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Preface

In Japan, various urban heat island measure strategies have been developed, and
their effectiveness has been verified in several applications such as cool roofs, green
roofs, cool pavements, heating, ventilating and air conditioning systems with little
exhaust heat, and wind paths in urban areas. Based on the various research findings,
the Architectural Institute of Japan published the ‘Cool Roof Guidebook’ in
Japanese in March 2014.

The author has lectured to students from the Department of Architecture
undertaking the ‘urban environmental planning’ undergraduate course and to stu-
dents undertaking the ‘urban environment systems’ masters course; this book is at a
similar level to the content of the lectures. This book provides an overview and a
systematic description of the features and effects of urban heat island counter-
measure technologies. It also describes the evaluation methods of the counter-
measure effects of these technologies. The book is unique because it describes the
optimal selection methods of urban heat island countermeasure technologies
according to regional climate, topography, land use, urban block form, building
shape and location in outdoor spaces, etc.

Most of this book is based on the results of research conducted by the author and
Emeritus Professor Masakazu Moriyama, with the cooperation of various collab-
orative companies, researchers in other universities and research institutes, and
many students from Kobe University. This book is a cooperative achievement
between Emeritus Professor Masakazu Moriyama and the author. We received
valuable advice regarding cool roof and cool pavement research from Prof. Hashem
Akbari of Concordia University, Canada, who is a leading expert in this field. We
also received various advice and ideas about climate analysis for urban planning
from Prof. W. Kuttler, Prof. H. Mayer, Prof. J. Baumueller, Prof. E. Parlow, Prof.
G. Gross, and Prof. A. Matzarakis of Germany. The author is very grateful to
everyone for the support he received from Japan and overseas.
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Chapter 1
Improvement Measures of Urban Thermal
Environment

Abstract Specific measures for the urban heat island phenomenon are summarized
in the following three points; improving surface cover, reducing exhaust heat, and
improving ventilation. With regard to improving surface cover, the appropriate heat
island measure techniques on surface cover, i.e., cool roofs, green roofs, and cool
pavements, etc., should be preferentially introduced in places where the surface
temperatures tend to rise. The effects of urban heat island measure techniques on
surface cover are evaluated by surface heat budget on each surface and by solar
radiation shielding effects by street trees. With regard to reducing exhaust heat,
measures for reducing exhaust heat released from the outdoor units of air condi-
tioners are the reduction of cooling loads in rooms and improving heat release
methods. Various energy saving strategies have been proposed. Improving the
release method of anthropogenic heat so as not to contribute to rises in the air
temperature is one of the heat island measures. With regard to improving ventila-
tion, preventing heat from staying in the street canyons by improving ventilation
near the ground surface is one of the heat island measures. Suppressing the building
coverage ratio leads to improvements in ventilation in street canyons. Ventilation in
street canyons is improved on wider roads parallel to the main wind direction.

1.1 Outline of Urban Heat Island Measure Strategies

The urban heat island phenomenon, i.e., increased air temperature in urban areas, is
recognized as a serious problem in Japan. Various urban heat island measure
strategies have been developed, and their effectiveness has been verified in several
applications, such as cool roofs, green roofs, cool pavements, heating, ventilation
and air conditioning systems with little exhaust heat, and wind paths in urban areas.
Specific measures for the urban heat island phenomenon are summarized under the
following three points:

e Improving surface cover
e Reducing exhaust heat
e Improving ventilation

© The Author(s) 2015 1
H. Takebayashi, Improvement Measures of Urban Thermal Environment,
SpringerBriefs in Applied Sciences and Technology, DOI 10.1007/978-3-319-13785-8_1
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Fig. 1.1 General evaluation process of urban heat island measure effects
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Fig. 1.2 Increased ratio of sensible heat flux (daily average in 23 wards of Tokyo)

The general evaluation process of the urban heat island measure effect is shown
in Fig. 1.1 [1]. The heat island measure effects are obtained (a) by reducing sensible
heat flux from the surface cover by suppressing surface temperature rise as a heat
source, (b) by suppressing exhaust heat released from automobiles and air condi-
tioner outdoor units, and (c) by increasing heat transfer from the surface to the
upper air by dissipating the heat by better ventilation. The increased ratio of the
daily average of sensible heat flux in 23 wards of Tokyo is shown in Fig. 1.2 [2];
almost half of the increase of sensible heat flux is from the surface cover and the
other half is from anthropogenic heat release. Therefore, urban heat island coun-
termeasures should be carried out in a well-balanced manner.
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1.1.1 An Urban Heat Budget Model and Air Temperature
Near the Ground Surface

The air temperature near the ground surface becomes high due to positive sensible heat
flux from the surface to the air and becomes low due to negative sensible heat flux from
the surface to the air. In other words, the air temperature rises when the surface
temperature is higher than the air temperature and falls when the surface temperature is
lower than the air temperature. However, even if the same sensible heat flux comes
from the surface to the air, the rise in air temperature is not the same at any given time.

Heat budget near the ground surface indicating the status of surface air tem-
perature is represented by the surface boundary layer model which is shown in
Fig. 1.3 [3]. Both sensible heat flux from the surface to the air and anthropogenic
heat from outdoor air conditioner units and automobiles are released into the air
near the ground surface. Not all of these heat fluxes cause the air temperature to rise
near the ground surface. Most of these heat fluxes are transferred into the upper air
from near ground surface air; however, some of these heat fluxes cause the air
temperature to rise near the ground surface.

In the surface boundary layer model, if the sensible heat flux or anthropogenic
heat released into the air near the ground surface is small or the sensible heat flux
transported from the air near the ground surface to the upper air is large, the air
temperature near the ground surface falls. When the wind velocity of the upper air is
high and the temperature difference between the upper air and near ground surface
air is large during the day time, the comprehensive convective heat transfer coef-
ficient from near ground surface air to the upper air is large. As a result, since
sensible heat flux transported from the near ground surface air to the upper air is
large, the air temperature near the ground surface does not increase very much, even
if the sensible heat flux from the surface to the air is large. At night time, since the
wind velocity of the upper air is low and the temperature difference between the
upper air and near ground surface air is small, the comprehensive convective heat
transfer coefficient from the near ground surface air to the upper air is small. As a
result, since sensible heat flux transported from the near ground surface air to the

Fig. 1.3 Surface boundary 6,: upper potential
layer model temperature

Sensible heat flux
from surface air to
upper air

Sensible heat flux

and anthropogenic w

heat release .
6, : surface potential
temperature
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upper air is small, the rise in the air temperature near the ground surface is relatively
large, even if the sensible heat flux from the surface to the air is small.

Air temperature near the ground surface is evaluated by a three-dimensional
mesoscale numerical weather simulation model such as the MMS5 or WRF (University
Corporation for Atmospheric Research) because air temperature is also affected by
geographical features, i.e., close to the sea or mountains, or an urban or suburban
location, etc. This model is very simple if the upper weather conditions are accurately
provided and the air temperature near the ground surface is generally reproduced.

1.1.2 Effect of the Heat Budget on Urban and Natural Areas

The effect of the heat budget on urban and natural areas is shown in Fig. 1.4 [2].
Solar radiation and the reflectance of solar radiation are almost the same on urban
and natural areas. Solar reflectance from trees is not large. Solar reflectance on
urban areas is not large due to the shadows from buildings and dark-colored asphalt
in spite of light-colored concrete. As a result, the difference in solar radiation
between urban and natural areas is small. Therefore, it is thought that the benefits of
applying high-reflectance paint to urban areas are relatively high. A slightly larger
amount of radiation from the sky is found in urban areas due to air pollutants and a
slightly larger amount of radiation from the ground surface is also found in urban
areas due to the high surface temperatures, making only a small difference in net
radiation between urban and natural areas.
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Sensible heat flux from urban areas is larger than from natural areas, since latent
heat flux from urban areas is smaller than natural areas due to the small amount of
natural land cover, such as greenery, soil and surface water. Large amounts of
anthropogenic sensible and latent heat from air conditioning units or automobiles
are found in urban areas, which contribute to rises in air temperature and humidity.
However, since latent heat flux from urban areas is small, the rise in humidity from
anthropogenic latent heat is not so remarkable.

1.2 Improving Surface Cover

Appropriate heat island measure techniques on surface cover, i.e., cool roofs, green
roofs, cool pavements, etc., should preferentially be introduced at the places where
the surface temperature tends to rise, and the most effective techniques should be
selected for the target place; these should be determined by predicting the effect of
each technique, as far as possible.

1.2.1 Places Where the Surface Temperature
Tends to Rise [4]

The air temperature in outdoor spaces tends to rise when the surrounding surface
temperature is high. The surface temperature is increased mainly by solar radiation
and decreased by radiative cooling. Examples of calculation results of surface tem-
perature distribution on the street of an urban area are shown in Fig. 1.5; it is reflected

14:00

50 70°C

Fig. 1.5 Examples of surface temperature distribution on the street at 12:00 and 14:00 on a typical
fine summer day
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by the distribution of solar radiation. The surface temperature is high in sunny places
and low in shady places. It has been calculated by taking into account the history of
the solar radiation received at each point; however, its effect is not clear. Therefore,
heat island measure techniques are required at the places where the surface temper-
atures are higher throughout the day due to the larger daily integration solar radiation.

1.2.1.1 Isolated Buildings

Daily net solar radiation gains in summer on each surface of an isolated building are
shown in Fig. 1.6. The calculations are based on an approximate latitude of 35°N
(assumed to be in the central Osaka area) and similar conditions apply to the
following. The reason that the gain on the road is greater than on the roof is the
lower solar reflectance. Daily net solar radiation on the road and roof is higher than
on the wall because of the greater solar altitude. Daily net solar radiation on the east
and west surfaces is larger than on the north and south surfaces of the wall.
Therefore, the roof and road surfaces have a higher priority as heat island mitigation
locations under general summer conditions in mid-latitude regions.

1.2.1.2 A Simple Urban Canyon Model

The daily net solar radiation gain on an east—west road is shown in Fig. 1.8. A simple
urban canyon model that considers only the aspect ratio (W/H) is shown in Fig. 1.7.
Road width (W) and building height (H) are varied as a reference aspect ratio (W/H) of
1 (W=H =15 m). The distribution is dominated by the shadows of the buildings to the
south. High-priority areas for urban heat island mitigation measures extend to the
buildings on the south side of the roads for street canyons with larger W/H ratios.

Daily net solar radiation gains on north—south roads are shown in Fig. 1.8. The
distribution is dominated by the shadows of the buildings on both sides of the road.
Other priority locations for urban heat island mitigation measures are the areas
around the center of the roads for models with larger W/H ratios.
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Fig. 1.8 Daily net solar radiation gains for various aspect ratios on an east—west road

Daily net solar radiation gains at intersections are an integrated distribution of
those shown in Figs. 1.8 and 1.9. The amounts of daily net solar radiation gain in
the areas close to the north sides are large, as shown in Fig. 1.8. Furthermore, those
in the southern areas are large around the centers of the roads owing to the influence
of the shadows of southwest and southeast buildings, as shown in Fig. 1.9.

1.2.1.3 Building Models with Non-uniform Building Heights

Daily net solar radiation gains on roofs affected by taller adjacent buildings are
shown in Figs. 1.11 and 1.12. A building model that incorporates the height dif-
ference (AH) and the distance (D) from the tallest building is shown in Fig. 1.10. It
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Fig. 1.10 Buildings model
incorporating the height
difference (AH) and the
distance (D) from the tallest
building

is assumed that a 15, 30, or 60 m taller building is located at the center of the figure
and the target roof is away from the tallest building with the horizontal axis in the
north—south direction in Fig. 1.10 and the west—east direction in Fig. 1.12.

The daily net solar radiation gain on the roof of a building located on the north
side of a taller building is greatly reduced in the vicinity of the taller building, but
the affected area is relatively small. The radiation gain on the roof of a building on
the west or east side of a taller building is generally reduced at short distances from
the taller building, and the affected area is somewhat larger. The low solar altitudes
in the morning and evening periods affect the daily solar gains on adjacent shaded
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Fig. 1.12 Effects of a taller building adjacent to the north or south side of the target building on
solar radiation gains

buildings. Even if a 60 m taller building is located on the south side of the target
building, the shadow effect caused by the taller building is small when the distance
between the buildings is more than 15 m. If the target building is located on the
west or east side of the taller building, the affected area varies depending on the
differences in height between the buildings. In addition, if the target building is
located to the northwest or northeast of a taller building, the affected area is formed
by combining Figs. 1.11 and 1.12.
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1.2.2 Street Canyon Characteristics and Solar Radiation
Gains [4]

The distribution of daily net solar radiation gains on the roofs in the central business
district of Osaka city is shown in Fig. 1.13. We analyzed the relationship between
street canyon characteristics and solar radiation gains. A comparison of the pro-
portions represented by each horizontal surface type within an aerial view with the
proportions of daily net solar radiation gains for each of those surfaces and for walls
in the central Osaka area is shown in Fig. 1.14. The daily net solar radiation gains
for roads are less than those in the areas they represent because of the radiation
gains for wall surfaces. In particular, the 23:14 ratio of the aerial view to the solar
radiation gain for north—south roads is attributed to the large radiation gains on east
and west walls. The daily net solar radiation gains on the roofs are not decreased on
the buildings along wide roads, because they are not affected by the shade of the
surrounding buildings. Furthermore, the radiation gains for the other buildings are
not decreased, because the effects of the shade and the reflections from the sur-
rounding buildings offset each other. The relationships between the components of
an urban street canyon and their daily net solar radiation gains are shown in
Fig. 1.15. The daily net solar radiation gains are largest on roof surfaces, followed
by east—west roads, north—south roads, and walls. In the roof category, radiation
gains are less on smaller buildings with low heights that are shaded by surrounding
buildings. In the road category, radiation gains on east—west roads are larger than
those on north—south roads because the shadows on east-west roads from sur-
rounding buildings are less than those on north—south roads in the summer. The
large standard deviations are due to large variations in the sunlight and shade on the

'_j:[ll;'“

il

Haa
:

|
12 24(MJm2day')

Fig. 1.13 Distribution of daily net solar radiation gains on the roofs in the central business district
of Osaka city
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north and south sides of east—west roads. In the wall category, the solar gains on
west and east walls are larger than those on north and south walls owing to the solar
altitude in the summer.
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1.2.3 Effects of Urban Heat Island Measure Techniques
on Surface Cover

1.2.3.1 Surface Heat Budget and Surface Temperature

Diurnal surface temperature change is explained by surface heat budget. Surface
temperature rises by solar radiation and declines by radiative cooling. Surface heat
budget model components are shown in Fig. 1.16 [5]. The radiation budget is
shown on the left side and the heat budget is shown on the right side. The arrows
that flow to and from the surface indicate heat flux; these fluxes are balanced on
certain surface temperatures. Therefore, surface temperature is obtained by solving
the surface heat budget equation.

These heat fluxes occur at the same time. For convenience, the radiation balance
is explained first. Net radiation (R) is composed of solar radiation (J), reflection of
solar radiation (pJ), radiation from the sky (La) and ground surface (¢sT7). Solar
radiation (J) is given as weather conditions. Reflection of solar radiation (pJ) is
calculated by multiplying the solar reflectance (p) of surface to solar radiation (J).
Solar reflectance (p) is large on light-colored surfaces and small on dark-colored
surfaces. Radiation from the sky (La) which is given as weather conditions is small
in a clear sky with less water vapor and large in a sky that is covered by water vapor
or obstacles such as buildings and plants. Radiation from the ground surface (¢577)
is large at high surface temperatures (7).

Reflection
Solar of solar Radiation Radiation Net Sensible Latent
radiation radiation from sky from surface radiation heat flux heat flux
J pd La eoT? R \% IE
Surface
A Conduction heat flux

Radiation budget (Net radiation) Heat budget

R=J-pJ+La-ecT? R=V+IE+A

V=o(Ts-T,)
IE = 1B (. / Cp) (X - Xa)
A=A (T,-T,)/dz

Here, R is net radiation (W/m2), V is sensible heat flux (W/m2), |E is latent heat flux
(W/m2), A is conduction heat flux (W/m?), p is solar reflectance (-), J is solar
radiation (W/m?2), La is radiation from sky (W/m2), ¢ is emmisivity (-), ¢ is Stefan-
Boltzmann coefficient (= 5.67*1078 W/(m2K#)), T, is surface temperature (K), T, is air
temperature (K), o is convective heat transfer coefficient (W/(m2K)), | is latent heat
(=2512 kJ/kg), B is evaporative efficiency (-), C, is specific heat of air (=1.0 kJ/(kgK)),
X, is saturated humidity (kg/kg’), X, is air absolute humidity (kg/kg’), A is thermal
conductivity (W/(mK)), T, is internal temperature (K) of the solid in Az (m) inside.

Fig. 1.16 Surface heat budget model and heat budget components
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Net radiation (R) is combined with sensible heat flux (V), latent heat flux (/E) and
conduction heat flux (A), as surface heat balance. Net radiation (R) is positive during
the day due to the large amount of solar radiation (J) and negative (called radiative
cooling) during the night due to the large amount of radiation from the surface (e77).

Sensible heat flux (V) is transferred from the surface (7) to the air (7,) by the
wind. Convective heat transfer coefficient (o) is large during high wind velocity and
large temperature differences (75 — T,).

Latent heat flux (/E) is taken away by evaporation (E) of surface water, which is
high at large evaporative efficiency (f), large humidity difference (X; — X,), and
large convective transfer coefficient (0/C,). Evaporative efficiency (f) is dependent
on surface wetness, and is high on evaporative surfaces that contain much water.

Conduction heat flux (A) is transferred by thermal conduction from the surface
(T) to the inside (T;) of a solid (Az), and is high during large heat conductivity (L)
and large temperature differences (T — T).

1.2.3.2 Countermeasures for Surface Temperature Rises

If net radiation (R) is large, the surface temperature is high due to large heat gen-
eration on the surface. If sensible heat flux (V), latent heat flux (/E) and conduction
heat flux (A) are large, the surface temperature is low due to large heat transfer into
the air or inside of a solid. However, if sensible heat flux (V) is large, air temperature
may become high due to the heat transferred from the surface to the air. Moreover, if
conduction heat flux (A) is large, indoor air temperatures may become high due to
heat conducted through the wall or roof. Therefore, to reduce net radiation (R) and to
increase latent heat flux (/E) are more appropriate urban heat island measures.

To reduce net radiation (R), it is necessary to increase solar reflectance (p) and
emissivity (¢) of the surface, and to reduce solar radiation (J) and radiation from the
sky (La). Specific measures are high-reflectance coatings and materials, and
shielding solar radiation by street trees or awnings, etc.

To increase latent heat flux (/E), it is necessary to increase evaporative efficiency
(B) and the transfer coefficient of water vapor (0/C,). Specific measures are green
roofs, walls and pavements, water-retentive materials, surface water, and improve-
ment of ventilation in street canyons, etc.

From the above-mentioned facts, the main parameters are solar reflectance (p) and
evaporative efficiency (). As heat island countermeasures on roof surfaces has the
highest priority, the calculated average results of sensible heat flux and surface tem-
perature of various heat island techniques such as cool roofs and green roofs at 13:00 in
summer (from 18 July to 15 September, 2005 at Osaka Japan) are shown in Fig. 1.17
[1]. Increases of surface temperature and sensible heat flux which cause heat island are
prevented by evaporative cooling and solar reflection. Evaporative cooling occurs on
green roofs, water retention materials, green walls, surface sprinklers, and surface water
(roof ponds, fountains), etc. Larger solar reflection occurs on cool roofs (paint, sheets,
tiles), cool walls, and cool pavements, etc. Greater reductions of the effects of sensible
heat flux and surface temperature are seen in cases of large evaporative efficiency or
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Fig. 1.17 Calculated average results of sensible heat flux and surface temperature at 13:00 in
summer (from 18 July to 15 September, 2005 at Osaka, Japan)

large solar reflectance. Evaporation efficiency is represented on the vertical axis and
solar reflectance is represented on the horizontal axis in Fig. 1.17. Asphalt and concrete
surfaces are plotted on the lower left side. Evaporative (green) roofs are plotted on the
upper side and cool roofs are plotted on the right side. The heat island measure effect is
greater if the evaporative efficiency or solar reflectance is larger.

1.2.3.3 Surface Heat Budget on Various Surfaces [5, 6]

Surface heat budget experiments on roofs and pavements are shown in Figs. 1.18
and 1.19. Net radiation (R) is observed on each surface by a net radiation meter with

Fig. 1.18 Surface heat Cool roqf gray Cool roof white
budget experiments on a roof - . T

Cement concrete Green Bare soil
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Fig. 1.19 Surface heat budget experiments on a pavement

4 sensors for solar radiation (J), reflection of solar radiation (pJ), radiation from sky
(La) and from the ground surface (gcsTg). By analyzing net radiation, the solar
reflectance on each surface is obtained using the observed data. Evaporation flux
(E) and latent heat flux (/E) are estimated using the observed data of water content
ratio in the soil or weight of the materials including the water content. Conduction
heat flux (A) is estimated using the observed data of the inner temperature profile or
heat flux in a solid. Sensible heat flux (V) is estimated by the eddy correlation
method or gradient method. However, since these methods require a large target
surface area, sensible heat flux (V) is often calculated by the residual of the heat
budget equation.

Surface heat budgets on asphalt, concrete, green roofs, white high-reflectance
paint (cool roof white), gray high-reflectance paint (cool roof white), water-reten-
tive asphalt, water-retentive concrete, and water-retentive blocks are shown in
Figs. 1.20, 1.21, 1.22, 1.23, 1.24, 1.25, 1.26 and 1.27. The characteristics of surface
heat budget on each surface are as follows.

On asphalt surfaces, the net radiation is large due to small solar reflectance, and
sensible heat flux is large due to no evaporation. Large sensible heat flux con-
tributes to urban heat island.

On concrete surfaces, the net radiation is smaller than on asphalt due to a slightly
larger solar reflectance; however, sensible heat flux is relatively large due to no
evaporation.

On green roofs, the net radiation is large due to small solar reflectance; however,
sensible heat flux is small due to large evaporation. Small sensible heat flux con-
tributes to urban heat island mitigation.

On white high-reflectance paint, the net radiation is very small due to large solar
reflectance; therefore, sensible heat flux is small in spite of no evaporation. Small
sensible heat flux contributes to urban heat island mitigation.
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Fig. 1.20 Surface heat budget components on asphalt, August 9-12, 2005

800

S

= 7\

200 1 Y

100 % \ N.“ ‘A‘

AMA AAy A
0 »

-100
1:00 7:00 13:0019:00 1:00 7:00 13:0019:00 1:00 7:00 13:0019:00
= Net radiation == Sensible heat flux - Latent heat flux -a- Conduction heat flux

Fig. 1.21 Surface heat budget components on concrete, August 9—12, 2005

On gray high-reflectance paint, the net radiation is not so large due to slightly
larger solar reflectance, and sensible heat flux is almost the same as light-colored
concrete in spite of no evaporation.

On water-retentive asphalt, the net radiation is not so large due to the white
water-retentive material inserted between the aggregates; therefore, sensible heat
flux is not so large because it is also affected by evaporation.

On water-retentive concrete, the net radiation is large due to small solar
reflectance influenced by the shadow between aggregates; therefore, sensible heat
flux is large in spite of evaporation.

On water-retentive blocks, the net radiation is slightly smaller due to the light
color; however, sensible heat flux is not small due to little evaporation.
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Fig. 1.22 Surface heat budget components on green roofs, August 9—-12, 2005
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Fig. 1.23 Surface heat budget components on white high-reflectance paint, August 9-12, 2005

Surface temperature and sensible heat flux on various surfaces are shown in
Figs. 1.28 and 1.29. Since surface temperature, which is the temperature balance of
each heat budget component, reflects the characteristics of heat budget on each
surface, sensible heat flux, which is the cause of urban heat islands, depends mainly
on surface temperature.

1.2.3.4 Surface Temperatures on Grass Parking Lots and Japanese
Tile Roofs [7, 8]

Surface heat budget experiments on parking lots and thermal images are shown in
Fig. 1.30. These are observation results at 12:00 and 21:00 on a typical fine summer
day. There are thirty-six parking lots built by different private companies, and each
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Fig. 1.24 Surface heat budget components on gray high-reflectance paint, August 9-12, 2005
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Fig. 1.25 Surface heat budget components on water-retentive asphalt, August 9-12, 2005

parking lot is maintained by each company. Observation results of surface tem-
peratures on each parking lot are shown in Fig. 1.31. The surface temperature is
lower on grass and higher on concrete and wood which are in place to bear the
weight of the car. The surface temperature on the protector-type parking lot which
bears a uniformly distributed load is relatively low due to the large grass-covered
area. However, measurements of engine heat and car load are also important.
Surface heat budget experiments on tile roofs and thermal images are shown in
Fig. 1.32. These are observation results at approximately 15:00 on a typical fine
summer day. The relationship between luminosity and solar reflectance of traditional
Japanese roof tiles is shown in Fig. 1.33. Solar reflectance on the tile surface depends
on the surface color. The surface temperature on light-colored tiles is low due to
large solar reflectance. The view factors of each surface of typical Japanese roof tiles
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Fig. 1.26 Surface heat budget components on water-retentive concrete, August 9-12, 2005
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Fig. 1.27 Surface heat budget components on water-retentive block on August 9—-12, 2005

are shown in Fig. 1.34. The types of tile are J, S, F, and the decrease of solar
reflectance due to the inter-reflection between the surfaces is only a few percent.

1.2.3.5 Summary of the Effect of Urban Heat Island Measure
Technologies on Surface Heat Budget

Several research papers have evaluated various kinds of heat island measure tech-
nologies previous studies. A summary of the effects of heat island measure tech-
nology for the appropriate use of cool roofs has been prepared by a working group
for the Architectural Institute of Japan (Table 1.1) [1, 9]. As all the technologies are
developed for the purpose of heat island measure, the heat island measure effect of
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Fig. 1.28 Average surface temperature on various surfaces during the summer period of 2005
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Fig. 1.29 Average sensible heat flux from various surfaces during the summer period of 2005

each technology is judged to be good. On the other hand, the effects of the energy
saving by these technologies are not much larger than those from insulation;
therefore, insulation has priority over cool roofs and green roofs in the event that
energy saving is made a top priority. For additional information, other effects and
matters taken into consideration are also shown in Table 1.1. The maintenance of
green roofs and age-related deterioration (solar reflectance) of cool roofs is an
important matter for consideration. Green roofs provide a variety of benefits such as
improving the landscape, ecosystem, real estate values, etc.; therefore, green roofs
are different from cool roofs as we know what benefits to expect. On the basis of
these characteristics, however, it is expected that the appropriate technical choice
takes the local climate or building use into consideration.
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Fig. 1.32 Surface heat budget experiments on tile roofs and thermal images

0.80
I 19
070 4 .
. g
0.60 - S — 8
& A B S14 i /
. s & B8

o
o
o

& ga“ _ﬁé.I- '/-{

oo & Nearinfraredwave length

(780-2500nm)
@ Allwave length

Solar reflectance (-)

(300-2100nm)

¢ Visible wave length
(300-780nm)
Nearinfrared wave length

—— Allwavelength

Visible wave length

2.0 3.0 4.0 5.0 6.0
Luminosity

Fig. 1.33 Relationship between luminosity and solar reflectance of traditional Japanese roof tiles

1.0 8.0

Type J: about 0.09  Type S: about 0.16  Type F: about 0.00

Fig. 1.34 View factors of each surface of typical Japanese roof tiles




1.2 Improving Surface Cover 23

Table 1.1 Summary of the effect of urban heat island measure technologies on surface heat
budget

Heat island | Improvement of

Energy savin:
outdoor thermal i 9

Target Menu Day | Night| Day Night - - Other effects Consideration matters
’ y Cooling | Heating
time | time [ time time
High Improvement of indoor Attention to the aging of the performance
reflectance © - - o A |thermal envi t, Consi ion to the reflected solar radiation
Non-increase of humidity Heating load increases
Improvement of landscape,
Attract customers,
© © Mitigation of urban flooding, N
Roof Green e|e (roof) | (roof) © © Congservalion of the ecosygslem, Appropriate maintenance
Environmental education,
Improvement of real estate value
Water way measures
Evaporation| © (o] - - O Rainwater penetration Maintenance of water retention performance
Note the on due to freeze-thaw
© © Improvement of landscape, .
Green © o (street) [ (street) o o Conservation of ecosystem Appropriate maintenance
Wall Improvement of landscape, Water way measures
Evaporation| © (o) [e) - o ! Maintenance of water retention performance

Rainwater penetration
P Note the degradation due to freeze-thaw

Attention to the aging of the performance

High

A - - Non-increase of humidit
Road, reflectance ©|° e Y Consideration to the reflected solar radiation
Pavement, Improvement of landscape,
. Green - - Appropriate maintenance
Parking, © © © © Conservation of ecosystem pprop!
Open space Maintenance of water retention performance
pen sp! Evaporation| © © © © - - Rainwater penetration lon p

Note the on due to freeze-thaw

©: Superior effect is expected, O: Good effect is expected, A: Opposite effect may occour, -: Not intended

1.2.4 Appropriate Selection of Urban Heat Island Measure
Techniques

1.2.4.1 Evaluation of the Effective Temperature of the Human
Body [10]

Environmental elements affecting the effective temperature of the human body are
shown in Fig. 1.35. Certain factors affect the human body making people feel
warm, such as high levels of incident solar radiation, high levels of radiation from
roads and building surfaces, high air temperatures, high humidity and low wind
velocity, high metabolic rates after exercise or working, and wearing many clothes.
The standard new effective temperature (SET) and wet bulb globe temperature
(WBGT) are generally used as indicators of effective temperature in outdoor spaces.

Fig. 1.35 Environmental A
. V2N
elements affecting the < >
effective temperature of the Ve v Q Solar radiation
human body

Humidit

Clothes '

Radiation Metabolic rate Air flow

Air temperature
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The relationship between SET and comfort sensations is shown in Fig. 1.36.
Guidelines for exercising in outdoor spaces for each WBGT are shown in Fig. 1.37.
When high temperatures are indicated, people feel warm. Furthermore, very high
temperatures have a worse effect on the body and may cause heat stroke. Various
measures to reduce SET are shown in Fig. 1.38. The shade from street trees and
awnings has a large effect on reducing incident solar radiation to the human body.
Reducing incident solar radiation is more effective to human thermal sensation than

Fig. 1.38 Reduction of SET* Reduction of SET* (°C)
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Fig. 1.39 Radiation absorbed by the human body by changes in solar reflectance and emissivity

reducing surface temperature on roads and wall using green and water-retentive
materials. It is especially important for improving human thermal sensation in
outdoor spaces.

To reduce incident solar radiation, it is important to adjust the solar reflectance
and emissivity of the human body. Radiation absorbed by the human body by
changes in solar reflectance and emissivity is shown in Fig. 1.39. Radiation absorbed
by the human body decreases when solar reflectance by the human body increases
(white clothes) or emissivity of the human body decreases (metal clothes).
Evaluation results on green, asphalt, water-retentive pavements, and high-reflectance
pavements are also shown in Fig. 1.39. Radiation absorbed by the human body on
green, water-retentive pavements, high-reflectance pavements is small, approxi-
mately 100 W/m? less than on asphalt. However, radiation absorbed by the human
body with white clothes is even smaller, approximately 300 W/m? less than with
black clothes. Therefore, it is more effective to wear white clothes than to change
ground surface cover for human thermal sensation.

1.2.4.2 Appropriate Selection of Urban Heat Island Measure
Techniques on Urban Streets [11]

As heat island countermeasures on urban streets have the second highest priority,
the daily average surface temperature reduction caused by street trees is shown in
Fig. 1.40. The greatest benefits are observed on the northern sidewalk of the east—
west road and the eastern and western sidewalk of the north—south road area.
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Fig. 1.40 Daily average surface temperature reductions due to street trees (left, east—west road;
right, north—south road)

The reduction in daily average surface temperatures due to high-reflectance paint
is shown in Fig. 1.41. The benefits are greater at the center of the north—south road
and from the center to the northern side of the east—west road, where the solar
radiation gain is large. The difference in benefits due to water-retentive pavements
and high-reflectance paint depends on the evaporation efficiency of the water-
retentive pavements, the solar reflectance of the high-reflectance paint, and weather
conditions.

The benefits from both high-reflectance paint and water-retentive pavements
appear mainly on the roadway. On the other hand, the benefit from street trees is
concentrated mainly on the sidewalk. This is because the benefit from street trees is
caused by the tree crown shielding the solar radiation, and their shadows occur
mainly on the sidewalk. Therefore, it can be inferred that the introduction of water-
retentive pavements and high-reflectance paint on the roads is more appropriate for
reducing road surface temperatures, while the introduction of roadside trees is more
appropriate for improving the thermal environment of the sidewalk. Technology
such as wall-based solar radiation shielding (e.g., green walls) is suitable for
reducing the temperature of wall surfaces.
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Fig. 1.41 Daily average surface temperature reductions due to high-reflectance paint (left, east—
west road; right, north—south road)

1.2.4.3 Layout of Street Trees [11]

The average mean radiant temperature (MRT) along a street at 15:00 at various tree
intervals is shown in Fig. 1.42. The tree crown width is set at 4 m. As pedestrians
tend to walk on the center of the sidewalks, the MRT that represents the thermal
environment for pedestrians is averaged along the sidewalk. The influence of the
reduction in short-wave (solar) radiation gain is significant for MRT. The influence
of the difference in layout of the street trees is mainly due to the difference in short-
wave radiation falling on the human body. The reduction in MRT is greater on the
northern sidewalk of the east—west road than on the eastern sidewalk of the north—
south road. Because the shadows of the roadside trees fall in a direction perpen-
dicular to the eastern sidewalk of the north—south road and in a direction parallel to
the northern sidewalk of the east—west road, there is a large area where the human
body is under the influence of a shadow on the northern sidewalk of the east-west
road.

The reduction in MRT on the sidewalk depends on the area where the human
body is under the influence of a shadow. The shadow tends to fall in a direction
perpendicular to the eastern sidewalk of the north—south road and in a direction
parallel to the northern sidewalk of the east—west road. Therefore, the shadow area
on the northern sidewalk of the east-west road is larger than on the eastern (wes-
tern) sidewalk of the north—south road.
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Fig. 1.42 MRT averaged along a street at 15:00 at various tree intervals (crown width is 4 m) (left,
northern sidewalk of the east—west road; right, eastern sidewalk of the north—south road)

1.3 Reduction of Exhaust Heat

Measures for reducing exhaust heat released from outdoor units of air conditioners
include reducing the cooling load of a room and improving heat release methods.
The relationship between cooling load and exhaust heat released from outdoor units
of air conditioners, and release method is shown in Fig. 1.43.

(Indoor) (OQutdoor)
Air congitioner Rele_ase .
To air by sensible heat
) Exhaust heat )
Cooling load . To air by latent heat
from outdoor unit
To water

. Indut energy by electricity or gas
Room temperature is controlled

to constant set temperature

Exhaust heat = cooling load + Input energy

Fig. 1.43 Relationship between cooling load and exhaust heat released from outdoor units of air
conditioners, and release method
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1.3.1 Reduction of Cooling Load

Heat pump air conditioners, which are generally used in homes, supply cold air to
the room by discharging warm air from the outdoor units to the outdoor spaces. If a
large amount of cold air is required in the room, a large amount of warm air from
the outdoor unit is required. It is called anthropogenic heat release, and is the cause
of urban heat island. Therefore, reducing the amount of cold air required in a room,
i.e., reducing the cooling load, results in a reduction of anthropogenic heat release.
The main factors that influence the cooling load are the heat generated from
equipment and human bodies in the room and the amount of heat coming from
outside through the windows, walls and by the ventilation. Various energy saving
strategies have been proposed. In addition, if the cold air is generated by lower
input energy (electricity and gas), anthropogenic heat release from the outdoor units
is reduced (high-efficiency equipment).

1.3.2 Improving the Heat Release Method

Anthropogenic heat released to the atmosphere contributes to a rise in air tem-
perature, which is combined with sensible heat from roofs, walls and road surfaces.
Improving the release method of anthropogenic heat so as not to contribute to a rise
in air temperature is one of the heat island measures. Specifically, the anthropogenic
heat released from the outdoor units is released into the sewerage, water supplies,
and industrial water supplies which are existing infrastructure, or into rivers, sea,
groundwater, and underground aquifers which contain natural water, taking into
consideration that a rise in water temperature due to anthropogenic heat release will
not have a negative impact on human health and ecosystems.

If the anthropogenic heat from outdoor units is released into the atmosphere from
high places such as roofs, the rise in air temperature is mitigated by the diffusion
effect of the upper air. If water is sprayed at the outlet of the outdoor units, the
evaporation heat is deprived by evaporation of the water, and the air temperature of
the exhaust heat is lowered. It is thought that approximately 40 % of sensible heat is
converted to latent heat [12]. A similar principle is to use cooling towers instead of
outdoor units to reduce the percentage of sensible heat that affects rising air tem-
peratures. Figure 1.45 shows the behavior of a cooling tower on a psychrometric
chart [13]. A photograph of a cooling tower is shown in Fig. 1.44. Enthalpy
(constituted by latent and sensible heat) released to the outside air depends on the
internal cooling load. When the cooling load is small the enthalpy is released only
by latent heat release; as a result, the dry-bulb temperature does not rise but white
absolute humidity rises. However, when the cooling load is large the enthalpy is
released by both latent and sensible heat release; as a result, both dry-bulb
temperature and absolute humidity rise. It is thought that approximately 90 % of the
sensible heat is converted to latent heat. If heat is supplied to a building by a heat
pump water supplier, cold air is released into the atmosphere from the outdoor unit,
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Fig. 1.44 Photograph of a cooling tower
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Fig. 1.45 Psychrometric chart showing the behavior of a cooling tower

and the heat island measure effect occurs. As there is a relatively large hot water
supply load in restaurants, hotels, and sports facilities in the summer, the heat island
measure effect is expected locally. Simulation results of air temperature distribution
when outdoor units for hot water supplies and air conditioners are installed in
tenement residential areas are shown in Fig. 1.46 [14]. Since street widths are
narrow, the effects of hot and cold air released from the outdoor units are relatively
large. If the outdoor units are installed in places with poor ventilation, it is
necessary to consider preventing high temperatures locally.
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Fig. 1.46 Simulation results of air temperature distribution when the outdoor units of hot water
suppliers and air conditioners are installed in tenement residential areas with a 5-m street width

1.4 Improving Ventilation

If the sensible heat flux from surfaces with higher temperatures such as roofs, walls
and roads or anthropogenic heat release from the outdoor units of heat pumps stays
in the near ground surface, the air temperature near the ground surface will rise.
Therefore, preventing heat retention by improving the ventilation near the ground
surface is one of the heat island measures.

In this situation, synoptic wind is weak when the thermal environment worsens.
Available climate resources are land and sea breezes blowing in response to the
temperature difference between the land and sea, the mountain and valley winds
blowing on the slopes of mountains, the cold air drainage flowing down the slopes,
and the cool air flowing from the parks and green areas.

To make use of these climate resources effectively, it is important to prepare the
building geometry status in urban areas.

1.4.1 Wind as a Climate Resource

1.4.1.1 Land and Sea Breezes

Many of the large cities in Japan face the sea and, as a result, they have benefited
from the air temperature mitigation effect of the sea breeze. Distance from the sea
and mean air temperatures are shown in Fig. 1.47 [15]. Air temperatures near the
coast are lower by approximately 3 K than inland, and are dominated by sea breezes
during the day time. Air temperatures near the coast do not decrease so much during
the night due to the heat capacity of the sea. However, inland air temperatures stay
high due to the effects of urbanization, and land breezes are lighter. Built-up areas
near the coast are useful for evaluating the cooling effects of sea breezes.

If the cooling potential from sea breezes is used in windward urban areas, the
potential is reduced and the air temperature may rise in leeward urban areas. Urban
forms and the use of cold air by sea breeze are shown in Fig. 1.48 [16]. It is
necessary to consider whether the distribution of cold air by sea breeze is more
reasonable and fair.
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The calculation results of comprehensive convective heat transfer coefficient by
WREF, the mesoscale weather simulation model, on a typical fine summer day is
shown in Fig. 1.49 [17]. The comprehensive convective heat transfer coefficient
rises with the increase of upper wind velocity when the sea breeze enters inland
areas. As a result, sensible heat flux transported to the upper air increases, keeping
the air temperature near the ground low; this is caused by air temperature mitigation
due to the sea breeze. In other words, the anthropogenic heat release from air
conditioning outdoor units and sensible heat flux from the buildings and ground
surface tend to mix with the upper air in conditions dominated by the sea breeze;
therefore, the air temperature near the ground does not rise. Figure 1.49 shows the
reduction of comprehensive convective heat transfer coefficient due to urbanization
to be approximately 3 W/(m? K), and the reduction at a distance of 10 km from the
sea to be approximately 10 W/(m?> K). The effect of the distance from the sea is
more dominant than the effect from urbanization. Therefore, the effects on leeward
built-up areas by windward built-up areas are not so large.
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Fig. 1.49 Calculation results
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1.4.1.2 Mountain and Valley Winds

During the night, surface temperatures in both built-up and natural areas decline by
radiative cooling; however, surface temperatures on cement and asphalt concrete
stay high due to their large heat capacity in built-up areas. Since cold air generated
by radiative cooling is relatively heavy, it flows downstream along the slope.
Calculation results of cold air drainage in the Kobe area are shown in Fig. 1.50 [18].
Cold air flows down along the slope and accumulates in the valley, before flowing
out to the built-up areas. The built-up areas benefit from the cooling effects of cold
air drainage from the valleys. Since the built-up areas of Kobe city face Mount
Rokko, it is necessary to take the effective use of cold air drainage into
consideration.

Observation results of wind direction frequency and air temperature in weak and
strong winds are shown in Fig. 1.51. The dominant wind direction is from the
valley; however, the directions of both land and sea breezes have been confirmed in
the built-up area. When the wind is weak, the cold air flows into the built-up area
gradually and the air temperature at the point close to the valley is relatively
lowered. On the other hand, when the wind is strong, air temperatures in the built-
up area are almost similar due to the dominating land and sea breezes. Therefore, it
is necessary to investigate the occurrence frequency of these phenomena when
considering the effective use of cold air drainage.

Observed and calculated results of air temperature distribution in the residential
area facing the mouth of the valley are shown in Fig. 1.52 [19]. Air temperature
falls in the riverside area and stays high in the southern built-up area; this is due to
the heat exchange between the cold air from the valley and the buildings and road
surfaces, depending on the distribution of surface temperatures and roughness
parameters.
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Fig. 1.50 Calculation results of cold air drainage in the Kobe area
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Fig. 1.51 Observation results of wind direction frequency (left), and air temperature in weak wind

(center) and strong wind (right) on a summer night in the urban area on the southern side of Mount
Rokko

1.4.1.3 Cold Air Drainage from Parks [20]

Air temperatures during the night in parks and green areas decrease due to radiative
cooling and are approximately 1-2 K less than in built-up areas with a large thermal
capacity. When the wind is weak, cold air flows into the built-up areas as a density
flow based on air temperature difference between the parks and built-up areas.
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Fig. 1.52 Observed and calculated results of air temperature distribution in the residential area
facing the mouth of the valley at 1:00 on August 9, 2001
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Fig. 1.53 Observation results of cold air drainage from Osaka Castle Park (star, observation point)

Observation results of cold air drainage from Osaka Castle Park are shown in
Fig. 1.53. Cold air drainage has not been confirmed when western winds blow in
this area, but has been confirmed when synoptic winds are weak. Cold air drainage
with a velocity below 0.5 m/s flows out from Osaka Castle Park to western built-up
areas. During this time, the air temperature in the built-up areas may decrease
approximately 2-3 K; this phenomenon occurs only on a calm fine night.
Observation results of air temperature and wind velocity and direction in and
around Daisen Park are shown in Fig. 1.54. Air temperature falls approximately
1-2 K at 23:00 to 0:00 when wind direction changes from west to east, and wind
velocity is less than 0.5 m/s. Air temperature rises after 0:00 with a relatively large
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Fig. 1.54 Observation results of air temperature and wind velocity and direction in and around
Daisen Park

wind velocity in a western direction. Large temperature falls are then confirmed
after 1:00 and after 3:00 when the changes in wind velocity and direction are similar
to the previous change. The air temperature at different observation points around
the park also decreases in synchronization with air temperature changes in the park;
however, there are no changes in the air temperature at any of the different
observation points in the built-up areas. Although all the observation points are
located approximately 100 m from the park, the areas affected by cold air drainage
are limited by the urban block form, and building shape, etc.

1.4.2 Ventilation in Street Canyons [21]

To make effective use of the cooling and ventilating effects of the wind as a climate
resource, it is necessary to prepare the building geometry status of the urban areas.
Generally, since resistance to wind is increased by urbanization, the wind envi-
ronment in the built-up areas becomes worse. Suppressing the building coverage
ratio leads to an improvement in ventilation in street canyons.

Calculation results of wind velocity distribution in Osaka City are shown in
Fig. 1.55. Individual building shape data handled by a Geographic Information
Systems (GIS) is provided by Osaka city office. Wind velocity is greater in open
spaces such as sea, rivers and large parks and smaller where buildings are built up
densely, particularly within Osaka. The relationship between mean wind velocity
and urban block component ratio in a 500-m square grid is shown in Fig. 1.56; in
this instance, the mean wind velocity is determined better by open space ratio rather
than by gross building coverage ratio.

The relationship between mean wind velocity and urban block component ratio
in a 500-m square grid is shown in Fig. 1.57; in this instance the gross building
coverage ratio is less than 30 %, and mean wind velocity is decreased due to
increased gross building coverage ratio. When the gross building coverage ratio is
more than 30 %, the mean wind velocity is almost constant. The relationship



1.4 Improving Ventilation 37

3.2m/s

Wind velocity (m/s)
0.0 A% 5.0

Fig. 1.55 Calculation results of wind velocity distribution in Osaka City
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between gross building coverage ratio and urban block component ratio in a 500-m
square grid is shown in Fig. 1.58; in this instance, the gross building coverage ratio
is more than 30 %, and the open space ratio is almost constant. Therefore, mean
wind velocity is almost constant. To summarize, the mean wind velocity averaged
in a 500-m square grid is influenced by the open space ratio more than by the gross
building coverage ratio.

The relationship between road width and wind velocity ratio to the upper wind is
shown in Fig. 1.59. Ventilation in street canyons is improved on wider roads
parallel to the main wind direction. The relationship between mean building height
and wind velocity ratio to upper winds is shown in Fig. 1.60. Building arrange-
ments are shown in Fig. 1.61. If there is a variation in a perpendicular or staggered
arrangement of building heights in the target area, ventilation in the street canyons
is improved even if the mean building height is low. The influence of building
height in windward areas on the wind velocity in street canyons is not so large.
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Fig. 1.58 Relationship between the gross building coverage ratio and urban block component
ratio in a 500-m square grid
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1.5 Conclusions

Specific measures for the urban heat island phenomenon are summarized in the
following three points.
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e Improving surface cover
e Reducing exhaust heat
e Improving ventilation

The urban heat budget model is used for calculating air temperature near the
ground surface. Since sensible heat flux from urban areas is larger than from natural
areas due to the small amount of natural land cover area, the air temperature in
urban areas is higher than in natural areas.

With regard to improving surface cover, the appropriate heat island measure
techniques on surface cover, i.e., cool roofs, green roofs, and cool pavements, etc.,
should be preferentially introduced to places where the surface temperatures tend to
rise. Places where surface temperatures tend to rise, i.e., roofs, northern side of
east—west roads, and center of north—south road, are identified on the basis of the
relationship between street canyon characteristics and solar radiation gain. The most
effective measure techniques should be selected for the target place; these should be
determined by predicting the effect by each technique, as far as possible. The effects
of urban heat island measure techniques on surface cover are evaluated by surface
heat budget on each surface and by solar radiation shielding effects by street trees.

With regard to reducing exhaust heat, measures for reducing exhaust heat
released from the outdoor units of air conditioners are the reduction of cooling loads
in rooms and improving heat release methods. The main factors affecting the
cooling loads are the heat generated from equipment and human bodies in the
rooms and the heat coming from outside through the windows, walls and by
ventilation. Various energy saving strategies have been proposed. Improving the
release method of anthropogenic heat so as not to contribute to rises in the air
temperature is one of the heat island measures. Specific measures for reducing
exhaust heat are releasing anthropogenic heat into the existing infrastructure or
natural water, releasing anthropogenic heat from high places such as roofs, water
sprays at the outlet of the outdoor units, the use of cooling towers, and the use of
heat pump water suppliers, etc.

With regard to improving ventilation, preventing heat staying in the street
canyons by improving ventilation near the ground surface is one of the heat island
measures. Land and sea breezes, mountain and valley winds, cold air drainage
flowing down the slope, and cool air flowing from the parks and green areas are
available climate resources. To make use of these climate resources effectively, it is
important to prepare the building geometry in urban areas. Generally, since the
resistance to wind is increased by urbanization, the wind environment in the built-
up areas becomes worse. Suppressing the building coverage ratio leads to
improvements in ventilation in street canyons. The relationship between ventilation
in street canyons and urban block morphology is analyzed based on the results of
computational fluid dynamic calculations. Ventilation in street canyons is improved
on wider roads parallel to the main wind direction. If there is a variation of building
heights in a perpendicular or staggered arrangement in the target area, the venti-
lation in street canyons is improved even if the mean building height is low.
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