversity of balcony designs. Therefore, it is necessary to re-examine the
rationality of traditional Japanese open balconies in terms of building
envelope design and living environment to optimize the indoor thermal
environment and reduce the energy consumption of dwellings. Focusing on
Kitakyushu, Japan, which is in a warm climate, this paper conducts a
comprehensive comparative study of the effects of building envelope design
for residential buildings, including balcony form, thermal insulation
performance, room orientation, and the window-to-wall ratio of balcony
facades. The results of the study indicate that 1) the closed balcony design is
strongly applicable to houses in warm climate regions in winter; 2) closed
balconies facing south have a more positive impact on the indoor thermal
environment, and energy-saving performance than open balconies; 3) even
closed balconies without insulation could achieve higher thermal environment
gains than open balconies with insulation. Designing a special type of closed
balcony for residences in winter is more energy-efficient than insulation. This
study proposes architectural envelope designs that are adapted to specific
environmental and climatic conditions. It contributes to providing residential
designers with a measure of how to provide a comfortable residential thermal
environment and energy efficiency for occupants through architectural
envelope design.
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1 Introduction

By 2050, Asia’s energy consumption and carbon dioxide
emissions will be about 1.5 times from 2015. Among them,
the average annual energy consumption of the Japanese will
increase by 20% from 2015 to 2050 (IEE] Outlook 2018; IEE]
Outlook 2019). It is necessary to consider the resource
constraints of energy supply and the impact of climate change
and response measures. As buildings account for a significant
portion of the total energy consumption, promoting energy
efficiency in buildings is an effective measure to achieve
energy conservation and help release environmental pollution
and retard climate change (Chan, 2015). The number of
multiple-dwelling houses in Japan accounted for 43.5% of the
residential field by 2019, more than doubled in 30 years. In
Japan’s large cities, the proportion of multiple-dwelling houses
is greater than 70%, while the low-rise buildings (1-6 floors)
account for 90.6% (Land Statistical Survey, 2019). However, with
the supply,
environmental problems such as light pollution (Falchi et al,
2016; Hu et al., 2018), noise pollution (Mueller et al., 2017), and
the heat island effect (Nieuwenhuijsen, 2021; Sedaghat and
Sharif, 2022). Issues related to the living environment are
such as the indoor thermal
and its impact on health (Wolkoff
Kjeergaard, 2007; Murtyas et al., 2020; Wolkoff et al., 2021).
In the building design, spaces both inside and outside of

increasing housing large cities are facing

undoubtedly important

environment and

buildings are paid special attention to because of their
potential to save energy (Chun et al., 2004). Balcony plays the
role of bridge between the internal and external environment in
residential buildings, which has been studied in recent years.
Subsequently, while the balcony space has the ability to save
energy, it is also considered the “buffer space” of the indoor and
outdoor environment, which can effectively improve the indoor
environment and comfort and create an additional living space
(Ribeiro et al.,, 2020). Furthermore, research shows that balcony
space can increase residents’ satisfaction (Wing Chau et al., 2004;
Kennedy et al., 2015; Omrani et al., 2017). Therefore, the rational
design of residential balcony space is an essential part of realizing
energy conservation and sustainable development.

In Japan, balconies (open type balconies) began to be
popularized in multiple-dwelling housing in 1950. It is the
only outdoor space in the special household space (Tomonari
et al., 2003). Nowadays, every multiple-dwelling house in Japan
has at least one traditional open balcony. As for the current
situation of balcony utilization, it is mainly used for living
services such as laundry, clothes drying, and garbage
placement, and less for leisure such as cooling in the evening,
sunbathing, and overlooking. Studies have shown that under
certain optimized conditions, an open balcony could reduce the
energy consumption for summer cooling by up to 12.3% (Chan
and Chow, 2010). It occurs because the shading capacity
provided by balconies is considered one of the most successful
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solutions to prevent overheating and achieve low energy
consumption in summer (Hastings, 2004). Studies of open
balconies have been conducted mainly in warm climates.
Conversely, in cold climates, a closed balcony could positively
impact and reduce heating energy consumption by up to 46%
(Babaee et al, 2016). It indicates the importance of balcony
design adapted to each specific environmental and climatic
condition. The current research focuses on the effect of a
single balcony form in different climates, which could be
detrimental to the diversity of balcony designs. In this paper,
the city of Kitakyushu in the Kyushu region of Japan, which is
located in a warm climate region, was chosen as the study area for
a comprehensive study of the effects of different balcony designs.

There are studies on closed balconies worldwide (Voss, 2000;
Wilson et al., 2000; Fernandes et al., 2015), and there are also
examples of changing open balconies into closed balconies. From
1987 to 1999, the number of cases of closed balcony modification
has hardly changed worldwide but has increased sharply since
2001 (Tomonari et al., 2003). Besides the aforementioned impact
on energy efficiency, a closed balcony can also reduce the cold,
strong wind, and noise in winter and ensure privacy (Tomonari
et al., 2003; Lu et al., 2004; Chan, 2015) to create a cleaner,
quieter, and safer internal environment for dwellings (Lu et al,
2004). Due to the existing environmental problems in high-
density cities, such as the high noise level of residential buildings
located in high traffic areas. Designing open balconies for
residential buildings, especially low-rise residential buildings,
might not be the optimal solution and might have a negative
impact on the health of the occupants. Distinguishing from the
traditional Japanese open balconies, this paper will explore the
applicability of closed balconies in warm climate regions for
residential applications in winter, under the premise of
diversifying balcony designs and living environments.

By optimizing the design of the building envelope, a more
comfortable and energy-efficient indoor environment can be
created for residents (Yu et al, 2008; Mitterer et al, 2012
Ascione et al, 2016). Meanwhile, proper balcony design is an
essential component of energy efficiency and sustainability. In
this paper, Kitakyushu City in the Kyushu region of Japan,
which is a warm climate region, was selected as the study area.
The Kyushu region is located in the southern part of Japan with a
climate characterized by cold winters and hot summers and the fifth
and sixth divisions of the building design zoning (Ministry of Land,
2020). According to the statistics of the Ministry of Land,
Infrastructure, Transport, and Tourism of the Japanese
government (Sakamoto et al, 2014), the penetration rate of
thermal insulation for multiple-dwelling houses is lower in the
fifth and sixth divisions, and the percentage without insulation is
86.4%. The percentage of dwellings with lower thermal insulation in
the Kyushu region is 92.1%, the penetration rate of window thermal
insulation is close to 0, and the percentage of double glazing used in
new dwellings is only 15%. It indicates that the thermal insulation of
dwellings in our study area is generally low. Therefore, this paper
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aims to explore the effectiveness of the application of dwellings
insulation and closed balcony design in warm climate regions.

In this paper, indoor thermal environment measurements were
conducted in multiple-dwelling houses with closed and open
balconies, respectively, located in warm regions, with special
attention to the role of balcony space. Focusing on Kitakyushu
city, Japan, which is located in a warm climate, the design model of
the building envelope design includes balcony form, thermal
insulation performance, room orientation direction, and the
window-to-wall ratio of the building facade is presented. In
addition, a comparative study is conducted by simulation. The
objectives are to: 1) comprehensively assess the effects of different
balcony designs on the indoor thermal environment and energy
efficiency of multiple-dwelling houses in winter in warm regions; 2)
explore the effectiveness of envelope design measures to optimize
the indoor thermal environment and energy efficiency; 3) propose
architectural envelope designs that are adapted to specific
environmental and climatic conditions. The finding contributes
to providing residential designers with a measure of how to provide
a comfortable residential thermal environment and energy
efficiency for occupants through residential envelope design.

The remainder of this paper is organized as follows. Section 2
describes the research methods of field measurement and
simulation. Firstly, it explains the climate of the area where
the measured object is located, the profile of the measured object
building, and the use characteristics of the balcony. Meanwhile,
the process of field measurement is described. Then, the process
of simulating the indoor thermal environment and heating load
in winter is introduced. In Section 3, the summary of the
measured survey was conducted in winter 2019, and the
results measured on heating and non-heating days are
analyzed. Meanwhile, the simulation results of four case
combinations of balcony forms, window wall ratio of balcony
facade, balcony orientation, and thermal insulation of enclosure
structure are explained. Section 4 summarizes the discussion and
limitations of this study. Finally, this study is concluded.

2 Materials and methods

In this study, we first selected a typical south-facing open
balcony and two south-facing, a north-facing closed balcony, and
the room connected with the balcony for measurement in winter.
The measurement is divided into heating days and non-heating
days. For analysis, we pay special attention to the role of the
balcony to obtain theprimary data on the thermal environment
of the balcony space and its adjacent rooms in the residence.

According to the measured typical balcony, an open and closed
type balcony and its connected room are created as model cases.
Then, using the expanded AMeDAS weather data (Akasaka, 2000)
(130.52°N, 33.53°E), the indoor temperature and heat load are
simulated by the dynamic heat load calculation program

NewHASP/ACLD (https://www.jabmee.or.jp/hasp/). This
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program is applicable to Japan, where it is a representative heat
load and air conditioning system calculation program. It calculates
indoor temperature, humidity, and building space heat load and
evaluates air conditioning energy consumption. Comparing the
heat loads of standard building models in Japan, the NewHASP/
ACLD and Energy Plus simulation programs exhibit the same
accuracy (Yang et al, 2013). We set the thermal insulation
of the the
orientation of the balcony, the window-to-wall ratio of the

performance room maintenance structure,
balcony fagade, and the design of closed and open balconies in
a combination of 32 calculated patterns. By comparing and
analyzing the simulation results, the best-case combination
solution to achieve a comfortable indoor thermal environment
and reduce energy consumption is determined. The content will be

further detailed in Section 2.2 and Section 2.3.

2.1 Study objects

To obtain the basic data of the indoor thermal environment
in the cold time of residential buildings with balcony space in the
warm climate discussthe effects of open and closed balcony forms
on the residential indoor thermal environment. In this paper,
three multiple-dwelling houses in Kitakyushu (130.52°N,
33.53°E), Japan, Shanghai (120.51°N, 31.23°E), and Nanjing
(118.35°N, 31.23°E), China, and the balcony space residence
are measured. The three-case surveyed are residential with
balconies, each using the acronym balcony and the acronym
of the place name, abbreviated as B-K, B-S, and B-N. Specifically,
B-K is residential with open balconies in Kitakyushu, Japan. B-S
and B-N are residential with closed balconies in Shanghai and
Nanjing, China. The balcony of B-N1 is facing south, and B-N2 is
facing north. Table 1 shows the daily average temperature and
humidity in Kitakyushu, Shanghai, and Nanjing in winter in
recent 25 years. All three cities subject to the measurements are
There
characteristics of hot summers and cold winters, and the

located in warm climate regions. are climatic
average temperature of the coldest winter month is above 0°C.
As shown in Figure 1, all three cities reported the coldest daily
average winter temperatures in January, with 5.8°C in
Kitakyushu, 4.8°C in Shanghai, and 3.0°C in Nanjing.

The indoor plan of the measurement object and the summary
of the measurement object are shown in Figure 1 and Table 2.
B-K is a low-rise multiple-dwelling house located in the west of
Kitakyushu City. Occupants are usually in their rooms in the
morning and at night. The balcony of the measurement object is
open and located outside the living room and the Japanese room
on the south side. The room temperature is controlled by the
wall-mounted air conditioner and installed in each bedroom. B-S
is a middle-level multiple-dwelling house in Shanghai. Occupants
are at home in the morning and evening on weekdays and rest
days. The measurement object is a closed balcony set in the

bedroom on the south side. The room temperature is controlled
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TABLE 1 The daily average temperature, and humidity in Kitakyushu, Shanghai, and Nanjing in winter.

City Kitakyushu Shanghai

Weather Temperature ("C) Humidity (%) Temperature ("C)

January 5.8 63 4.8
February 6.5 63 6.4
March 9.5 65 10
November 129 67 13.8
December 8.1 64 7.4
Ave 8.6 64 8.5

Nanjing

Humidity (%) Temperature ("C) Humidity (%)

72
73
72

3.0 73
52 72
9.7 70
11.2 75
5.1 71
6.8 72
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FIGURE 1

B-N2 Closed balcony

Plan view and measured point of measurements objects, (A) B-K, (B) B-S, and (C) B-N1, and B-N2.

by the wall-mounted air conditioner. B-N is a multiple-dwelling
house located in the west of Nanjing. Occupants are usually at
home in the evenings and mornings on weekdays and all day on
holidays. The balcony of the measurement object is the same as
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the case in Shanghali, a closed balcony, in the south living room
(B-N1) and the north bedroom (B-N1). The room’s temperature
is controlled by central air conditioning, and the two rooms

adjacent to the balcony have air vents.
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The balconies of multiple-dwelling houses in Shanghai,

= g b

'i g,éo . E"E E_E: ?g Sbg Nanjing, and Kitakyushu as measured objects ar.e shown %n
= ] £+, 52, Edx Edag Figure 1. The profile of the measured balcony is shown in
g . Table 2. The open balcony of B-K is widely used in Japan
% E’J b% . gb ig Eg (Tomonari et al,, 2008). It extends from east to west outdoors
< E 5, g E g 35 . g i’ g i’ and is not used except for drying clothes. There are three sliding
- oo o may man glass windows on the wall between the open balcony and the
% Be. 2. 513 interior. Two are between the living room and the balcony, and
% 2EE g =7 one is between the south side bedroom and the balcony
E‘ 2 3 o g connected by the living room. In the south bedroom, the glass
_i'é -§ i;—j; i é: i % £ windows are closed in winter. Occupants usually use air
8 2 £5 £:2 3 conditioning to adjust the indoor environment. In addition,
= . the windows are surrounded by aluminum window frames,
2 5 :E/ w . . which have low thermal insulation performance compared
5 - with the resin window frames used in the target houses in B-S
s % and B-N (Table 2). B-S closed balcony space has a sliding door
g . . . i with a glass window as the inner window. Balcony space is
g Z 2 2 E usually used to dry clothes and is used to store idle items. In
© - - winter, the inner window is closed all day. Curtains are not often
& g é é used to make the light shine into the room during the day. Dark
£ . curtains and air conditioning are usually used at night to cover
S o & & é . the outdoor temperature, adjust the indoor temperature and
E g :g g %g § % £E ensure privacy. In addition, the window frames of the inner and
K] & 2 2585¢8¢ outer windows of the balcony space are resin frames with high
% ey heat insulation performance. Both balconies of B-N have sliding
% g g % % doors with glass windows (inner windows). B-N1 represents the
S § &: S E closed balcony on the south side, used as a space for laundry and
= g £ g z o drying clothes. The inner window is open all year round and
<3 SES3 closed only when the air conditioner is used. B-N2 represents the
. 3] closed balcony on the north side, with tables and chairs, which is
§ g £F used as a learning space with a low frequency of occupants. B-N2
g ‘gé é has a large area of external windows and is easily affected by the
g g .ﬂ? “g: 5 external temperature. When the outdoor temperature is low at
== e night in winter, dark curtains are usually used to ensure the
= indoor temperature. Internal windows are usually closed when
§~ heating. In addition, the window frames of the inner and outer
g . . . windows are resin frames with high heat insulation performance.

2 Sf fE st 2.2 Field measurement
The measurement was conducted from January to early
E é 3 February 2019. The surveyed multiple-dwelling houses are the
s 2 R Qg ) three with open and closed balconies shown in Section 2.1. The
£ 7 é B é g 2t summary of the measured objects is shown in Table 2, and the
g S 58 &8 &3 measured points are shown in Figure 1. We measured the
a L temperature and humidity in the outdoors, balcony space, and
£ E "g, o = S the adjacent rooms during the non-heating and heating periods
E . (Table 2). Data loggers are set 0.1 and 1.1 m above the floor. In
5 &% order to confirm the running time of air conditioning, a data

a =2 —- " By . . i
~ logger is also set near the air conditioner vent. The profile of the
g -E 9 5 B = 5 data loggers’ parameters is shown in Table 4. The data loggers
F »3 & & & & were placed and measured with consideration to avoid direct
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FIGURE 2

Simulation models of balcony type, (A) type A, (B) type B, (C) type C and (D) type D.

sunlight. As for the opening and closing of the inner windows in
the balcony space, the B-S balcony is closed all day, the B-N1
balcony is open all day, and the B-N2 is measured in the state of
closing the balcony windows during the operation period of the
indoor air conditioner. The air conditioner is only used in the
room adjacent to the balcony. Since the measurement period was
the coldest month of winter, natural ventilation was rarely taken
in the three subject dwellings.

2.3 Simulation

In this study, the simulation by the dynamic heat load
calculation program NewHASP/ACLD (https://www.jabmee.or.
jp/hasp/) was provided by the Japanese association building
mechanical and electrical engineers. The simulation of this
paper used Expanded AMeDAS weather data for Kitakyushu
city, Japan (Kitakyushu 130.52°N, 33.53°E) (Akasaka, 2000),
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focusing on the heat load, indoor temperature, and radiant
temperature in winter (November 1-March 31). The measured
multiple-dwelling house objects in 2.2 are used as a reference to
highlight the role of balcony space. We created a typical simplified
model of a house with a balcony (The type A in Figure 2.). It is used
as a base case to develop the case combination research proposed
in this study. The parameters of the model are shown in Table 3. In
the parameter setting of the model house, we referred to the
measured house characteristics. According to the study and NHK
(Broadcasting Culture Research Institute), the statistical time of
Japanese people’s work and commuting time on weekdays, the rate
of people who generally commute and start or finish their work
between 7:00-8:00 a.m. and 17:00-18:00 p.m. is more than 90%
(Sakamoto, 2013; NHKNHK Broadcasting Culture Research
Institute, 2021). Therefore, the non-occupied time of the
simulated model is from 9:00 to 18:00 on weekdays and
occupied all day on weekends, with heating operating during
occupied hours only.
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TABLE 3 Parameter of the simulation model.

Simulation period
Weather data

Heating setting

November 1-March 31 (winter)
Expanded AMeDAS weather data for Kitakyushu city, Japan
Temperature:22°C, humidity:40%

10.3389/fenrg.2022.891946

Number of floors Middle floor
Solar shading

Model area

Light curtains

Balcony (open/closed): 5.4 m*

Adjacent room (air-conditioned space): 23.8 m’

Model window area

External window Type B: 9.1

area (m?)

Internal window Type C: 5.0
2

area (m’) Type D: 179

Heat gain

Type A, B, C, and D: 6.4

Person: 2 persons (mild activity)

lighting: 15 (W/m?)

Ventilation 0.5 (m*/h)

Occupant Schedule (Air conditioning operation)

Weekday: 0:00-9:00, 21:00-24:00

Weekend: 0:00-24:00

Physical properties of the model (Japanese association building
mechanical and electrical engineers, 2012)

1—General type

Material Dimensions Thermal conductivity
(mm) (W/mK)
External wall Gypsum board 12 0.17
Concrete 120 1.4
Tile 25 13
Internal wall Gypsum board 12 0.17
Roof and floor Flooring 3 0.19
Plywood 5 0.19
Concrete 120 14
Gypsum board 9 0.17
2—Insulation type
Material Dimensions Thermal conductivity
(mm) (W/mK)
External wall Inner layer 20 0.026
Roof and floor Styrene foam board
(Freon foam)
Window Material Dimensions Thermal transmission rate
(mm) (W/(m*K)
1—General type Transparent float glass 3 6.3
2—Insulation type Double transparent float 3 35
glass

The case combination includes four basic aspects, as shown
in Figure 2. As a simulation model, we create a closed balcony
(type B shown in Figure 2) based on the basic case of the room
with an open balcony (Type A) to illustrate the impact of balcony
shape design on a comfortable indoor thermal environment and
energy saving. The design dimensions of the balcony and the
adjacent room are shown in Table 5. Next, the ratio of balcony
width to the window is proposed to evaluate the impact of
balcony window size. As shown in Table 3, type C (Figure 2)
with a window area less than 0.5 times type B and type D
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(Figure 2) with a window area greater than 2 times type B are
designed. For the parameter setting of the model’s envelope, we
refer to the measured house characteristics and the Japanese
government regulations for residential buildings (Building
Research Institute, 2017), and the materials and structures
used are shown in Table 3 (Japanese association building
mechanical and electrical engineers, 2012). There is without
insulation in the measurement houses, and the outer window
of the balcony is aluminum-framed single-glazed windows
(Table 3, 1-general type). It shows poor thermal performance.

frontiersin.org
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TABLE 4 Calculated patterns of the simulation.

10.3389/fenrg.2022.891946

Orientation Insulation Balcony Composition Orientation Insulation Balcony Composition
performance type performance type
West 1-General type A WI1-A North 1-General type A NI-A
B WI-B B NI1-B
C WI1-C C Ni1-C
D W1-D D N1-D
2-Insulation type A W2-A 2-Insulation type A N2-A
B W2-B B N2-B
C Ww2-C C N2-C
D W2-D D N2-D
East 1-General type A El-A South 1-General type A S1-A
B E1-B B S1-B
C E1-C C S1-C
D E1-D D S1-D
2-Insulation type A E2-A 2-Insulation type A S2-A
B E2-B B S2-B
C E2-C C S$2-C
D E2-D D S$2-D

We proposed a case for increasing the thermal insulation of the
envelope by adding a 20 mm insulation layer to the outer layer of
the exterior walls, below the floor and the inner layer of the roof,
and setting single-pane window glazing to double-pane (Table 3,
2-insulation type). In addition, since the room’s orientation is an
important factor affecting the indoor thermal environment, we
also propose applying different balcony designs to four
orientations East, South, West, and North. As shown in
Table 4, we simulated the indoor temperature, radiant
temperature (Tr), and heat load for 32 patterns combinations.
The 32 patterns compositions are named by the combination of
four model orientations (West, East, North, and South),
insulation performance (Two designs of insulation structures
for the models), and four balcony model designs (Figures 2A-D),
which are listed in columns 4 and 8 of Table 4. Through the
calculation and comparative study of 32 patterns, the operable
scheme is put forward for creating a comfortable indoor thermal
environment and energy-saving performance that can reduce
energy consumption.

3 Result
3.1 Measurement results

3.1.1 Measured data

Table 5 shows the data of the field measurement results,
which were measured in two conditions divided into heating days
and no heating days (Table 2). The temperature and humidity of
outdoor (B-K, B-S, B-N1, and B-N2), indoor (B-K, B-S, B-N1,

Frontiers in Energy Research

and B-N2) and balcony (B-S, B-N1, and B-N2) in the three
subject dwelling areas were measured under the conditions with
and without balcony. The measured data at the height of 1.1 and
0.1 m set at the measurement points show that the average
temperature difference between 1.1 and 0.1 m in the unheated
case is within 1°C, which indicates that there is almost no vertical
temperature difference in the measured dwellings. On the
heating days, a maximum vertical average temperature
difference of 4.8°C was reported, which is not consistent with
the ISO 7730 of 3°C (ISO, 2005), which will be detailed in Section
3.1.2 of this study.

3.1.2 Measurement of temperature variations
The indoor temperature of the four measurement objects
during the non-heating days and the heating days are shown in
Figure 3. Among the temperature variation on non-heating days
(Figure 3A), the closed balcony B-S showed the largest
temperature fluctuations and the highest temperature. In
addition, the temperature fluctuations in the rooms adjacent
to the balconies were very small because the solar heat
accumulated in the closed balcony space, and the internal
windows were closed, thus acting as a “greenhouse effect.” As
the result, the temperature of the closed balcony of B-NI
fluctuates in about the same range as that of the adjacent
room, because the inner windows of the balcony are open,
and the heat transfer between the two rooms creates the same
thermal environment. The temperature of the closed balcony of
B-N1 and the temperature in the adjacent room are both higher
than that of B-N2, which is the effect of transmitted solar
radiation. In addition, the temperature fluctuation range of
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TABLE 5 Winter average measurement results data.

Outdoor Indoor 1.1 m
Heating day
B-K Ta (°C) 8.6 + 2.9 17.0 + 3.0
RH (%) 66.8 £ 15.6 63.1+72
B-S Ta (°C) 58 +£0.9 182 £ 1.5
RH (%) 65.8 £ 16.8 51.1 +£3.8
B-N1 Ta (°C) 47 +£24 112 £ 2.6
RH (%) 794 + 14.5 74.1 £ 11.4
B-N2 Ta (°C) — 133 £ 34
RH (%) — 583 +7.8
Non-heating day
B-K Ta (°C) 9.0 £ 3.1 162 +2.3
RH (%) 65.2 £ 16.6 66.6 + 3.8
B-S Ta (°C) 8.4 +4.0 13.7 £ 0.9
RH (%) 78.4 £ 11.9 69.9 £ 3.0
B-N1 Ta (°C) 57 +25 104 £ 0.9
RH (%) 553 £ 13.2 66.4 + 9.5
B-N2 Ta (°C) — 95+ 1.1
RH (%) - 510 £ 8.6

Ta, air temperature (mean + std. dev.), RH, relative humidity (mean + std. dev.).

the adjacent room of the closed balcony is smaller than that of the
adjacent room of the open balcony. It shows that the closed
balcony can be used as a thermal buffer space between indoor and
outdoor.

The indoor temperature measured during the heating day is
shown in Figure 3B. The measurements at 0.1 m show the
minimum indoor temperature variation in three measured
dwellings. This could be because the temperature measured
at 1.1 m is affected by the air blown from the upper part of the
room by the air conditioner during heating preheating,
resulting in a higher temperature and greater temperature
fluctuations than the temperature measured at 0.1 m.
Meanwhile, the temperature variations of field measurement
during the heating day show the same trend as during the non-
heating day (Figure 3A). The temperature of the B-S closed
balcony with the inner window closed is susceptible to solar
radiation and fluctuates dramatically. However, the indoor
temperature of the adjacent room fluctuates less. This result
also proves that the closed balcony acts as an indoor-outdoor
thermal buffer space.

In the typical daily temperature variation of cases B-S,
B-N1, and B-N2 (Figure 4A), the balcony temperature of the
B-S with the balcony inner window closed has been affected by
solar radiation and outdoor air temperature, but the indoor
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Indoor 0.1 m Balconyl.1 m Balcony 0.1 m
169 + 2.2 — —

69.3 £ 5.6 — —

169 + 2.1 115 + 3.6 103 + 2.4
61.7 + 4.9 65.3 + 14.8 726 £ 14.7
102 + 0.9 10.8 + 0.8 9.9 + 0.8
70.1 £ 6.4 782 + 114 79.7 £ 11.0
93+ 07 86+ 18 75+ 14
714 £ 55 79.8 £ 10.1 77.3 £ 10.0
155 + 2.2 — —

67.8 £ 3.8 — —

134 + 0.8 103 + 2.8 100 + 2.2
712 £2.7 77.6 £ 6.1 80.8 £ 3.1
9.7 £ 0.9 102 + 1.0 95+ 1.1
62.9 + 8.6 65.5 £ 12.9 67.7 + 13.1
9.1+13 8.1 +2.1 7.8+ 1.7
51.7 + 10.4 59.9 +13.1 54.6 + 12.7

temperature has not changed. The temperature fluctuations in
the room are stable without being affected by disturbance. On
the other hand, when the inner window of the balcony B-N1 is
opened, the temperature of the room adjacent to the balcony is
higher than the balcony temperature from night to early
morning when the outdoor temperature is lower. However,
this situation is reversed at 9:00 a.m. Then from 12:00 a.m., the
balcony temperature was the same as the temperature of the
adjacent room. We consider that a closed balcony can
ingeniously transfer the solar radiant heat from the balcony
to the room to make the room warmer. The north-facing B-N2
balcony temperature is affected by outdoor air, and its
temperature fluctuation shows the same tendency as the
outdoor air temperature fluctuation.

Figure 4B shows the temperature variation of case B-N2 with
three
(31 January-2 February), where the inner window of the

intermittent  heating  for consecutive  days
balcony space has an open state and a closed state. Among
them, the fluctuation n trends of balcony temperature and
outdoor temperature during the heating period are similar in
the closed state of the inner window (16:00 on 31 January-04:
30 on 1 February). Meanwhile, the indoor temperature in the
rooms adjacent to the balcony during the non-heating time

decreased more slowly (04:30-22:00 on 1 February). In the
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FIGURE 3

Indoor and outdoor air temperature of case B-K, B-S, B-N1, and B-N2, (A) on the non-heating days and (B) on the heating days.

state where the inner windows are open and in heating (22:00 on
1 February-04:30 on 2 February), the temperature variations of
the balcony space have a different trend from the outdoor air
temperature fluctuation. They are more influenced by the indoor
temperature of the adjacent rooms. The results of the change in
indoor temperature (FL+1.1 m) in the adjacent room during the
non-heating time decreased rapidly compared to when the
the (04:30
1 February-22:00 on 2 February).

window  inside balcony was closed on
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3.2 Simulation results

3.2.1 Effect of the balcony form on the thermal
environment

Table 6
temperature (Ta) and radiant temperature (Tr) for the winter

summarizes the simulation results of indoor
heating period for the four models. Winter average temperatures
of Ta and Tr are almost not different between types B, C, and D. This

indicates that the effect of the ratio of the external windows to the
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FIGURE 4

Temperature variations of outdoor, indoor, and balcony, (A) case B-S on the non-heating days, (B) case B-N1, B-N2 on the non-heating days,

and (C) case B-N2 on the heating days.

external walls of the balcony on the indoor temperature in the
adjacent rooms is almost non-existent in winter. The indoor
temperatures of the rooms adjacent to the balconies for the four
models were first analyzed. The results are shown in Figure 5, which
shows the average indoor temperatures of the four balcony types in
winter for the west, east, north, and south orientations, where (1-
general type) represents the general type of the model without
insulation and (2-insulation type) represents the model’s insulation
type. The results show that the indoor temperature of closed balcony
types B, C, and D is higher than that of an open balcony. The
insulation effect can be seen from the comparison of general type
and insulation type. In addition, the indoor temperature of south-
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facing balconies is the highest among the four balcony types due to
more solar heat gain from south-facing. The indoor temperature
difference of types B, C, and D in different orientations is about
1.3°C, greater than type A by about 0.3°C. Therefore, closed
balconies are more affected by different orientations than open
balconies, which indicates that closed balconies with a south
orientation have better benefits for the indoor thermal environment.

Except for the south orientation, both the general and
insulated types show that the winter average temperature of
the four models facing east is higher than that of the west
orientation, which could be explained in Figure 6. Taking the
simulation results of the average hourly indoor temperature in

frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2022.891946

Yuan et al.

TABLE 6 Winter average simulation result data.

10.3389/fenrg.2022.891946

Composition Ta (°C) Tr (°C) Heat load (W/m?) Composition Ta (°C) Tr (°C) Heat load (W/m?)
WI1-A 173 + 42 16.6 + 3.0 49.3 NI1-A 173 + 4.2 16.6 £ 3.0 48.9
W1-B 182 + 3.6 17.8 £ 2.7 42.6 NI1-B 18.0 + 3.7 174 + 2.7 43.7
W1-C 182 £ 3.6 17.8 £2.7 42.5 N1-C 18.0 £ 3.7 174 £ 2.7 43.6
W1-D 182 £ 3.6 17.8 £2.7 42.6 NI1-D 18.0 £ 3.7 174 £ 2.7 43.6
W2-A 17.8 £ 3.8 17.7 £ 2.9 40.8 N2-A 17.8 £ 3.8 176 £2.9 40.3
W2-B 18.7 £ 3.4 18.6 £ 2.7 36.6 N2-B 183 £ 3.5 18.1 £ 2.6 37.9
Ww2-C 18.7 £33 18.6 £ 2.6 36.5 N2-C 183 £ 3.5 18.1 £ 2.6 37.8
W2-D 18.6 + 3.4 185 £ 2.7 36.9 N2-D 183 £ 3.5 18.0 £ 2.7 38.1
El1-A 17.1 £ 4.1 16.7 £ 3.0 47.6 S1-A 17.6 + 4.0 17.0 £ 3.0 47.5
E1-B 184 + 3.6 179 + 2.7 41.1 S1-B 19.0 + 3.4 188 + 2.9 38.7
E1-C 184 + 3.5 179 £ 2.7 41.1 S1-C 19.0 + 3.4 18.8 + 2.8 36.2
E1-D 184 £ 3.6 179 £2.7 41.1 S1-D 19.0 £ 3.5 18.7 £29 39.1
E2-A 18.0 £ 3.7 17.8 £2.9 39.0 S2-A 182 £ 3.6 18.1 £2.9 39.0
E2-B 18.8 £3.3 18.7 £ 2.6 35.1 S2-B 19.6 £ 3.2 19.7 £ 2.9 32.3
E2-C 18.8 £33 18.7 £ 2.6 35.0 S2-C 19.6 £ 3.2 19.7 £ 2.9 30.6
E2-D 188 + 3.3 18.6 + 2.7 35.5 S2-D 19.6 £ 3.3 19.7 £ 29 30.7
Ta, air temperature (mean =+ std. dev.), Tr, radiation temperature (mean + std. dev.).
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FIGURE 5

2-Insulated type

The average indoor temperature in winter, (A) simulated model for 1-general type, and (B) simulated model for 2-insulated type.

winter for Type B with four orientations during the heating
period (Figure 6), the indoor temperature is maintained at 22°C
during the heating period. The room is unheated from 9:00 to 21:
00 due to the influence of solar heat, facing east is 0.3°C-1.1°C
higher than that facing west from 9:00 to 14:30. Reversing
between 14:30-19:00, the indoor temperature of the west-
facing was 0.2°C-0.5°C higher than that of the east-facing.
Finally, about an hour before heating, the indoor temperatures
were almost equal (temperature difference of 0.1°C). Therefore,
the difference in the time of obtaining the solar radiation leads to
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a higher average temperature in winter in the east than in the
west (Figure 5).

In terms of the average winter indoor temperature, the open
balcony (Type A) with insulation in Figure 5B is less than the closed
balcony (Type B, C, D) without insulation in Figure 5A. It is evident
when the orientation is south, which is 0.6°C lower (Table 6). This
result is confirmed by the indoor radiation temperature variation of
a typical day in Figure 7. Since the temperature difference of the
average radiation temperature in winter between Type B, C, and D is
almost non-existent (maximum value is 0.2°C). We analyzed the
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FIGURE 6

The average indoor temperature for each hour of winter in
the west, east, south, and north orientation (Insulated Type B for
heating days).

change of radiant temperature of Type B, C, and D after averaging
with Type A, divided into with (2-A, 2-Ave.B, C, D.) and without (1-
A, 1-Ave.B, C, D.) insulation, the results are shown in Figure 7. The
Tr of the closed balcony without insulation is always higher than that
of the open balcony with insulation (temperature difference range:
0.2°C-2.7°C) during the non-heating hours of daytime. The situation
during the heated nighttime is opposite to the daytime when the
open balcony with insulation has a higher radiant temperature
(temperature difference range: 0°C-0.8°C). Tr of a closed balcony

10.3389/fenrg.2022.891946

with insulation is 1.1°C-4.7°C higher than that of an open balcony
without insulation.

3.2.2 Effect of the balcony form on heat load

Table 6 and Figure 8 summarize the average heat load
simulation results for the four models during the heating
period. Different from the simulation results for the indoor
thermal environment, the average heat load for Type B, C, and
D is almost the same for the orientations of east, west, and north.
while a difference of 5.0%-7.4% occurs between three types in the
south orientation. It indicates that in winter, the difference in the
area ratio of the balcony exterior windows to the exterior walls on
the heat load only affects south orientation houses.

The heating loads during the heating (1 November-31 March)
period were analyzed for each case. Figure 9 shows the comparison
of the average winter heat load and its percentage reduction for the
32 calculated patterns in Table 4 compared to S1-A. Compared
with S1-A, the closed balcony type reduces the heat load by 8%-
24% for (1-General) and 14%-36% for (2-Insulation). Therefore, it
can be confirmed that the closed balcony with improved insulation
effectively saves energy. The largest rate of heat load reduction is
for the closed balcony S2-C facing south with the smallest window
area, which can reduce the heat load by 36% compared to the open
balcony facing south. Therefore, the balcony with a small external
window glazing area and slight heat loss has the best energy-saving
effect. The heat load of type D is larger than that of type B. It may
have happened due to the large external window area of a balcony
of type D, which can get more solar heat, but at the same time, the
heat loss is also large. Meanwhile, the heat load of type D of (2-
insulation type) is smaller than that of type B. It may happen
because the increase in solar heat generated exceeds the increase in
heat transfer loss as the area of balcony exterior windows increases.
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Indoor radiant temperature for models on typical heating days (oriented to the south).
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Comparison of the average heat load and its percentage reduction in winter for the 32 calculated patterns compared to Case S1-A.

In addition, the rate of heat load reduction for the open
balcony with insulation in Figure 9 was compared with the
closed balcony without insulation when the model’s
orientation was south. By comparing S1-A, the reduction
rates of S2-A, S1-B, and S1-D were found to be, 18%, 19%,
and 18%, respectively. Moreover, the reduction rate of S1-C is
24%. This indicates that when the closed balcony has a smaller
external window area and is without insulation, it could
effectively reduce the energy by 7.2% more than an open
balcony with insulation. This suggests that designing a specific
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type of closed balcony for a house in winter could be more
energy efficient than adding insulation.

4 Discussion and limitations

Proper balcony design is essential for improving energy
efficiency and sustainability in buildings. Research on open
balconies has focused on environmental conditions in warm
regions, mainly because open balconies can reduce summer
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overheating problems (Ribeiro et al., 2020). In this paper,
Kitakyushu city in Japan, located in a warm climate region,
was selected for the study. Recent studies have confirmed that
60%-70% of energy demand is allocated to cooling in some
countries in warm climate zones (Touma and Ouahrani, 2018).
However, Kazuaki et al., investigated residents’ lifestyles in eight
major cities in Japan. The results showed that even in cities
located in warmer regions, occupants’ demand for heating is still
greater than their demand for cooling. Occupants typically spend
33% (120 days) of their annual time on heating and 19%
(70 days) on cooling. Among them, 50% of the residential
heating months are concentrated between November and
March, and cooling months are concentrated between July
and September (Kazuaki et al, 1998). It proves the need to
study the design rationalization of these traditional open
balconies in Japan during winter in warm regions.

In this study, we analyzed the indoor thermal environment
and energy-saving effect of residential buildings in winter and
concluded that closed balconies in residential buildings have
great potential for energy saving and are beneficial for creating a
comfortable indoor thermal environment. However, the part
studied in this paper is only one aspect of the design phase of
balconies in warm climate zones. Closed balconies may cause
overheating problems and increased energy consumption in
summer. Saleh (2015) study confirmed that even in warm
regions, the thermal performance and energy-saving of closed
balconies can be balanced throughout the annual by providing
shading on the inside and outside of the closed balcony and by
designing a closed balcony with air gaps and openable panes to
effectively solve the problems of summer overheating.

By optimizing the design of the building envelope, a more
comfortable and energy-efficient indoor environment can be
created for residents (Mitterer et al., 2012; Ascione et al,
2016). Dhaka et al. (2012) evaluated the improvement in the
energy efficiency of air-conditioned building masses using energy
efficiency measures recommended by the National Energy
Conservation Building Code (ECBC), The study recommends
the implementation of envelope measures recommended in the
building code to improve energy efficiency in warm climates. In
addition, the study strongly recommends the use of roof
insulation, a measure that alone provides a 20% energy
savings. Wall insulation also provided significant energy
savings. Florides et al. (2002) studied measures to reduce the
heat load of modern houses in the subtropics and concluded that
window gain is an important factor, and when Low-E double-
glazed windows are used, annual savings in cooling load can be as
high as 24% for a well-insulated house. This paper presents a
comprehensive study of the effects of building envelope design,
including balcony form, exterior walls, roof, floor, and window
insulation performance, orientation, and the window-to-wall
ratio of the building fagade, on dwelling energy efficiency and
indoor environment. It was found that the average winter
temperature of open balconies with insulation was 0.6°C lower
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than that of closed balconies without insulation at maximum.
When an enclosed balcony has a smaller external window area
and is without insulation, it can provide an effective energy
saving of 7.2% compared to an open balcony with insulation. A
closed balcony design has strong applicability to dwellings in
warm climate regions in winter.

In this study, the analysis of indoor thermal environment
measurements and simulations of the subject dwelling is focused
on indoor temperature and radiant temperature. Indoor relative
humidity, wind speed, etc., were not specifically analyzed and
measured. Therefore, the validity of the results of the thermal
environment analysis in this paper includes indoor temperature
and radiation temperature only. In addition, we lack the
consideration of the adjacent building envelope and the shading
of the adjacent buildings in the parameter setting of the model. The
results of the applicability and rationality of the building envelope
design for dwellings with closed balconies and insulation, etc., in
this paper currently depend on whether it improves the indoor
thermal environment and energy efficiency during heating
periods. The economic benefits of this design should also be
considered. The parameter settings and meteorological data in
the modeling process in this paper represent only typical warm
climate cities in Japan, due to possible differences in regulations,
lifestyles, habits, etc., in each country. The applicability to other
countries might need to be further explored.

5 Conclusion

The design of building envelope with different balcony forms,
insulation, etc., is essential for the suitability of indoor thermal
environment and energy efficiency of dwellings in different
climatic conditions. In this paper, the city of Kitakyushu,
Japan, located in a warm climate region, was chosen as the
study area to investigate the measures for optimizing the building
envelope of dwellings in winter in this region. The main findings
are shown as follows.

(1) The results of the field measurements confirmed the
effectiveness of the closed balcony space as an indoor-
outdoor thermal buffer space. The orientation of the
balcony was also considered another factor affecting the
indoor thermal environment.

(2) Closed balcony design has strong applicability to houses
in warm climate areas in winter. The simulation results
showed that the heating load of the closed balcony is
smaller than that of the open balcony. Compared with
open balconies, closed balconies can reduce the heat load
by 8%-24%, and closed balconies with insulation can
reduce the heat load by 14%-36%. The
reduction of the exterior glass window area can
the effect by
improving the insulation performance.

relative

effectively  improve energy-saving
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(3) South-facing closed balconies gain more positive impact on
the
performance than open balconies.

indoor thermal environment and energy-saving

(4) The difference in the area ratio of exterior windows to exterior
walls of closed balconies has no significant effect on the indoor
thermal environment in winter and has an effect on the heat
load of 5.0%-7.4% only when the orientation is south.

(5) Even closed balconies without insulation could obtain higher
thermal environment gains than open balconies with
insulation. Therefore, designing a particular type of closed
balcony for the house in winter is more energy-efficient than

insulation.

This paper proposes residential envelope designs that are
adapted to specific environmental and climatic conditions. It
contributes to providing residential designers with a measure of
how to provide a comfortable residential thermal environment and
energy efficiency for occupants through residential envelope design.

Data availability statement
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