
TAREB Energy in the Urban Environment

1. On the Built Environment - The Urban Influence

1.1 Some Basic Notes on the Built Environment

Buildings provide shelter and retreat to human beings while define our well being 
and quality of life. As Winston Churchill said: 'We shape our dwellings and afterwards 
our dwellings  shape our lives'.  The same is true of the streets,  estates,  villages, 
towns and cities we live on, (Smith et al, 1998). In addition to the social impact of 
buildings, the economic one is very important as well. The building industry has a 
pivotal place in the economy and is one of the biggest economic sectors. Only in 
Europe, building’s related business represent a yearly turn over in the order of 460 
billion dollars, (Palz et al, 1992). 

The built environment is not just the collection of buildings, it is in fact the physical 
result of various economic, social and environmental processes strongly related to 
the society standards and needs. Economic pressures related to property and labour 
market,  investment  and  equity,  household  income  and  the  production  and 
distribution of goods, in combination with social aspects related to culture, security, 
identity, accessibility and basic needs, and finally, in association with environmental 
influences related to the use of land, energy and materials, define and determine the 
built environment we live in, (Smith et al, 1998). 

Social,  economic  and  environmental  parameters  should  not  be  seen  as  isolated 
influences, but in an integrated way and by considering a strong interrelationship 
with the rest of the mentioned factors. As stated by Brugmann, (1992), cities are 
integrated  systems  that  facilitate  the  delivery  of  a  wide  range  of  services  and 
activities. Synergies among these issues generate stress to the building environment 
and in most of the cases; the solution of a problem is the cause of another. This 
integrated approach become more clear when the built environment is considered in 
terms of Stocks, Flows and Patterns, as defined by the Expert Group on the Urban 
Environment, (EGUE, 1996). Stocks include buildings, land, open spaces, streets and 
other tangible features; Patterns involve all spatial and temporal patterns in urban 
and rural forms, neighborhood design and street layouts, while Flows includes all 
pressures  of  urbanization,  pressures  on  rural  communities,  household  trends, 
demands  for  energy,  transport,  materials,  waste,  etc.  The  interrelated  nature  of 
almost all of the above aspects is evident, and perturbation in just one parameter 
may affect the other parts of the system in a non-well predicted way.

In  particular,  development  of  the  urban  environment  has  serious  effects  on  the 
global  environmental  quality.  Major  concerns  are  the  quality  of  air,  temperature 
increase,  acoustic  quality  and  traffic  congestion.  Buildings  are  related  to  global 
changes  in  the  increase  of  urban  temperatures,  rate  of  energy  consumption, 
increased use of raw materials,  pollution and production of waste,  conversion of 
agricultural to developed land, loss of biodiversity, water shortage, etc. 

Population growth in countries under development and increased standards of life in 
the  developed  world  intensify  environmental  problems.  As  stated  by  the  World 
Resources Institute and United Nations Environmental Programme, (WRI, 1996):

'In the wealthiest cities of the developed world, environmental problems are related 
not  so  much  to  rapid  growth  as  to  profligate  resource  consumption.  An  urban 
dweller in New York consumes approximately three times more water and generates 
eight  times more garbage  than does a resident  in  Bombay.  The  massive energy 
demand of wealthy cities contributes a major share of greenhouse gas emissions'
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Cities are increasingly expanding their boundaries and populations, and as stated 
‘from the climatological point of view, human history is defined as the history of 
urbanization’. Increased industrialization and urbanization of the recent years have 
affected dramatically the number of the urban buildings with major effects on the 
energy consumption of this sector. It is expected that 700 million people will move 
to urban areas during the final decade of this century. The number of urban dwellers 
has risen from 600 million in 1950 to 2 billion in 1986 and if this growth continues, 
more than one - half of the world’s population will live in cities by the end of this 
century, where 100 years ago, only 14 percent lived in cities and in 1950, less than 
30 per cent of the world population was urban, (Botkin and Keller, 1995). The past, 
current and projected urban population and the average rate of change of the urban 
population as reported by the United Nations,  (2003), are given in Figures 1.1.1, 
1.1.2 and 1.1.3. 

Figure 1.1.1 Past, current and expected urban population. Source : United Nations,  
2003.
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Figure  1.1.2  Past,  current  and expected  rate  of  change  of  the urban  population.  
Source : United Nations, 2003.

Figure  1.1.3 Past,  current  and expected  rate  of  change  of  the  urban  population.  
Source : United Nations, 2003.
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Improving  living  standards,  increases  the  space  requirements  per  person.  It  is 
characteristic  that  in the United States,  between 1950 and 1990, the floor  space 
requirements per person have been doubled because, (Owen 1994). Very important 
differences in housing floor space per person exist also in Europe because of the 
social and economic differences. Moscow has 11.6 m2 net living space per person, 
while  Paris  has  28.2,  Oslo  47.2  and  Zurich  50.6  m2 per  person,  (Stanners  and 
Bourdeau, 1995). 

Percentage of  
urban  population

Average annual  rate of  
change, 2000- 2005  (per 

cent)
2003 2030 Urban Rural

World  48.3 60.8 2.1 0.4
More developed  regions 74.5 81.7 0.5 - 0.5
Less developed  regions 42.1 57.1 2.8 0.5
Least developed  countries 26.6 43.3 4.3 1.7

Africa 38.7 53.5 3.6 1.3
Eastern Africa 26.0 41.0 4.3 1.5
Middle  Africa 36.8 54.4 4.1 1.8
Northern  Africa 49.6 63.4 2.7 1.1
Southern  Africa 53.8 67.0 1.5 - 0.4
Western Africa 42.2 58.9 4.2 1.4

Asia 38.8 54.5 2.7 0.4
Eastern Asia 42.9 62.6 2.6 - 0.8
South- eastern  Asia 42.1 60.7 3.3 0.0
Western Asia 65.1 72.3 2.4 1.4

Europe 73.0 79.6 0.1 - 0.5
Eastern Europe 68.4 74.3 - 0.4 - 0.6
Northern  Europe 83.3 87.7 0.4 - 0.4
Southern  Europe 65.8 74.1 0.3 - 0.4
Western Europe 81.0 86.4 0.5 - 0.7

Latin  America and 
Caribbean 

76.8 84.6 1.9 - 0.3

Caribbean 64.2 73.3 1.3 0.1
Central  America 69.2 77.5 2.0 0.8
South America 81.1 88.6 2.0 - 1.1

Northern  America 80.2 86.9 1.4 - 0.7

Oceania 73.1 74.9 1.4 0.7
Australia/New  Zealand 91.0 94.9 1.3 - 2.7
Melanesia 19.5 27.2 2.5 2.0
Micronesia 69.1 81.2 2.6 - 0.1
Polynesia 43.6 55.0 1.7 0.9
Table 1.1.1: Urban Population in main world areas. Source : UNEP, 2003.

1.2 Urbanization and Climate
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Increasing  urbanization  and  industrialization  have  deteriorated  the  urban 
environment. Deficiencies in development control have important consequences on 
the urban climate and the environmental efficiency of buildings. The size of housing 
plots  has  been  reduced  increasing  thus  densities  and  the  potential  for  traffic 
congestion. Increasing number of buildings has crowded out vegetation and trees. As 
reported, New York has lost 175000 trees, or 20 % of its urban forest in the last ten 
years, (EPA, 1992). 

As a consequence of heat balance, air temperatures in densely built urban are higher 
than the temperatures of the surrounding rural country. The phenomenon known as 
‘heat island’, is due to many factors the more important of which are summarized by 
Oke, Johnson, Steyn and Watson , (1991),  and deal with : a) the canyon radiative 
geometry that contributes to decrease the long wave radiation loss from within street 
canyon due to the complex exchange between buildings and the screening of the 
skyline, b) the thermal properties of materials that increase storage of sensible heat 
in the fabric of the city, c) the anthropogenic heat released from combustion of fuels 
and animal metabolism, d) the urban greenhouse, that contributes to increase the 
incoming long wave radiation from the polluted and warmer urban atmosphere, e) 
the canyon radiative geometry decreasing the effective albedo of the system because 
of the multiple reflection of short wave radiation between the canyon surfaces, f) the 
reduction of evaporating surfaces in the city putting more energy into sensible and 
less  into  latent  heat,  and  g)  the  reduced  turbulent  transfer  of  heat  from within 
streets.

Urban heat island studies refer usually to the ‘urban heat island intensity’, which is 
the maximum temperature  difference  between  the city  and the surrounding  area. 
Except of the temperature increase, the heat island effect, affects the global solar 
radiation  too.  Global  solar  radiation  is  seriously  reduced  because  of  increased 
scattering and absorption. 

Also, wind speed and direction, in the canopy layer, is seriously decreased compared 
to the undisturbed wind speed. This is mainly due to the specific roughness of a city, 
channeling effects through canyons and also because of the heat island effect. 

In parallel,  the urban environment  affect precipitation and cloud cover.  The exact 
effect of urbanization depends on the relative place of a specific city regarding the 
general atmospheric circulation. It is mentioned that in Budapest, because mainly of 
the industrialization the cloud cover has been increased by 3 % during the winter 
period. 

1.3 Energy Use

Buildings  are  the  most  important  energy  consuming  economic  sector.  Primary 
energy consumption of buildings, all over the world, is close to 19 millions barrels of 
oil  per  day and represents almost the entire  daily production of OPEP countries, 
(Flavin and Durning, 1988).    

Energy consumption in the building sector is characterized by a dynamic evolution. 
Although that needs and consumption rates are very different in the various areas of 
the planet, absolute consumption figures are mainly determined by living standards, 
economic growth rates, actual energy prices, technological developments, weather 
conditions and increased population. 

Trends and scenarios on the future energy needs foreseen a significant increase of 
the absolute energy consumption together with a considerable change of the actual 
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structure of demand. Thus, definition of the technological priorities for the building 
sector, requires a deep knowledge of the characteristics that determine, in the major 
geographic regions, the environmental quality in buildings and the corresponding 
energy consumption.

In the European Union,  the energy consumption of buildings  has remained quite 
constant  with  an  average  yearly  growth  of  0.1  %  over  the  period  1985-1994. 
Although,  for some countries primary energy consumption of buildings has been 
reduced during the last years as a result of intensive energy conservation measures, 
primary energy consumption in Southern Europe continues to growth mainly due to 
the important penetration of air conditioning equipment, (Santamouris and Argiriou, 
1994). However, the energy standards in European buildings are far from ideal. Only 
in UK, it is estimated that there are at least 8 million homes which are inadequately 
heated, most being the dwellings of poor households, (Boardman 1991 and Jacobs, 
1996). 

Study of the trends regarding the energy intensity of the domestic and tertiary sector 
in the European Community  during the last  decade shows a significant  increase, 
(CEC, 1993) although the total energy intensity index present a small decrease. At 
the same time, evolution rates in central  and eastern Europe, show a continuous 
increase of the consumption in the former USSR,  and a significant  fall  in central 
European countries related to the economic output declination. 

Primary energy consumption of buildings in the United States is close to 700 Mtoe 
per year, (OECD, 1990), and represents a value close to 200 billion dollars, (DOE, 
1991),  or  36  % of  the  total  consumption.  Energy  in  residential  buildings  covers 
mainly space and water heating, while in commercial buildings, lighting and space 
heating account for fully 47 % of the energy used. Buildings are responsible for a 
very high part of the produced pollution, however it is important to note that about 
30 per cent of the CFC’s used in the country are related to buildings, (DOE, 1991). 
Evolution  of  building  energy  consumption  shows  a  continuous  increase  and 
according to official statistics, (DOE, 1991), given the historical growth rate in the 
number of homes and commercial floor space, the primary energy consumption of 
the building sector could increase to more than 1190 Mtoe annually by 2030.  

Improved  living  standards  and  increased  population  in  developing  countries  are 
parameters  that  may  contribute  to  a  dramatic  increase  of  building  energy 
consumption.  Although,  that detailed energy for buildings are available for some 
countries, reports from eight major developing countries, representing a very high 
percentage of the total energy consumption, show that the building sector absorbs 
almost  the  21 percent  of  the energy  needs  without  to  account  electricity,  (WEC, 
1993).  The  high  variability  of  the  needs  to  cover,  combined  with  specific  social 
development characteristics and a diversified technological potential define for these 
countries  some  very  specific  regional  priorities  regarding  the  type  of  the 
technological developments to adopt.  

Buildings are the largest energy consumer in cities. Data on the energy consumption 
of  various  European  cities,  (ICLEI  1993,  LRC  1993,  IBGE  1993),  shows  that  the 
consumption of the residential sector varies between 48 % in Copenhagen to 28 % in 
Hanover  of  the  end  use  energy  consumption  of  these  cities.  At  the  same time, 
buildings of the commercial sector absorb something between 20-30 % of the final 
energy consumption of the cities, Table 1.3.1, while the electricity consumption in 
cities varies between 23000 kWh per capita with a mean value close to 5700 kWh, 
(Stammers and Bourdeau, 1995).
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City Residential 
(%)

Commercial 
(%)

Industrial 
(%)

Transport 
(%)

Total 
(GJ/capita)

Berlin

Bologna

33

36

29

21

15

11

23

32

78.10

67.30
 Brussels 43 29 5 23 94.70

Copenhagen 48 26 6 20 78.16
Hanover 28 25 26 21 112.43
Helsinki 34 23 9 34 89.50
London 36 24 11 29 89.10

 Table 1.3.1: End Use energy consumption in selected European cities. Source : (ICLEI  
1993, LRC 1993, IBGE 1993).

Calculations of the spatial cooling load distribution in the major Athens area, based 
on experimental data from thirty stations have been reported by Santamouris et al, 
(1999), It is found that the cooling load of reference buildings is about the double at 
the center of the city than in the surrounding Athens area. It is also reported that 
high ambient temperatures increase peak electricity loads and put a serious strength 
on the local utilities. Almost a double peak cooling load has been calculated for the 
central  Athens area than in the surroundings of the city. Finally,  a very important 
decrease  of  the  efficiency  of  conventional  air  conditioners,  because  of  the 
temperature increase, is reported. It is found that the minimum COP values are lower 
to about 25 % in the central Athens obliging designers to increase the size of the 
installed  A/C  systems  and  thus  intensify  peak  electricity  problems  and  energy 
consumption for cooling.

Increase of the energy consumption in the urban areas put a high stress to utilities 
that have to supply the necessary additional load. Construction of new generating 
plants may solve the problem but it is an unsustainable solution while it is expensive 
and takes a long time to construct. Adoption of measures to decrease the energy 
demand in the urban areas, like the use of more appropriate materials, increased 
plantation,  use  of  sinks,  etc,  in  association  with  a more  efficient  use  of  energy, 
involving  demand  side  management  techniques,  district  cooling  and heating,  etc. 
seems  to  be  a  much  more  reasonable  option.  Such  a  strategy,  adopted  by  the 
Sacramento Municipal  Utility District,  (SMUD),  has proved to be very effective  and 
economically  profitable,  (Flavin  and Lenssen,  1995).  It  has been calculated that  a 
megawatt of capacity is actually eight times more expensive to produce than to save 
it. This because energy saving measures have low capital and no running cost, while 
construction of new power plants involves high capital and running costs. 

Although,  climatic  issues  influences  highly  the  energy  consumption  of  urban 
buildings,  other  aspects  in  the  urban  environment,  like  transports  play  a  very 
important  role.  Urban  transportation  is  a  major  contributor  to  urban  energy 
consumption, as well as on emission of air pollutants, noise and traffic congestion. 
LRC,  (1993),  reports  that  transports  are responsible  for almost 30 percent  of  the 
energy consumption in London and about 25 % in the western part of Berlin, while a 
mean value for most of the European cities is close to 30 percent. Road transport is 
the major contributor to energy consumption as it accounts for more than 85 % of the 
transport's energy consumption, (Stanners D. and Bourdeau P., 1995). 
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2. Wind Patterns in Urban Environments

2.1 Wind Distribution in the Urban Environment

The  urban  wind  field  is  complicated.  Small  differences  in  topography  may  cause 
irregular air flows. As the air flows from the rural to the urban environment, it must 
adjust  to  the  new boundary  conditions  defined  by  the  cities,  (Figure  2.1.1).  This 
results  to  the  development  of  a  two  layers  vertical  structure.  Oke,  1987,  has 
characterized the wind variation with height, over cities by defining two specific sub-
layers.  The  so  called  'obstructed  sub-layer',  or  urban  canopy  sub-layer  which  is 
extended from the ground surface up to the buildings height, while the so called 'free 
surface layer' or urban boundary layer, is extended above the roof tops. 

Figure 2.1.1. Urban Canopy and Boundary Layer over cities, (After Oke, 1987)

The obstructed or canopy sub-layer has its own flow field driven and determined by 
the  interaction  of  the  flow  field  above  and  the  uniqueness  of  local  effects  as 
topography,  building  geometry  and  dimensions,  streets,  traffic  and  other  local 
features, like the presence of trees. In a general way, wind speed in the canopy layer 
is seriously decreased compared to the undisturbed wind speed. 

Particular intention has to be given to the airflow during the nighttime. Heat island in 
cities creates an unstable lapse rate of temperature and thus a convergence of airflow 
into urban areas is observed. This flow is rarely centripetal as the irregularity of the 
urban  area  and  the  dissimilarities  of  the  surroundings  prevent  that,  (Landsberg, 
1981, Stummer,  1939).  Night  wind flow is not  even stable  as temperature in the 
urban environment changes abruptly over short distances. This leads to sharp pulses 
of air from the country to the urban area, (Schmauss, 1925). In theory this type of 
flow may result in uplift over the city core and counter flow from the city to the rural 
areas aloft, (Oke, 1987). Studies in Paris, (Escourrou, 1991), concerning this country - 
breeze, shows a correlation between the wind speed measured at the top of the Eiffel 
tower with the temperature difference between the city center and the surrounding 
rural areas. It has been found that when the wind speed is lower than 2 m/sec, the 
temperature difference between the center and the periphery increases compared to 
the other days. 
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3. Thermal Balance in the Urban Environment

3.1 Introduction

The thermal balance in the urban environment differs substantially than that of rural 
areas. Anthropogenic heat released by cars and combustion systems, higher amounts 
of solar radiation stored, and blockage of the emitted infrared radiation by urban 
canyons  makes  the  global  thermal  balance  more  positive  and  contributes  to  the 
warming of the environment. 

The  energy  balance  of  the  'earth  surface  -  ambient  air',  system  in  the  urban 
environment is governed by the energy gains, losses as well as the energy stored by 
the opaque elements and mainly buildings, streets and other opaque components. In 
a general way:

Energy Gains = Energy Losses + Energy Storage

Energy gains involve the sum of the net radiative flux,  Qr, both under the form of 
solar and long wave radiation emitted by the opaque elements,  (building,  streets, 
etc), as well as the anthropogenic heat, QT, related to transportation systems, power 
generation and other heat sources.

Energy Losses are under the form of sensible,  QE, or latent heat,  QL, resulting from 
heat convection between the opaque surfaces and the air as well evapotranspiration. 
Losses can also occur because of the advective heat flux between the urban and the 
surrounding environment. Thus the energy balance of the surface - air system can be 
written as:

Qr + QT =QE + QL + Qs + QA                                               (3.1.1)

Where:

Qs is the stored energy while QA is the net energy transferred to or from the system 
through advection under the form of sensible or latent heat. The advective term can 
be ignored in central urban areas surrounded by an almost uniform building density, 
but  may  be  imported  in  the  boundaries  between  the  urban  and  the  rural 
environment. 

The radiative flux is the most important term and is slightly higher in the rural than 
in the urban environment. During the day period, the net radiative input is higher in 
the suburban than in the rural environment, however night losses are much higher 
and compensate than daytime gains. Sensible heat flux was the main mechanism to 
dissipate the daytime radiative surplus in the suburban environment. Sensible heat 
remained positive during the late afternoon hours contributing significantly to the 
heating of the urban atmosphere. Higher stored energy in the suburban environment 
is mainly due to the higher  surface for absorption than in the rural  environment, 
where rural vegetation cover provides a type of insulation, Cleugh and Oke, (1986). 

However, the latent heat in urban areas is seriously reduced. The energy content of 
evapotranspiration is close to 597 Kcal per gram of evaporated water at 0 C, and 575 
at  40ºC.  In  the  urban  area  the  total  latent  heat  is  reduced  according  to  the 
morphology and the characteristics of the city and in particular is a function of the 
existing green areas. 

3.2 The Role of Anthropogenic Heat
Anthropogenic  heat is  mainly  related to transportation systems,  power generation 
and other heat sources. Anthropogenic heat in urban areas may affect significantly 
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the ambient temperature and increase the heat island intensity.  It is characteristic 
that  in New York,  anthropogenic  heat  is  almost the double  of the solar  radiation 
input, (Escourrou, 1991), while in Barcelona human induced energy acounts for about 
one fifth of the total solar radiation, (Pares et al, 1995). 

Escourrou, (1991), based on Miller research gives indicative values for the strenght of 
the various sources of anthropogenic heat. In particular, heating and lighting gives 
25kcal/cm²/day, the urban circulation gives 9kcal/cm²/day, the industry close to 8 
Kcal/cm2/day while human metabolism gives 1kcal/cm2/day. Other estimations of 
the anthropogenic heat rate for some US city centers ranges between 20 to 40W/m2 

in summer and 70 to 210W/m2 during winter, (Hosler and Landsberg, 1977).  Oke, 
(1988),  reports  that  the  mean  annual  magnitude  of  the  heat  source  for  typical 
temperature latitude cities lies in the range between 15 and 50 W/m2 for a horizontal 
unit area of the city. Gutman and Torrance, (1975), suggested a range between 84 
and 167W/m2 for mid latitude cities in winter. Atwater, (1972), suggested constant 
fluxes of 92 and 17 W/m2 for the winter and summer period respectively. Kerschgens 
and Drauschke,  (1986), have reported measurements from Bonn Germany. For the 
winter  period,  they  found  a  diurnal  pattern  comprising  two  maximum inputs  of 
45W/m2 at 08:00 hours and 17:00 hours, and a minimum of 30W/m2 from midnight 
till  06:00 hours. Torrance and Shum, (1976),  report  an artificial  heat flux of daily 
mean  magnitude  of  54W/m2 from  transportation  and  domestic  electrical  use  in 
summer. Taha (1997), gives the anthropogenic heating rate for certain US, European 
and Asia cities, (Table 3.2.1), the net all wave radiation is given as well. 

City Anthropogenic Rate, 
(W/m2)

Net all wave radiation, (Wm2)

Chicago 53 ---------
Cincinnati 26 ---------
Los Angeles 21 108
Fairbanks 19 18
St. Louis 16 -------------
Manhattan, NY City 117-159 93
Moscow 127 --------------
Montreal 99 52
Budapest 43 46
Osaka 26 ---------------
Vancouver 19 ---------------
West Berlin 21 57

Table 3.2.1: Anthropogenic heating and net all wave radiation in selected cities. 
These  are annual  average values  within  the urbanized limits  of  the cities.  The 
data  does  not  include  suburban  or  rural  surrounds.  Source:  Taha  (1997),  Oke 
(1988), Chandler (1960), Flohn (1971), Gay and Stewart (1974), McNaughton and 
Black (1973), Hosler and Landsberg (1977), Dabberdt and Davis (1978) and Mayer  
and Noack (1980).

There are contrasting estimates of the effect of artificial heat release on the urban 
temperature.  Based  on  a  diurnal  anthropogenic  heating  profile  involving  heat 
rejection from buildings and motor vehicles, Taha et al, (1992), have estimated the 
impact of  the anthropogenic  heat on ambient  temperature.  Simulations show that 
anthropogenic heat in a large city core can create a heat island of up to 2-3 C both 
during the day and night.
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4. Heat Island Effect

4.1 Definitions and Physical Principles
The temperature of air in urban areas is usually higher than in the rural sides of the 
city. The phenomenon known as 'heat island', and is very well documented as far as 
of climatic modification is concerned and was first noticed by meteorologists more 
than a century ago. Heat island is a direct result of urbanization and is present in 
every town and city. 

Higher  urban  temperatures  have  a  serious  impact  on  the  power  demand  for  air 
conditioning  of  buildings,  increase  smog production,  while  contribute  to  increase 
emission of pollutants from power plants, including sulfur dioxide, carbon monoxide, 
nitrous oxides and suspended particulates.

The  phenomenon  is characterized  by  an important  spatial  and temporal  variation 
related to climate, topography, physical layout and short-term weather conditions. A 
detailed  description  of  the  more  important  factors  influencing  heat  island  is 
summarized below:

• Canyon Radiative Geometry  contributes to decrease the long wave radiation 
loss from the street canyons due to the complex exchange between buildings 
and the screening of the skyline. Geometry also decreases the effective albedo 
of  the  system  because  of  the  multiple  reflection  of  short  wave  radiation 
between the canyon surfaces. 

• Reduction  of  evaporating  surfaces in  the  city  putting  more  energy  into 
sensible and less into latent heat.

• Urban  greenhouse,  that  contributes  to  increase  the  incoming  long  wave 
radiation from the polluted urban atmosphere. 

• Thermal properties of materials that may increase storage of sensible heat in 
the fabric of the city during the day time and release their stored heat into the 
urban atmosphere after sunset. 

• Anthropogenic heat released from combustion of fuels either from mobile or 
stationary sources and animal metabolism. 

• Reduced turbulent transfer of heat from within streets  due to reduced wind 
velocities within urban canyons

Heat island phenomenon may occur during the day or the night  period.  It is well 
known that for a large city with cloudless sky and light winds and just after sunset, 
the boundary between the rural and the urban areas exhibits a steep temperature 
gradient,  to the urban heat  island,  then the rest  of  the urban area appears as a 
'plateau' characterized by a weak gradient of increasing temperatures, and finally a 
peak at the city center where the urban maximum temperature is found. Heat island 
patterns  are  strongly  controlled  by  the  unique  characteristics  of  each  city.  The 
difference  between  the  maximum  urban  temperature  and  the  background  rural 
temperature is defined as the urban heat island intensity. The intensity of the heat 
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island is mainly determined by the thermal balance of the urban region and can result 
up to 10 degrees of temperature difference.

City Temperature Increase, (C )
30 US Cities 1.1
New York 2.9
Moscow 3-3.5
Tokyo 3.0
Shanghai 6.5

Table 4.1.1 : Heat island effects in some cities. Source : IPCC, Working group 2, 
1990.

4.2 Heat Island Studies

Various  studies  on  the  intensity  of  heat  island  have  been  performed  for  many 
European cities. Lyall, (1977), reporting on the heat island effect in London in June - 
July 1976, mentions that the magnitude of the nocturnal heat island averaged over 
the two months was of the order of 2.5 C. This is not far below a daily upper decile 
limit of 3.1 C found by Chandler, (1965), in a comparison of Kensington and Wisley 
from 1951-60.  

 Akbari et al, 1992, of LBL, have presented trends in absolute urban temperatures in 
several  cities  in  California  and elsewhere  in  the  United  States.  In  the  absence  of 
summer  data,  the  overall  analysis  is  based  on  the  use  on  average  annual  and 
maximum annual temperatures. Table 4.2.1 summarizes the measured temperature 
trends and the type of the used temperature data.

The observed increase of temperature in some north American cities becomes much 
more  apparent  when  the cooling  degree  days corresponding  to  urban  and  rural 
stations  are  compared.  Taha,  (1997),  has  given  the  increase  of  the  cooling  and 
heating degree days due to urbanization and heat island effects for selected north 
American locations, Tables 4.2.2-3. As shown, the difference of the cooling degree 
days can be as high as 92 percent, while the minimum difference is close to 10 per 
cent.  Regarding  the  heating  degree  days  the  maximum difference  is  close  to  32 
percent while the minimum one is close to 6 percent. Increase of the cooling degree 
days has a tremendous impact on the energy consumption of buildings for cooling. 

City Trend (F/decade) Type of 
Temperature Date

Los Angeles 1.3 highs
Los Angeles 0.8 means
San Francisco 0.2 means
Oakland 0.4 means
San Jose 0.3 means
San Diego 0.8 means
Sacramento 0.4 means
Washington 0.5 means
Baltimore 0.4 means
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Ft Lauderdale 0.2 means

Table 4.2.1: Measured temperature trends in selected cities. Source : Akbari et al, 
1992.

Location Urban Airport Difference (%)
Los Angeles 368 191 92
Washington DC 440 361 21
St. Louis 510 459 11
New York 333 268 24
Baltimore 464 344 35
Seattle 111 72 54
Detroit 416 366 14
Chicago 463 372 24
Denver 416 350 19

Table 4.2.2:  Increase of the cooling degree-days due to urbanization and heat  
island effects. Averages for selected locations for the period 1941-1970. Source : 
Taha H, 1997.

Location Urban Airport Difference (%)
Los Angeles 384 562 -32
Washington DC 1300 1370 -6
St. Louis 1384 1466 -6
New York 1496 1600 -7
Baltimore 1266 1459 -14
Seattle 2493 2881 -13
Detroit 3460 3556 -3
Chicago 3371 3609 -7
Denver 3058 3342 -8

Table 4.2.3: Increase of the heating degree-days due to urbanization and heat 
island effects. Averages for selected locations for the period 1941-1970. Source : 
Taha H, 1997.

Information on the surface temperature increase in cities is usually obtained using 
satellites.  NASA in collaboration  with  other  agencies  has launched  a campaign to 
study extreme heat in urban environments. The project known as Urban Heat Island 
Pilot Project, (UHIPP), is based on images with heat sensitive instruments, such as the 
Airborne Terrestrial and Land Acquisition Sensor, (ATLAS), aboard a NASA Lear 23 jet 
from Stennis Space Center. 

In the frame of the urban climate experiment carried out in Athens, partly financed by 
the POLIS project of the Directorate General for Science, Research and Technology of 
the European Commission, twenty automatic temperature and humidity stations have 
been installed in the major Athens area during spring 1996. At the later phase the 
number  of  stations  has  been  increased  to  thirty.  The  instrumentation  used  was 
selected to satisfy several  criteria like acceptable  cost,  in order  to cover  as many 
locations  as  possible,  satisfactory  performance  according  to  the  international 
meteorological  standards,  low  maintenance,  internal  power  supply  and  high  data 
storage capacity. In order to protect the instruments from solar radiation and rain, 
white wooden boxes with lateral slots were constructed. 
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Therefore an attempt was made to select areas that additionally are located on the 
north - south and east - west axes of the city. A detailed map showing the relative 
position of the stations is given in Figure 4.2.1. In general seven stations have been 
placed in the very central area of Athens, twenty two stations are placed in urban 
areas and in a radial configuration around Athens while one station is placed in an 
almost  rural  region  out  of  the  city  in  order  to  be  used as the  reference  station. 
Numbers of stations refer to Figure 4.2.1.

1

2

3 4

5

6

7
8

9

10

11

12

13

14

1516

17
18

19

20 21
22

24

25

26
27

28

29

30

23

Figure 4.2.1. Relative Position of the Measuring Stations.

Measurements are taken in a minute basis while all sensors are calibrated between 
them and against high precision sensors.

The collected data have been analyzed in details in order to assess the heat island 
characteristics in the city of Athens as well as the specific distribution of the ambient 
temperature in the city. Specific and detailed statistical and climatological analyses 
have been performed.   

To  better  focus,  the  variability  of  cooling  degree  hours  in  Athens,  their  spatial 
distribution for 13:00 p.m. and for the whole August 1996 is given in Figure 4.2.2. 
Reported cooling degree hours have been calculated for a temperature base of 26ºC 
and are the sums of daily cooling degree days at 13:00 for all the days of August. As 
shown, close to the noon hours, the  center of the city presents almost three times 
higher cooling degree hours than the city surroundings. In particular, in the central 
Athens area cooling degree hours are close to 385, while the corresponding value for 
the reference suburban areas is close to 132. 
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Figure 4.2.2. Iso - Cooling Degree Hours lines for 26 C temperature base, at 13:00,  
in Athens, for August 1996.

A very interesting spatial distribution of cooling degree hours has been calculated for 
the night period. Figure 4.2.3, shows this distribution for 1:00 a.m. during the whole 
August 1996. As shown, higher  cooling degree hours have been calculated in the 
Western Athens area than in central one. In particular while cooling degree hours in 
the reference area are close to 26,  the corresponding  values for the western  and 
central Athens area are close to 104 and 85 respectively. This is mainly due to the 
high density of western Athens as well as the lack of green spaces and other cool 
sinks.
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Figure 4.2.3. Iso - Cooling Degree Hours lines for 26ºC temperature base, at 1:00, in  
Athens, for August 1996.
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Central Athens Area

Figure 4.2.4. Spatial distribution of the heating degree days in Athens for December 
1997.

Heating  degree  hours  determine  to high  degree  the heating load of  building.  An 
indicative spatial  distribution for December  1997, base 18.3 C,  is  given in Figure 
4.2.4. As shown heating degree hours in the central Athens area are to about 3000-
4000 while in the surrounding areas can be high as 5000 which correspond to a 
decrease of about 40-60 percent. Higher heating degree hours in the center of the 
city shown in Figure 6.6.4 corresponds to stations located in urban parks or highly 
vegetated areas.
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5. The Energy Impact of the Urban Environment

5.1 Urban Environment and the Energy Consumption of Buildings

In our  days it  is  well  accepted that  urbanization  leads to a very high increase of 
energy  use.  Data  on  the  energy  and  specific  electricity  consumption  of  major 
European cities are given by Eurostat, 1995. 

Other,  statistical  data,  (Stanners  and  Bourdeau,  1995),  show  that  the  amount  of 
energy consumed by cities for heating and cooling of offices and residential buildings 
in Western and Southern Europe has increased significantly in the last two decades. 

A recent analysis, (Jones, 1992), showed that a 1 percent increase in the per capita 
GNP leads to an almost equal (1.03), increase in energy consumption. However, as 
reported,  an  increase  of  the  urban  population  by  1  %,  increases  the  energy 
consumption by 2.2 %, i.e.,  the rate of change in energy use is twice the rate of 
change in urbanization. These data show clearly the impact that urbanization may 
have on energy use. 

Increased urban temperatures  have  a direct  effect  on the energy  consumption  of 
buildings during the summer and the winter period. In fact it is found that during 
summer, higher urban temperatures increase the electricity demand for cooling and 
the production of carbon dioxide and other  pollutants,  while higher  temperatures 
may reduce the heating load of buildings during the winter period.   

In parallel, wind and temperature regime in canyons affect dramatically the potential 
for  natural  ventilation  of  urban  buildings  and thus  the  possibility  to  use  passive 
cooling techniques instead of air conditioning. 

5.2 Analysis of Existing Data Correlating Urban Temperatures and 
Energy Consumption.

Unfortunately, very few studies have been carried out on the impact of the urban 
climate  to  the  energy  consumption  of  urban  building  for  heating  and  cooling 
purposes.   Existing studies either  correlate increased urban temperatures and the 
corresponding electricity demand for selected utility districts either use sets of local 
temperatures data to calculate the breakdown of the cooling and heating load in a 
city suffering from increased temperatures.

Both  methodologies  and  techniques  present  important  advantages.  When 
correlation's  between  temperatures  and energy  use  are  established  by  comparing 
utility wide electricity loads to temperatures at the same time of the day, a very clear 
picture on the real impact of high urban temperatures is established. However,  to 
achieve it, is necessary to minimize the non - climate related effects on the electricity 
demand, which is not always possible, and when possible is not always accurate. This 
technique although gives an estimation of the increase of the energy consumption in 
an integrated way do not permit to investigate local effects and the impact of the 
specific urban layout and characteristics to the energy consumption of the buildings. 

When temporally extended data of the temperature breakdown in a city, are used to 
calculate either the energy load of a reference building located in around a city, or the 
distribution  of  the  energy  consumption  in  a  city,  very  useful  information  on  the 
relative energy consumption of the various urban sub-regions having different layout 
and climatic characteristics is established. However, the overall  impact of the high 
urban temperatures on the global energy consumption of the city is not possible or it 
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is very difficult to be evaluated. It is obvious that a combination of both techniques 
may offer a more complete view of the impact of urban temperatures on the energy 
load of buildings. 

5.2.1 Urban Energy Studies
Heat island effect in warm to hot climates exacerbates cooling energy use in summer. 
As reported, (Akbari H et al, 1992), for US cities with population larger than 100000 
the  peak  electricity  load will  increase  1.5 to  2  percent  for  every  1 F  increase  in 
temperature. Taking into account that urban temperatures during summer afternoons 
in US have increased by 2 to 4 F during the last forty years, it can be assumed that 3 
to 8 percent of the current urban electricity demand is used to compensate for the 
heat island effect alone. 

Comparisons of high ambient temperatures to utility loads for the Los Angeles area 
have shown that  an important  correlation  exists.  It  is  found that  the net  rate  of 
increase of the electricity demand is almost 300 MW per F. Taking into account that 
there is a 5 F increase of the peaks temperature in Los Angeles since 1940, this is 
translated into an added electricity demand of 1.5 GW due to heat island effect.

Similar  correlations  between  temperatures  and  electricity  demand  have  been 
established  for  selected  utility  districts  in  USA.  Table  5.2.1.1  gives  the  rate  of 
increase of the electricity demand in MW/F, as well as the increase of the electricity 
demand, in percentage, for each utility, (Akbari H et al, 1992).

Utility District Increase (MW/F) Increase ( % / F)
Los Angeles (LADWP) 75 2.0
Los Angeles (SCE) 225 1.6
Washington D.C. 100 2.0
Salt River Project, (Phoenix) 56 2.0
Dallas - Ft Worth (TX) 250 1.7
Tucson (AZ) 12 1.0
Colorado Springs (CO) 4 1.0

Table  5.2.1.1:  Correlation  between  temperatures  and  electricity  demand  from 
selected utility districts based on measured data for 1986, (Source: Akbari  et ,  
1992).

Based on the above increase rates, it has been calculated that for USA the electricity 
costs for summer heat island alone could be as much as $ 1 million per hour, or over 
$ 1 billion per year, (Akbari et al, 1992). Computer studies have shown for the whole 
country the possible increase of the peak cooling electricity load due to heat island 
effect could range from 0.5 to 3 percent for each 1 F rise in temperature.

As described in previous chapters, extended urban climate measurements have been 
carried  out  in  Athens,  Greece  during  the  period  1996-1999.  Almost  thirty 
temperature  and  humidity  stations  have  been  installed  in  and  around  Athens 
measuring ambient temperature and humidity in an hourly basis since June 1996. 
The collected data have been used to calculate the distribution of the cooling and 
heating needs of a representative office building for all locations where climatic data 
were available, (Santamouris et al, 1999). 

Using hourly data of the ambient temperature collected at all urban climate stations, 
simulations  of  the  cooling  and heating  load of  the  reference  building  have  been 
performed for August 1996. The same solar radiation data have been used for all 
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considered stations as a non significant spatial variation of solar radiation has been 
observed in Athens, (Psiloglou, 1997). All other operational data, like internal gains, 
have been selected to correspond exactly to the measured conditions.  

Using  TRNSYS,  the  instant  peak  cooling  load of  the  reference  building  has  been 
calculated for August 1996 and for various set point temperatures ranging between 
26 to 28 C. The obtained spatial variation of the peak cooling load for the whole 
Athens region, and for a set point of 26 C is given in Figure 5.2.1. Values are in kW. It 
should be noticed that the reported peak cooling loads refer to the whole month and 
do not occur during the same time in all stations. As expected much higher peak 
cooling  loads  have  been  calculated  for  the  central  Athens  area.  For  a  set  point 
temperature  equal  to  26  C,  the  highest  peak  load  of  the  reference  building  is 
calculated close to 27.5 KW while the minimum one is close to 13.7 KW. Thus, the 
impact of higher urban temperatures is extremely important and almost doubles the 
peak cooling load of the reference building.

Figure 5.2.1: Spatial Variation of the peak cooling load of a reference building in 
Athens during August 1996 and 26 C set point temperature. Values are in kW. 

When the set point temperature is 28ºC, much higher differences have been found. In 
this case the maximum cooling load is close to 23.5 KW while the minimum one is 
close to 7.3 KW. Thus, while the maximum peak cooling load is reduced to about 4.3 
KW, the minimum peak load is reduced by 6.4 KW. The results show that for the 
central  Athens  area  the  peak  cooling  load  is  mainly  due  to  persisting  very  high 
ambient  temperatures  and  is  not  sensitive  to  the  change  of  the  set  point 
temperature.  On the contrary,  the calculated minimum peak cooling load changes 
dramatically  as  the  set  point  temperature  increases.  This  is  mainly  due  to  the 
minimization of the load induced by the indoor - outdoor temperature differences as 
the set point increases. In this case the calculated peak cooling load is mainly due to 
solar radiation and the other sources. 

High  ambient  temperatures  have  a  very  serious  impact  on  the  efficiency  of 
conventional  air  conditioners.  The  coefficient  of  performance,  (COP)  is  directly 
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affected by relative humidity and ambient temperature, and thus it is of high interest 
to investigate possible decrease of the COP due to heat island effect. 

Heat island studies in Singapore reported by Tso, (1994), show a possible increase of 
the urban temperature close to 1 C. According to the reports  if there were to be 
similar  changes  in  temperatures  50  years  from now,  the  anticipated  increase  in 
building energy consumption, mainly in air conditioning, is of the order of 33 GWh 
per annum for the whole island.

Other studies on the Tokyo area reported by Ojima (1990/91), shows also clearly that 
during the ten years from 1965 to 1975, due to the heat island phenomenon, the 
cooling  load  of  existing  buildings  has  increased  by  10 -  20  % on  average.  If  it 
continues to increase at the same rate, it will make more than a 50 % increment in 
2000. 

5.3 Natural Ventilation in Urban Areas

Wind speed in urban canyon is seriously reduced compared to the undisturbed wind 
velocity. In parallel, wind direction inside canyons is almost completely different than 
the one measured by routine meteorological stations. 

Natural ventilation is one of the most effective passive cooling techniques, (Allard, 
1998). Natural ventilation applied in northern buildings can provide effective cooling 
during  day  and  night  while  night  ventilation  is  a  very  effective  strategy  in  hot 
climates. 

Appropriate  design  of  openings  to  make use of  natural  ventilation  techniques  in 
urban  environments  requires  knowledge  of  appropriate  wind  speed and direction 
data. 

Estimations of the real potential  of natural  ventilation techniques when applied in 
buildings located in urban canyon have been reported by Santamouris et al, 1998. In 
order to evaluate the natural ventilation potential of urban buildings, as well as its 
possible decrease because of the canyon related phenomena, simulations of the air 
flow processes have been carried and reported for ten different canyons where wind 
speed  and  temperature  data  have  been  collected.  Two  configurations  have  been 
considered. A single as well as a cross ventilation configuration. 

Simulations  have  been performed using  the  AIOLOS  natural  ventilation  simulation 
code, (Allard, 1998). The used software is well validated in the frame of the PASCOOL 
research  project  against  a  high  number  of  experiments,  (Limam  K.,  Allard  F., 
Dascalaki E, 1997). 
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Figure 5.3.1. Air flow rates calculated for ten different canyons and for single side  
building configurations.
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Figure 5.3.2. Air flow calculated for ten different canyons and for cross ventilation  
configurations.

Figures 5.3.1-5.3.2 give the air flow rate for the ten canyons, and for the single side 
and cross ventilation configuration respectively. The two flow rates, one when the 
undisturbed  ambient  temperature  and  wind  speed  are  used,  and  the  second 
corresponding to the inside canyon measured data, are given. Analysis of the results 
has permitted to extract the following conclusions :

a) During the day time, when the ambient wind speed is considerably higher than 
wind speed inside the canyon and inertia phenomena dominate the gravitational 
forces,  the  natural  ventilation  potential  in  single  and  cross  ventilation 
configurations is seriously decreased inside the canyon. In practice this happens 
when the ambient wind speed is higher than 4 m/sec. For single side ventilation 
configurations the air flow is reduced up to five times, while in cross ventilation 
configurations the flow is sometimes reduced up to ten times.

b) During the day time and when the ambient wind speed is lower than 3-4 m/sec, 
gravitational forces dominate the air flow processes. In this case the difference in 
wind speed inside and outside the canyon, do not play any important role and 
especially in single side configurations. 

c) During  the  night  time  the  ambient  wind  speed  is  seriously  decreased  and  is 
comparable  to  the  wind  speed  inside  the  canyon.  In  this  case  the  air  flow 
calculated for inside and outside the canyon is almost the same.

d) The calculated reduction of the air flow inside the canyon is mainly a function of 
the wind direction inside the canyon. When the ambient flow is almost vertical to 
the canyon axis, the flow inside the canyon is almost vertical and parallel to the 
window.  In  this  case  a  much  higher  pressure  coefficient  correspond  to  the 
conditions outside the canyon, and thus a much higher flow is calculated when the 
ambient conditions are considered and inertia forces are dominating.  When the 
ambient flow is parallel to the canyon axis, a similar flow is observed inside the 
canyon, thus the pressure coefficients are almost similar. 

 

5.4 Night Ventilation in Urban Areas

Based on the potential for natural ventilation in urban canyons, defined previously, 
Geros, (1998), has calculated the reduction of the performance of night ventilation 
techniques when applied to naturally ventilated buildings located in urban canyons. 
The study has been performed for the same zone defined in the above chapter and 
for all the ten canyons where experimental data where available in Athens.

The  cases of an air  conditioned as well  as of  a free-floating  building  have  been 
considered. The air flows calculated for single and cross ventilated zones in and out 
the canyon, as given above,  as well as the corresponding climatic data have been 
considered as inputs to the TRNSYS simulation program and the cooling load of the 
air conditioned as well as the temperature decrease of the free floating building have 
been calculated for all cases.

Table 5.4.1 gives the calculated cooling load for all the studied cases. As shown in 
both single and cross configurations,  the cooling load on the buildings inside the 
canyons  is  much higher  than the one calculated for  buildings  where wind is non 
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obstructed.  In  particular,  in  single  side  configurations  the  cooling  load is  higher 
between  6  to  89  %,  while  in  cross  ventilation  configurations  the  cooling  load 
increases by 18 to 72 %. Thus, canyon effect has a very considerable effect on the 
performance of night ventilation techniques of air conditioned buildings.  

Single Side Ventilation Cross Ventilation 
Canyon Code C.L. wind data 

inside the 
canyon (Wh/m2)

C.L. 
undisturbed 
wind speed. 

(Wh/m2)

C.L. wind 
data inside 
the canyon 

(Wh/m2)

C.L. 
undisturbed 
wind speed. 

(Wh/m2)
1. Ippokratous 4240 3850 5330 4320
2. Solonos 4660 4120 5190 4160
3. Kavalas 1390 650 1660 470
4. Papastratos 50 46 42 48
5. Valaoritou 1070 1130 1350 1280
6. Mavromihali 1500 1200 1570 1190
7. Kodrou 870 830 940 820
8. Giannitson 1030 780 1080 670
9. Omirou 22 2 84 48
10. Evrota 180 140 110 121
C.L. : Cooling Load

Table  5.4.1. Cooling  load when single  or  cross natural  ventilation techniques  are  
applied during the night period. 

Table 5.4.2 gives the obtained results for the free floating building. Simulations have 
permitted  to  calculate  the  mean  and  maximum  temperature  difference  between 
buildings located out and inside the canyon. Results are given for the whole 24 hours 
period as well as for the operational period, 9:00-18:00. As shown, for single side 
configurations, the mean temperature difference varies between 0.1 to 2.8 C, for the 
whole day and between 0.0 and 1.1 for the operational period of the buildings. The 
maximum difference during the day time varies between 0.3 to 4.1ºC, while during 
the night period varies between 1.0 to 5.6ºC.

For cross ventilation configurations, the mean temperature difference varies between 
0.4 to 4.0 C, for the whole day and between 0.2 and 3.5 for the operational period of 
the buildings. The maximum difference during the day time varies between 1.2 to 
4.4ºC, while during the night period varies between 2.3 to 7.9ºC.

 Single Side Ventilation Cross Ventilation
DT during the 
whole period 

(oC)

 DT during the 
operation of 

the zone, (ºC)

DT during the 
whole period 

(oC)

 DT during the 
operation of 

the zone, (ºC)
 Canyon Code Mean Max Mean Max Mean Max Mean Max

1. Ippokratous 0.7 2.2 0.6 1.3 1.6 4.1 1.3 2.2
2. Solonos 1.0 2.7 1.0 1.8 2.0 4.6 1.7 3.3
3. Kavalas 2.9 5.0 2.6 3.1 4.0 7.9 3.5 4.4
4. Papastratos 0.7 2.2 0.3 1.1 0.7 2.3 0.2 1.2
5. Valaoritou 0.1 1.0 0.02 0.3 0.8 3.6 0.6 1.4
6. Mavromihali 2.8 5.6 2.3 4.1 2.4 5.0 2.0 3.5
7. Kodrou 1.0 3.6 0.7 1.6 2.4 7.0 1.6 3.9
8. Giannitson 0.7 1.6 0.6 1.0 1.1 2.7 0.9 1.6
9. Omirou 1.2 2.3 1.1 1.7 1.5 3.2 1.3 2.2
10. Evrota 1.0 2.5 0.9 1.7 1.2 3.0 1.0 1.7
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Table 5.4.2. Mean and maximum temperature difference during the whole day and 
the operational period of two buildings located inside and outside the canyon.

References

Akbari H., S. Davis, Dorsano S., Huang J. and Winett S. : 'Cooling our Communities - A 
Guidebook  on  Tree  Planting  and  Light  Colored  Surfacing'.  U.S.  Environmental 
Protection Agency. Office of Policy Analysis, Climate Change Division, January, 1992. 

Allard  F.  (Editor)  :  'Natural  Ventilation  of  Buildings',  James  and  James  Science 
Publishers, London, U.K, 1998.

Eurostat : 'Europe's Environment. Statistical Compendium for the Dobris Assessment', 
Published by the Statistical Office of the European Communities, Luxembourg, 1995.

Geros V., M.  Santamouris,  A. N.  Tombazis  and G. Guarraccino  :  '  On the cooling 
Efficiency of Night Ventilation Techniques', PLEA International Conference, Louvain La 
Neuve, Belgium, 1996.

Geros V. Ph. D. Thesis, INSA Lyon, 1998.

Hassid S. : 'The Effect of the Athens Heat Island on Air Conditioning Load', Internal 
Report,  University  of  Athens,  Physics  Department,  Group  Building  Environmental 
Studies, Athens, 1998.

Jones B. G. : 'Population Growth, Urbanization and Disaster Risk and Vulnerability in 
Metropolitan  Areas  :  A  conceptual  Framework'.  In  Kreimer,  Alcira  and  Mohan 
Munasinghe,  Environmental  Management  and  Urban  Vulnerability,  World  Bank 
Discussion Paper, No 168, 1992.

Limam  K.,  Allard  F.,  and  E.  Dascalaki  :  'Natural  Ventilation  Research  Activities 
Undertaken in the Framework of Pascool', Int. J. Solar Energy, 19, p.p. 81-119, 1997.

Ojima T. : 'Changing Tokyo Metropolitan Area and its Heat Island Model'. Energy and 
Buildings, Vol. 15-16, p.p. 191-203, 1990/91.

Psiloglou  V.  :  'Development  of  an  atmospheric  Solar  Radiation  Model',  Ph.  D. 
Dissertation, University of Athens, Physics Department, Athens, Greece, 1997.

Santamouris  M.  ,  N.  Papanikolaou,  I.  Koronakis,  C.  Georgakis  and  D.  N. 
Assimakopoulos  :  'Natural  Ventilation  in  Urban  Environments'.  Proc.  1998  AIVC 
Conference. Oslo, 1998.

Santamouris M., N. Papanikolaou, I. Livada, I. Koronakis,  C. Georgakis,  A. Argiriou 
and  D.  N.  Assimakopoulos  :  '  On  the  Impact  of  Urban  Climate  on  the  Energy 
Consumption of Buildings'. Solar Energy, In Press, 1999.

Stanners D. and Bourdeau P., (Eds) : 'Europe's Environment : The Dobris Assessment', 
European Environmental Agency, Copenhagen, 1995.

Tso,  C.P.  :  'The  Impact  of  Urban  Development  on  the  Thermal  Environment  of 
Singapore'.  In the Report  of the Technical Conference on Tropical Urban Climates. 
WMO, Dhaka, 1994.

Watanabe H. Hirotoshi Yoda and Toshio Ojima : ' Urban Environmental Design of Land 
Use in Tokyo Metropolitan Area'.  Energy  and Buildings,  Vol.  15-16, p.p 133-137, 
1990/91. 

36 Specialist  modules



TAREB Energy in the Urban Environment

37 Specialist  modules



TAREB Energy in the Urban Environment

6. Canyon Effect
6.1 Climate of Urban Canyons
Based on the theory of Oke, (1987), the air space above a city may be divided in the 
so called urban air 'canopy', and the boundary layer over the city space called 'the 
urban air dome'. The urban air canopy is the space bounded by the urban buildings 
up  to  their  roofs.  The  urban  canopy  layer  involves  an  unlimited  number  of 
microclimates generated by the various urban configurations.  The specific climatic 
conditions at any given point within the canopy are determined by the nature of the 
immediate surroundings and in particular of the geometry, the materials and their 
properties, The upper boundary of the urban canopy varies from one spot to an other 
because of the variable heights of the buildings and the wind speed.

Oke, (1976), has defined the air dome layer as 'that portion of the planetary boundary 
layer whose characteristics are affected by the presence of an urban area at its lower 
boundary', and is more homogeneous in its properties over the urban area at large. 

Studies focusing on the canopy layer aim, in general, to understand the thermal and 
flow characteristics  in  similar  and common urban  structural  forms like the urban 
canyons. Canopy layer studies concentrate more on the energy balance in the canyon 
involving the temperature distribution of the air and of the surfaces as well as the air 
circulation in the canyon. 

Air  circulation and temperature distribution within urban canyons  is of  significant 
importance for energy consumption of buildings, pollutant dispersion studies, heat 
and mass exchange between the buildings and the canyon air including studies on 
the  energy  potential  of  natural  ventilation  techniques  for  buildings,  pedestrian 
comfort, etc. 

6.2 Temperature Distribution in Urban Canyons
6.2.1 Introduction
Temperature  distribution  in  urban  canopy  layer  is  highly  affected  by  the  urban 
radiation balance. Solar radiation incident on the urban surfaces is absorbed and then 
transformed to sensible heat. Most of the solar radiation impinges on roofs, and the 
vertical walls of the buildings,  and only a relatively small part reaches the ground 
level. 

Walls, roofs and the ground emit long wave radiation to the sky. The intensity of the 
emitted radiation depends to the view factor of the surface regarding the sky. Under 
urban conditions most of the sky dome viewed by walls and surfaces is blocked by 
other buildings, and thus the long wave radiant exchange does not really result in 
significant losses.

The net balance between the solar gains and the heat loss by emitted long wave 
radiation determines the thermal balance of urban areas. Because the radiant heat 
loss is slower in urban areas the net balance is more positive than in the surrounding 
rural areas and thus higher temperatures are presented. 

Various studies have been performed studying the relationship between the canyon 
layout and especially the sky view factor with the heat island intensity in the canyon 
as well  as  with  the  surface  temperatures.  Yamashita  et  al,  (1986),  report  a  clear 
correlation of urban air temperature and sky view factor for some Japanese cities. 
Barring  et  al  (1985),  have  studied  the  relationship  between  the  street  surface 
temperature  and  the  sky  view  factor  in  Malmoe,  Sweden.  They  report  a  strong 
correlation of the surface temperature pattern on the street geometry and the highest 
the sky view factor the lowest the surface temperature. Higher surface temperatures 
are recorded in low sky view factor canyons also outside the city. However, not a clear 
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correlation between the urban temperature and the sky view factor has been found. 
This  clearly  indicates  that  the  standard  level  air  temperature  of  the  streets  is 
governed by more complex and regional factors than their surface temperature, even 
if the local canyon geometry is of importance.

Almost  similar  results  are  reported  by  Eliason,  (1990/91,  1996)  for  the  city  of 
Goteborg  in  Sweden.  It  is  found  that  during  the  winter  period,  the  surface 
temperature was highly influenced by the city structure. A clear correlation between 
the surface temperature and the sky view factor  has been found.  However,  not  a 
correlation has been found between the urban temperatures and the sky view factor. 
On the contrary, it has been found that the maximum surface temperature difference 
observed between urban sites of H/W =0.5 and H/W=2.0 was 3.5 C.  In a similar 
study, Arnfield,  (1990), reported a surface temperature difference of 4 C between 
urban sites of different density (H/W ratio of 0.5 and 2.0 respectively). Both studies 
show clearly that important variations in surface temperature exist between urban 
sites of different geometry. On the contrary, the results of some studies, clearly show 
that in spite of the fact that the street surface is influenced by the canyon geometry, 
there is a weak connection between geometry and air temperature and this because 
the air temperature is dependent upon the flux divergence in air volume including 
that of the horizontal transport. 

6.2.2 Surface Temperature
The temperature of the external  materials in a canyon is governed by its thermal 
balance. Surfaces receive short wave radiation as a function of their absorptivity and 
exposure to solar radiation,  receive and emit long wave radiation as a function of 
their  temperature,  emissivity  and  view  factor,  transfer  heat  to  or  from  the 
surrounding air and exchange heat via conduction procedures with the lower material 
layers. 

The thermal balance of a surface in a canyon can be expressed as follows, (Mills, 
(1993):

Q*=QH+QG                                                             (6.2.2.1)

where  Q*  is  the  net  radiation,  QH are  the  convective  heat  exchanges  and  QG 

are the conductive heat exchanges with the substrate. 

Net  radiation  is  the  balance  of  the  received  beam,  diffuse  and  reflected  solar 
radiation, (K), as well as well as of the received and emitted long wave radiation, (L).

Q*=K↓S + K↓T + K↑r + L↓S + L↓T + L↑e             (6.2.2.2)                     

where  the  arrows  represent  directions  to  (↓)  and  from  (↑)  the  surface,  and 
subscriptions T, s represent the sky and surrounding terrain sources respectively, r 
the reflected radiation and e the emitted one.

The optical and thermal characteristics of materials used in urban environments and 
especially the albedo to solar radiation and emissivity to long wave radiation have a 
very important impact to the urban energy balance. Yap, (1975), has reported that 
systematic urban -rural differences of surface emissivity hold the potential to cause a 
portion of the heat island. 

The albedo of surface is defined as its hemispherically and wavelength - integrated 
reflectivity.  Use  of  high  albedo  materials  reduces  the  amount  of  solar  radiation 
absorbed through building envelopes and urban structures and keeps their surfaces 
cooler. Materials with high emmisivities are good emitters of long wave energy and 
readily release the energy that has been absorbed as short  wave radiation.  Lower 
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surface temperatures contribute to decrease the temperature of the ambient air as 
heat convection intensity from a cooler surface is lower. Such temperature reductions 
can have significant impacts on cooling energy consumption in urban areas, a fact of 
particular importance in hot climate cities. 

As explained in the above, surface temperature measurements have been performed 
in different canyons all over the world. Extensive measurements have been performed 
in twelve urban canyons, during the summer period, in Athens, Greece, (Santamouris 
et al, 1997). 

Experiments have shown that when the surface temperature of opposite facades in a 
canyon are compared, then as expected, the almost south oriented surfaces present 
much  higher  temperatures  during  the  day  time,  than  the  opposite  surface.  The 
maximum  daily  simultaneous  temperature  difference  between  the  two  opposite 
panels  can be up to 19ºC.  The  highest  reported recorded difference  of the daily 
maximum temperature of two opposite surfaces is close to 14ºC.   There is a period 
during the day time, that each of the two facades presented a higher temperature 
than  the  opposite  one.  This  time  period  is  a  certainly  a  function  of  the  canyon 
orientation, layout and characteristics of the material.

In N-S, NE - SW and SE - NW oriented canyons, where the solar surfaces are of South, 
South  East  or  South  West  orientation,  the  simultaneous  temperature  difference 
between opposite surfaces during the day is lower at the ground level and increases 
as a function of canyon height.  This is because, in this type of canyons the lower 
height surfaces of the S, SE-SW facades receive much less radiation than the upper 
level ones and thus the upper S, SW-SE floors present higher surface temperatures. 
This  is  experimentally  verified.  Taken  into  account  that  the  opposite  N,  NE-NW 
facade  receives  very  low  radiation  levels,  this  explains  the  highest  simultaneous 
temperature differences at the upper floors

The vertical distribution of the external temperature of buildings in a canyon is of 
important  interest  as define  the convective  transfer  from and to the ambient  air. 
Measurements of the vertical distribution of surface temperatures in various urban 
canyons have concluded that:

In the S-SW-SE oriented facades and during the day period the temperature gradient 
varies  between  zeros  to  14ºC.  During  the  same  period,  the  lower  surface 
temperatures are presented in the ground floor. This is mainly because the incident 
solar radiation is much lower at this level. It is also observed that some times middle 
height  surfaces  (intermediate  floors)  present  the  highest  temperatures.  This  is 
because in these canyons, intermediate floors receive almost the same solar radiation 
as the upper floor they receive more infrared radiation from the opposite buildings, 
while convective fluxes are lower because of the lower wind speed at this level. Also, 
in most of the cases the ambient  temperature at this level  is higher  than the air 
temperature out of the canyon.  

In  the  N-NE-NW  oriented  facades  and  during  the  day  period,  the  temperature 
gradient varies between 2 to 6ºC. The lower surface temperatures are also presented 
in the ground floor for the reasons explained previously. However, in canyons with 
small H/W ratio, higher temperatures can be observed in the ground floor especially 
when  the  ground  level  surface  is  highly  absorbing.  The  difference  between  the 
surface temperature of the middle and upper floors is not significant in this case. 
This is because, for these orientations, higher solar radiation falls on the upper floor 
surfaces and thus counterbalances the additional  radiative and convective gains of 
the middle floors. 
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6.2.3 Air Temperature
The  distribution  of  the  ambient  air  in  a  canyon  influences  highly  the  energy 
consumption of the buildings.  Higher  temperatures in a canyon increase the heat 
convection  to  the  building  and  increase  the  cooling  load  due  to  ventilation. 
Therefore,  it  is  very  important  to  understand  the  mechanism  determining  the 
distribution of the ambient temperature in a canyon.

Temperature in a canyon is influenced by the temperature of the canyon surfaces, as 
energy is transferred through convective process, however,  as already reported,  in 
spite of the fact that the street surface is influenced by the canyon geometry, there is 
a weak connection between geometry and air temperature and this because the air 
temperature is dependent upon the flux divergence in air volume including that of 
the horizontal transport.

Experiments,  focusing on the distribution of the air temperature in canyons,  have 
mainly concluded that the air temperature stratification in the canyons during the 
daytime  period  is  not  significant.  Maximum  daily  temperature  differences  rarely 
exceed 2-3ºC. No specific temperature distribution pattern with the canyon height 
has been observed. In most of the cases lower temperatures are measured at the 
ground levels and temperature increased as a function of the canyon height.  This 
agrees with the distribution of the building surface temperatures in the canyon. 

Air  temperature distribution  across a canyon presents  an important  interest.  It  is 
observed  that  close  to  the  facade  of  the  buildings  an  air  film  governed  by  the 
temperature of the building surface and the vertical air transport is developed. At the 
middle of the canyon, and at ground level, air temperature is more dependent upon 
the flux divergence in air volume including that of the horizontal transport, (Roth et 
al., 1989), Stoll and Brazel (1992). Thus, the middle canyon temperature is far from 
the  mid  temperature  of  the  two  air  films  developed  close  to  the  facade  of  the 
buildings. 

As it has to be expected, the air temperature close to the south, south west or south 
east facades in a canyon presents higher air temperatures. Measured air temperature 
differences between the two facades vary as a function of  the canyon layout and 
surface characteristics. The mean maximum reported temperature difference during 
the  peak  temperatures  period  is  close  to  3ºC.  The  absolute  maximum measured 
temperature difference may be close to 5ºC.

Measurements have shown that in most of the cases, temperature at the middle of 
the canyon is lower than the corresponding film air temperature. In all these cases 
the film air  temperature is higher  than the undisturbed air temperature measured 
above the buildings.  

Comparison of the surface and air temperatures in canyons, performed during the 
summer period, shows clearly that in most of the cases, the surface temperature is 
higher than the corresponding air temperature. In particular the S-SW and SE facades 
present  higher  temperatures  up  to  13ºC.  Lower  temperature  differences  were 
observed in the N-NW and NE facades where the maximum observed temperature 
difference was close to 10ºC. In all these cases the air temperature inside the canyon 
was higher  than  the  undisturbed  air  temperature  measured above  the canyon.  In 
some  cases,  the  air  temperature  was  higher  than  the  corresponding  surface 
temperature to about 3-4ºC, (in peak conditions). At the same time the undisturbed 
ambient temperature was 4-8ºC higher than the air temperature. Due to the vertical 
and horizontal transport in these canyons, the air temperature close to the surface 
was increased and got a temperature between the surface and undisturbed ambient 
temperature.
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The temperature distribution in a canyon during the night period is low. During the 
summer period, the maximum temperature difference between the different canyon 
levels never exceeds 1.5ºC, (Santamouris et al, 1997). 

In all cases, higher temperatures are measured at the ground level, and temperature 
is  found  to  decrease  as  a function  of  the  height.  This  is  in  agreement  with  the 
distribution of the surface temperature in the canyon during the night period and is 
related to the radiative balance of the canyon surfaces. No significant air temperature 
differences have been measured between the air temperature close to the S-SW-SE 
and the N-NW-NE facades. In a general way the S-SW-SE facades presented a higher 
air temperature, but rarely temperature difference exceeds 0.5ºC, (Santamouris et al, 
1997). The temperature of the air in the middle of the canyon is found to be higher 
than  that  of  the  air  film  close  to  the  facades  of  the  canyon.  In  particular,  the 
difference regarding the S-SW-SE facades is close to 0.3ºC, while the corresponding 
difference with the N-NW-NE facade is close to 0.7ºC. 

During the night period, the maximum difference between surfaces and air was close 
to  2  C.  In  most  of  the  canyons  the  surface  temperature  was  higher  than  the 
corresponding  temperature  of  the air.  For  some canyons,  higher  air  than surface 
temperature has been recorded. In these canyons it is found that the temperature of 
the asphalt in the ground was always higher to about 1ºC, than the air temperature. 
Thus,  there was a convective flow from the street surface to the adjacent air that 
contributes to increase its temperature.

Orientation  of  streets  determines  the  amount  of  solar  radiation  received  by  the 
canyon surfaces. The degree to which this influence the air temperature in a street is 
a very interesting problem. To investigate the role of the street orientation on the 
canyon temperature, simultaneous measurements have been performed in 3 set of 
canyons, each composed of two crossing streets, (Santamouris et al, 1997). Results 
indicate that the air temperature as measured at the middle of the canyon, is not 
influenced by the orientation of the street neither during the day nor during the night 
period. This enforces the previous conclusions that air temperature in the canyon is 
not highly influenced by the canyon configuration and is mainly governed by the air 
flow processes. Therefore, it can be concluded that orientation of the street does not 
influence the bulk  air  temperature in the canyon,  however,  it  has a rather  strong 
influence  to  the  air  film developed  in  the proximity  of  the  facades.  In  all  tested 
configurations  S  or  SW  facades  has  been  found  to  present  the  highest  peak 
temperatures during the day time. No significant temperature differences have been 
found during the night period.

6.3 Air Flow in Urban Canyon
6.3.1 Introduction
Air flow around isolated buildings is well known. This is characterized by a bolster 
eddy vortex due to flow down the windward facade, while behind there is a lee eddy 
drawn into the cavity of low pressure due to flow separation from the sharp edges of 
the  building  top  and  sides,  and  further  downstream  is  the  building  wake 
characterized  by  increased  turbulence  but  lower  horizontal  speeds  than  the 
undisturbed flow.

As mentioned, knowledge of the airflow characteristics in urban canyons is necessary 
for all studies related to natural ventilation of buildings, pollution studies, thermal 
comfort, etc. 
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The airflow patterns in urban canyons have received important attention during the 
last years. Urban canyons are characterized by three main parameters, Figure 6.3.1, 
H, the mean height of the buildings in the canyon, W, the canyon width, and L the 
canyon length.  Given these parameters,  the geometrical  descriptors  are limited to 
three  simple  measures.  These  are  the  ratio  H/W,  the  aspect  ratio,  L/H  and  the 
building density j=Ar/A1 where Ar is the plan of roof area of the average building 
and A1 is the 'lot' area or unit ground area occupied by each building. 

W

H

L

W

H

L

Figure 6.3.1 : Height, Width and Length of a canyon

Knowledge of the airflow patterns in urban canyons is resulting either from numerical 
studies or from field experiments within real urban canyons or within scaled physical 
models in wind tunnels. Most of the existing studies deal with the determination of 
the pollution characteristics within the canyon and put emphasis on situations where 
the ambient flow is perpendicular to the canyon long axis, when the highest pollutant 
concentration occurs in the canyon.  

The present chapter aims to present the actual state of knowledge on the field of 
airflow in urban  canyons.  The  chapter  presents  the phenomena when the flow is 
perpendicular, parallel or oblique to the canyon axis. 

6.3.2 Perpendicular wind speed.
The  flow  over  arrays  of  buildings  is  the  subject  of  many  studies.  When  the 
predominant direction of the airflow is approximately normal (say 1 30 degrees), to 
the long axis of the street canyon, three types of air flow regimes are observed as a 
function of the building (L/H), and canyon (H/W), geometry, (T.R. Oke, 1988, Hussain 
and Lee, 1980).  

When the buildings are well apart, (H/W>0.05), their flow fields do not interact. At 
closer spacing, the wakes are disturbed and the flow regime is known as "Isolated 
Roughness Flow". 

When the height and spacing of the array combine to disturb the bolster and cavity 
eddies, the regime changes to one referred to as "wake interference flow". This is 
characterized by secondary flows in the canyon space where the downward flow of 
the  cavity  eddy  is  reinforced  by  deflection  down  the  windward  face  of  the  next 
building downstream. 

At even greater  H/W and density,  a stable  circulatory  vortex is established in the 
canyon because of the transfer of momentum across a shear layer of roof height, and 
transition to a "skimming flow» regime occurs where the bulk of the flow does not 
enter the canyon.  The existence of the vortex flow within the urban canyon was first 
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measured  by  Albrecht,  (1933),  and  has  been  confirmed  through  numerous  wind 
tunnel and field studies. 

The transitions between these three regimes occur at critical combinations of H/W 
and L/W. Oke (1988), has proposed threshold lines dividing flow into three regimes 
as functions of the building (L/H) and canyon (H/W) geometry. 

Because high H/W ratios are very common in cities, skimming air flow regime has 
attracted considerable attention. Numerous wind tunnel and field experiments have 
been performed and some of the main conclusions are:

The airflow in the canyon can been seen as a secondary circulation feature driven by 
the above roof imposed flow. (Nakamura and Oke, 1988). If the wind speed out of the 
canyon is below some threshold value the coupling between the upper and secondary 
flow is lost,  (Nakamura and Oke, 1988), and the relation between wind speeds above 
the roof and within the canyon is characterized by a considerable scatter. According 
to De Paul and Shieh, (1986), who worked in an almost symmetrical canyon where 
H/W =1.4, the threshold value is between 1.5-2 m/sec. Similar values are reported 
by Nakamura and Oke, 1988, who worked with a H/W ratio close to unity, (1.06) also 
in a symmetrical canyon. Also, Mc Cormick, 1971, reports a threshold wind speed 
close  to  2  m/sec.  Yamartino  and  Wiegard  who  worked  on  a H/W =1 symmetric 
canyon have also reported that for almost perpendicular winds, the existence of a 
vortex in the canyon  was the result  of  a sufficient  cross  canyon  flow out  of  the 
canyon. In all these studies higher wind speeds have been found to produce a stable 
vortex  circulation  within  the  canyon.  For  lower  wind  speeds  thermal  as  well  as 
mechanical influences may play an important role in the canyon circulation.

Regarding  the  relation  between  the  wind  speed  out  of  the  canyon  and  the 
corresponding vortex velocity, De Paul and Shah, 1986, report that, for wind speeds 
higher  than  the  threshold  value,  they  have  found  that  the  speed  of  the  vortex 
increases with the speed of the cross canyon flow. Yamartino and Wiegand, 1986, 
who worked with a H/W=1 symmetric canyon, found that the transverse vortex speed 
inside  the  canyon  is  proportional  to  the  above  roof  transverse  component  and 
independent of the above roof longitudinal  component.  Arnfield and Mills,  (1994), 
who worked in an asymmetric canyon of a mean H/W value close to 1.52, found that 
there is no evidence of dependence between the vortex speed and the horizontal or 
total wind velocity in step down and step up configuration canyons.  

Regarding the direction of the vortex,  it has to be expected that as the vortex is 
driven by a downward transfer of momentum across the roof - level shear zone, a 
flow normal to the canyon axis has to create a vortex where the direction of the air 
flow near the ground should be directly opposite to the wind direction outside the 
canyon. This is verified by Nakamura and Oke, (1988), and Hoydysh and Dabbert, 
(1988), for the case of a symmetric and a step up canyon configuration. Arnfield and 
Mills, (1994), report that in a step up asymmetric canyon, the vortex direction was 
consistent  with  the  mechanism described  above,  although  a reversed  vortex  was 
detected in some cases with low wind speeds below the threshold value of 2 m/sec. 

As it concerns the air velocity inside the canyon, Nakamura and Oke, 1988, report 
that  for  wind speeds  up  to  5 m/sec,  the  general  relation  between  the  two wind 
speeds appear to be linear, uin  = p uout. For wind speeds normal to the canyon axis, 
and for a symmetric canyon with H/W =1, they found that p varies between 0.66 and 
0.75 under condition that winds in and out are measured at about 0.06 H and 1.2 H 
respectively where H is the height of the buildings. For normal wind speeds, DePaul 
and Sheih, 1986, report downdraft vertical velocities in a canyon are a strong function 
of height and reach a maximum close to 95 % of the ambient horizontal velocity, at 
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heights near three quarters of the height of the upwind building. The updraft velocity 
appeared to be relatively independent of height and had a maximum close to 55 % of 
the ambient velocity, at height one half of the height of the upwind building. Vertical 
velocities in the center of the canyon center of the canyon have been measured close 
to zero. Horizontal velocities varies from zero up to 55 % of the free stream wind 
speed. The highest horizontal velocities where obtained at the bottom and the higher 
parts  of  the canyon.  Zero horizontal  velocity  was measured at about 75 % of the 
height  of  the  lowest  building.  The  authors  claim  that  their  results  are  in  good 
agreement with the numerical predictions of Hotchkiss and Harlow, 1973.  Hoydysh 
and Dabbert, (1988), report that for a symmetric canyon the average circumferential 
velocity was about one fourth of the free stream wind speed, (2 m/sec), while the 
corresponding  mean  ascending  vertical  velocity  was  0.26  m/sec  and  the  mean 
vertical  ascending  vertical  velocity  was  0.24  m/sec.  For  a  step  up  canyon 
configuration the mean circumferential velocity was between 1.02 -1.07 m/sec, while 
the corresponding mean ascending vertical velocity was 0.34 m/sec and the mean 
descending vertical velocity was 0.32 m/sec. Measurements by Albrecht and Grunow, 
1935, show that as horizontal roof level wind varies from 1 to 3 m/sec, the ascending 
and  descending  currents  vary  proportionally  from  0.1  to  1  m/sec.  Numerical 
simulations  by  Lee et  al,  1994,  in  a symmetric  canyon with  an undisturbed wind 
speed of 5 m/sec, flowing perpendicular to the canyon shown that the strength of 
the vortex developed inside the canyon was less than the wind speed above the roof 
level by about an order of magnitude.

As it concerns the length of the vertical displacement of the vortex in a canyon very 
few studies have been performed. For normal wind speeds, Hoydysh and Dabbert, 
(1988), report that for a symmetric canyon the average vertical displacement of the 
vortex was of the same magnitude as the canyon width, while in a step up canyon the 
vortex was smaller  and the mean vertical  displacement  was equal  to 0.61 of the 
canyon width. 

The end effects or finite length canyon effects play an important role on the air flow 
distribution in canyons. Yamartino and Wiegand, 1986, report that when L/W ≈ 20, 
finite  length  canyon  effects  began  to  dominate  over  the  vortex.  Hoydysh  and 
Dabberdt, 1988, report that intermittent vortices are shed on the building corners. 
These vortices are responsible  for  the mechanism of advection from the building 
corners to mid - block creating a convergence zone in the mid block region of the 
canyon, resulting in larger concentrations there, both at street level and aloft. Similar 
phenomena are reported by Santamouris et al, (1999).

As it concerns the cross canyon gradient of pollutants concentration, when the free 
stream winds are perpendicular to the canyon axis, Hoydysh and Dabbert,  (1988), 
report that for symmetric and step up canyons the concentrations are a factor of two 
or more greater for the leeward than the windward facade. Almost same results are 
reported by other field studies for symmetric canyons, (Georgii et al. 1967, Johnson 
et al 1971, Dabberdt et al 1973, Waldeyer et al, 1981, Joumard, 1981), as well as by 
fluid modelling studies, (Hoydish 1971, Jacko 1972, Odaira et al 1972, Hoydish and 
Ogawa 1972, Hoydish et al 1974, Wedding et al 1977, Dabberdt, 1981, Leisen et al 
1981, Zhang and Huber, 1995). Almost different results are presented by Lee et al, 
1994, reporting results of numerical simulations in a canyon of H/W =1, with a free 
stream wind velocity of 5 m/sec, perpendicular to the canyon. They found that the 
maximum concentration  coincides  with  the  vortex  center  which  is  located  at  the 
windward side of the canyon at 0.7 building height. For a step down configuration, 
Hoydysh and Dabbert, (1988), report that the concentration in the windward facade 
was  slightly  greater  than  to  leeward.  Zhang  and  Huber,  1995,  report  that  the 

45 Specialist  modules



TAREB Energy in the Urban Environment

concentration in the windward facade of a step down configuration was 2.5 times 
higher that the concentration in the leeward facade. They explain the flow pattern in 
such a configuration. In their case the upwind building was 1.5 times higher than the 
downwind one and the flow gown downward as it passed it. The downward flow had 
the tendency to form a big wake behind the building. As there was a second building 
in this potential  wake, the flow hit the second building roof and tended to go up 
upstream, forming two counter-direction recirculating vortices.  The clockwise one 
that was larger and stronger that overlap the step down building,  and the canyon 
itself  that  generates  a  secondary  counter  clockwise  vortex  at  the  bottom  of  the 
canyon.  Hoydysh and Dabbert report that concentrations were generally a factor of 
two lower in a step up canyon relative to a symmetric and a step down canyon.  

 

6.3.2.1. Perpendicular wind speed - Deep Canyons
In  deep  canyons,  wind  tunnel  research  (Chang  et  al  1971),  has  found  that  two 
vortices are  developed,  an upper  one  driven by  ambient  airflow and a lower  one 
driven in the opposite direction by the circulation above. Santamouris et al, (1999), 
have performed air flow measurements in a deep SE-NW canyon of H/W = 2.5, in 
Athens. For perpendicular air flow, measured data indicate strongly the creation of a 
single vortex driven by the ambient air flow.  When all wind speeds are considered, in 
almost two third of the cases the air moved downward the windward facade, and from 
SE to  NW directions  along  the canyon.  The  measured across canyon  air  speed is 
almost always opposite to the wind direction out of the canyon, however measured 
values are  small and less than 0.1 m/sec. The mean measured downward vertical air 
speed was close to 12 percent of the horizontal ambient wind speed, 0.25 m/sec, 
with a standard deviation close to 10 percent, 0.19 m/sec. Downward air flow found 
to create an angle relative to the vertical axis between 25-40 degrees.

Direct comparison of the wind speed out of the canyon with the secondary flow air 
components  inside  the  canyon  is  characterized  by  a  considerable  scatter 
independently  of  the wind speed.  Lack of a clear threshold  wind speed value for 
which the link between the wind in and out the canyon is established is mainly due to 
the fact that air circulation inside the canyon is not due only to the ambient wind 
flow,  but  is  the  resultant  of  three  specific  mechanisms  and  in  particular  of  the 
ambient air flow above the canyon, of the vertical stratification of the air inside the 
canyon that  can reaches values up to 6 degrees,  as well  as of  the mechanism of 
advection from the building corners because of the end effects. Further analysis has 
shown that when stratification do not contribute to the air circulation, the speed of 
the vortex, increases with the transverse ambient wind component under a threshold 
cross canyon wind speed that is between 2-3 m/sec,

The same authors report that for almost one third of the cases a counter clockwise air 
motion  is  observed.  The  measured  air  flow  characteristics  strongly  indicated  the 
existence of a second vortex inside the canyon rotated in counter clockwise direction. 
This is in agreement with the results of Chang et al, (1971), who observed a double 
vortices  regime  rotating  alternately  in  opposite  directions  inside  the  canyon. 
According to Chang et al, the upper vortex rotates in clockwise directions transmits 
energy to rotate the lower part of the fluid into counter clockwise vortex motion. The 
existence of double vortices is found to be essentially a moderately low Reynolds 
number phenomenon without however to be possible to determine a critical Reynold 
number. Arnfield and Mills, (1994), also, report that in a step up asymmetric canyon, 
a  reversed  vortex  was  detected  in  some  cases  with  low  wind  speeds  below  the 
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threshold value of 2 m/sec.  However, in both of the above studies the role of the 
wind was determinant as temperature stratification in the canyon was not important. 

In  the  results  reported  by  Santamouris  et  al,  (1999),  counter  clockwise  motion 
occured only when the temperature difference between the lower and mid height air 
temperature layers close to the south oriented facade of the canyon was positive. 
This mainly happened during the period around the midday when first the NE facade 
and then the floor of the canyon are highly irradiated. Two hours before noon, when 
the NE facade  was  irradiated,  the  surface temperature  in  the upper  floors  of  the 
facade  are  to  about  6-10 C  higher  than  in  the  lower  ones  or  the  ground.  This 
resulted  to  the  development  of  a  downward  air  flow along  the  NE  facade of  the 
canyon. During midday, when the canyon floor was sunlit, the difference between the 
surface temperature of the canyon floor close to the southwest facade and the of air 
above it reaches 8-12 C. This stratification contributed to the warming of the air and 
in an upward air flow along the southwest wall.  The role of the ambient wind speed 
was also important.  It is found that an increase of the ambient wind speed when 
combined with an air temperature stratification in the  canyon increased both the 
vertical and along canyon wind speed. 

A possible explanation of the mechanism is that temperature stratification drives a 
upward air movement along the southwest facade of the building and at the lower 
layers of the canyon, that do not allow the upper vortex to be extended downwards. 
Under  these  conditions,  higher  ambient  winds  contributes  to  the transmission  of 
more energy from the upper to the lower vortex and thus increase its speed.

6.3.3. Flow Along the Canyon
Air flow characteristics in urban canyon with an air flow parallel to the canyon axis 
have been studied in many field and wind tunnel  experiments.  As in the case of 
perpendicular  winds,  the  air  flow  in  the  canyon  has  to  be  seen  as  a  secondary 
circulation  feature  driven  by  the  above  roof  imposed  flow.  (Nakamura  and  Oke, 
1988).  If  the  wind  speed  out  of  the  canyon  is  below  some  threshold  value  the 
coupling between the upper and secondary flow is lost,  (Nakamura and Oke, 1988), 
and  the  relation  between  wind  speeds  above  the  roof  and  within  the  roof  is 
characterized by a considerable scatter.  For higher wind speeds the main results and 
conclusions resulting from the existing studies are:

Parallel ambient flow generates a mean wind along the canyon axis, (Wedding et al, 
1977,  Nakamura  and  Oke  1988),  with  possible  uplift  along  the  canyon  walls  as 
airflow is retarded by friction by the building walls and street surface, (Nunez and 
Oke, 1977), Figure 6.3.6. 

This is verified by Arnfield and Mills 1994, who found that with no along canyon 
winds the mean vertical canyon velocity is close to zero. Measurements performed in 
a deep canyon, (Santamouris et al, 1999), have also shown an along canyon flow of 
the  same  direction.  The  flow  is  characterized  by  an  along  speed  almost  always 
parallel  to the axis of the canyon and a downward incidence angle relative to the 
canyon floor between 0 to 30 degrees. 

Regarding the relation between the free stream wind speed, U, and the along canyon 
velocity,  v,  Yamartino  and  Wiegand,  1986,  report  that  the  along  canyon  wind 
component, v, in the canyon is directly proportional to the above roof along canyon 
component, through the constant of proportionality that is a function of approach 
flow azimuth.  The same authors they found that  v=Ucosθ,  at least  to first  order, 
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where  θ is the incidence angle and U the horizontal wind speed out of the canyon. 
Nakamura and Oke, 1988, report that for wind speeds up to 5 m/sec, the general 
relation between the two wind speeds appear to be linear, v = p U . For wind speeds 
parallel to the canyon axis, and for a symmetric canyon with H/W =1, they found that 
p varies between 0.37 and 0.68 under condition that winds in and out winds are 
measured  at  about  0.06  H and  1.2  H  respectively  where  H  is  the  height  of  the 
buildings. Low p values are obtained because of the deflection of the flow by a side 
canyon.  Measurements performed in a deep canyon of H/W=2.5, (Santamouris et al, 
1999), have not shown any clear threshold value where coupling is lost.  Also, the 
correlation between the parallel to the canyon ambient speed and the along canyon 
wind  speed  inside  the  canyon  was  not  clear,  mainly  because  most  of  the  data, 
corresponded  to  ambient  wind  speeds  lower  than  4  m/sec,  where  the  relation 
between the two wind speeds is not clear. However, a statistical analysis of the data 
has show that statistically there is a correlation between them.

Figure 6.3.6: Air Flow characteristics along the canyon axis.
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Figure 6.3.7: Box plot of wind speed inside the canyon for various clusters of ambient  
wind speed for wind directions parallel to the canyon.  Source : (Santamouris et al,  
1999).

Figure 6.3.7 shows the variation of the median, upper and lower quartile as well as 
the outliers of the along canyon wind speed inside the canyon for four classes of 
increasing ambient wind speed and in particular: a) 0<Vx<1, b) 1<Vx<2, c) 2<Vx<3, 
d) 3<Vx<6 m/sec. As shown both the median as well as the quartiles increases as 
ambient wind speed increases. The existence of high wind speed outliers inside the 
canyon corresponding to low ambient wind speeds do not permitted to extract such a 
conclusion from Figure 6.3.7. 

As it concerns the relation of the vertical  wind speeds at the canyon top and the 
along  canyon  free  stream wind  speed,  Arnfield  and Mills,  1994,  report  that  they 
found that the vertical  wind increases with the along canyon free stream velocity. 
When the free stream wind travels down only a short section of the canyon and is still 
actively decelerating in response to the sudden imposition with the canyon facets, the 
relation between the two wind speeds is almost linear. A positive association between 
the  vertical  wind  speed  and  the  along  canyon  free  stream wind  but  much  more 
scattered  has  been  found  for  winds  that  have  penetrated  a much  longer  canyon 
section and have attained a partial equilibrium with the frictional effect on the walls 
and floor. In this case decelaration is reduced as well as the vertical outflow, which 
result through the canyon - top. In the results reported by Santamouris et al, (1999), 
an important downlift flow is reported. Downward air move close to the canyon walls 
could  be  the  result  of  finite  length  canyon  effects  associated  with intermittent 
vortices shed on the building corners and are responsible for the mechanism of a 
downward  advection  flow  from  the  building  corners  to  mid  -  block  canyon, 
(Yamartino and Wiegand, 1986,  Hoydysh and Dabberdt, 1988). 
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6.3.4. Flow at an angle to the canyon axis
The more common case is that where the air flows  at a certain angle relative to the 
long  axis  of  the  canyon.  Unfortunately  the  existing  research  on  this  topic  is 
considerably  smaller  compared to the scientific  information for  perpendicular  and 
along  the  canyon  flows.  Existing  results  are  available  through  limited  field 
experiments and mainly through wind tunnel and numerical calculations. 

The main results drawn from the existing research have concluded that when the flow 
above  the roof  is  at  some angle  of  attack  to  the  canyon  axis,  a  spiral  vortex  is 
induced along the length of the canyon, a cork -screw type of action, (Nakamura and 
Oke, 1988). 

Wind tunnel research carried out by Dabberdt al 1973, Wedding et al 1977, have also 
shown that a helical flow pattern develops in the canyon.  Similar results are reported 
by  Santamouris  et  al,  (1999).  According  to  Yamartino  and  Wiegand,  1986,  for 
intermediate angles of incidence to the canyon long axis, the canyon airflow is the 
product of both the transverse and parallel components of the ambient wind, where 
the  former  drives  the  canyon  vortex  and  the  later  determines  the  along  canyon 
stretching of the vortex. 

Regarding the direction of the helical flow, Nakamura and Oke, 1989, report that in a 
first approximation the angle of incidence on the windward wall is the same as the 
angle of reflection of the wall which forms the return flow of the spiral vortex across 
the canyon floor. However, they found some evidence that the angle of incidence is 
greater  than that  of  reflection.  As  reported,  this  could  be  caused by  along  wind 
entrainment in the canyon.

Regarding  the  wind  speed inside  the  canyon,  Lee  et  al,  1994,  have reported  the 
results of numerical studies in a canyon with H/W=1 and a free stream wind speed 
equal to 5 m/sec, flowing at 45 degrees relative to the long axis of the canyon. They 
reported that a vortex is developed inside the canyon whose strength was less than 
the  wind  speed  above  the  roof  level  by  about  an  order  of  magnitude.  Maximum 
across canyon air speed inside the canyon was 0.6 m/sec, and occur at the highest 
part of the canyon. The vortex was centered at the upper middle part of the cavity 
and in particular to about 0.65 of the buildings height. The maximum along canyon 
wind speeds was close to 0.8 m/sec. Much higher  along canyon wind speeds are 
reported for the downward facade, (0.6-0.8 m/sec), than for the upward facade, (0.2 
m/sec). The maximum vertical wind speed inside the canyon was close to 1.0 m/sec. 
Much  higher  vertical  velocities  are  reported  for  the  downward  facade,  (0.8 - 1.0 
m/sec), than for the upward one, ( 0.6 m/sec). Results by Santamouris et al, (1999), 
have shown that an increase of the ambient wind speed corresponds almost always to 
an increase of the along canyon wind speed, for both the median and the lower and 
upper quartiles of the speed.

Regarding the distribution of pollutants concentration in symmetric, even, step down 
and step up canyons,  when the wind flows at a certain angle to the canyon axis, 
Hoydysh and Daberdt, 1988, report results of wind tunnel studies. The authors have 
calculated the wind angle for which the minimum of the concentration occurs. They 
report that for the step down configuration the minimum of the concentration occurs 
for along canyon winds (incidence angle equal to 90 degrees).  For the symmetric, 
even, configuration the minimum on the leeward facade occurs for an incidence angle 
of 30 degrees while on the windward the minimum is achieved for angles between 
20-70  degrees.  Finally,  for  step  up  canyon  configurations  they  report  that  the 
minimum on the leeward facade occurs at incidence angles between 0-40 degrees 
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while for the windward facade the minimum is found for incidence angles between 0-
60 degrees.
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7. The Role of Green Spaces 
7.1 General - Physical Principles
Trees and green spaces contribute significantly to cool our cities and save energy. 
Trees can provide solar protection to individual houses during the summer period 
while evapotranspiration from trees can reduce urban temperatures. In parallel, trees 
absorb sound and block erosion causing rainfall, filter dangerous pollutants, reduce 
wind  speed  and  stabilize  soil  and  prevent  erosion,  Figure  7.1.1.  The  American 
Forestry Association, 1989, estimated that the value of an urban tree is close to $ 
57000 for a 50 years old mature specimen. As mentioned by Akbari, 1992, the above 
estimate includes a mean annual value of $ 73 for air conditioning,  $ 75 for soil 
benefits  and erosion  control,  $ 50 for  air  pollution  control  and $ 75 for  wildlife 
habitats. 

Figure 7.1.1 Ecological qualities of trees. Adapted from Akbari, 1992.

Generally vegetation has various effects on urban environment. Beyond the aesthetic 
role of trees and vegetation,  it  can increase property value,  stabilize  soil,  provide 
habitat  for wildlife, block noise and improve outdoor air quality. In this, a belt  of 
trees 30 m wide and 15 m tall  can reduce highway noise by 6 to 10 decibels.  In 
addition, using the photosynthesis process, vegetation absorbs carbon dioxide and 
stores  some of  the  carbon,  reducing  greenhouse  effect.  Lastly,  leaves  can  be  an 
efficient filter for dangerous pollutants from the air such as NO, NO2, NH3, SO2 and 
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O3. Also, the benefits of trees and vegetation on energy use in buildings are also very 
important. These effects can be split into direct and indirect effects. The former ones 
are  shading  and  wind  shielding  when  the  latter  is  a  cooling  effect  due  to 
evapotranspiration. 
Trees, shrubs and vines can have a direct effect on urban climate by blocking the rays 
of the sun. For instance, trees in full leaf can block up to 95 percent of the incoming 
radiations. For deciduous trees, the values of the absorbed and the transmitted solar 
radiation  vary  from  the  summer  to  winter.  Air-conditioning  energy  use  can  be 
reduced to 40 or 50 percent by shading windows and walls. Tree shading is a benefit 
in summer but not during winter when heating is needed. 

Tree shade reduces cooling energy use inside buildings in three ways:
• preventing direct solar radiation through windows,
• reducing the amount of heat reaching the interior through the envelope,
• keeping the soil around the buildings cool (“heat sink” effect).

Vegetation  creates  a  barrier  to  the  wind  and  therefore  reduces  air  pressure 
differences  on  the  building  surfaces.  By  lowering  wind  speeds  around  buildings, 
vegetation modifies the convective interaction between the building envelope and the 
outside air.  This  effect  is  dependent  on wind speed and direction,  and landscape 
configuration. Considering energy use, blocking the wind is beneficial during winter 
(heat losses reduction)  but not in summer (cooling effect reduction). Nevertheless, 
the heating energy saving is higher than the excess of cooling demand.

Large trees should be planted on the west and on south sides to cast the maximum 
shadows and on the east side to shade the air- conditioner. Shrubs planted on all 
sides of the house help to reduce wall  and soil  temperatures.  Trees in temperate 
climates must be chosen and planted to shield a house from both the hot summer 
sun and the cold winter winds.

When the wind shielding and shading effects are considered together, the net energy 
impact of these two effects on the building’s heating and cooling energy use can be 
evaluated and numerical simulations have shown that vegetation reduces both the 
heating and cooling energy use in both hot and cold locations. 

In  order  to  dissipate  the  sensible  heat  from  solar  radiation  and  warm  air,  the 
vegetation  transpire  moisture.  This  phenomenon  is  called  evapotranspiration and 
represents the main part of the thermal balance of vegetation. During the day, two-
thirds of the net all wave radiation flux is used to evaporate water, the last third is 
dissipated in sensible heat flux since the net energy storage is very small. 

The heat transferred by evapotranspiration process is close to 2320 kJ  per  kg of 
evaporated water. So, this phenomena is important since, for instance, a normal size 
deciduous tree can transpire up to 375 kg of water a day. The corresponding energy 
consumption  is  870  MJ,  which  is  the  cooling  effect  of  five  air-conditioners. 
Furthermore,  theoretical  analysis  has shown that  the evapotranspiration from one 
tree can save 250 to 650 kWh of electricity used for air conditioning per year. The 
evapotranspiration has an indirect effect on outside air temperature because the solar 
energy is expended for evapotranspiration instead of directly heating the air. So, the 
increase  on  temperatures  during  the  day  will  be  reduced.  Reported  observations 
indicate a temperature reduction of 2-3°C due to vegetation evapotranspiration.

Comparing the direct and indirect effects of vegetation on energy use shows that the 
evapotranspiration  of  vegetation  i.e.  the  indirect  effect  produces  greater  cooling 
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energy saving than direct effects that is to say shading and wind shielding. In this, 
direct effects provide a relatively small percentage (only 10 to 35 percent) of the total 
energy savings.

Evapotranspiration  is  the  major  mechanism  through  which  trees  contribute  to 
decrease urban temperatures. As evapotranspiration is defined the combined loss of 
water to the atmosphere by evaporation and transpiration. Evaporation is the process 
by which a liquid is transformed into gas, (Oke, 1987), and in the atmosphere usually 
water changes to water vapor. Transpiration is the process by which water in plants is 
transferred as water vapor in the atmosphere. 

Evapotranspiration  contributes  to  create  lower  temperature  spaces  in  an  urban 
environment,  a phenomenon known as 'the oasis phenomenon'.  The magnitude of 
the temperature reduction is related to the overall energy balance of the area but in 
general, oasis is characterized by the Bowen ratio which is the ratio of the sensible to 
latent heat fluxes. 

The positive impact of trees on energy savings has gained an increasing acceptance 
during  the  last  years.  For  example,  the  Sacramento  Municipal  Utility  District  is 
actually supporting and funding trees planting to offset the projected need for a new 
power plant in the next decade, (Summit and Sommer, 1998).As reported by Akbari, 
1992,  :  'Field measurements  have shown that  through shading,  trees and shrubs 
strategically  planted  next  to  buildings  can  reduce  summer  air  conditioning  costs 
typically by 15 to 35 per cent, and by as much as 50 percent  or more in certain 
specific situations. Simply shading the air conditioner - by using shrubs or a vine - 
covered trellis-can save up to 10 percent in annual cooling energy costs'. As a results 
of the above,  several  communities  and non profit  organizations,  mainly in the US 
have initiated and coordinate tree planting efforts and encourage residents to plant 
trees.

Trees also help mitigate the greenhouse effect, filter pollutants, mask noise, prevent 
erosion and calm their human observers. As pointed out by Akbari et, (1992), 'the 
effectiveness  of  vegetation  depends  on  its  intensity,  shape,  dimensions  and 
placement. But in general, any tree, even one bereft of leaves, can have a noticeable 
impact  on  energy  use'.  Trees  in  paved  urban  areas  intercept  both  the  advected 
sensible heat and the long wave radiation from high temperature paved materials like 
asphalt, (Halvorson and Potts, 1981, Heilman et al., 1989).   

Trees absorb gaseous pollutants through leaf stomata and can dissolve or bind water 
soluble pollutants onto moist leaf surfaces, while tree canopies intercept particulates. 
In parallel, trees reduce ambient air ozone concentrations, either by absorbing it or 
other  pollutants  as  NO2,  directly,  or  by  reducing  air  temperatures  which  reduces 
hydrocarbon emission and ozone formation rates, (Cardelino and Chameides, 1990, 
Mc Pherson et al, 1998).  Bernatsky, 1978, reports that a street lined with healthy 
trees can reduce air borne dust particles by as much as 7000 particles per liter of air. 
Trees  also  remove  atmospheric  CO2 and  store  it  as  a  woody  biomass.  However, 
biogenic  hydrocarbon  emissions  from trees  may  play  a role  in  ozone  formation, 
(Winer at al, 1983, Chameides et al, 1988).

In  parallel,  trees  reduce  and filter  urban  noise.  As  pointed  out  by  Akbari,  1992, 
leaves, twings and branches absorb high frequency sounds that are more bothersome 
to  humans.  The  same authors  report  that  a belt  of  trees 33 wide  and 15 m tall 
reduces highway noise by 6 to 10 decibels - a sound reduction close to 50 percent. 
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Data on the attenuation effect of vegetation as a function of vegetation are given by 
Broban, 1967. He reports that in order to obtain significant reductions in the noise 
level, in the order of 110 dB, at least a 100 m deep dense vegetation is required.  

Reduction of  winds  speed by trees is important  and may contribute to important 
energy savings. Heisler, 1989, reports that an increase by ten per cent of the tree 
cover in a residential area can reduce wind speeds by 10-20 per cent, while an added 
30 per cent cover can reduce it by 15 to 35 per cent. Huang et al, 1990, simulated 
the effect of wind shielding from 30 percent in tree cover on the heating and cooling 
energy use of older houses, for various US cities, and is found that for all locations 
the heating load was significantly reduced. Studies of DeWalle, 1983, dealing with the 
role of windbreaks of heigh H, on infiltration and heating energy needs of a mobile 
house have shown that at distances of 1-4H from the wind break the air speed was 
reduced by 40-50 percent of the undisturbed wind. The reduction of the infiltration 
were from 55 % at 1H to 30 % at 4H and 8H. The corresponding heating energy was 
reduced by about 20 % at 1H to about 10 % at 4H.  

Trees have an important social impact. Anderson and Cordell, 1985, found that the 
presence of trees increases property values, while Getz et al, 1982, reported that city 
residents said that trees influence their decision about where to live. As reported by 
Akbari, 1992, studies have shown that trees can increase property values by 3 to 20 
percent.  It  is  evident  that  vegetated spaces  make urban  settings  more  attractive, 
(Sheets and Manzer, 1991), and have a positive impact on moods, (Hull, 1992). The 
Dobris assessment of the European Commission, (Stanners and Bourdeau, 1995), has 
suggested  to  use as an  indicator  of  the urban  environmental  quality  the walking 
distance of 15 minutes or less from homes to green spaces. The same authors have 
compiled data on the proportion of green spaces relative to the city area. In parallel, 
Ulrich,  1984, has demonstrated that natural  stimuli  promote healing and recovery 
from stress. The study proved that patients when they saw trees from their windows, 
than  a  brick  wall,   had  shorter  post  operative  stays,  fewer  negative  evaluative 
comments in nurses notes, fewer post surgical complications and fewer painkillers 
need. 

The same author,  (Ulrich 1981), studied the reaction of humans to color slides or 
rural and urban scenes. He reported that humans were more interested in and felt 
more positively about, the rural than the urban scenes. He recorded higher amplitude 
alpha waves from subject brains when saw rural than urban scenes. Brain alpha waves 
are  correlated  with  feelings  of  relaxation.  Ulrich  et  al,  1993,  reported  that  they 
showed 120 humans a stressful movie and then showed them one of six different 
videotapes of urban and natural scenes. Records of psychological and physiological 
parameters showed that humans recuperated from the stressful movie more rapidly, 
and more thoroughly, with exposure to natural settings.

7.2 The Impact of Trees and Urban Parks on Ambient Temperature and 
Air Quality
Evapotranspiration  from  soil  -  vegetation  systems  can  contribute  significantly  to 
reduce urban temperatures. Sailor 1994, considers that the low evaporative heat flux 
in cities  is  the more  significant  of  the factors  in  the development  of urban  heat 
island. As already reported, evapotranspiration from plants at the National park of 
Athens create 'oases' of 1-5 C during the night period.  Duckworth and Sandberg, 
(1954),  found that  temperatures in San Fransisco's  heavily  vegetated Golden Gate 
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Park average about 8 C cooler than nearby areas that are less vegetated. In Tokyo, 
vegetated zones in summer are 1.6 C cooler than non vegetated spots, (Tatsu Oka 
1980, and Gao et al, 1994), while in Montreal, urban parks can be 2.5 C cooler than 
surrounding built areas, (Oke 1977). Jauregui, (1990/1991), reports that the park in 
Mexico city was 2-3 C cooler with respect to its boundaries. Lindqvist, (1992), has 
performed studies in Gotemborg, Sweden, and he reports that in some occasions the 
air temperature increased 6 C from 100 m inside the park to a point within the built 
up areas 150 m outside the park. More frequently, the air temperature gradient in the 
transition  zone  was  0.3 - 0.4 C per  100 m outside  the park.  Similar  results  for 
Gotemborg are also reported by Eliason, (1996). Taha et al, (1989), (1991), report 
that  evapotranspiration  can  create  oases  that  are  2-8ºC  cooler  than  their 
surroundings,  while  Bowen,  (1980),  reports  2-3ºC  temperature  reduction  due  to 
evapotranspiration by plants. Finally, Saito et al, (1990/1991), has studied the effect 
of green areas on the thermal enviroronment of Kumamoto city in Japan. He reports 
that even small green areas of 60m x 40m indicated the cooling effect. The maximum 
temperature difference between inside and outside the green area was 3ºC. 

Measurements of the ambient temperature in and around an urban park have been 
performed  for  a  period  of  10  days  in  Athens,  Greece,  during  August  1998. 
Measurements  are  taken  simultaneously  by  five  mobile  stations  moving  from the 
center of the park to its exterior space. Experiments have been performed during the 
whole day period. The aim of the experiments was to investigate the temperature 
difference between the vegetated and the surrounding area, as well the gradient of 
the temperature increase as a function of the distance from the park. Although, the 
analysis  has  not  been  completed,  preliminary  findings  permit  the  following 
conclusions:

a) The  temperature  inside  the  park  varies  mainly  as  a  function  of  shading  and 
vegetative cover. The difference between the lower and higher temperatures can 
by high as 1.5 C.

b) The  maximum  temperature  difference  between  the  park  and  the  surrounding 
urban area during the day period is close to 3 C.

c) Not a constant gradient of temperature increase with distance from the park is 
found. In all four gates of the park, it has been found that exiting from the park 
resulted in an immediate temperature increase of about 1 C. This had almost the 
characteristics of a step function.

d) The temperature around the park was mainly influenced by other parameters than 
the  presence  of  the  park,  like  the  density  of  the  buildings,  the  rate  of 
anthropogenic heat released mainly by the cars, the shading of the canyons, etc.

7.3 Impact of Trees on the Energy Consumption of Buildings 
The impact of trees on the energy consumption of buildings is very important. As 
reported  by  the  National  Academy  of  Sciences  of  United  States,  NAS,  1991,  the 
plantation of 100 million trees combined with the implementation of light surfacing 
programs could reduce electricity use by 50 billion kWh per year, which is equivalent 
to the 2 per cent of the annual electricity use in the US and reduce the amount of CO2 

dumped  in the atmosphere by as much as 35 millions of tons per year.
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Shading from trees contributes to decrease significantly energy for cooling. Shaded 
surfaces present a much lower temperature and thus decrease heat convection rate to 
the building interior. However, the presence of vegetation may decrease the radiation 
exchange of the wall with the sky and thus contribute, especially during night, to a 
higher temperature of the wall. Simulation studies using limited numbers of buildings 
and tree configurations for cities across the US indicate that shade from a single well 
placed, mature tree of about 8 m crown diameter, can reduce annual air conditioning 
use 2 to 8 % and peak cooling demand 2 to 10 %, (Huang et al 1987, 1990, Heisler 
1991, Akbari  and Taha 1992, McPherson and Sacamano 1992, Sand and Huelman 
1993, McPherson 1994, Simpson et al, 1994).        

The effect of appropriate landscape treatments around a building may plays a very 
important  role  on  the  temperature  regime  around  it.  Measurements  of  different 
landscape treatments around a model building, has been reported by Mc Pherson et 
al, 1989. The study involved grass turf around the building and no shade, rock mulch 
around the buildings and the walls shaded by shrubs and rock mulch with neither 
grass nor shade. It is reported that the surface temperature of grass turf around noon 
was to about 15 C lower than that of the rocks. In parallel, the air temperature at 0.5 
m height, was above the turf by 2 C lower  than above the rocks. Finally, the building 
with the rock mulch consumed between 20-30 percent more cooling energy than the 
models with the turf and with the shrub's shade. Givoni, 1991, reports that during 
clear summer days the air temperature close to a shrub fence was up to 3 C lower 
than the temperature above exposed pavements. 

7.4 Cooling A Neighborhood Or City

To help lower an entire city’s temperatures through evapotranspiration, it is required 
to plant as many street trees as possible in public as well as private spaces. Parking 
lots,  plazas,  street meridians,  sidewalks,  residential  yards, corporate lawns,  parks, 
shopping plazas, and many other niches are currently full of empty tree spaces. New 
developments - which spring up constantly in many communities – are an excellent 
place  to  begin  planting  for  heat-island  reduction.  Too  often,  however,  these 
developments  are  just  bulldozed  in  as  quickly  as  possible,  rather  than  being 
environmentally landscaped. Existing trees often are plowed under in this process, 
leaving a landscape bereft of their cooling and aesthetic benefits.

The  difference  between  the  two  approaches  reflects  the  attitude  of  city  leaders, 
planners,  and  citizens  toward  the  relationship  between  cities  and  nature.  It’s 
important to encourage leaders and developers to keep existing ones are destroyed, 
and to include landscaping as part of any development plan. Unfortunately, many of 
our  older  cities  were  built  with  the  latter  attitude.  But  if  new  communities  and 
developments learn from the mistakes of older cities, we can utilize the opportunities 
of the natural environment right from the outset. The result will be a better urban 
environment, at a lower-term cost to the citizenry.

The best time to make a city fit into the natural environment, of course, is during the 
planning and development phase.  For instance, new subdivisions in treeless areas 
can be required to plant large-growing trees as part of their development plan. Even 
very  large  trees  can  be  transplanted  into  new  urban  development  sites  through 
skillful planning and execution.  Proper placement of trees in new constriction is a 
logical a part of development as locating trees and sewers and isn’t overly expensive. 
Obviously, that time is long past in many urban places. The best strategy, then, is to 
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improve planting and management programs so as to mimic the natural world as 
closely as possible.

Parking lots can be shaded with little or no reduction in parking capacity.   Extra 
planning to coordinate tree locations with lighting facilities, however, is needed. Tree 
planting space at least 1.5 meters wide can be borrowed from paved areas between 
rows of cars by allowing car bumpers to overhang planter space. Designs of streets 
should change to allow more greening. Modern engineers could use techniques like 
boulevards that create a green path down the middle of the street and double the 
potential planting space for trees. Each street boulevard mile can handle about 400 
trees rather than the 200 average of a normal street because the linear curb area is 
doubled. Unlike the business side of the street, which presents restrictions for trees 
ranging  from  sidewalks  to  power  lines,  the  boulevard  can  concentrate  on 
landscaping.

Cities, have options which are not without costs, but sound investments that result in 
long-lived,  healthy  forests  are  nearly  always  more  cost-effective  than  their 
alternatives.
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8. Appropriate Materials for the Urban Environment
8.1 General and Physical Principles

In a very traditional way the materials used to built houses and cities tended to come 
from what lay around and what could be used. This is why original American settlers 
built  their  houses from wood,  mud or  ever  straw,  or  why Aberdeen  was built  of 
granite, (Smith et al, 1998). In contrast, materials for the modern houses and cities 
are  international  in  origin  and a much  higher  selection  is  available.  Actually,  the 
building sector is responsible for the 50 percent of the material resources taken from 
nature, (Anink et al, 1996), and thus appropriate selection of materials may have an 
important ecological and financial impact.

Technical characteristics of the used materials determine to a high degree the energy 
consumption and comfort conditions of individual houses as well as of open spaces. 
In particular, the optical characteristics of materials used in urban environments and 
especially the albedo to solar radiation and emissivity to long wave radiation have a 
very important impact to the urban energy balance.

The albedo of surface is defined as its hemispherically and wavelength - integrated 
reflectivity. Materials use in the external facade of buildings as well as in streets and 
pavements either absorb or reflect the incident solar radiation. Use of high albedo 
materials reduces the amount of solar radiation absorbed through building envelopes 
and urban structures and thus keeps their surfaces cooler. 

In parallel materials emit long wave radiation. The emitted radiation is a function of 
the material's temperature and emissivity. Materials with high emmisivities are good 
emitters of long wave energy and readily release the energy that has been absorbed 
as short wave radiation. 

Although the impact of solar reflectivity and material's emissivity are important, it has 
to be clearly pointed out that the temperature of the materials is determined by its 
thermal balance, where conductive and convective phenomena have to be taken into 
account. In particular, the role of convective flows is very important. Grigs et al, 1989, 
using  simulations,  have  shown  that  the  surface  temperature  of  a  black  roofing 
membrane reached 82 C at no wind, but only 46ºC with a wind of 15m/sec. 

Except  of  the  albedo  and  emissivity,  aspects  related  to  the  durability,  cost, 
appearance  and  pollution  emitted  by  the  materials  have  to  be  considered.  In 
particular, as many paints and coatings emit volatile organic compounds, VOCs, non 
emitting materials have to be selected.  Volatile organic compounds are combined 
with nitrogen oxides and create ozone during day time. 

Various studies have been performed to understand better the thermal and optical 
performance of materials as well as their impact to the city climate. Yap, (1975), has 
reported  that  systematic  urban  -rural  differences  of  surface  emissivity  hold  the 
potential  to  cause  a portion  of  the  heat  island.  Robinette,  1977,  reports  relative 
temperatures of 38ºC over grass, 61ºC, over asphalt, and 73ºC over artificial turf. 
Santamouris  et  al,  1997,  reports  asphalt  temperatures  close  to  63ºC  and  white 
pavements  close to  45ºC.  Lower  surface  temperatures  contribute  to decrease  the 
temperature of the ambient air as heat convection intensity from a cooler surface is 
lower. Such temperature reductions can have significant impacts on cooling energy 
consumption in urban areas, a fact of particular importance in hot climate cities. 

The  use  of  appropriate  materials  to  reduce  heat  island  and  improve  urban 
environment  has  gained  increasing  interest  during  the  last  years.  Many  research 
works  have been  carried to identify  the possible  energy  and environmental  gains 
when light colored surfaces are used. Studies try to investigate the impact of the 
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materials optical and thermal characteristics on the urban temperature as well as the 
possible energy conservation during the summer period.  A detailed guide on light 
colored  surfaces  has  been  recently  published  by  US  EPA,  (Akbari  et  al,  1992). 
Research shows that important energy gains are possible when light color surfaces 
are used in combination  with the plantation of new trees.  For  example  computer 
simulations by Rosenfeld et al, 1998, shows that white roofs and shade trees in Los 
Angeles, USA, would lower the need for air conditioning by 18 percent or 1.04 billion 
kilowatt-hours, equivalent to a financial gain close $100 million per year. 

In the following, information on the optical characteristics of materials used in the 
urban  environment  is  given.  The  impact  of  light  colored  surfaces  on  the  energy 
consumption  of  buildings  is  then  discussed  and  results  form  several  research 
projects are presented. 

8.2 Optical Characteristics of Materials

Optical characteristics of the materials used in the urban fabric define at large its 
thermal  balance.  As  previously  stated  reflectivity  to  solar  radiation  as  well  as 
emissivity of the materials are the more important of the optical parameters. Study of 
the thermal performance as well as of its energy impact of materials used in streets 
and pavements as well as in the exterior facade and the roof of urban buildings has 
gained increasing interest during the last years. Development of more appropriate 
materials is also a topic of high interest. 

Simple uniform materials used in urban environments are characterized by various 
albedo values, that determine the complex reflectivity of a city. Table 8.2.1 gives the 
albedo of various typical urban materials and areas, (Bretz et al 1992, Baker 1980, 
Martien et al 1989, Stirling et al 1981), while Table 8.2.2 gives the emissivity as well 
as the reflectivity for selective materials, (Bretz et al 1992, Edwards 1981, Martien et 
al 1989).

Surface Albedo
Streets
Asphalt (fresh 0.05, aged 0.2) 0.05-0.2 
Walls 
Concrete
Brick/Stone 
Whitewashed stone
White marble chips
Light colored brick
Red Brick
Dark brick and slate
Limestone

0.10-0.35
0.20-0.40
0.80
0.55
0.30-0.50
0.20-0.30
0.20
0.30-0.45

Roofs
Smooth-surface asphalt (weathered)
Asphalt
Tar and gravel
Tile
Slate
Thatch
Corrugated Iron
Highly Reflective Roof after Weathering

0.07
0.10-0.15
0.08-0.18
0.10-0.35
0.10
0.15-0.20
0.10-0.16
0.6-0.7
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Paints
White, Whitewash
Red, brown, green
Black

0.50-0.90
0.20-0.35
0.02-0.15

Urban  areas
Range
Average

0.10-0.27
0.15

Other
Light Colored sand
Dry grass
Average soil
Dry sand
Deciduous plants
Deciduous forests
Cultivated soil
Wet Sand
Coniferous forests
Wood (oak)
Dark cultivated soils
Artificial turf
Grass and leaf mulch

0.40-0.60
0.30
0.30
0.20-0.30
0.20-0.30
0.15-0.20
0.20
0.10-0.20
0.10-0.15
0.10
0.07-0.10
0.05-0.10
0.05

Table 8.2.1 : Albedo of Typical Urban Materials and Areas. Sources : ( Bretz et al 
1992, Baker 1980, Oke 1983, Martin et al 1989)

Material Albedo Emissivity
Concrete 0.3 0.94
Red Brick 0.3 0.90
Building Brick -------- 0.45
Concrete Tiles -------- 0.63
Wood (freshly planed) 0.4 0.90
White paper 0.75 0.95
Tar paper 0.05 0.93
White plaster 0.93 0.91
Bright Galvanized iron 0.35 0.13
Bright aluminum foil 0.85 0.04
White pigment 0.85 0.96
Grey pigment 0.03 0.87
Green pigment 0.73 0.95
White paint on Aluminum 0.80 0.91
Black paint on Aluminum 0.04 0.88
Aluminum paint 0.80 0.27-0.67
Gravel 0.72 0.28
Sand 0.24 0.76

Table 8.2.2 : Albedo and Emissivity for Selected Surfaces, (Bretz 1992, Edwards 
1981)

Appropriate materials used in the exterior part of roofs can contribute to decrease its 
surface temperature and thus reduce the induced air conditioning load. Materials for 
'cool  roofs'  should present  a high albedo to solar  radiation,  close to 70 %, while 
conventional roofing systems have a mean albedo around 20 per cent. As reported in 
chapter 8.3, important energy gains can be expected when solar reflective materials 
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are used in roofs. The group working on heat island mitigation in Lawrence Berkeley 
Laboratory, CA, USA, (LBL, 1989), have published data on the solar reflectance and 
thermal performance of various roof materials. The data base includes information on 
the characteristics of roof coatings, roof membranes, metal roofing, and roofing tiles. 

8.3 Albedo of Urban Areas

Cities and in general urban areas are characterized by a relatively reduced effective 
albedo because of two mechanisms :

a) Darker buildings and urban surfaces absorb solar radiation, and

b) Multiple reflections inside urban canyons reduce significantly the effective albedo.

Typical albedo of European and American cities are close to 0.15 - 0.30. Much higher 
albedo have been measured in some North African cities, (0.45-0.6). Taha, (1997), 
has compiled data for snow free urban albedos for several cities and where possible 
has given the difference between the urban and rural albedo, (Table 11.3.1). Data in 
Table  11.3.1  are  from Taha  1994,  Kung  et  al  1964,  Dabberdt  and  Davis  1978, 
Vukovich 1983, Brest 1987, Coppin  et al 1978, Rouse and Bello 1979, Mayer and 
Noack 1980, Steyn and Oke 1980, Aida 1982, and Oguntoyinbo (1970 and 1982).

Urban area Albedo ∆ (urban - rural)
Los Angeles, (city core) 0.20 0.09
Madison, WI (urban) 0.15-0.18 0.02
St. Louis, MI (urban) 0.12-0.14 -----
St. Louis, MI (center) 0.19-0.16 0.03
Hartford, CT (urban) 0.09-0.14 ------
Adelaide, AUS (commercial) 0.27 (mean) 0.09
Hamilton, Ontario 0.12-0.13 -------
Munich, West Germany 0.16 (mean) -0.08
Vancouver, BC 0.13-0.15 --------
Tokyo 0.10 (mean) -0.02
Ibadan, Nigeria 0.12 (mean) 0.03
Lagos, Nigeria 0.45 0.25
Table 8.3.1 : Selected Urban albedo values. Source : Taha 1997, Taha 1994, Kung et 
al 1964, Dabberdt and Davis 1978, Vukovich 1983, Brest 1987, Coppin et al 1978, 
Rouse and Bello 1979, Mayer and Noack 1980, Steyn and Oke 1980, Aida 1982, and 
Oguntoyinbo (1970 and 1982).

As  seen  in Figure  8.3.1, it  is  shown  that  the  increase in  urban  absorptance  was 
greater than 20 % at large zenith angles, i.e. when sun is lower, but when the sun is 
lower the absorptivity increased by an average of 18 % in urban areas with respect to 
a  flat  area  of  the  same material.  In  Figure  8.3.1.the  curves  give  the  normalized 
increase in absorptivity of the urban case in respect to a similar material flat surface. 
The upper curve corresponds to building blocks uniformly distributed while the lower 
curve to a long urban canyon. 

The decrease of the urban albedo because of the geometrical characteristics of urban 
canyons has been assessed by Aida and Gotoh, 1982, using a two dimensional model 
developed by Craig and Lowry, 1972. The work considered a similar height to width 
canyon, and evaluated the impact of different building width to canyon width ratios, 
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Figure 8.3.2. As shown, as irregularity increases, the effective albedo decreases. The 
role of building width to canyon width,  is studied by the same authors for a fixed 
building  height,  Figure 8.3.3.  They  report  that  as  the  streets  get  narrower,  the 
effective albedo increases because of the reduced effect on the internal reflections 
within the canyons. As stated an urban configuration with canyon width about twice 
the width of buildings produces the lowest albedo at all zenith angles. 

.
Fig.8.3.1. Relative increase in absorptance due to effects of geometry. The parameter 
'a' is the absorptivity of the urban pattern, whereas 'ar' is the absorptivity of the flat 
reference surface.  (Adapted from Taha et al, 1992, based on the original  work of 
Aida, 1982.), 
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Figure 8.3.2. Effective albedo and urban geometry. (Adapted from Taha et al, 1992,  
based on the original work of Aida and Gotoh, 1982). 
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Figure 8.3.3. Albedo as a function of building width to street width ratio and zenith 
angle. (Adapted from Taha et al, 1992, based on the original work of Aida and Gotoh, 
1982). 

8.4 The Role of Materials on the Energy Consumption of Buildings and 
Cities

Increase  of  the  surface  albedo  has  a  direct  impact  on  the  energy  balance  of  a 
building. Large scale changes on urban albedo may have important indirect effects on 
the city scale. Numerous studies have been performed to evaluate direct effects from 
albedo change. All studies clearly demonstrate benefits when reflective surfaces are 
used. In all cases the temperature of roofs are seriously decreased, but the degree to 
which cooling load is reduced deals with the structure of the roof, and the overall 
thermal balance of the building. 

Using computer simulations and actual measurements, Bretz et al, (1992), report that 
the increase of the roof albedo of a house in Sacramento USA from 0.2 to 0.78 has 
reduced the cooling energy consumption by 78 %. Simple calculations by Reagan and 
Acklam,  1979,  shown  that  when  the  reflectivity  of  a  low  insulated  building  is 
increased from 0.25 to 0.65, the heat gains through the roof are reduced by half. 
When high reflective materials are applied on the roof on an insulation building, heat 
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gains through the roof have been also reduced by half, however the absolute heat 
reduction is much lower.

An other research carried out by Simpson and McPherson (1997), using scale models 
residences in Arizona has found that white roofs, (~ 0.75 albedo) were up to 20 C 
cooler than gray, (~ 0.30 albedo), or silver, (~ 0.50 albedo), and up to 30 C cooler 
than  brown,  (  ~  0.10 albedo),  roofs.  Measurements  have  shown  that  by  simply 
increasing  the  albedo  of  a  building  surface  may  not  be  effective  in  reducing  its 
temperature and heat gain if emissivity is reduced simultaneously. Regarding energy 
savings, reductions in total and peak air conditioning load of approximately 5 % were 
measured for otherwise identical white compared to gray and silver - roofed scale 
model  buildings  with  roof  insulation.  When  ceiling  insulation  was  removed  ,  air 
conditioning  reductions  were  much  larger  for  white  compared  to  brown  roofs, 
averaging about 28 and 18 5 for total and peak loads respectively. 

Measurements of the of the indirect energy savings from large scale changes in urban 
albedo are  almost  impossible.  However,  using  computer  simulations  the  possible 
change of the urban climatic conditions can be evaluated. Taha et al (1988), using 
one dimensional meteorological simulations have shown that localized afternoon air 
temperatures on summer days can be lowered by us much as 4 C by changing the 
surface albedo from 0.25 to 0.40 in a typical  mid - latitude warm climate.  Taha, 
(1994b), using three - dimensional mesoscale simulations of the effects of large scale 
albedo increases in Los Angeles has shown than an average decrease of 2 C and up 
to 4 C may be possible by increasing the albedo by 0.13 in urbanized areas. Further 
studies,  by  Akbari  et  al,  (1989),  have shown that  a temperature  decrease of  this 
magnitude  could  reduce  electricity  load  from  air  conditioning  by  10  %.  Recent 
measurements  in  white  Sands  New  Mexico  have  indicated  a  similar  relationship 
between  naturally  occuring  albedo  variations  and  measured  ambient  air 
temperatures,  (Sailor,  1993).  Taha  et  al,  (1997),  have  analyzed  the  atmospheric 
impacts  of  regional  scale  changes  in  building  properties,  paved  surface 
characteristics and their microclimates and they discus the possible meteorological 
and ozone  air  quality  impacts  of  increases  in  surface  albedo  and urban  trees  in 
California's South Cost Air Basin. By using photochemical simulations it is found that 
implementing  high  albedo  materials  would  have  a  net  effect  of  reducing  ozone 
concentrations and domain wide population weighted exposure to ozone above the 
local standards would be decreased by up to 12 % during peak afternoon hours. 

Direct savings refer to to the cooling effect on individual buildings. Indirect savings 
refer  to  cuts  in  air  conditioning  load for  all  buildings  as the  temperature  of  the 
surrounding community drops. 
Results show that the use of white roofs and shade trees in Los Angeles would lower 
the need for air conditioning by 18 percent, or 1.04 billion killowatt-hours, for the 
buildings directly affected by the roofs and shaded by the trees. Indirect benefits are 
also  very  important.  If  the  temperature  of  the  entire  community  drops  a  degree 
thanks to lighter roofs and pavement and to the evapotranspiration from trees, then 
the air conditioning load of all buildings is reduced even if these buildings are not 
shaded  or  have  dark  color  roofs.  This  indirect  annual  savings  would  total  an 
additional 12 percent - 0.7 billion kWh.
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