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CHARPTER 1. INTRODUCTION
1.1 Background
Along with the growing global warming, a rise in the temperature has been observed. As
showed in Figure 1.1, from 1990 to 2010, the annual average temperature has gone up by
3 ℃ in Tokyo, 1.3℃ in Japan, and the global average temperature also increased by 0.9℃.
According to the latest report of Intergovernmental Panel on Climate Change (IPCC, 2013),
during 21st century, the global surface temperature will continually increase by 0.3 to 4.8 °C,
depending on the rate of future greenhouse gas emissions and its effect on the climate.

Figure 1.1. Variation of annual average temperature from 1990 to 2010 (Japan
Meteorological Agency)
The urban heat island (UHI) effect, defined as a temperature rise in urban areas compared to
the surrounding rural areas attributed to human activities, has a negative impact on the
cooling energy demand, urban thermal environment and thermal comfort of open space,
especially in summer days. The cause of the heat island effect is complicated. Firstly, due to
the increasing coverage rate of asphalt and concrete with a high absorptance, the solar
radiation incident on its surface are absorbed than natural surfaces (Doulos L, 2004). What’s
1

more, the dense construction increases the interreflection between the buildings, which
further intensify the absorption of the solar radiation. Besides, the urban surface roughness
decreases the wind velocity, leading to a decrease in the heat removal from urban canopy by
thermal convection. Another important factor is the anthropogenic heat to the atmosphere,
such as the waste heat emitted from vehicles and air-conditioning (Sailor DJ, 2011). Figure
1.2 shows the temperature rise caused by the urbanization. In the highly urbanized area, the
UHI effect is more significant.

Figure 1.2. Change of the temperature due to the urbanization in Kanto district, August
2013 (Japan Meteorological Agency, 2013)
UHI contributes a lot to the rapidly growing building energy demand, which will be further
intensified in summer days. Nearly 40% of the total energy is consumed by the building
sector every year (Santamouris M et al, 2001). Being deeply affected by the air temperature,
the building energy consumption increases by 10 % for a 2 K daily maximum UHI effect
(Bueno B et al, 2012). What’ more, as a feedback, the rise in building energy consumption
will result in the increase of waste heat generated from the use of air-conditioning and further
exacerbate the UHI. The effective energy-saving countermeasures are urgently needed.
Recently, the buildings with glass curtain wall emerge in a large number in the central
business district of a city. With the increasing window to wall ratio of office buildings (Kim
et al, 2009), the heat shading window films (HSF), which has a low transmittance of heat
rays, is spreading with the purpose of reducing the energy consumption of air conditioning
in summer. However, the increase of the specularly reflected solar radiation from its surface
will further degrade the thermal environment in outdoor spaces instead (Yoshida, 2018). The
central business district of Tokyo has a high heat disorder risk (Ohashi, 2016) due to its great
daytime population. Therefore, the deterioration of the thermal environment in this area need
to be taken seriously.
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In order to solve this problem, the retro-reflective film (RRF), which allows to reflect the
solar radiation back in the same direction of the incident radiation, has been recently proposed
as an innovative solution for suppressing the degradation of the outdoor thermal environment
caused by HSF, and in the meanwhile reducing building energy demand for cooling.

Figure 1.3. Impact of window films on the indoor and outdoor environment.
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1.2 Retro-reflective window film
1.2.1 Mechanisms of the retro-reflection
Retro-reflection is a reflection phenomenon that the reflected lights go back to the same
direction of incidence. The martials with retro-reflective properties have been widely used in
our daily life, such as the road and traffic signs. When the headlights of a car illuminate a
retro-reflective surface, the light will be reflected towards the car, so that the driver can read
the information on it. As illustrated in Figure 1.4, there are two main mechanisms of retro
reflection from a surface: the glass-bead type and the prism type. The former one reflects the
light back by focusing the lights on an arc surface and the later one is though the multiple.

Figure 1.4. Mechanisms of the retro-reflection (Sakai et al, 2011)
The retro-reflective window film used in this study is produced by Dexerials Corporation. It
processes a pyramid shape embedded microstructure as shown in Figure 1.5. The nearinfrared ray is reflected several times between the V-shaped surfaces, and then returns to the
sky. In addition to its retro-reflective properties, the window films can also block about 70%
of near infrared rays and 99.5% of UV light out and allow about 67% of visible light pass
through the window in the meanwhile (Dexerials Corporation HP, 2019).
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Figure 1.5 Mechanisms of retro-reflective film and enlarged photo of its surface (Dexerials
Corporation HP, 2019)
1.2.2 Mechanism of thermal environment improvement
Thermal comfort is affected by many factors, including the air temperature, radiant
environment, wind velocity, and relative humidity, and clothing and metabolism of a man
(Taleghani M et al, 2013). Several studies have shown that radiation plays a significant role
on thermal comfort. (Taleghani M et al, 2014; Taleghani M et al, 2015)
The radiation incident on the pedestrian’ body surface has two forms. The first one is
shortwave radiation, including the direct solar radiation, diffuse solar radiation, and reflected
solar radiation from the surfaces that surround the pedestrian in the built environment. The
second one is longwave radiation, including longwave atmospheric counter radiation and
longwave emission from building and ground surfaces. With the installation of RRF, the
reflected shortwave radiation to the street spaces decreases first. Due to its reduction, the
temperature rise in the ground and wall surfaces is suppressed subsequently, leading to the
reduction of longwave re-emission from ground and wall surfaces. At approximately noon,
the reflected solar radiation and longwave re-emission from ground and wall accounts for
about 50% of total radiation entering to the street spaces (Ministry of the Environment
Government of Japan, 2013). Therefore, the retro reflective film has a great potential for
improving the thermal environment in street spaces.

5

1.3 Objectives
As mentioned above, the ongoing global warming and urban heat islands have resulted in a
significant increase in the cooling energy consumption, and the degeneration of urban
thermal environment, especially in the central business district with a high density of
population and buildings.
Recently, with the increasing window to wall ratio in the office building, the heat shading
window film is spreading with the purpose of reducing the energy consumption of air
conditioning in summer. However, the increase of the specular reflected solar radiation from
its surface, which is caused by the increase of the reflectivity, will degrades the thermal
environment in outdoor spaces instead (Yoshida et al, 2018). As its solution, the retro-reflective
film, which can reflect the solar radiation back in the same direction of the incident radiation,
has both the improvement effect on the outdoor thermal environment and energy-saving
effect. But the feasibility of installing the retro-reflective films to the exterior wall of
buildings in the urban block scale has not been assessed yet.
What’s more, for evaluating the effects on the outdoor thermal environment and on the
cooling energy consumption simultaneously, a canopy model coupled with a building energy
simulation model is necessary. However, most of them consider the window as a perfectly
diffuse surface. For this reason, it is very hard to simulate the directional optical properties
of retro-reflective films.
Therefore, the main objective of this study is to develop a new computational method of
radiation heat transfer considering the specular and retro reflections of solar radiation in the
CM-BEM model (Kikegawa et al, 2003) first and then apply it evaluate the impact of retroreflective window films on the summer outdoor thermal environment and cooling energy
consumption in the 23 wards of Tokyo.
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CHAPTER 2. NUMERICAL SIMULATION SYSTEM (WRF-CM-BEM)
The numerical simulation system that can explore the interaction between outdoor thermal
conditions and energy consumption of air conditioning in buildings (Kikegawa et al, 2003)
was utilized and improved in this study. And the system has been coupled with the sub-model
for the evaluation of thermal comfort in outdoor environment (Ohashi et al, 2014).

Figure 2.1 Composition of the simulation models (WRF-CM-BEM)
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2.1 Framework of the simulation system
Figure 2.1 shows the composition of the simulation system (Kikegawa et al, 2003). The
simulation system consists of three sub-models: a mesoscale meteorological model, an urban
canopy model, and a building energy simulation model. The Weather Research and
Forecasting (WRF) model, which is developed by the National Center for Atmospheric
Research (NCAR) was used for calculating atmospheric motion. However, considering the
large mesh size of this model, it is difficult to take account of the impact of the urban canopies
on the surface boundary layer over cities. For this reason, a multi-layer urban canopy model
(CM) was adopted for the city-block-scale meteorological forecast. What’s more, in order to
consider the architectural responses of air-conditioning energy consumption and its
consequent waste heat emitted into the urban atmosphere, a building energy analysis model
(BEM) was incorporated.

Figure 2.2 Computational flow of the simulation models (WRF-CM-BEM) coupled with
calculation model of directional reflection of solar radiation
Figure 2.2 shows the calculation flow of the simulation system. Initial conditions and the
upper boundary conditions of CM atmosphere are obtained from WRF outputs. In CM, the
meteorological conditions around buildings are simulated. For evaluating the thermal
comfort level of pedestrians in outdoor spaces, the thermal comfort indices, such as mean
radiant temperature (MRT), Wet Bulb Globe Temperature (WBGT) and new standard
effective temperature (SET*) are calculated based on the results obtained in CM. BEM
calculates the cooling load in the buildings ( 𝑄𝐶 ) and the energy consumption of air
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conditioning (𝐸𝐶 ). 𝐸𝐶 is determined by the coefficient of performance (COP) of the air
conditioners. The total amount of air conditioning waste heat (𝑄𝐴 ) to the CM atmosphere is
equivalent to the sum of 𝑄𝐶 and 𝐸𝐶 . And for the calculation of radiative heat transfer in CM,
it will be described in Chapter 4.
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2.2 Details of WRF, CM and BEM models
The following equations for the dramatic calculation of the atmospheric temperature in the
CM and the cooling energy consumption in BEM
WRF is based on fluid dynamics equations incorporating fully compressible fluids and nonhydrostatic equilibrium (Ohashi et al, 2016). Its horizontal grid spacing is 5km×5km in this
study.
CM is a vertical one-dimensional model. which can compute the temporal variations of air
temperature, humidity and wind velocity in the urban canopy. The complicated radiation
processes in the building environment was also considered. The larger scale meteorological
influences from outside of the urban canopy were introduced to CM by a double direction
connection with WRF. The urban block are sub grids of the WRF grids with the size of
0.5km× 0.5km. In each grid, buildings stand on a lattice array as shown in Fig.1. The
horizontal shape of block is described using two parameters: average width of building,
indicated with 𝑏 , and the average road with, indicated with 𝑤 . For the vertical direction,
building heights are represented through building density at each vertical level in the urban
canopy, indicated with 𝑎(𝑗).
For calculating the air temperature in CM, the following equation (Kikegawa et al, 2003) was
used.
𝐶𝑃 𝜌

𝜕𝜃
1 𝜕
𝜕𝜃
= 𝐶𝑃 𝜌
(𝐾ℎ 𝑚 ) − 𝐶𝑃 𝜌(𝛼𝑉𝑀 )𝜃𝑀 + 𝑄𝐴 + 𝑄𝑉
𝜕𝑡
𝑚 𝜕𝑗
𝜕𝑗

Where, 𝜃 (𝐾) indicates the air temperature in the urban canopy. 𝐶𝑝 ( Jkg −1 K −1 ) and
𝜌 (kgm−3) denote specific heat of air and air density respectively. On the right side of the
equation, the second term represents the cooling/heating rate due to the larger-scale
atmospheric advection (such as land and sea breeze) outside the urban canopy. It is inputted
from WRF considering the wind velocity attenuation in the urban canopy. 𝑄𝐴 indicates the
air-conditioning waste heat calculated by BEM. Its calculation method was described
hereafter. And 𝑄𝑉 indicates the vehicle waste heat. Moreover, 𝐾ℎ (m2 s−1 ) denotes the
vertical turbulent diffusion coefficient of sensible heat. 𝑚 (−) represents the effective
volume ratio of the air in the urban canopy consisting of the atmosphere and buildings. 𝑉𝑀
and 𝜃𝑀 denotes the wind velocity and air temperature respectively, which both are computed
by WRF. And 𝛼 (−) denotes the ratio of the CM wind velocity against 𝑉𝑀 .
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BEM calculates the heat exchange between buildings and the atmosphere in CM. The
building in the urban block is treated as a box and divided into three types: office and
commercial buildings, apartment and detached house. Each type has different building
envelops and air-conditioning operating schedules. The input parameters are the solar
radiation transmitted from windows, conductive heat through walls, convective heat flow,
and internal heat generated by lightings, machines, and humans. The main output parameter
is the waste heat emitted from air conditioners. The cooling loads in the buildings are
calculated from the sensible and the latent heat components, respectively.
The total amount of sensible heat load 𝐻𝑖𝑛 (W) and latent heat load 𝐻𝑖𝑛 (W) are calculated
using the following equations (Kikegawa et al, 2003).
𝐻𝑖𝑛 = ∑ 𝐴𝑚 ℎ𝑐𝑚 (𝑇𝑤𝑚 − 𝑇𝑟 ) + ∑ 𝐴𝑛 𝜂𝑛 𝑆𝑛 + (1 − 𝛽)𝐶𝑝 𝜌𝑉𝑎 (𝑇𝑎 − 𝑇𝑟 )
𝑚

𝑛

+𝐴𝑓 𝑞𝐸 + 𝐴𝑓 𝑃𝜑𝑃 𝑞ℎ𝑠
𝐸𝑖𝑛 = (1 − 𝛽)𝜄𝜌𝑉𝑎 (𝑇𝑎 − 𝑇𝑟 ) + 𝐴𝑓 𝑞𝐸 + 𝐴𝑓 𝑃𝜑𝑃 𝑞ℎ𝑙
Where, the subscripts i and j denotes the elements of the indoor surfaces of walls and
windows respectively. In the first equation, the right-hand terms represent components of the
sensible heat load. The first term represents its heat exchange between walls and indoor air,
and the second term represents the transmission of the solar insolation through the windows.
The third term corresponds to the sensible heat exchange through ventilation. The fourth and
last term indicates the internal sensible heat generation from the equipment and occupants,
respectively. In the second equation, the first right hand term of stands for the water vapor
intrusion through ventilation and the second right-hand term indicates the evaporation from
occupants.
In addition, 𝐴𝑚 (m2 ) and 𝐴𝑛 (m2 ) denote the areas of the wall and window surface
respectively. ℎ𝑐𝑚 (Wm−2 K −1 ) denotes the convective heat transfer coefficient. 𝑇𝑤𝑚 (K)
denotes indoor surface temperature of the walls. 𝑇𝑟 (K) denotes indoor air temperature,
which is fixed to the air-conditioning target values. 𝑇𝑎 (K) denotes outdoor air temperature.
𝜂𝑛 (−) denotes insolation transmittance through the windows. 𝑆𝑛 (Wm−2 ) denotes solar
insolation on the windows. 𝛽 (−) denotes thermal efficiency of the total heat exchanger.
𝐶𝑝 (Jkg −1 K −1 ) denotes specific heat of air. 𝜌 (kgm−3 ) denotes air density. 𝑉𝑎 (m3 s−1 )
denotes total ventilation rate in the building.𝐴𝑓 (m2 ) denotes air-conditioned floor area. 𝑞𝐸
(Wm−2 ) denotes sensible heat gain from equipment per floor area. P (person m−2 ) denotes
peak number of occupants per floor area. 𝜑𝑝 (−) denotes ratio of hourly occupants to P. 𝑞ℎ𝑠
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(W person−1 ) denotes sensible heat generation from the occupants. 𝑞ℎ𝑙 (W person−1 )
denotes latent heat generation from the occupants. 𝜄 (kg −1 ) denotes latent heat of evaporation.
𝑞𝑉𝑎 (kg kg −1 ) denotes specific humidity of the outdoor air. 𝑞𝑉𝑟 (kg kg −1 ) denotes specific
humidity of the room air.
Here, outdoor air temperature 𝑇𝑎 , solar insolation on the windows 𝑆𝑛 and specific humidity
of the outdoor air 𝑞𝑉𝑎 are dynamically computed by CM and inputted to BEM. For the full
air-conditioning occasion, indoor air temperature 𝑇𝑟 and indoor specific humidity 𝑞𝑉𝑟 are
fixed to the air-conditioning target values. Meanwhile, the heat budget on the outdoor surface
of the wall was also considered in the CM.
The following equations (Kikegawa et al, 2003) are used for the calculation of the cooling
load 𝑄𝑐 (W) and cooling energy consumption of air-conditioning 𝐸𝐶 (W).
𝑄𝑐 = 𝐻𝑜𝑢𝑡 + 𝐸𝑜𝑢𝑡 , 𝐻𝑜𝑢𝑡 = 𝜑𝑃 𝐻𝑖𝑛 , 𝐸𝑜𝑢𝑡 = 𝜑𝑃 𝐸𝑖𝑛
𝑄

𝑐
𝐸𝐶 = 𝐶𝑂𝑃

Where 𝐻𝑜𝑢𝑡 and 𝐸𝑜𝑢𝑡 indicate the sensible and latent heat pumped out from the building for
cooling, respectively. When the air-conditioning is fully operating, 𝜑𝑃 is equal to 1. COP
represents the coefficient of performance of the air conditioners.
The connection between CM and BEM is bi-directional. The waste heat caused by the energy
consumption of the air conditioning (𝑄𝐴 ) is equivalent to the sum of 𝑄𝐶 and 𝐸𝐶 as showed in
the following equation (Kikegawa et al, 2003).
𝑄𝐴 = 𝐸𝐶 + 𝑄𝐶
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2.3 Thermal index calculation
The commonly used thermal indices, Mean Radiant Temperature (MRT), Wet Bulb Globe
Temperature (WBGT) were calculated based on the meteorological outputs from CM. For
simplicity, the human body was assumed to be a sphere in calculation.
The MRT sums up all short and long wave radiation ﬂuxes in the ambient environment to
which the human body is exposed. It is calculated using the heat budget equation as follows:
4π𝑟 2 𝜀𝜎(𝑀𝑅𝑇 + 273.15)4 = 𝛼[π𝑟 2 𝑅𝑑𝑖𝑟 + 2π𝑟 2 (𝑅𝑑𝑖𝑓𝑓 + 𝑅𝑟𝑒𝑓 )] + 2π𝑟 2 𝜀(𝐿𝑑 + 𝐿𝑢 )
Where 𝑅𝑑𝑖𝑟 (W) and 𝑅𝑑𝑖𝑓𝑓 (W) denote the direct and diffuse solar radiations from the sky,
respectively; 𝑅𝑟𝑒𝑓 (W) indicates the solar radiation reflected from the ground and building
surfaces; 𝐿𝑑 (W) and 𝐿𝑢 (W) are longwave radiation from the atmosphere and ground and
building surfaces; 𝑟 (0.15) is radius of assumed sphere the 𝜀 (0.97) and 𝛼 (0.7) are the
emissivity and absorptivity of the human body; 𝜎 denotes the Stefan–Boltzmann constant.
The outdoor WBGT is calculated from dry bulb temperature, wet bulb temperature and globe
temperature with different weights as showed in the following equation.
WBGT = 0.1𝑇𝑑 + 0.7𝑇𝑤 + 0.2𝑇𝑔
where 𝑇𝑑 (℃) , 𝑇𝑤 (℃) , and 𝑇𝑔 (℃) denote the dry-bulb temperature, natural wet-bulb
temperature and globe temperature, respectively. 𝑇𝑔 is estimated from the heat budget
equation for a modeled globe thermometer and the influence of wind speed is also considered.
The details of calculation can be seen in (Ohashi et al, 2016)
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2.4 Conclusions
In this chapter, the basic framework of simulation systems was described, followed by the
calculation method of thermal indices MRT and WBGT. The equations mentioned above are
the fundamental equations for the dramatic calculation of the atmospheric temperature in the
CM and the cooling energy consumption in BEM, with the consideration of the interaction
between outdoor thermal conditions and cooling-energy demands of buildings.
The calculation of radiative heat transfers on the ground, roof and wall surfaces is also
involved in CM. However, in this study, the method of radiative heat transfer calculation was
improved to reproduce the specular and retro-reflective characteristics of reflected solar
radiation from window surface. For the explicit interpretation of this newly developed
method, it will be described individually in Chapter 3.
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CHAPTER 3. DEVELOPMENT OF A CALCULATION MODEL OF RADIATIVE
HEAT TRANSFER CONSIDERING SPECULAR AND RETRO REFLECTIONS OF
SOLAR RADIATION
3.1 Definition of solar azimuth angle (𝜶), elevation angle (𝜷) and incidence angle (𝛉)
In the calculation of specular reflection of solar radiation, the solar incidence angle to a glass
surface is one of the significant parameters to describe the direction of reflected solar beams
and the variations of glass optical properties. It could be calculated by the solar azimuth angle
and elevation angle.
The solar azimuth angle (𝛼) is defined as the angle of the sun’s rays measured in the
horizontal plane clockwise from due north. And the solar elevation angle (𝛽) is defined as
the angle of sun’s rays measured up from the horizontal plane. Figure 3.1 illustrates the
definitions of 𝛼 and 𝛽.

Figure 3.1. Definitions of the solar elevation angle (𝛽) and azimuth angle (𝛼)
To reproduce the optical properties of the glass which vary with the different incident angle
of a light beam, the solar incidence angel was used in this model. The incidence angle (𝜃) is
defined as the angle between the sun's rays and the normal line to the window surface (𝜃 =
0° is normal to the window surface, while 𝜃 = 90° is tangential to the window surface). As
only the sun azimuth and azimuth angles were calculated in the canopy model (CM), a
method was developed to calculate the incidence angle. Figure 3.2 illustrates the relationship
of solar elevation angle , azimuth angle and incidence angle on a south or north facing
window surface.
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Figure 3.2. The relationship of solar elevation angle (𝛽), azimuth angle (𝛼) and incidence
angle (𝜃) on a south or north facing window surface
If the length of BC side is assumed to be 1, the solar incidence angle (𝜃) is calculated using
the cosine formula as follows.
For a south or north facing window surface,
(𝑐𝑜𝑠 𝛼)2 + (1/ 𝑐𝑜𝑠 𝛽)2 − (𝑠𝑖𝑛 𝛼)2 − (𝑡𝑎𝑛 𝛽)2
𝑐𝑜𝑠 𝜃 =
2 ∗ |𝑐𝑜𝑠 𝛼| ∗ |1/𝑐𝑜𝑠 𝛽|
For an east or west facing window surface,
(𝑠𝑖𝑛 𝛼)2 + (1/ 𝑐𝑜𝑠 𝛽)2 − (𝑐𝑜𝑠 𝛼)2 − (𝑡𝑎𝑛 𝛽)2
𝑐𝑜𝑠 𝜃 =
2 ∗ |𝑠𝑖𝑛 𝛼| ∗ |1/𝑐𝑜𝑠 𝛽|
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3.2 Fundamental equations for radiative heat transfer calculation
In the canopy model (CM), which was mentioned in Chapter 2, the roof and wall surfaces
were assumed to exist at each floor in the vertical direction of the urban canopy. The radiative
heat transfer calculation on the road surface and each floor of the roof and wall surface were
calculated respectively. The following equation shows the calculation of radiation gain on
each surface.
𝐼 = α(𝑅𝑑𝑖𝑟 + 𝑅𝑑𝑖𝑓𝑓 + 𝑅𝑟𝑒𝑓 ) + 𝜀(𝐿𝑑 + 𝐿𝑢 )
Where 𝑅𝑑𝑖𝑟 (W) and 𝑅𝑑𝑖𝑓𝑓 (W) denote the direct and diffuse solar radiations from the sky,
respectively; 𝑅𝑟𝑒𝑓 (W) indicates the solar radiation reflected from the ground and building
surfaces; 𝐿𝑑 (W) and 𝐿𝑢 (W) are longwave radiation from the atmosphere and ground and
building surfaces; 𝜀 (0.97) and α (0.7) are the emissivity and absorptivity of the surface,
respectively. The amount of 𝑅𝑑𝑖𝑓𝑓 , 𝑅𝑑𝑖𝑟 , 𝐿𝑑 and 𝐿𝑢 do not change whether the specular and
retro reflection of solar radiation are considered or not.
In the previous models, the amount of reflected solar radiation from the adjunct window
surfaces (wall surfaces), indicated with 𝑅𝑟𝑒𝑓_𝑤 , was calculated by the following equation.
𝑅𝑟𝑒𝑓_𝑤 = ∑(𝑅𝑑𝑖𝑟_𝑗 + 𝑅𝑑𝑖𝑓𝑓_𝑗 ) ∙ 𝑃𝑗 ∙ 𝜌 ∙ 𝑎(𝑗) ∙ 𝜇
Where the subscripts j denotes the number of floors of adjunct building walls. 𝑎(𝑗) (−)
denotes the 𝑗𝑡ℎ floor density, representing the building density at the vertical level ( 𝑎(5) =
0.5 stands for half the buildings have the fifth floor). 𝜇 (−) denotes the window to wall ratio
calculated by dividing the building's total glazed (windows) area by its exterior envelope
wall area and its values of each building floor are set to the same. 𝑅𝑑𝑖𝑟_𝑗 (W) and
𝑅𝑑𝑖𝑓𝑓_𝑗 (W) denotes the direct and diffuse solar radiation gains to the 𝑗 floor window surface,
respectively. 𝑃𝑗 (−) denotes the proportion of the amount of reflected solar radiation reaching
the receiving surface to the total amount from window surface. And 𝜌 (−) is the reflectance
of window with a constant value.
In the equation above, the direct and diffuse solar radiation could be calculated together since
the window surface was assumed to be a perfect diffuse surface. However, after considering
the specular and retro reflection of solar radiation, the reflected solar beams of direct
component become directional while the reflect beams of diffuse component is still
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nondirectional. Thus, in the new model, the calculation equation of 𝑅𝑟𝑒𝑓_𝑤 was extended as
follows:
𝑅𝑟𝑒𝑓_𝑤 = ∑[ 𝑅𝑑𝑖𝑟_𝑗 ∙ 𝑃𝑑_𝑗 ∙ 𝜌𝑑 (𝜃) + 𝑅𝑑𝑖𝑓𝑓_𝑗 ∙ 𝑃𝑑𝑓_𝑗 ∙ 𝜌𝑑𝑓 ] ∙ 𝑎(𝑗) ∙ 𝜇
Where 𝑃𝑑_𝑗 (−) and 𝑃𝑑𝑓_𝑗 (−) denote the direct and diffuse component of 𝑃𝑗 ,
respectively 𝜌𝑠 (−) indicates the reflectance of the window surface generated by diffuse solar
radiation with a constant value while 𝜌𝑑 (𝜃) (−) indicates the angular-dependent reflectance
generated by direct solar beams.
It should be pointed out that the calculation was based on the premise of primary reflection.
The calculation method of 𝑃𝑑_𝑗 and 𝑃𝑑𝑓_𝑗 was described in section 3.3, followed by the
𝜌𝑑 (𝜃) and 𝜌𝑠 calculation in section 3.4.
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3.3 Calculation of specular reflected solar radiation from window surface
In the previous studies, the anisotropic body of rotation of the normal distribution function
(AND) model has been utilized to calculated directional solar reflection (Yoshida et al, 2018)
and (Nakaohkubo et al, 2008). However, this method requires the large mesh numbers of
each surface, which could not be implemented under the existing framework of CM model.
And even if it is realized, it is at the expanse of the computation efficiency. Thus, the question
remains how to calculate the specular reflection of solar radiation under the premise that the
road surface, and roof and wall surfaces on each floor were treated as a whole, rather than
divided into small grids.
In next section 3.3.1, a new method using analytic geometry was developed to calculate the
value of 𝑃𝑑_𝑗 , which represent the proportion of the amount of reflected direct solar beams
reaching the receiving surface to the total amount from window surface. And the computation
of the proportion of diffuse component 𝑃𝑑𝑓_𝑗 was described in section 3.3.2
3.3.1 Specular reflection of direct component
As illustrated in Figure 3.3, the receiving surface
Building wall
was projected on the wall surfaces (where the
windows distribute uniformly) of adjunct
Projection
building along the opposite direction of reflected
light. Based on the theorem that light travels in
𝑗th floor projection
straight line, the reflected solar beams from the
wall areas where the projection is located, could
Receiving surface
reach this receiving surface. Thus, the ratio of the
projection area on 𝑗th floor to the 𝑗th floor wall
area is equivalent to the value of 𝑃𝑑𝑓_𝑗 as showed Figure 3.3. The projection of receiving
surface on the adjunct building wall
in the following equation.
1
𝑃𝑑𝑓_𝑗 = 𝑆𝑗
𝐴
Where A denotes the area of 𝑗th floor wall and 𝑆𝑗 denotes the area of projection on 𝑗th floor.
Next, the calculation method of projection area 𝑆𝑗 was introduced, taking the road surface
between building walls as example. For the other receiving surfaces, the crossing road surface,
roof surface and opposite wall surface, the calculating method is the same. The projections
of each surface and their computational domain (only the reflected solar beams from the
buildings in this domain was considered) were shown in Figure 3.4.
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Figure 3.4. The projections and computational domains of each surface. (a) road between
building wall; (b) crossing road; (c) roof; (d) parallel walls; (e) vertical walls
Figure 3.5 illustrates the projection of road surface onto the adjacent south-facing wall along
the reflected solar beam at 8:00 and 11:00 in a summer day. At 8:00, the shape of 𝑗-floor
projection shape consists of a hexagon and two triangles while it becomes a trapezoid at
11:00. The phenomenon that the shape and composition of projection varies with time makes
it extremely complex to obtain time-varying value of projection area. One general method is
to determine the projection shape and composition first, then calculate the area of each
component respectively and finally add them up to obtain the total area of projection.
However, this method is inefficient and the automatic recognition of projection shape and
composition in the first step is difficult to implement by programming in Fortran.
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Figure 3.5. Time variation of the projection of a road surface onto the adjacent south-facing
wall along the reflected solar beam at 8:00 and 11:00 in a summer day.
For this reason, a new method using analytic geometry was developed to simplify the
computation process and compute the projection area more efficiently in a numerical way.
① A local coordinate system is established with the left side of the first building as y axis,
the bottom side of the buildings as x axis and the intersection point of these two sides as
origin. The left side of the projection intersects the upper side of 𝑗th floor, the top side of
the projection and the lower side of 𝑗th floor at point 𝑂, 𝑀 and 𝑄 respectively; The right
side of the projection intersects these three sides at point 𝑃 , 𝑁 and 𝑅 . The 𝑗 th floor
projection is divided into several small triangles and rectangles by 6 vertical lines 𝑥 =
𝑥𝑄 ,,𝑥 = 𝑥𝑀 ,,𝑥 = 𝑥𝑏 ,,𝑥 = 𝑥𝑐 ,,𝑥 = 𝑥𝑅 ,,𝑥 = 𝑥𝑁 . iince the position of each vertical line
varies with time and value of 𝑗 , x-coordinate of these lines is then arranged in an
ascending sort order and indicated with 𝑥𝑖 (𝑖 = 1, 𝑛) . Where 𝑛 is determined by the
numbers of buildings from which reflected solar beams can reach the receiving surface
with high probability.
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② The line 𝑥 = 𝑥𝑖 intersects the upper and lower sides of 𝑗th floor, the top, left and right
sides of the projection at point 𝐴, 𝐵, 𝐶, 𝐷, and 𝐸 respectively. The ∆𝑦𝑖 , representing the
length of left or right side of divided triangles and rectangles, is calculated using the
following equation denotes
∆𝑦𝑖 = min{ 𝑦𝑖𝐴 , 𝑦𝑖C , 𝑦𝑖D } − max{ 𝑦𝑖B , 𝑦𝑖E }
Where 𝑦𝑖𝐴 , 𝑦𝑖B , 𝑦𝑖𝑐 , 𝑦𝑖D , 𝑦𝑖E denotes the y-coordinate of each point on the line 𝑥 = 𝑥𝑖 .

③ The area of divided triangles and rectangles between the line 𝑥 = 𝑥𝑖 and 𝑥 = 𝑥𝑖+1 are
indicated with 𝑆𝑖 and the total area of projection onto the 𝑗th floor wall are indicated with
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𝑆𝑗 as shown in Fig. The value of 𝑆𝑖 and 𝑆𝑗 are calculated using the area formula as below
𝑛

𝑆𝑖 = 0.5(∆𝑦𝑖 + ∆𝑦𝑖+1 )(𝑥𝑖+1 − 𝑥𝑖 )； 𝑆𝑗 = ∑ 𝑆𝑖
𝑖=1

④ Among all the beam solar reflection from 𝑗th floor wall, only that from the projection
area can reach the receiving surface. If it is assumed that there is no energy loss of
reflected solar beam during its propagation, then the proportion 𝑃𝑑 (𝑗) can be determined
by dividing the total area of 𝑗th floor projection by the receiving surface area.
𝑃𝑑 (𝑗) =

1
𝑆
𝐴 𝑗

Where A denotes the area of road surface receiving the solar reflection.
The projection areas of the roof and wall surfaces onto the adjacent wall are computed in
the same way.
3.3.2 Specular reflection of diffuse component
Diffuse solar radiation is solar radiation reaching the Earth's surface after having been
scattered from the direct solar beam by molecules or particulates in the atmosphere. Unlike
the direct solar beams, the diffuse solar radiation has no directional dependence, as well as
its specular reflection. That is to say, the proportion of specular reflection from the window
surface to the receiving surface is a constant value and it only depends on the relative position
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of these surfaces. To assess this value with shorter computational time, the calculation
method of heat radiation transfer in a one-dimensional canopy model (Kondo and Liu, 2003)
was utilized in this study. They assumed the windows surface as an ideal diffusely reflecting
surface (Lambertian surface). In this way, the road, roof and wall view factors for the 𝑗-floor
wall is equal to the proportion of reflected radiation received by these three surfaces. Hence,
𝑃𝑠_𝑗 of each receiving surface could be calculated from their view factors for the wall surface
where the reflected beams come from. The details of the calculation of view factors can be
seen in (Kondo and Liu, 2003)
However, it is need to be pointed out that the view factors obtained by Kondo and Akira’ s
method just represents the proportion of the diffusely reflected solar beams received by each
surface. To obtain the value of the specular reflection, it needs to be adjusted by multiplying
a correction coefficient. In this study, it is assumed that the diffuse solar radiation all comes
from the upper hemisphere and are reflected down to the lower hemisphere through the
specular reflection in a two-dimensional urban canopy. Under this assumption, for the same
amount of reflected solar beams, the probability of the surfaces receiving the solar beams
which is all reflected downward is twice that of diffusely reflected ones. Thus, the correction
coefficient was set to 2.
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3.4 Calculation of specular reflected solar radiation from window surface
In this study, it is assumed that all the retro reflection of solar radiation returns to the sky. In
other words, they were not involved in the calculation of radiative heat transfer inside the
urban canopy.
3.5 Calculation of angular-dependent reflectance, transmittance and absorptance
3.5.1 Method
As mentioned in section 4.2, the reflectance of direct solar beam 𝜌𝑑 (𝜃) is angular dependent.
its values are obtained with the function of solar incidence angle in this study. The
experimental data (Harima and Nagayama, 2017b) was used to define the 𝜌𝑑 (𝜃) function,
using the quartic spline interpolation method. The function obtained is only the reflectance
related to the direct component of the solar radiation and it is reported as below:
𝜌𝑑 (𝜃) = 𝑎4 𝜃 4 + 𝑎3 𝜃 3 + 𝑎2 𝜃 2 + 𝑎1 𝜃 + 𝑎0
Where 𝑎4 , 𝑎3 , 𝑎2 , 𝑎1 , 𝑎0 are coefficients determined by the experimental data of different
types of window films and 𝜃 is the solar incidence angle to the window surface.
The reflectance of diffuse solar radiation is a constant value and it is obtained as indicated in
the following equation (iiegel and Howell, 2001):
𝜃=𝜋/2

𝜌𝑠 =

𝜌𝑑 (𝜃) cos 𝜃 sin 𝜃 𝑑𝜃
𝜃=𝜋/2
∫𝜃=0 cos 𝜃 sin 𝜃 𝑑𝜃

∫𝜃=0

The transmittance is calculated by the same method as the reflectance. iince the sum of the
reflectance (𝜌), transmittance(𝜏) and absorptance(𝛼) is equal to 1 for transparent surfaces,
the absorptance is calculated by 1 − ρ − τ.
3.5.2 Empirical formulas of different window types
In this study, single-float glass without any films, single-float glass with heat shading films
(HiF), and single-float glass with retro-reflective films (RRF) were used for evaluating the
effect of different windows on the outdoor thermal environment and year-round energy
consumption of air conditioning. The 𝜌𝑑 (𝜃), 𝜏𝑑 (𝜃) and 𝛼𝑑 (𝜃) function of each of them were
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obtained using the measurement as shown in Table 3.1, Table 3.2 and Table 3.3. They were
reported as follows:
Single-float glass:
𝜌𝑑_𝑓 (𝜃) = 6.58841 ∙ 10−8 𝜃 4 − 7.35996 ∙ 10−6 𝜃 3 + 2.83089 ∙ 10−4 𝜃 2 − 3.83618
∙ 10−3 𝜃 + 8.64953 ∙ 10−2
𝜏𝑑_𝑓 (𝜃) = −6.14683 ∙ 10−8 𝜃 4 + 6.89750 ∙ 10−6 𝜃 3 − 2.66266 ∙ 10−4 𝜃 2 + 3.45172
∙ 10−3 𝜃 + 8.57859 ∙ 10−1
Heat shading films (HSF):
𝜌𝑑_ℎ (𝜃) = 5.71590 ∙ 10−8 𝜃 4 − 6.50793 ∙ 10−6 𝜃 3 + 2.63516 ∙ 10−4 𝜃 2 − 3.53511
∙ 10−3 𝜃 + 1.69579 ∙ 10−1
𝜏𝑑_ℎ (𝜃) = −2.26327 ∙ 10−8 𝜃 4 + 1.75067 ∙ 10−6 𝜃 3 − 5.21292 ∙ 10−5 𝜃 2 + 3.25879
∙ 10−4 𝜃 + 6.00593 ∙ 10−1
Retro-reflective films (RRF):
𝑡𝑜𝑡𝑎𝑙
(𝜃) = 1.86049 ∙ 10−9 𝜃 5 − 3.63864𝑒 − 07𝜃 4 + 2.59022 ∙ 10−5 𝜃 3 − 6.88045
𝜌𝑑_𝑟
∙ 10−4 𝜃 2 + 4.79470 ∙ 10−3 𝜃 + 1.46911 ∙ 10−1
𝑑𝑜𝑤𝑛
(𝜃) = 8.43039 ∙ 10−8 𝜃 4 − 1.04600 ∙ 10−5 𝜃 3 + 4.37347 ∙ 10−4 𝜃 2 − 6.05674
𝜌𝑑_𝑟
∙ 10−3 𝜃 + 7.76475 ∙ 10−2

𝜏𝑑_𝑟 (𝜃) = −2.33129 ∙ 10−8 𝜃 4 + 2.02888 ∙ 10−6 𝜃 3 − 5.07223 ∙ 10−5 𝜃 2 + 3.38466
∙ 10−4 𝜃 + 4.22009 ∙ 10−1
𝑢𝑝
𝑡𝑜𝑡𝑎𝑙
𝑑𝑜𝑤𝑛
(𝜃) = 𝜌𝑑_𝑟
(𝜃) − 𝜌𝑑_𝑟
(𝜃)
𝜌𝑑_𝑟

𝛼𝑑 (𝜃) = 1 − 𝜌𝑑 (𝜃)− 𝜏𝑑 (𝜃)
Where, the subscripts 𝑓 , ℎ , and 𝑟 denote to the single-float glass windows, heat-shading
window and retro-reflective window respectively. Moreover, the function of retro reflectance
obtained with the quartic spline interpolation method could not described its variation
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precisely since it was not monotonous with the incident Angle. Hence, in order to improve
𝑢𝑝
(𝜃) was calculated by subtracting
the prediction accuracy, the value of retro reflectance 𝜌𝑑_𝑟
the specular reflectance 𝜌𝑑 (𝜃) from hemispherical reflectance 𝜌𝑑 (𝜃).
Table 3.1. Measurement data of the optical properties of retro-reflective films (RRF)
Incidence
ipecular
Retro reflectance
Transmittance
Absorptance
angle
reflectance
0
0.091
0.065
0.422
0.422
5
0.080
0.063
0.422
0.435
10
0.076
0.063
0.422
0.439
15
0.075
0.064
0.422
0.439
20
0.071
0.064
0.421
0.445
25
0.067
0.064
0.421
0.447
30
0.064
0.065
0.423
0.448
35
0.052
0.066
0.425
0.457
40
0.055
0.071
0.425
0.448
45
0.094
0.083
0.423
0.400
50
0.135
0.096
0.418
0.351
55
0.150
0.110
0.408
0.332
60
0.153
0.133
0.393
0.321
65
0.153
0.171
0.373
0.303
70
0.143
0.235
0.340
0.281
75
0.128
0.333
0.288
0.251
80
0.110
0.476
0.206
0.208
85
0.072
0.681
0.097
0.149
90
0
1
0
0
Table 3.2. Measurement data of the optical properties of heat shading films (HiF)
Incidence
ipecular
Retro reflectance
Transmittance
Absorptance
angle
reflectance
0
0.161
/
0.161
0.600
5
0.163
/
0.163
0.602
10
0.162
/
0.162
0.601
15
0.161
/
0.161
0.599
20
0.161
/
0.161
0.597
25
0.162
/
0.162
0.594
30
0.165
/
0.165
0.592
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35
40
45
50
55
60
65
70
75
80
85
90

0.170
0.176
0.185
0.199
0.218
0.247
0.291
0.354
0.445
0.575
0.755
1

/
/
/
/
/
/
/
/
/
/
/
/

0.170
0.176
0.185
0.199
0.218
0.247
0.291
0.354
0.445
0.575
0.755
1

0.589
0.584
0.576
0.564
0.546
0.518
0.479
0.425
0.354
0.262
0.145
0

Table 3.3. Measurement data of the optical properties of single float glass (SFG)
Incidence
angle
0
5
10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90

ipecular
reflectance
0.078
0.079
0.078
0.076
0.074
0.074
0.074
0.076
0.080
0.087
0.098
0.116
0.146
0.193
0.263
0.366
0.513
0.719
1

Retro reflectance

Transmittance

Absorptance

0.006
0.006
0.006
0.005
0.004
0.004
0.003
0.002
0.002
0.002
0.001
0.002
0.002
0.002
0.002
0.002
0.002
0.001
0

0.072
0.073
0.072
0.071
0.070
0.070
0.071
0.074
0.078
0.085
0.096
0.115
0.144
0.191
0.261
0.364
0.511
0.718
1

0.865
0.864
0.865
0.866
0.866
0.865
0.864
0.861
0.857
0.850
0.840
0.822
0.794
0.750
0.685
0.588
0.451
0.260
0
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3.5.3 Results
Figure 3.6 shows the variations of reflectance, transmittance and absorptance with incidence
angles on the different window surfaces. It is obtained by the empirical formulas mentioned
Above. For all windows, the specular reflectance increases with the increase of incidence
angle to the window surface while the transmittance and absorptance decreases with the
increase of incidence angle. The retro reflectance increases first as the incident angle
increases and maximizes at an angle of 60°. Afterwards, it drops gradually and turns into 0
at an angle of 90°.
The average value of specular reflectance, retro reflectance, transmittance and absorptance
of each type of window were listed in Table 3.4. The iingle-float glass proposed the highest
transmittance (0.682) and the lowest absorptance (0.050) and specular reflectance (0.268)
among them. Compared with the HiF, the RRF had the higher transmittance and lower
absorptance as well as specular reflectance. However, the hemispherical reflectance of RRF
(0.354) and HiF (0.350) was almost no difference.

Figure 3.6 Variations of reflectance, transmittance and absorptance with incidence angles to
window surface. (a) iingle float glass with retro-reflective films (RRF); (b) iingle float glass
with heat shading films (HiF); (c) iingle float glass
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Table 3.4. The average values of the optical properties of each window surface
ipecular
Retro
Transmittance
Absorptance
reflectance
reflectance
iingle-float glass
iingle-float glass
with HiF
iingle-float glass
with RRF

0.268

/

0.682

0.050

0.350

/

0.446

0.204

0.251

0.103

0.333

0.313
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CHAPTER 4. VALIDATIONS OF PROPOSED MODEL
4.1 Validation method
In the previous section, the method of radiation heat transfer analysis considering the specular
and retro reflection was described. The validation of the proposed calculation method should
be conducted before further application.
The data obtained by CM model in this study is the average value of the whole block, which
require the measurement data being acquired on the condition of the urban-block-scale
introduction of RRF. However, RRF, as a new type of transparent window film that can reflect
shortwave solar rays upwards, has not been widely used. Thus, the simulated results using
CFD model (Yoshida and Moshida, 2017; Yoshida et al, 2018) were used to compare with
the results in this study for the validation of proposed method.
Yoshida and Mochida evaluated retro-reflective film on thermal environment in outdoor
spaces by CFD analysis coupled with radiant computation. In their study, the directional
reflection of solar radiation was computed using AND model (Makino et al, 1999) with a
great quantity meshed of ground and building surfaces. Thus, the simulated results in their
study has a high accuracy and reliability.
The comparison was conducted by the following items:
 The diurnal variation of retro reflectance of the west-facing window
 The impact of the consideration of specular reflection on
 Reflected solar radiation incident on the pedestrian’ body surface
 Air temperature, road surface temperature and wall surface temperature
 MRT
The simulation conditions were set to be the same as those in Yoshida’s research, including
the geometry parameters of block, meteorological data and window types.
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4.2 Simulation conditions
4.2.1 Urban block model
Figure 4.1 illustrates the front view and top view of a three-dimensional city block model in
this analysis. The 30-m-wide and 30-m-high buildings stand on a lattice array in a 500m x
500m square computational domain. The distance between buildings was 30m. The window
that has a property for directional reflection of solar radiation was installed to the western
exterior wall of each building and the window to wall ratio was set to 80%. In order to
eliminate interference with the directional reflection on the window surfaces, the other
window shades such as curtains and blinds were not considered in this study. In addition, the
other wall surfaces were made of concrete materials with a diffuse reflectance of 0.2 and the
road was covered with asphalt and concrete with an average reflectance of 0.12.

Figure 4.1. The city block model in the analysis for the verification of the proposed
calculation method (a). Front view (b). Top view
4.2.2 Meteorological data
The analysis started from July 27 to August 31, 2006 using the meteorological data obtained
from WRF model. As Yoshida investigated the thermal environment on a particularly hot
summer day (July 23, 2010) in Tokyo, the day with the most similar weather conditions
(August 5, 2006) was chosen as target date. Table 4.1 shows the comparison of
meteorological data for July 23, 2010 and August 5, 2006 (Japan Meteorological Agency).
Both two days are nearly cloudless sunny days.
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Table 4.1. Weather data for July 23, 2010 and August 5, 2006 (Japan Meteorological Agency)
Total
Average temp.
Maximum
Minimum
precipitation
(° C)
temp. (° C)
temp. (° C)
(mm)
July 23, 2010
30.8
35.7
26.8
0
August 5, 2006

30

35.4

25.3

--

Total solar
radiation

Average

Average
cloudiness (10
minutes ratio)

Weather
condition
(6:00~18:00)

(MJ/㎡)

humidity (％)

July 23, 2010

23.9

65

2

sunny

August 5, 2006

24.1

57

0

sunny

4.2.3 Simulation cases
In this analysis, the following three cases were investigated. As shown in Table 4.2, in Case1
and Case2, it was assumed that single-float window without any window films was used. In
Case3, single-float window with a retro-reflective film (RRF) was used. Besides, in Case1,
the windows surface was considered as perfectly diffuse surfaces with a constant reflectance
while the directional reflection characteristics of window surface was considered in Case2
and Case3.
Table 4.2. Simulation cases for the validations of proposed model
Case1

Case2

Case3

Window type

Single float glass

Single float glass

RRF

Refection type

Diffuse reflection

Directional reflection
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4.3 Diurnal variation of retro reflectance of the window with different orientations
Figure 4.2 shows the diurnal variations of the specular, retro and hemispherical reflectance
of the retro-reflective window with different orientation on a typical summer day. The
window surfaces of four main orientation N, S, W and E were irradiated in the different time
period: 5:00 -12:00 (E), 12:00-19:00 (W), 8:00-16:00 (S), 5:00-8:00 and 16:00-19:00 (N).
Hence, the values for reflectance were obtained during the corresponding period. The retro
reflectance reached the maximum at approximately 10:00 for east-facing window and
approximately 14:00 for west-facing window, with nearly the same value of 0.159 and 0.158
respectively. For south-facing window, the retro reflectance peaked at approximately 8:00
and 16:00, and reduced to a relatively low value around noon. For north-facing window, the
maximum value of retro reflectance happened at the same time as south-facing window.
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Figure 4.2. Diurnal variations of the specular, retro and hemispherical reflectance of the retroreflective window facing different directions on August 5,2006. (a) West-facing window; (b)
East-facing window; (c) South-facing window; (d) North-facing window
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Figure 4.3. Time variations of total, retro, and specular reflectivity of the retro-reflective
window facing the western direction on July 23, 2010 (Yoshida et al, 2018)
In the Yoshida’s study, the results of reflectance variation of retro-reflective west-facing
window was shown in Figure 4.3. The retro reflectance reaches the maximum value of 0.16
at approximately 14:00, which is same as the results obtained in my study.
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4.4 Impact of the specular reflection of solar radiation on outdoor thermal environment
4.4.1 Reflected solar radiation incident on the pedestrian’ body surface
There are two forms of the radiation incident on the pedestrian’s body surface. The first one
is shortwave radiation, including the direct solar radiation, diffuse solar radiation, and
reflected solar radiation from the surfaces that surround the pedestrian in the built
environment. The second one is longwave radiation, including longwave atmospheric
counter radiation and longwave emission from building and ground surfaces. The
consideration of the specular reflection of solar radiation increase the downward reflected
shortwave reflection, which result in the change of the radiation absorbed by the ground and
wall surface and their surface temperature. For this reason, the values of direct solar radiation,
diffuse solar radiation and longwave atmospheric counter radiation calculated by the new
model are the same as those calculated by the model considering the window surface as
perfectly diffuse surfaces, as well as the reflected solar radiation from ground surface since
it is covered with asphalt and concrete, which don not have the property for directional
reflection of solar radiation. Thus, in the Figure 4.4, Only the reflected shortwave radiation
from wall surfaces, longwave radiation from ground surfaces and from wall surfaces were
investigated.
Figure 4.4 illustrates the change of radiation per unit area received by pedestrians in the
outdoor space after considering the specular reflection of solar radiation from window
surfaces on August 5, 2006. The amount of radiation change is also calculated by subtracting
the amount of radiation in Case 1 (single-float window treated as perfectly diffuse surfaces)
from that in Case2(single-float window considering the property of specular reflection). Due
to the consideration of downward specular reflection of solar radiation, the shortwave
radiation reflected from wall surface and longwave radiation emitted by ground surface
increased obviously at approximately 14, while the longwave radiation from wall surface
decreased slightly at the same time. The radiation variations were caused by the increase in
the ground surface temperature and reduction in the wall surface temperature as showed in
Figure 4.5
Table 4.3 shows the amount of the radiation incident on the pedestrian’s body surface in
Case1 and Case2 at 14:00. In the total amount of incident radiation change (+16.5 W/m2),
shortwave solar reflection from the wall surfaces (+13.4 W/m2) accounted for approximately
80% and the longwave emission from road and wall surfaces (+3.0 W/m2) accounted for
20%. Moreover, compared to the result in Case1, the shortwave radiation reflected from the
wall surfaces increased approximately 1.5 times while the long wave radiation emitted from
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the wall and the road surfaces did not change much.

Figure 4.4. Changes of the Reflected solar radiation incident on the pedestrian’ body surface
due to the consideration of specular reflection of solar radiation on August 5, 2006
Table 4.3. Amount of the radiation incident on the pedestrian body surface in Case1 and
Case2 at 14:00 (Units: W/m2)
Case1

Case2

∆

8.9

22.3

+13.4

Longwave radiation from ground surface

615.4

618.5

+3.1

Longwave radiation from wall surface

214.9

214.8

−0.1

Reflected shortwave radiation from wall surface

For the reflected solar radiation incident on the pedestrian body surface, the results in
(Yoshida and Moshida, 2017) was 15.5 W/m2 (13.4 W/m2 in my study).
4.4.2 Air temperature, road surface temperature and wall surface temperature
Figure 4.5 illustrates the change of the road surface temperature, wall surface temperature
and air temperature at 3m above the ground after considering the specular reflection of solar
radiation from window surfaces on August 5, 2006. The surface temperature and air
temperature in Case1 and Case2 are average value of the whole block. The temperature
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difference between these two cases is calculated by subtracting the value in Case 1 (singlefloat window treated as perfectly diffuse surfaces) from that in Case2 (single-float window
considering the property of specular reflection).
Due to the consideration of downward specular reflection of solar radiation, the average road
surface temperature increased rapidly from noon and reached a maximum of 0.4 ℃ at 14:00
(The value of temperature change was positive) while the average wall surface temperature
decreased around 14 (The value of temperature change was negative). It is because at
approximately 14:00 in a summer day, the sun altitude angle is very high, the specular
reflection of solar radiation from window surfaces concentrates on the road surface. As a
result, the amount of solar reflection incident on the adjacent wall surface is less than that
when the solar radiation reflected diffusely off the window surfaces, which make the average
wall surface temperature reduce. The difference of average air temperature at 3m above the
ground between Case1 and Case2 was not obvious.

Figure 4.5. Time variations of the air temperature at 3m above the ground and average surface
temperature of road and building walls after considering the specular reflection of solar
radiation from window surfaces on August 5, 2006.
The same results could be observed in (Yoshida and Moshida, 2017) and (Nakaohkubo et al,
2008)
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4.4.3 MRT
Figure 4.6 illustrates the time variation of MRT drop (3m above the ground) due to the
consideration of the specular reflection of solar radiation from window surfaces on August 5,
2006. The MRT drop increased rapidly from noon and reached a maximum of 0.7 ℃ at 14:00.
In the analysis, the window was installed to the western exterior wall of the building which
is irradiated only in the afternoon. Hence, a large amount of direct solar radiation incident on
west-facing window begin to be reflected downward after that, which results in the variation
as showed in the figure.
The value of MRT drop at 14:00 obtained by Yoshida (Yoshida and Moshida, 2017) was 0.8 ℃
(0.7 ℃ in my study)

Figure 4.6. Time variations of MRT (3m above the ground) due to the consideration of
specular reflection of solar radiation from window surfaces on August 5, 2006.
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4.5 Conclusions
By comparison, it is indicated that the diurnal variation of retro reflectance of the west-facing
window was reproduced precisely using proposed model. For the impact of the consideration
of specular reflection on the outdoor thermal environment, the results calculated by proposed
model are a little smaller than that obtained with CFD model (Yoshida and Moshida, 2017).
The difference between them is due to the limitation of the proposed model that not all
adjacent building walls are involved in the compactional domain as shown in Figure 3.4.
Considering the fact that weather data is not exactly the same between July 23, 2010 and
August 5, 2006, the above result is reliable to some extent and the validity of the proposed
model was verified
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CHAPTER 5. EFFECTS ON THE OUTDOOR THERMAL ENVIRONMENT IN
THE 23 WARDS OF TOKYO
5.1 Description of simulation cases
In this analysis, the Tokyo GIS data (Tokyo, 2013) needs to be converted into the form that
can be inputted into the CM-BEM model. The urban blocks were classified into three types:
office and commercial buildings block, apartment block and detached house block, according
to land uses and the main purpose of buildings in each urban block. The size of each block
was 500m × 500m. Figure 5.1 shows the distribution of urban blocks with three building
types as 0.5-km grids in the 23 wards of Tokyo. Overall, the office and commercial building
blocks concentrated in the center of the city, surrounded by the apartment blocks. And most
of detached house blocks were farthest from the central part among these three block types.
The blank grids on the figure were the blocks not being simulated, in which the most lands
are occupied by parks and forests, or mainly used for industrial premises.

Figure 5.1. Distributions of building types as 0.5-km grids in the 23 wards of Tokyo
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Since the retro-reflective window films are more commonly applied to the buildings with
high window to wall ratios, the effects of RRF on outdoor thermal environment were
evaluated only in the office and commercial building block (Figure 5.2) with the window to
wall ratio of 0.33. The total number of simulated blocks was 465. Considering the increase
of newly built buildings constructed by glass curtain wall in the center business district, the
scenario with the window to wall ratio of 0.9 was also simulated in this section.

Figure 5.2. Distributions of office and commercial building blocks as 0.5-km grids
In the previous studies, it is indicated that comparing the single float glass window without
any films, the thermal environment in outdoor space deteriorates as a result of the installation
of retro-reflective films (Yoshida et al, 2018). Hence, the effect of RRF on thermal
environment was compared with HSF in this analysis. Two cases were investigated: Case1
(HSF), Case2 (RRF). And in both cases, the window was installed to the building walls with
four orientation E, W, S and N.
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5.2 Time variation of effects on the thermal environment
Figure 5.3 Time variation of MRT (HSF) and ∆ MRT (HSF-RRF) on August 5, 2006 and
Figure 5.4 shows the results of WBGT. Both were the average value of the office and
commercial building blocks in Tokyo 23 wards. The value of ∆ MRT (HSF-RRF) increased
significantly at 9:00 (0.29 ℃ ) and 15:00 (0.26 ℃ ), while it became not obvious at
approximately noon when the radiant environment was worst with the highest value of MRT.
The difference was caused by the reduction in the proportion of solar radiation reflected
upwards around noon, at which the solar radiation gains of the windows with east and west
orientation decreased and their retro reflectance also became lower as showed in Figure 4.2.
The value of average MRT reached nearly 64.3℃ at 12:00, indicating the most severe radiant
environment in a day. For WBGT, the value of ∆ MRT (HSF-RRF) increased during the time
period of 14:00 and 16:00 when the outdoor thermal comfort was still at a low level with a
high value of WBGT.

Figure 5.3. Time variation of MRT and ∆ MRT (HSF−RRF) on August 5, 2006
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Figure 5.4. Time variation of WBGT and ∆ WBGT (HSF−RRF) on August 5, 2006
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5.3 Geographical distribution of effects on the thermal environment
In this part, the result of improvement effect on thermal environment in each office and
commercial building block was presented on a grids map. Figure 5.5 shows the distribution
of MRT drop at 15:00 as a result of the installation of RRF. The average value of MRT drop
of all office and commercial building blocks was 0.25 ℃.And the maximum MRT drop
happened in the block located in commercial areas near the Okachimachi Station, with the
value of 0.45 ℃. In the figure, the blocks where the MRT drop a lot concentrated in the Taido
and Chuo wards. The following map as showed in Figure 5.6 was made by Tokyo
Environment Bureau in 2005 (Tokyo Environment Bureau, 2005). They analyzed the
influence of anthropogenic heat and ground cover on the outdoor thermal environment. The
red, orange and yellow grids represent the office and commercial areas. The closer the color
is to red, the worse the thermal environment it is. By comparing this figure with the results
obtained in my study, it can be found that it showed a high degree of overlap between the
areas where the MRT drop a lot and areas with severe thermal environment.

Figure 5.5. Distribution of MRT drop at 15:00 as a result of the installation of RRF on
August 5 (only office and commercial building blocks was showed)
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Figure 5.6. Thermal environment map of Tokyo 23 wards (Tokyo Environment Bureau,
2005)
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5.4 Impact of urban geometry on the improvement effect
Due to the principle of improvement effect of RRF on the outdoor thermal environment, it
can be inferred that there is a strong relationship between the urban geometry and that
improvement effect. In this part, correlation analysis was conducted first, using the building
coverage, aspect ratio and average building height, as morphological parameters. Then, a
simple prediction models of the MRT drop as a result of the installation of RRF was
established by regression analysis method.
5.4.1 Distributions of urban geometry parameters
Building coverage defined as the ratio of building area to the total land area, is usually used
to describe the urban horizontal density. The building coverage of office and commercial
building blocks in Tokyo 23 wards was in a range from 0.1 to 0.5 with the average value of
approximately 0.3. Another key parameter in determining urban geometry is aspect ratio,
which is defined as the ratio between the average building height (H) and the road width (W).
The urban canopy is considered uniform if it has an aspect ratio of approximately 1, deep of
the aspect ratio is equal to 2, and shallow if the canyon has an aspect ratio below 0.5 (Lai et
al., 2019) The average aspect ratio of office and commercial building blocks was in a range
from 0.15 to 3.6 with the average value of approximately 1.5. Additionally, the average height
(H) of office and commercial building blocks was in a wide range from 7m to 51m with the
average value of approximately 13.
The distributions of shape indices of office and commercial building blocks were showed in
Figure 5.7 The grid color became darker as the index value increase. In the figure, the block
processing high-rise building clusters near Shinjuku station could be distinctly identified.
And the crowded commercial blocks in Asakusa-Ueno areas could also be located easily on
the map. Figure 5.5 shows the distribution of MRT drop at 15:00 as a result of the installation
of RRF. Comparing these two figures, it can be found that most of the blocks where the MRT
dropped a lot concentrated on the high vertical density areas with large values of building
coverage. While the relationship between MRT drop and other two shape parameters was not
so obvious.
Hence, in the following part, building coverage, aspect ratio and average building height
were tested for the correlation with the MRT drop at 15:00 by means of regression analysis,
respectively.
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Figure 5.7. Distribution of morphological parameters. (only office and commercial building
blocks was showed). (a) Building coverage; (b) Aspect radio; (c) H
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5.3.2 Correlation analysis
In the previous part, the correlation between urban geometry parameters and MRT drop was
analyzed visually through their distribution on the grids map. In this part, building coverage,
aspect ratio and average building height were tested for the correlation with the MRT drop at
15:00 by means of regression analysis, respectively.
The analysis results were showed in Figure 5.8. In the figure, the MRT drop increased with
the increase of building coverage, presenting a strong positive correlation with a R square
value of 0.799. distribution. And the positive correlation could also be found between the
aspect ratio and MRT drop, with a R square of 0.623. It is because the proportion of road
areas reduces as the value of building coverage and aspect ratio become larger, resulting in
the reduction of solar radiation which is reflected upward to the sky per unit area. For the
average building height, it was negatively correlated with MRT drop. It is due to the reduction
of solar radiation incident on the lower window surface caused by the shading effect between
buildings.
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Figure 5.8. Correlation between shape parameters and MRT drop at 15:00
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5.3.3 Prediction model
The prediction models of the MRT drop at 12:00, 14:00 and 15:00 were established
respectively, taking the building coverage (BC) and average building height (H) as variables.
To avoid high correlations between variables, aspect ratio in which the H is involved was not
considered in the model.
As showed in Table 5.1, 5.2 and 5.3, all the results are statistically meaningful with a p-value
is equal to 0. The values of MRT drop were positively correlated with building coverage and
negatively correlated with building height. The coefficient of building coverage is larger than
that of building height, which means the building coverage are more important than building
height for the prediction of MRT drop. Table 5.4 shows the summary of regression analysis.
It can be found that there is a difference among the prediction accuracy of MRT drop at
different times. The R square was maximum for MRT drop at 15:00 and minimum at 12:00.
As known in the beginning of this chapter, the MRT drop at 12:00, 14:00 and 15:00 increased
successively. In other words, the value of MRT drop can be predicted more accurately though
geometry parameters BC and H as the value increases. It is because at 12:00 on a summer
day, the sun rises to the highest location, the influence of shading effect on the direct solar
radiation incident on the building walls becomes less. That is, even the geometry parameters
are greatly different, the amount of solar radiation gains of the windows surfaces in each
block are almost the same. For this reason, the reduction effect of RRF on MRT depends
more on the retro reflectance of windows than the amount of incident direct solar radiation.
Table 5.1. Coefficients of H and BC for MRT drop at 12:00
Coefficients
Standard Error
(95% confidence intervals)

t-value

P-value

H

-0.0010(-0.0013, -0.0007)

0.00015

-6.58

0.00

BC

0.1806(0.1666, 0.1947)

0.007

25.24

0.00

t-value

P-value

Table 5.2. Coefficients of H and BC for MRT drop at 14:00
Coefficients
Standard Error
(95% confidence intervals)
H

-0.0009(-0.0015, -0.0003)

0.0003

-2.92

0.00

BC

0.6100(0.5818, 0.6381)

0.014

42.60

0.00
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Table 5.3. Coefficients of H and BC for MRT drop at 15:00
Coefficients
Standard Error
(95% confidence intervals)

t-value

P-value

H

-0.00225(-0.0030, -0.0015)

0.0004

-5.76

0.00

BC

0.82564(0.7899, 0.8613)

0.018

45.48

0.00

Table 5.4. Summary statistics of regression analysis for the MRT drop at 12:00, 14:00 and
15:00
12:00

14:00

15:00

Multiple R

0.76

0.89

0.90

R square

0.58

0.78

0.81

Adjusted R square

0.57

0.78

0.81

Standard Error

0.02

0.04

0.05

Observations

465

465

465
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5.4 Mitigation of the heat illness risk
Wet Bulb Globe Temperature (WBGT) has been specified as a heat illness risk on the
Japanese Ministry of the Environment’s heat illness prevention website since 2006.It is more
likely to suffer from heat-related illness in the environment with high temperature, high
humidity and lack of shade. Figure 5.9 shows the variation of daily occurrence of heat illness
with the maximum WBGT. In the figure, the cases of heat illness increase dramatically when
the maximum WBGT exceeds 28℃. The heat illness risk is divided into four grades (danger,
sever warning, warning and caution) according to maximum WBGT as showed in Table 5.5.

Fig 5.9. Variations of daily occurrence of heat illness with the maximum WBGT in the
major cities in Japan. (Ministry of the Environment Government of Japan, 2019)
Table 5.5. Heat illness risk grades based on the maximum WBGT. (Ministry of the
Environment Government of Japan, 2019)
WBGT range
≥ 31 ℃

Heat illness risk grades
Danger (danger in all life activities)

28 - 31 ℃

Severe Warning (danger in all life activities)

25 - 28 ℃

Warning（danger in moderate life activities）

< 25 ℃

Caution（danger in vigorous-intensity life activities）
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Figure 5.10. Number of office and commercial building blocks with different heat illness
risk grades determined by maximum WBGT on a sunny day (August 5, 2006)
Figure 5.10 shows the number of blocks with different heat illness risk grades on a sunny day.
The maximum WBGT in all office and commercial building blocks exceeded 28 ℃ ,
indicating a high risk of heat-related illness. For the block with window to wall ratio of 0.33,
the number of blocks where the maximum WBGT exceeds 31℃ heat illness risk grade of
“danger”) was 257 in Case1 (HSF) while that number was 243 in Case2 (RRF). Compared
with HSF, the installation of RRF reduced the number of blocks with heat illness risk grade
of “danger” decreased by 14. For the block which has a window ratio of 0.9, the number of
blocks with the maximum WBGT above 35℃ was 277 in Case1 (HSF) and 253 in Case2
(RRF), reducing by 24.
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The number of office and commercial building blocks with heat illness risk grade of “danger”
decreased as a result of the installation of RRF. The higher the window-wall ratio, the more
the number of blocks being reduced. However, the number of these “danger” blocks also
increased with the increase of window areas. The degradation of outdoor thermal comfort
was caused by the increase in the total amount of the solar radiation downward reflected by
the window.
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5.5 Conclusion
To sum up, for the time variation of effects, the value of average ∆ MRT (HSF-RRF)
maximized at 9:00 (0.29℃) and 15:00 (0.26℃), while it became not obvious at approximately
noon when the outdoor radiant environment was worst. However, the value of ∆ MRT (HSFRRF) increased during the time period of 14:00 and 16:00 when the outdoor thermal comfort
was still at a low level with a high value of WBGT. For the geographical distribution of ∆
MRT (HSF-RRF), the values are larger in the central business areas. By comparing with the
heat disorder risk map of Tokyo 23 wards (Ohashi et al, 2016), those areas with the high heat
disorder risk also have larger value of ∆ MRT (HSF-RRF).
Subsequently, the relationship between the ∆ MRT (HSF-RRF) and urban geometry
parameters was explored through the linear regression analysis and a strong positive
correlation (𝑅 2 = 0.8) was found between building coverage (BC) and ∆ MRT (HSF-RRF).
What’s more, the effects on the heat illness risk which is determined by maximum WBGT
were also evaluated in this work. Due to the installation of RRF, the number of “danger”
blocks (WBGT𝑚𝑎𝑥 > 35℃) reduced by 14 and 24 in the case with WWR of 0.33 and 0.9
respectively. It is indicated that RRF can mitigate the heat illness risk in outdoor spaces to
some extent.
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CHAPTER 6. EFFECTS ON THE COOLING ENERGY CONSUMPTION
6.1 Simulation conditions
6.1.1 Simulation cases
The Simulation was conducted in the three office blocks with different values of building
coverage. As showed in Figure 6.1, the simulated blocks are all located in the central business
district in Tokyo. Their geometry parameters were listed Table 6.1. In order to evaluate the
impact of building coverage (BC) on the cooling energy consumption with the less
interference, the blocks with almost the same building height and located in the center of
Tokyo. were selected intentionally.
The single-float glass (SFG), heat shading (HSF) and retro-reflective (RRF) window, which
were also used in the previous analysis, were installed in each block. In addition, considering
the increase of newly built buildings constructed by glass curtain wall in the center business
district, the cases with the window to wall ratio (WWR) of 0.9 were also analyzed.

Figure 6.1. Locations of simulated blocks and their satellite images
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Table 6.1. Geometry parameters of simulated blocks.
Building width
(m)

Building height
(m)

Road width
(m)

Building
coverage (BC)

A block

17.61

25.19

8.02

0.47

B block

16.55

23.77

12.22

0.33

C block

18.19

23.00

22.76

0.19

6.1.2 Building structures
For the structures of the buildings, the parameters of typical office buildings were adopted
for the materials of building envelop as shown in Table 6.2. The exterior concrete walls and
walls were set to 22cm and 21cm in thickness, respectively and expressed by equally divided
16 layers. The window to wall ratio was set to 0.33.
Table 6.2. Parameters of the building envelop materials used in the calculation
Volumetric heat
Thermal
Surface
−3
−1
albedo
capacity (Jm K )
conductivity(Wm−1 K −1 )
Wall materials

0.2

1725964

0.6

Roof materials

0.2

1839556

0.3

For air conditioning in the buildings, the typical conditions for office buildings were also
adopted as shown in Table 6.3 and Table 6.4. Considering the heat source composition in the
cooling system that was installed in this block, it was assumed that 47% of the heat-source
equipment was town gas driven and the remaining 30% was the electric air-source heat pump.
Table 6.3. Parameters of the air conditioning (Central Research Institute of Electric Power
Industry, 1998)
Parameters

settings

Target temperature (℃)

26

Ratio of air-conditioning floor area to total floor area (℃)

0.7

Duration of air-conditioning on weekdays

Table. 7.3

Occupancy rate (person m−2 )

Table. 7.3
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Ventilation frequency(time h−1 )

0.5

Sensible heat generation from an occupant (Jm−3 K −1 )

59

Latent heat generation from an occupant (Jm−3 K −1 )

31

Table 6.4. Parameters of the air conditioning operating schedule (Agency for Natural
Resources and Energy, 2011)
Time

Air conditioning
operation rate (– ) [15]

Occupancy rate
(person m−2 ) [16]

1

0.14855381

0

2

0.136942419

0

3

0.133880159

0

4

0.134819434

0

5

0.133404167

0

6

0.141034329

0

7

0.157511984

0

8

0.185522052

0

9

0.216704335

0.1

10

0.246559726

0.75

11

0.273344894

0.75

12

0.292576969

0.75

13

0.303609905

0.3

14

0.309851334

0.75

15

0.309639611

0.75

16

0.313118644

0.75

17

0.320739091

0.75

18

0.320663795

0.3

19

0.305782446

0.3

20

0.275718613

0.3

21

0.247304615

0

22

0.2215986

0

23

0.196031979

0

24

0.169750736

0
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6.2 Results
Table 6.5 shows the total amount of cooling energy consumption in August in each case. The
maximum amount of cooling energy consumption was 19.37 kWh/𝑚2 in the case of
(BC=0.19, WWR=0.9, SFG) and minimum amount was 15.37 kWh/𝑚2 in the case of
(BC=0.47, WWR=0.33, RRF). By comparing the cooling energy consumption in the cases
with different BC, it can be found that for all windows, the consumption amount increased
with the increase of BC due to the reduction of heat entering the room, which is caused by
the shading effect between buildings. And the cooling energy consumption in the case with
WWR of 0.9 was greater than that in the cases with WWR of 0.33 owing to the increase of
the transmission of the solar insolation through the windows.

Figure 6.2 Comparisons of total cooling energy consumption in August (kWh/m2 )
Table 6.5 Total amount of cooling energy consumption in August in each case (kWh/m2 )
SFG

HSF

RRF

BC=0.47, WWR=0.33

15.74

15.49

15.37

BC=0.33, WWR=0.33

16.70

16.41

16.28

BC=0.19, WWR=0.33

16.72

16.41

16.28

BC=0.47, WWR=0.9

17.82

17.12

16.74

BC=0.33, WWR=0.9

19.16

18.30

17.88

BC=0.19, WWR=0.9

19.37

18.92

18.10

63

Table 6.6 shows the comparison of cooling energy consumption between SFG, HSF and RRF.
In all blocks, the installation of both HSF and RRF reduced the cooling energy consumption
and the reduction effects of RRF was larger than that of HSF, with the maximum amount of
1.28 kWh/m2 (6.7%) in the case of (BC=0.33, WWR=0.9). It is because the transmittance
of SFG, HSF and RRF decreased sequentially as shown in Table 3.4. Compared with HSF,
the cooling energy consumption of RRF decreased largest by 0.82 kWh/m2 (4.3%) in the
case of (BC=0.19, WWR=0.9).For the cases with different BC, the value of ∆ (RRF-HSF)
increased as the BC decreases. It is for the reason that the more the solar radiation incident
on the window surface, the more the amount of that being blocked out, due to the lower
transmittance of RRF compared with the HSF.
However, for the value of ∆ (RRF-SFG) and ∆ (HSF-SFG) in the cases with WWR of 0.9,
the maximum value happened in the block where the BC is equal to 0.33 rather than 0.19. It
is because the solar radiation incident on the window concludes not only the direct solar
radiation (hereinafter referred to as “D”) but also the reflected solar radiation from the
opposite windows (hereinafter referred to as “R”). The closer the distance between buildings,
the greater the amount of D. Thus, with the increase of BC, although the amount of R
decreases, the amount of D increased. In the cases with low WWR, the increase in that D is
not significant, so the values of ∆ (RRF-SFG) and ∆ (HSF-SFG) in the case (BC=0.19) are
still the largest. However, as the WWR increases, it become larger, which make the amount
of blocked radiation by RRF and HSF increases and finally results in that the values of ∆
(RRF-SFG) and ∆ (HSF-SFG) in the case (BC=0.33) exceeds that in in the case (BC=0.19).
However, the same phenomenon did not appear in the value of ∆ (RRF-HSF).
Table 6.6. Comparison of cooling energy consumption in August between SFG, HSF and
RRF in different blocks (Unit: kWh/m2 )
∆ (HSF−SFG)

∆ (RRF−SFG)

∆ (RRF−HSF)

BC=0.47, WWR=0.33

-0.24 (-1.5%)

-0.37 (-2.3%)

-0.12 (-0.79%)

BC=0.33, WWR=0.33

-0.29 (-1.7%)

-0.42 (-2.5%)

-0.13 (-0.82%)

BC=0.19, WWR=0.33

-0.30 (-1.8%)

-0.44 (-2.6%)

-0.14 (-0.83%)

BC=0.47, WWR=0.9

-0.70 (-3.9%)

-1.07 (-6.1%)

-0.38 (-2.2%)

BC=0.33, WWR=0.9

-0.86 (-4.5%)

-1.28 (-6.7%)

-0.42 (-2.3%)

BC=0.19, WWR=0.9

-0.44 (-2.3%)

-1.26 (-6.5%)

-0.82 (-4.3%)
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Figure 6.3 Comparisons of ∆ (HSF−SFG) and ∆ (RRF−SFG) (Unit: kWh/m2 )

Figure 6.4 Comparisons of ∆ (RRF−HSF) (Unit: kWh/m2 )
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6.3 Conclusions
To sum up, the installation of both RRF and HSF can reduce the energy consumption of airconditioning in summer days and RRF could further reduce it compared with HSF. For all
types of windows, the cooling energy consumption increase with the increase of window to
wall ratio (WWR) and the reduction of building coverage (BC). The impacts of BC on the
energy-saving effects of RRF and HSF are different between the low WWR and high WWR.
Moreover, compared with HSF, the energy-saving effects of RRF are more significant in the
areas with low density where the more cooling energy demand is needed.
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7. Conclusion
In this study, to assess feasibility of the large-scale application of RRF to the exterior wall of
buildings in actual urban areas, the effects of RRF both on the outdoor thermal environment
in summer and cooling energy consumption was evaluated in the business district of Tokyo
23 wards, using the CM-BEM model coupled with a new developed computational model of
radiation heat transfer considering the specular and retro reflections of solar radiation
In Chapter 2, the basic framework and computational flow of simulation systems (WRF-CMBEM) was introduced, followed by the fundamental equations for the dramatic calculation
of the atmospheric temperature in the CM and the cooling energy consumption in BEM, as
well as the calculation of thermal indices. Next, the new developed computational method of
radiative heat transfer considering the specular and retro reflection of solar radiation was
described in Chapter 3. With the consideration of directional reflection from window surface,
the proportion of the reflected solar radiation from window surface to ground or wall surface
become time-dependent (while it is a constant value for diffuse reflection) and its value was
calculated by analytic geometry. In addition, the Angular-dependent optical properties were
also considered and obtained with empirical formulas.
In Chapter 4, the proposed method was validated by comparing with the simulated results
obtained with CFD model (Yoshida and Moshida, 2017; Yoshida et al, 2018). Then, it was
applied to evaluate the impact of RRF on the outdoor thermal environment in summer
(Chapter 5) and cooling energy consumption (Chapter 6).
For the effects on the outdoor thermal environment, the value of average ∆MRT (HSF-RRF)
maximized at 9:00 (0.29℃) and 15:00 (0.26℃), while it became not obvious at approximately
noon when the outdoor thermal environment is worse. However, the value of ∆ MRT (HSFRRF) increased during the time period of 14:00 and 16:00 when the outdoor thermal comfort
was still at a low level with a high value of WBGT. For the geographical distribution of ∆
MRT (HSF-RRF), the values are larger in the central business areas near Tokyo station. By
comparing with the heat disorder risk map of Tokyo 23 wards (Ohashi et al, 2016), those
areas with the high heat disorder risk also have larger value of ∆ MRT (HSF-RRF).
Subsequently, the relationship between the ∆ MRT (HSF-RRF) and urban geometry
parameters was explored through the linear regression analysis and a strong positive
correlation ( 𝑅 2 = 0.8 ) was found between building coverage (BC) and ∆ MRT (HSFRRF).What’s more, the effects on the heat illness risk which is determined by maximum
WBGT were also evaluated in this work. Due to the installation of RRF, the number of
“danger” blocks (WBGTmax >35℃) reduced by 14 and 24 in the case with WWR of 0.33 and
0.9, respectively. It is indicated that RRF can mitigate the heat illness risk in outdoor spaces
to some extent.
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For the effects on the cooling energy consumption, the energy-saving effects was found in
both HSF and RRF. And compared with HSF, RRF can further reduce the energy
consumption. Moreover, the reduction effects increased as the BC decreases. It is indicated
that energy-saving effect of RRF is more significant where the more energy demand is
needed with a low density and high WWR)
To sum up, it is revealed that the improvement effects of RRF on the outdoor thermal
environment become larger in the high-density areas with a worse thermal environment, and
the energy-saving effects increase in the low-density areas where more cooling energy is
consumed. And the mitigation effects of RRF on outdoor heat illness risk could also be
observed in the business district with a high density of population in Tokyo 23 wards.
Future work
Since the retro-reflective film may cause the opposite effects in winter, the annual evaluation
should be addressed. As the heat illness risk varies differently in the sun and shade areas of
the street, the distribution of improvement effects on the thermal environment in street spaces
should be evaluated in the future. Moreover, as another important influence factor on urban
thermal environment, the impact of urban orientation on the performance of retro-reflective
film also need to be assessed in the future.
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