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Abstract

Most houses in Japan have the floor-length windows to take the natural light

into the room. Reflected solar radiation and Re-radiation from the ground

(Reflection) enter through the window and increase the cooling load, therefore

reducing reflection to the building is necessary. We focused that reflection is

greatly affected by the ground surface, its heat flux may vary depending on the

height from the ground. This study presented the thermal influence by the verti-

cal distribution of reflection on the building in various climate areas and consid-

ered the solar shading method based on that distribution. The calculation results

using Sol-Air Temperature showed that the incident heat flux of reflection

increased on the lower part of the building surface, and the vertical distribution

of reflection existed in various areas. We propose to shield up to the lower half

part of the building as a solar shading method considering the vertical distribu-

tion of reflection. This method could be able to shield most of reflection and

incorporate natural light from the top half of the window to ensure room bright-

ness and view, that is expected to be effective in improving indoor comfort and

reducing the load of cooling and lighting.
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1. Introduction

To reduce global warming, the Paris Agreement was adopted
by the 21st Conference of Parties (COP21) in 2015.1 The
agreement aims to reduce greenhouse gas (GHG) emissions by
26% of the emissions recorded in 2013 by 2030 in the target
of Japan. The reduction target in the USA was 18%-21%, and
the EU member countries were 24%. Intended Nationally
Determined Contributions (INDCs) of Japan set separate GHG
emission reduction targets for each sector.2 The target for the
industrial sector was set to be 7%. In contrast, the target for
the household sector was set to be >39% because its targets
are consumers and the energy saving measures have not been
sufficiently promoted. Reducing GHG emissions of the house-
hold sector is important in Japan. Thermal insulation and solar

shading must be increased to reduce GHG emissions of the
household sector and cooling load. This study focuses on solar
shading of buildings.
Grynning et al3 revealed that the weakest part to heat of

building is the windows. There are many external shading
devices,4 and the devices are much more effective in reducing
the cooling load than the internal devices in summer.5 Solar
shading devices can be fixed or moveable, and both should
prevent solar gains in summer and permit it winter. Datta6

investigated fixed louvers’ effect on thermal performance by
simulation both in heating and cooling season. Hernandez
et al7 considered not only thermal performance but also visual
comfort as the effects of louvers shading devices. Yao8

showed that external movable shading could be reduced solar
transmittance and keep indoor illuminance. From the above, it
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appears that solar gain and illuminance control is more effec-
tive when it is an external shield and is movable.
Recently, barrier-free houses with helpful facilities for

elderly persons have been increasingly built with the aging of
Japanese society. According to the Housing and Land Survey
conducted by the Statistics Bureau, Ministry of Internal Affairs
and Communications in 2013, the barrier-free houses have
occupied ~50% or more of all houses. Most houses in Japan
have the floor-length windows to take the natural light into the
room. Terraces are often installed in front of doors or floor-
length windows to eliminate steps between interior and exte-
rior areas such as gardens to facilitate barrier-free movement.
However, solar radiation striking the terrace is reflected and
absorbed by the building surface, thereby increasing the cool-
ing load of the buildings. Such houses are expected to increase
in the future further, and the thermal load of Reflected solar
radiation and Re-radiation from the ground may increase.
From the above, reducing the heat flux of Reflected solar radi-
ation and Re-radiation from the ground (Reflection) to the
building is necessary.
In previous studies focusing on the influence of reflection,

Ishida has simulated the thermal load of the buildings

considering reflection and clarified that it increases the indoor
cooling load.9 Evins has improved the long-wave radiation
exchange process including reflection and given more accurate
surface temperatures of buildings and ground.10

However, few studies have focused on the difference of the
thermal load distribution on the vertical surface of the building
(Vertical distribution of reflection) (Figure 1). Reflection is
greatly affected by the ground surface, its heat flux may vary
depending on the height from the ground surface. Solar shad-
ing focusing on the large thermal load part based on the verti-
cal distribution of reflection is expected to improve the
comfort of the indoor environment and save energy.
This study presents the thermal influence by the vertical dis-

tribution of reflection on building and considers the solar shad-
ing method based on that distribution. In our previous study,
we developed an experimental device based on sol-air temper-
ature (SAT) meters and measured the vertical distribution of
incident heat flux to the building surface by solar radiation in
Motosu City, Gifu Prefecture, Japan (Figure 2).11 This experi-
ment found that the vertical distribution wherein the incident
heat flux is increased on the lower part of building surfaces
because of reflection. However, this result was based on lim-
ited experimental conditions and may differ in other areas with
different climates, solar altitudes, and ground surface materi-
als.
Therefore, the purpose of this paper was to clarify the

effectiveness of considering the vertical distribution of
reflected solar radiation in the evaluation of thermal effects,
especially in low-rise buildings by presenting the thermal
influence of the vertical distribution by reflection on the
building in various climatic areas in Japan. This paper first
attempted to calculate the incident heat flux of reflection to
the vertical surface of the building under various conditions
and compare its results with experimental values to verify the
accuracy of the calculations. Then, this paper calculates the
incident heat flux in various areas in Japan and clarifies the
presence of the vertical distribution of reflection and its influ-
ence on buildings. We will expect the efficient solar shading
method based on that distribution to contribute both reducing
the cooling load of building and improving the comfort of
the indoor environment.

Figure 1. Concept of the vertical distribution of solar radiation [Col-
our figure can be viewed at wileyonlinelibrary.com]

Figure 2. Illustration and photograph detailing the device for measuring SAT of each height [Colour figure can be viewed at wileyonlinelibra
ry.com]
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2. Establishment of a Method to Calculate the Vertical
Distribution of Reflection

This chapter attempted to establish a calculation method of
SAT. Section 2.1 shows an experimental way to measure SAT.
Section 2.2 shows a calculation method for SAT on the verti-
cal surface of the building. Section 2.3 verifies the accuracy of
the calculation method by comparing the results of Sec-
tions 2.1 and 2.2.

2.1 Experimental method to measure SAT for comparison with

the calculated values

To consider heat from solar radiation in architectural environ-
mental engineering, the solar heat gain coefficient12 is used for
windows, and SAT13 is considered for walls with low heat
capacity. SAT is the sum of the outdoor air temperature and
the increase in virtual outdoor air temperature required to
replace the solar radiation heat that enters through the surface
of the building.
Then, we developed an experimental device based on the

principle of SAT meters and measured the vertical distribution
of SAT on the surface of the building by solar radiation in
Motosu City, Gifu Prefecture, Japan. The outline of a device
for measuring the distribution of incident heat flux to the verti-
cal surface of the building is described as follows (Figure 2).
We bonded insulation material to a piece of wood of ~2400-
mm height. A total of 12 aluminum plates (45 × 110 mm2)
coated with a blackbody spray (emissivity = 0.9) were
attached every 200 mm from the ground surface to the height
of 2400 mm on the vertical surface of the insulation. The sur-
face temperatures of the aluminum plates measured by thermo-
couple were equal to SAT. The 12 aluminum plates are
regarded as a SAT meter.
The device for measuring SAT of each height was set on

the roof of the building of the National Institute of Technol-
ogy, Gifu College (35.45N, 136.67E) facing south. A concrete
tile (910 × 1820×90 mm3) painted white was laid on the

ground surface in front of the device to mimic a terrace. SAT
was measured at hourly intervals.
Some necessary data for calculating SAT were also mea-

sured as follows. The surface temperature of the concrete tile
was measured using a thermocouple. The shortwave and long-
wave radiation flux in the vertical direction near the ground
surface were measured using a four-component radiometer
(MR-40or 60 manufactured by EKO SEIKI CO., LTD.). For
outdoor air temperature and relative humidity, the Automated
Meteorological Data Acquisition System (AMeDAS) in Japan
at the nearest point from the experimental place was refer-
enced. These data for calculating SAT were collected during
the summer of 2014 and autumn of 2015.

2.2 Calculation method for SAT on the vertical surface of the

building

Herein, SAT is calculated every hour based on the experimen-
tal values shown in Section 2.1. The calculation conditions,
such as weather, time interval, and the ground surface mate-
rial, are the same as the experimental conditions. The calcula-
tion conditions are regarded as a steady state due to the low
heat capacity of the SAT meter. The heat balance of the SAT
meter is expressed in Equation (1) and Figure 3. It is assumed
that there is no heat transfer to the backside through the insu-
lation.

SAT ¼ toþ IS� IL
αo

(1)

Table 1 shows the calculation method of each radiation flux.
Calculation of short wave radiation flux (IS) to the SAT meter
was divided into direct solar radiation flux with sky radiation
flux (ISd) and reflected solar radiation flux (ISr). Calculation of
long-wave radiation flux (IL) was divided into radiation flux
from the atmosphere (ILa), ground surface (ILt), and the SAT
meter itself (ILs). The heat balance (Equation 1) is obtained by

Figure 3. Heat balance of SAT meter [Colour figure can be viewed at
wileyonlinelibrary.com]

Table 1. Method for calculating each radiation flux

Wave

length Each radiation flux Method for calculation

Short wave radiation flux IS
ISd Direct solar radiation

flux + Sky radiation flux

Calculated by separating direct

solar radiation flux and sky

radiation flux based on the flux

of global solar radiation

ISr Reflected solar radiation

flux

Calculated for each height as

perfect diffusion based on the

upward flux of solar radiation

Long-wave radiation flux IL
ILa Downward atmospheric

radiation flux

The downward atmospheric

radiation flux multiplied by the

view factor for atmosphere

ILt Upward terrestrial

surface radiation flux

The terrestrial surface

temperature multiplied

separately by the view factor

for concrete tile and the other

ground (cheesecloth)

ILs Radiation flux from SAT

meter

Calculated by solving a quartic

equation containing unknown

SAT
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summing ISd, ISr, ILa, ILt, and ILs. First, for calculating ISd, the
flux of global solar radiation (IG) must be separated into direct
solar radiation and sky radiation components using the separa-
tion method proposed by Udagawa.14

The relationship between the Horizontal flux of Global solar
radiation (IG), the Direct solar radiation flux (Ib), and the Hori-
zontal flux of Sky radiation (Id) are expressed in Equation (2).

IG ¼ Ibsinhþ Id (2)

Ib is calculated using the separation method proposed by
Udagawa, as expressed by the following Equations (3)–(7).
The necessary data of IG for calculation is referenced experi-
mental data.

Io ¼ 1370� 1þ0:033cos 2πn=365ð Þð Þ (3)

Kc ¼ 0:5163þ0:333sinhþ0:00803sin2h
� �

Iosinh (4)

K t ¼ IG
Iosinh

(5)

IG<Kc

Ib ¼ Io 2:277�1:258sinhþ0:2396sin2h
� �

K3
t (6)

IG≥Kc

Ib ¼ Io �0:43þ1:43K tð Þ (7)

If IG and Ib are given, the Id is calculated in Equation (8).

Id ¼ IG� Ibsinh (8)

When calculating ISr from the concrete tile and other nearby
ground surfaces (cheesecloth), the radiation is regarded as per-
fect diffusion; it is based on the upward shortwave radiation
flux measured using a four-component radiometer. ISr is
expressed in Equation (9).

ISr ¼ ɛρgIGcosθ (9)

ILa
and ILt

are calculated incorporating the view factor for
the atmosphere, concrete tile, and the other ground surface
from the SAT meter of each height, thereby the vertical distri-
bution of reflection that has not been studied in previous stud-
ies is considered. ILa

is expressed in Equation (10), and ILt
is

defined in Equation (11).

ILa
¼ ɛσφaQa (10)

ILt
¼ ɛσðφt1

t41þφt2
t42Þ (11)

The view factor at each height required in Equation (10) and
Equation (11) is estimated based on the floor plan of the roof
of the building at the National Institute of Technology, Gifu
College, where the experiment was performed in Section 2.1.
The calculation of the view factor for the ground surface was
divided into the part of the concrete tile set in front of the
experimental device for SAT and the cheesecloth part. The
view factor for the concrete tile (φt1

) is expressed in Equation
(12). The view factor for the whole ground surface (roof)
(φtotal) is expressed in Equation (13).

φt1
¼ 1

2π
tan�1 x1

z
� zffiffiffiffiffiffiffiffiffiffiffiffiffi

z2þy21
p tan�1 x1ffiffiffiffiffiffiffiffiffiffiffiffiffi

z2þ y21
p

 !
(12)

φtotal ¼
1

2π
tan�1 x2

z
� zffiffiffiffiffiffiffiffiffiffiffiffiffi

z2þ y22
p tan�1 x2ffiffiffiffiffiffiffiffiffiffiffiffiffi

z2þy22
p

 !
(13)

The view factor for the cheese cloth (φt2
) is expressed in

Equation (14) as the difference between the φtotal and φt1
.

Figure 4. The elements used in the calculation of view factors

Table 2. View factor of each height

Height (mm) 200 400 600 800 1000 1200

Atmosphere 0.500 0.500 0.500 0.500 0.500 0.500

Terrace (Concrete) 0.378 0.273 0.193 0.135 0.096 0.069

Cheesecloth 0.094 0.175 0.237 0.279 0.306 0.322

The other ground surface 0.027 0.051 0.071 0.086 0.099 0.109

Total of the ground surface 0.500 0.500 0.500 0.500 0.500 0.500

Height (mm) 1400 1600 1800 2000 2200 2400

Atmosphere 0.500 0.500 0.500 0.500 0.500 0.500

Terrace (Concrete) 0.050 0.038 0.029 0.022 0.017 0.014

Cheesecloth 0.331 0.334 0.334 0.332 0.328 0.323

The other ground surface 0.119 0.128 0.137 0.146 0.155 0.163

Total of the ground surface 0.500 0.500 0.500 0.500 0.500 0.500
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φt2
¼φtotal�φt1

(14)

The elements used in the calculation of view factors are
shown in Figure 4 and the view factors calculated are shown
in Table 2. Since the experiment was carried on the roof of
the building, the view factor for the atmosphere is set to 0.5 in
this calculation.
The flux from the SAT meter itself (ILs) is calculated in

Equation (15).

ILs ¼ ɛ �σ �SAT4: (15)

The equation is obtained by expanding each radiation in
Equation (1) is shown in Equation (16).

SAT ¼ toþ Is� IL
αo

¼ toþ Isdþ Isrð Þ� �ILa� ILtþ ILsð Þ
αo

(16)

∑I¼ Isdþ Isrð Þ� �ILa� ILtð Þ (17)

Equation (16) is expressed in Equation (18) as the quartic
equation of SAT with Equation (15) and Equation (17). In
Equations (16) and (17), the incident heat flux on the SAT
meter is regarded as positive.
SAT is considered equal to the aluminum plate surface tem-

perature and calculated by solving the quartic equation of SAT
while including each radiation flux, as expressed in Equation
(18).

SAT ¼ toþ∑I�ɛσSAT4

αo
(18)

2.3 Verification for accuracy of the calculation method

This section compared the calculated value with the experi-
mental value of SAT to verify the accuracy of our calculation
method. We calculated the surface temperature of the SAT
meter at the heights of 200 mm (the bottom of the measuring
device) and 2400 mm (the top) based on the solar radiation
conditions of October 29 in autumn. SAT was calculated at
hourly intervals. Although the wind speed varied in the experi-
ment, we set to 3.1 m/s based on the mean value, and the
overall heat transfer coefficient was set to 23.0 W/m2K.

Figure 5. Comparison of calculated value and experimental value of SAT on October 29 in autumn

Figure 6. Temporal variation of incident heat flux based on SAT [Colour figure can be viewed at wileyonlinelibrary.com]

Figure 7. Cumulative daily heat flux by height [Colour figure can be viewed at wileyonlinelibrary.com]
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Figure 5 compares the calculation and experimental values
of SAT. The calculated value generally agrees with the experi-
mental value, although a difference was observed from 8:00 to
10:00 when temperature increased and from 12:00 to 13:00
when temperature decreased. As the causes of that difference
of SAT, the change of weather conditions could be not
accounted for precisely because the time interval of calculation
was too long (every hour), and the view factor included in the
calculation is complicated. Besides, the reason why there are
periods when the calculated value is lower than the experimen-
tal value is that the overall heat transfer coefficient is set to be
slightly larger. The incident heat flux on the vertical surface of
the building should be calculated using the method described
in Section 2.1, while noting the unaccounted factors that may
cause small inaccuracies. From these results, the calculation
method of this study could be verified with acceptable accu-
racy.

3. Calculation of Incident Heat Flux to the Vertical
Surface of Building

3.1 Calculation method for the incident heat flux from calculated

SAT values

This section attempts to calculate the incident heat flux on the
vertical surface of a building every 200 mm from a height of
200–2400 mm using the SAT calculated values. The calcula-
tion is based on the stable weather conditions at Motosu City
(35.29N, 136.41E), Gifu Prefecture, Japan, on September 22 as
the cooling period and October 29 as the period between cool-
ing and heating. Japanese Industrial Standards Committee
(JISC) has defined the cooling period from May 23 to October
4 and heating period from November 8 to April 16. In this
study, the period between October 5 and November 7 was
defined as the intermediate period. The incident heat flux was
calculated based on the following Equation (19) for 10 hours
from 8:00 to 18:00, regardless of the season. The effect of
reflection could be considered simply by substituting SAT into
Equation (19).

Hi ¼ αoðSAT� toÞT (19)

Hi: Incident heat flux for 10 hours [J/m2]; αo: Overall coeffi-
cient of heat transfer [W/m2K] [= 23]; SAT: SAT calculated
value for each height [°C]; to: Outdoor air temperature

(AMeDAS observation value) [°C]; T: Integral time (10 hours
converted to seconds) [s].

3.2 Calculation results for incident heat flux at Motosu City, Gifu

prefecture, Japan

Temporal variation of incident heat flux at Motosu City, Gifu
Prefecture, Japan in the cooling period (September 22) and
intermediate period (October 29) is shown in Figure 6. Note
that we calculated the heat flux of reflection as the increments
from the heat flux of 2400 mm set 0 MJ/m2. The reason for
performing the simulation under the above conditions is to use
experimental values. Therefore, the assumed heat flux might
change if the height of the opening or the reflectance of the
ground changes.
Since there was a lot of incident heat flux during the day

under above calculated conditions, the direct solar radiation
accounted for most of the heat flux. However, it was also
affected by reflected solar radiation during the daytime, and it
seemed that the heat flux was much more near the ground.
Then, Figure 7 shows the cumulative daily heat flux by

height. The incident heat flux of reflection increased on the
lower part of building surfaces in both the value of the cooling
period and the intermediate period. Comparing the incident
heat flux seasonally, the value of the cooling period is larger
than the value of the intermediate period. Therefore, the verti-
cal distribution of reflection was successfully able to be veri-
fied through the calculation method. Comparing the incident
heat flux by direct solar radiation and reflection, the heat flux
by direct solar radiation is larger than reflection. Nevertheless,
the influence of the reflection could be large on the lower part
of building surfaces.
Figure 8 presents the proportion of heat flux of reflection in

total incident heat flux per200-mm increments based on the
calculated values. The proportion of heat flux of reflection in
both the cooling and intermediate periods was the largest on
the lower part of building surfaces, occupying about 30%-37%
of the incident heat flux at a 200-mm high point. The propor-
tion of heat flux of reflection in the intermediate period is
smaller than that in the cooling period. However, in houses

Figure 8. Proportion of reflection in the incident heat flux [Colour
figure can be viewed at wileyonlinelibrary.com]

Table 3. Correspondence between experimental data and E. A.

weather data

Meteorological

element

E. A.

weather

data Possibility of use for calculating SAT

Outdoor air

temperature

○ Possible

Relative humidity ○ Possible

The flux of Global

solar radiation

○ Possible

Direct solar

radiation flux

○ Possible

Sky radiation flux ○ Possible

Reflected solar

radiation flux

✖ Calculated by Global solar radiation

flux multiplied Albedo of the

ground surface

Temperature of

ground surface

✖ Calculated using the model

proposed by Kondo

Atmospheric

radiation flux

○ Possible

○: Data are included; ✖: Data are not included.
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having high heat insulating and airtight, the indoor temperature
may increase excessively due to solar heat even in the interme-
diate period when the solar altitude decreases. Therefore, these
results suggest that shading the heat flux of reflection can
reduce the cooling load in the cooling period and the interme-
diate period. Note that this calculation was based on the inci-
dent heat flux at a 2400-mm high point above a ground
surface painted white.

3.3 Improvement of the versatility of the calculation method to

apply to other areas in Japan

The previous section clarified that there is a vertical distribu-
tion of reflection. However these results were only based on
the local climatic condition of Motosu City, Gifu Prefecture.
This section attempts to apply the result to other areas in
Japan.
The experimental values (outdoor air temperature, relative

humidity, the flux of global solar radiation, the reflected solar
radiation flux, and temperature of the ground surface) have
been used to calculate SAT previously. As it is logistically

challenging to measure these data in all areas experimentally,
this study attempted to calculate SAT using these data with
Expanded AMeDAS Weather Data (manufactured by the Mete-
orological Data System CO., LTD.. hereinafter, referred to as
“E.A. weather data”) and verify its feasibility.15 The E.A.
weather data were developed for building energy calculation
by supplementing missing meteorological data or uncovered
data such as solar radiation flux, relative humidity, and atmo-
spheric radiation flux within the original AMeDAS.
Table 3 shows the correspondence between experimental

data and the E.A. weather data. The E.A. weather data include
outdoor air temperature, relative humidity, the flux of global
solar radiation, direct solar radiation flux, and sky radiation
flux. Therefore, we could use these E.A. weather data directly
in calculating SAT. However, the E.A. weather data does not
include in reflected solar radiation flux. Consequently, we first
calculated the albedo (0.54) of the ground surface using the
ratio of the upward solar radiation flux to global solar radiation
flux. We then calculated the reflected solar radiation flux using
the albedo product and the flux of global solar radiation
included in the E.A. weather data. Because the ground surface
temperature is not included in the E.A. weather data, this study
calculated these data using the model proposed by Kondo that

Figure 9. Act on Rationalizing Energy Use in 2013 [Colour figure can
be viewed at wileyonlinelibrary.com]

Table 4. Locations and dates

Area Representative City, Prefecture Date

1 Asahikawa, Hokkaido August 9

2 Sapporo, Hokkaido August 5

3 Noshiro, Akita August 4

4 Sendai, Miyagi August 6

5 Kyoto, Kyoto August 24

6 Gifu, Gifu August 2

7 Miyazaki, Miyazaki August 3

8 Naha, Okinawa August 6

Figure 10. Total incident heat flux and the solar altitude in the eight
areas [Colour figure can be viewed at wileyonlinelibrary.com]

Figure 11. Incident heat flux of reflection and the solar altitude in
the eight areas [Colour figure can be viewed at wileyonlinelibrary.c
om]
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estimates the ground surface temperature considering the evap-
orative losses at the surface, which is confirmed to have sure
accuracy.16 The overall heat transfer coefficient is assumed
17.3 W/m2K constant to focus on the effects of reflected solar
radiation and re-radiation in this chapter. The following results

were obtained under the specific essentials as described above.
The assumed heat flux or rates could change depending on the
conditions such as the reflectance or the reference height of
the ground.

4. Consideration for the Vertical Distribution of Heat Flux
of Reflection in Various Climate Areas

4.1 Target Locations and Dates of calculation of incident heat

flux in each area

To determine the vertical distribution of heat flux of the
reflected solar radiation and re-radiation under various condi-
tions of climates and solar altitude, this study calculated inci-
dent heat flux in different climate areas of Japan. The integral
time and conditions of the calculations were the same as
described in Sections 2.2 and 3.1. The Act on Rationalizing
Energy Use in 2013 codified the insulation standard for houses
based upon dividing Japan into eight climate areas.17 Our anal-
ysis included one city selected from each of the eight climate
areas within the analysis target areas (Figure 9). One day in
each target city was chosen for analysis from August, in which
the city received the largest solar radiation flux. Target areas
and dates of calculation of incident heat flux are shown in
Table 4.

4.2 Calculation results and discussion

Figure 10 shows the total incident heat flux to the vertical sur-
face of the building calculated and the solar altitude in the
eight areas. The calculations assumed the incident heat flux of
reflection at the 2400-mm height to be 0 MJ/m2.
Of the eight studied areas, the total incident heat flux of

Area1 (Asahikawa, Hokkaido) is the largest; generally, the
whole incident heat flux increases in the area divisions toward
the north. In contrast, as the area division goes north, the solar
altitude decreases. These data suggest that as the solar altitude
decreases, buildings become more susceptible to direct solar
radiation, thereby increasing the incident heat flux. This study
assumed that the building’s vertical surface extended only up
to 2400 mm based on the experimental conditions.
Next, only the reflection component was extracted from the

total incident heat flux of each area (Figure 11). Comparing
the incident heat flux of the reflection for each area showed lit-
tle difference. Besides, when comparing for each height, in all
areas, the heat flux of reflection was largest at the height of
200 mm from the ground surface, followed by 400 and
600 mm. These results confirmed that the vertical distribution
of reflection is the larger nearest the ground surface.
Based on these results, the proportion of heat flux of reflec-

tion in the total incident heat flux in the eight areas is shown
in Figure 12. The proportion of reflection in the total incident
heat flux occupied 22.0% in the smallest area (Area 1) and
36.7% in the largest area (Area 8). The proportion of reflection
in the total incident heat flux was relatively large in all areas.
Overall, the proportion tended to increase as the area division
became more southerly. Considering the relation with the solar
altitude, the higher the solar altitude is, the larger the propor-
tion of reflection becomes. We considered that the higher the
solar altitude is, the larger the incident angle of direct solar
radiation becomes, so that the solar radiation is easily reflected
on the ground surface, and the heat flux of reflected solar radi-
ation has increased.
Figure 13 shows the proportion of heat flux of reflection per

200-mm height in total heat flux of reflection in the eight
areas. Focusing only on reflection, the proportion at each

Figure 12. The proportion of heat flux of reflection in total heat flux
in the eight areas [Colour figure can be viewed at wileyonlinelibrary.c
om]

Figure 13. The proportion of heat flux of reflection per 200-mm
height in total heat flux of reflection in the eight areas [Colour figure
can be viewed at wileyonlinelibrary.com]

Figure 14. Solar shading method considering the vertical distribution
of reflection [Colour figure can be viewed at wileyonlinelibrary.com]

Jpn. Archit. Rev. | January 2021 | vol. 4 | no. 1 | 199

wileyonlinelibrary.com/journal/jar3 KAWASAKI et al.

www.wileyonlinelibrary.com
www.wileyonlinelibrary.com
www.wileyonlinelibrary.com
www.wileyonlinelibrary.com


height is not different between each area. The proportion occu-
pied ~60% of all reflection from the ground surface up to
600 mm and comprised ~80% or more, up to 1000 mm in all
areas.
From these results, even shielding up to the lower half of

the building is sufficiently effective as a solar shading method
considering the vertical distribution of reflection (Figure 14).
The solar shading method will be able to shield most of the
heat flux of reflection and incorporate natural light from the
top half of the window to ensure room brightness and the view
from the window. Furthermore, it is expected to be effective
in improving indoor comfort and reducing the load of cooling
and lighting. Most houses have the floor-length windows on
the south side. This solar shading method considering the ver-
tical distribution of reflection is expected to be effective for
the buildings which have that windows. It is also useful for
low-rise buildings with large floor-length windows such as
convenience stores and car dealers.

5. Conclusion

This study presented the thermal influence of reflected solar
radiation and re-radiation (Reflection) to the building and
considered the solar shading method considering the verti-
cal distribution of reflection. We first calculated the inci-
dent heat flux on the vertical surface of the building every
200 mm from a height of 200–2400 mm and compared
these results to the experimental results. Consequently, this
calculation method could obtain acceptable accuracy. In
addition, this study enabled the calculation of incident heat
flux using E.A. weather data and could improve upon the
versatility of its use. The calculation results showed that
the incident heat flux due to the reflection increased on the
lower part of building surfaces, and the vertical distribution
of reflection exists in various areas of Japan. Also, the dis-
tribution of reflection for each height was common in all
these areas.
From these results, we propose to shield up to the lower half

part of the building as an efficient solar shading method con-
sidering the vertical distribution of reflection. This method can
shield most of the heat flux of reflection and incorporate natu-
ral light from the top half of the floor-length window to ensure
room brightness and the view from the window. Furthermore,
it is expected to be effective in improving indoor comfort and
reducing the load of cooling and lighting. The above results
provided the particular conditions that the terrace is concrete,
and we assumed the point at 2400 mm is not affected by
reflection.
In conclusion, we showed the importance of considering the

vertical distribution of reflection. We suggested that the dis-
semination of solar shading method considering that distribu-
tion could lead to a reduction of GHG emissions in the
household sector. However, this study has only analyzed the
heat load on the surface of the building. To evaluate the effect
of the solar shading considering the reflection in the indoor
environment by the thermal, illuminance environment simula-
tion is necessary to perform more accurate verification in the
future.
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6. Symbols

SAT Sol-air temperature [°C]
to Outdoor air temperature [°C]
αo Overall coefficient of heat transfer [W/m2K]

IS Shortwave radiation flux [W/m2]

IL Long-wave radiation flux [W/m2]

ISd Direct solar radiation flux + Sky radiation flux [W/m2]

ISr Reflected solar radiation flux [W/m2]

ILa Downward atmospheric radiation flux [W/m2]

ILt Upward terrestrial surface radiation flux [W/m2]

ILs Radiation flux from SAT meter [W/m2]

ϵ Absorptivity ( = Emissivity) [-] [=0.9]
σ Stefan-Boltzmann constant [W/m2K4] [5.67 × 10−8]

IG Horizontal flux of Global solar radiation [W/m2]

Ib Direct solar radiation flux[W/m2]

Id Horizontal flux of Sky radiation [W/m2]

h Solar altitude [°]
Io Exo atmospheric radiation flux [W/m2]

n The days from New Year’s Day [Day]

Kt Clearness index [-]

ρg Albedo of the Concrete tile [-] [=0.54]
θ Incident angle of Reflected solar radiation flux to each SAT

meter [°]
φa View factor for atmosphere [-]

φt1 View factor for Concrete tile [-]

φt2 View factor for the cheese cloth [-]

φtotal View factor for the whole ground surface (roof) [-]

Qa Atmospheric radiation flux [W/m2]

t1 Terrestrial surface temperature [°C]
t2 Ground surface temperature of the cheese cloth [°C]
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