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Abstract

ABSTRACT

This thesis investigates the effect of various vaulted and domed roof geometries on their
solar behaviour under given summer and winter conditions. Roof is the building-envelope
element that is most exposed to the sun as it receives a high amount of solar radiation,

which is the main cause of summer overheating in hot-arid climates. In addition, to other
climatic and physical factors, indoor thermal comfort in hot-arid climates is also influenced
by the intensity of solar radiation received by roof surfaces. Therefore, roof form and
geometry should be designed with careful consideration to insolation parameters. Domed,
vaulted, and curved roofs have been used for a long time in hot-arid regions for historical,
cultural, climatic, and structural reasons. The review of previous research work showed
that different explanations have been given to the climatic effects of their forms and the

environmental behaviour of their enclosed spaces.

The research explores the previous attempts that discussed the relevant principles of solar

radiation and solar geometry on horizontal and tilted surfaces with different orientations.

The previous work that applied these principles and theories to Evaluat} the solar

behaviour of architectural elements with arbitrary forms was also investigated. In order to
evaluate the solar performance of flat and curved roofs geometrical configurations, a
parametric study testing the received solar radiation intensity (W/m® on flat, vaulted, and
domed roofs with different span-to-height ratios and orientations was carried out using a
published solar computer model. The results of this model were followed by validation
tests using other two commercially available computer tools to carry out a brief solar and
thermal analysis of selected curved-roof geometries. The evaluated curved-roofs solar
performance and main findings of the present research have been compared with recently

published independent research.

It 1s believed that this research establishes a sound theoretical basis for the validity of
various claims of the climatic advantages of different curved-roof forms in hot-and
regions. As part of this research outcome, solar and architectural design-guidelines for
curved-roofs are introduced. The research concludes with a discussion of the architectural
and solar potential of curved-roof forms, which is believed to be novel contribution to the

knowledge and the understanding of curved-roofs solar behaviour and architectural

applications in hot-arid climates.
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NOMENCLATURE

Chapter 4

Tt Sol-air temperature [°C]

T,: Outside air temperature in [“C]

R.: External surface resistance [m’]

[ : Intensity of direct plus diffuse solar radiation on the outer surface [W/m’]

I1: Intensity of long-wave radiation from a black surface at the ambient temperature [W/m’]
a. Absorption coefficient which varies from 0.5 for brick to 0.9 for a black surface

¢: Emissivity of the outer surface for long wave radiation

Chapter 5

Ry A geometric factor represents the ratio of beam radiation on the tilted surface to that on horizontal
surfaces at any time

Gpr: Total radiation on tilted surface [W/m’}

Gp: Beam radiation [W/m”)

Gy, Total radiation on horizontal surface [W/m’]

Ip 5 Beam irradiance incident on an inclined surface [(W/m’]

14 4 Diftuse irradiance incident on an inclined surface [W/m’]

I,: Beam solar radiation [W/m’]

I,: Sky diffuse solar radiation on a horizontal surface [W/m’]

4,2 Total diffuse radiation on an inclined surface [W/m:]

Greek

{D: [atitude, that is, the angular location north or south of the equator

0 : Sun declination angle

ﬂ : Surface slope angle (the angle between the surface and the horizontal)

y: Surface azimuth anglc. (fhe’ [H'({ft"('ff()” on d hr)ri:'_(u'z[g{ p{a”@ f:;ffhg normal to the .\'Hiﬁiﬁ'{")

) : Hour angle

0 : Angle of incidence, (the angle between the beam radiation on a surface and the normal to that surface)

0.; Angle of incident on Horizontal surface

0: Angle of incident on tilted surface

0p: Incidence angle on an inclined surface for beam radiation

p: Inclination angle of the surface with respect to the horizontal

0. : Sun zenith angle (or the incidence angle on a horizontal planar surface)

Y. Sun azimuth angle

Wy Surface azimuth angle (surface orientation with the respect to south direction)

Chapter 9

G: Absorbed radiation [W/m’]

g The heat transfer from the roof per unit area [W/m’|

q . The heat transfer from the roof per unit area by convection [W/m’]
q . The heat transfer from the roof per unit area by radiation [W/m’]

q k' The heat transfer from the roof per unit area by conduction [W/m")

Ahmed Elseragy, PhD Thesis. 2003 XX



CHAPTER 1

INTRODUCTION



Chapter 1. Introduction

1. INTRODUCTION

In early times, traditional architecture was mainly made of locally available materials to
provide indoor thermal comfort. Design dealing with climatic constraints has been
introduced since ancient Egyptian and Greek times, where many traditional and vernacular
buildings employed passive cooling techniques. These techniques successfully helped to
provide indoor thermal comfort particularly in hot-arid arecas. However, contemporary

modern living-styles, economic growth and advanced technologies have resulted in a clear

abandonment of most of those techniques.

Nowadays, after the introduction of air-conditioning systems and despite the shortage of
non-renewable energy resources together with the increase in the number of environmental
pollution problems, in many parts of the world, buildings still consume lots of energy for
heating and cooling [1]. This has dictated the intervention of the architectural and built-
environment communities. Consequently, during the last two decades, a considerable
amount of research work has been carried out into the problems of energy conservation,

sustainability and energy efficiency in buildings [2].

Increasingly in hot-arid regions (e.g. Arabian Peninsula and Egypt), where the ditference
between unbearable outdoor and desirable indoor climatic conditions is large, the concern
1s to establish systems, which make use of Natural Passive Cooling to ensure sustainability
of resources [3]. However, many modern buildings in those regions neither reflect their
local climatic conditions nor architectural identity. Consequently, modern towns and cities
start to embody modern forms and shapes and lose their regional and traditional

architecture that have made use of many available resources to provide indoor thermal

comfort.

Moreover, modern buildings are becoming increasingly complex; involving
technologically advanced building materials and mechanical systems for controlling indoor
air quality, thermal comfort, lighting and acoustics. Furthermore, those systems, which
mostly rely on non-renewable energy resources, are often expensive and produce

environmental pollutants.
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For creating a desirable indoor environment with minimal energy consumption, energy
conscious design of buildings requires an understanding of the local climatic conditions
and the proper use of one or more traditional passive strategies [3]. Despite their abilities to
harness passive and renewable energies, the success of such strategies depends on their
level of integration into contemporary buildings and designs from one side and their

satisfaction to users lifestyle and needs from the other.

The concept of passive indoor thermal comfort and energy efficient buildings in
developing countries that forms a larger part of the hot-arid zone has yet to be widely and
properly addressed. In this context, urban designers, planners, architects, clients and the

regulatory authorities of modern buildings have a key role to play.

In order to abate the rapid spread of the western-international architectural style, architects
have started making use of some traditional solutions in an effort to regain and revive the
missed architectural identity and to seek an environmentally, culturally and socially

adapted architecture. However, they have often used traditional forms and features without

delving into the scientific facts behind their potential for climate control.

Building envelopes and roofs in particular have a major influence on indoor thermal
conditions in hot-arid regions. For detached single storied building, the roof is the most

exposed element of the building envelope, which often receives the greatest amount of
solar radiation and consequently it is the main cause of heat gain (around 50% of the heat

load in buildings) [4] and indoor thermal discomfort during summer in hot-arid regions [5].

The use of vaulted, domed and curved surfaces for the passive cooling of buildings can be

traced back to as early as the 3" millennium BC. Those roof-forms, which met the needs of
public and private building programs, low-cost or quality housing and religious buildings,

were widely used in Egypt, Iraq, India and their surrounding hot-arid regions.

This research reviews a number of traditional building technologies in order to facilitate
better understanding of their solar and thermal characteristics with special reference to the

new communities in Egypt.
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1.1 RESEARCH PROBLEM

Domes, vaults and curved roofs in general have been used for a long time to roof both
large and small buildings in the hot arid region of Egypt and in the neighbouring arid zone.
Among the initial interpretations for their frequent use was the shortage of timber in that
area to build flat roofs, thus adobe and other resources were used [6]. Other justifications

cited 1t to climatic aspects, aesthetic issues and cultural and historical preferences [7].

Prominent among these interpretations is the climate related claim that buildings with
curved roof surfaces generally maintain lower temperatures during the summer months

than others with flat roofs [7-9]. On the contrary, other researches believe that the use of

domes or curved surfaces have no effect at all on the environmental behavior of the

enclosed space and sometimes increases solar gain of roofs [10].

Climate-related performance of curved-roof forms has been investigated by different
researches to evaluate their influences on the indoor environments [6,11,12]. Olgyay

suggested that the radiation of high sun positions is “diluted” on a rounded surface,
resulting in lower surface temperatures [12]. A comparable suggestion was that “the
intensity of solar radiation is spread over a larger area and the average heat transmission to

the internal enclosed spaces is reduced [11). Chapter 3 in this thesis analyses the ratio

between curved-roof and flat roof surface areas. For a semicircular vaulted-roof this

“dilution factor” equals 1.6, whereas it equals 2.0 for semicircular dome (hemisphere) (see

Chapter 3, page no. 52). These and other climate-related explanations were argued to be

incomplete [13].

It is obvious from the literature that there is a clear conflict of views on the climate related
explanations and indoor thermal effect of curved-roof forms (domes and vaults). Thus, it 1s
the aim of this research to investigate the architectural and solar potential of flat and
curved roofs in hot-arid regions in order to establish architectural perception and

understanding of their effect on solar gain and indoor environmental conditions.

- e
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1.2 RESEARCH AIMS

The overall purpose of the research presented in this thesis is to provide a sound theoretical
base from which investigations into the solar and thermal behaviour of spaces enclosed by
curved roofs could be undertaken with confidence. Research was carried out with the

practical goal of exploring the architectural and solar potential of curved roofs (domes and

vaults) in hot arid regions. Other aims are:

e To offer a better understanding of the traditional passive cooling and roofing

techniques for enhancing indoor thermal comfort in hot-arid regions.

e To investigate the solar behavior of external roof surface through the
calculations of the solar radiation intensities on different forms, curvatures and

orientations.

e To develop a better understanding of the suitability of various roof forms for
different architectural applications, through a comparison between solar

behavior of flat and curved roofs.

e To find out the patterns of the exposed and self shaded areas above selected

dome geometries.

e To develop design guidelines for curved-roofs architecture in hot-arid regions.

1.3 RESEARCH METHODOLOGY

A literature research was carried to review the various methods of calculating the intensity
of solar radiation on different surface geometries. This was important to be aware of the
theory behind the mathematical equations appropriate for studying the intensity of the
rece1ved solar radiation on sloped surfaces. A number of these equations has been applied

for different architectural applications and for improving buildings environmental

performances [14-16].

Accordingly, a computer model, which was developed by Exell in 1986 [17], has been
chosen. This model calculates the solar radiation on sloped surfaces with any orientation

for particular geographical latitudes.

. ey r—
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A geometrical resemblance technique was used to identify the curved roof cross section as
a group of planar segments; each segment has a different slope and azimuth angle. For

higher accuracy more planar segments were generated. This is viable regardless of the type

of the curved forms tested parameters and performances.

A series of calculations was carried out on planar segments with different slopes and

orientations that resemble flat and curved roofs using this computer model. A comparative

analysis of the solar behaviour of flat and curved roofs (with different cross section ratios
and orientations) was carried out. Along side with using the model results for sloped
surfaces, the author has developed a large number of Microsoft Excel Spreadsheets in
order to supplement the evaluation of the solar behaviour of different curved-roof, forms,

curvatures and orientations.

The results were validated using two commercially available computer tools. These tools
were also used to achieve a comprehensive investigation into the solar performance of the
curved roofs, thus shade analysis and other solar radiation intensity calculations were
carried out. To create a more useful perception of energy consciousness of curved roofs,

indoor thermal calculations were briefly introduced for flat and semicircular domed roofs.

1.4 OUTLINE OF THE THESIS

The work in this research can be classified into two parts, the first of which (the first four

chapters) acts as an approach to this research in which the research problem, objectives
and necessity are described. This part dwells on energy crisis and the non-renewable
energy limited resources and environmental problems in order to prompt for more energy
efficient buildings and passive cooling technologies in developing countries with hot

climatic conditions.

Part two (the empirical study chapters) represents the main core of this research. It carried
out extensive solar investigations and calculations for the solar radiation intensity received
by different roof forms and orientations. Therefore, the research has generated different
graphical illustrations in order to discuss the solar behaviour of roofs outer surfaces due to
their geometries variation, This part of the thesis have pointed out that both curved-roof

forms (vault and dome) facilitate a significant decrease in the received solar radiation

intensity above roof outer-surface.
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Chapter 2 presents an introduction to the world population growth and its effect on energy
demand, (known as the world energy crisis). The chapter concludes that there is a need for

energy efficient architecture, sustainable buildings and climatic conscious designs in hot-

arid regions of the developing countries.

Chapter 3 introduces the principles of passive cooling strategies and related aspects along

with classifying different traditional passive cooling techniques. The chapter concludes

with a discussion of the potentials of employing passive cooling techniques to be

appropriately applicable in contemporary buildings in hot-arid regions.

Chapter 4 reviews different types of woodless construction techniques for erecting
traditional curved roofs including their advantages and disadvantages along with their use
in both traditional and contemporary architecture. The chapter concludes that besides their

environmental, cultural and social issues, curved-roofs are also stated to have high-energy

conscious potentials.

Chapter § discusses the principles of solar radiation and solar geometry. The chapter
reviews previous research applications, which investigated the received solar radiation on
sloped surfaces and their architectural applications. The empirical research methodology

employed in the present research is discussed in this chapter. The chapter highlights the

influence of curved-roof geometrical configurations on the received solar radiation

intensity above roof surfaces.

Chapters 6 to 8 present the procedures and the results of a parametric study into the solar
behaviour of flat, vaulted and domed roofs. Based on the outcomes of the solar behavoiur

investigations on different curved roofs, forms, curvatures and orientations, a

comprehensive list of conclusions is presented at the end of each chapter.

Chapter 9 discusses the overall conclusions of the research presented in this thesis.
Conclusions are drawn on the results from the empirical investigations with regard to the
research aims stated in Chapter 1 and the unresolved issues in Chapter 2 and Chapter 5.
In this chapter an overall validation of the empirical results presented in Chapters 6 to 8
was carried out through employing other commercially available computer tools and other
recent published research work. A number of design guidelines for the application of
curved roofs in hot-arid regions are presented in this chapter. The opportunities for further

research work in this field are also discussed.
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1.5 CONCLUSIONS

In conclusion, the aim of this research is to emphasize and evaluate the solar and
architectural potentials of different curved-roof forms. The work in this research can be
classified as continuing research aiming to investigate the received solar radiation intensity
above roof surfaces with different geometrical configurations. The thesis seeks a better
architectural understanding of the solar and thermal performance of curved-roofs forms
and geometries to be effectively employed in hot-arid regions where the passive

controlling of indoor climatic conditions is crucial. Therefore, the present research
provides architects and building designers with architectural and solar design-guidelines of

curved-roofs applications in hot-arid climates.
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2. ENERGY RESOURCES AND INDOOR THERMAL COMFORT IN
HOT ARID CLIMATES (With Reference to Egypt)

During the 18" century, which witnessed the Industrial Revolution, many natural energy
resources, such as firewood, wind, waterfalls and sun were replaced by coal. It is well
known that the way energy has been used or misused has played an important role in the
development of different communities. The accelerated intensity of sophisticated and
advanced activities and the way that energy is unconsciously consumed in general are
currently contributing to damage of the global environment. The inappropriate use of
energy resources in all its forms has been the common behaviour of most human activities
through history. All this has provoked, especially during the last fifty years, severe damage
to the ecosystem of the natural habitat [1]. This chapter discusses the indirect proportional

relationship between non-renewable energy and natural resources on the one hand and

population growth and buildings on the other.

The chapter clarifies the influence of the world’s overpopulation growth on non-renewable
energy resources production and their consumption in buildings. It also discusses the need
for establishing sustainable and energy efficient systems to overcome the current situation
in buildings, save the environment and to sustain energy and natural resources. The

meaning of sustainability in buildings and sustainable architecture and its principles are

also discussed throughout this chapter.

Generally, the chapter overviews the conflict between climate and architecture in hot-arid
regions. It also explains the bio-climatic architecture and other different architectural
concepts intended to be suitable and practical solutions that can effectively lessen the
world's environmental damage and contribute to finding answers to the global energy
crisis. The chapter also illustrates that sustainable architecture can lead to reviving the
missing architectural character and identity of such regions, which traditionally were able
to cope with the harsh climatic conditions of tropical and hot-arid areas. The chapter
reviews Egypt’s climate in general and its southern part new communities in particular,

which is classified as a hot-arid and desert climate.

- o -
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A\nd Indoor Thermal Comfort In Hot-Arid Climates

Due to their limited resources, developing countries need to construct most of their new
communities’ taking into account scarce energy resources and environmental

sustainability. Energy efficient buildings, which provide indoor thermal comfort mainly by

effectively applying a number of passive techniques, can contribute to achieving this goal.

Finally, the chapter as a starting point explores the different aspects of the research

problem and discusses the necessity of handling such topics. Moreover, it proposes the

possible practical solutions of relying on passive techniques to provide indoor thermal

comfort in buildings.

Thereby, lowering consumption of non-renewable energy resources and consequently
lessening the outcome pollutants, which are both major causes of the existing
environmental situation. Many of today’s buildings MUST be considered environmental

destroyers as shown in Figure (2-1).

Damaging the Built
Environment

Environmental
Pollutants

Non-renewable
Natural Resources

Figure 2-1 Buildings, Environment and Non-Renewable Resources

Passive cooling and heating strategies in buildings should be seriously considered in both
hot and cold climatic conditions, as relying upon artificial systems to provide indoor
thermal comfort year round demands high-energy consumption. The following sections
show that the required and consumed energies for climatic conditions controllers and
providing thermal comfort in buildings, are quantitatively and qualitatively the mutual

responsibility of building designers and users.
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Among many other fundamentals that prove the research potentialities, the following six
aspects can clearly summarise the importance of creating sustainable and energy efficient

architecture.

1. The required energy for heating and cooling in buildings represents high ratios of

many parts of the world energy consumption [2].

2. By proper environmental design, at least 2.35% of world energy output can be
saved [2].

3. In general, cooling systems are more expensive and less efficient comparing to
heating. However, the annual needed energy for cooling in hot climate regions is

two or three times that for heating.

4. Indoor thermal comfort can be achieved by means of proper and passive designs

that make the use of air-conditioning units in buildings unjustified.

5. Many traditional buildings have special design features that provide comfortable

living and thermal conditions, without relying on conventional energy sources.

6. Most modern buildings are highly dependent on several mechanical and electrical
systems to control indoor environments and consume large quantities of fossil fuels

that cause a severe negative impact on the environment in order to achieve this,

T —
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2.1 ENERGY, NATURAL RESOURCES AND POPULATION GROWTH

The earth 1s rapidly becoming a more crowded place. Therefore, current concerns
regarding environmental crisis on both local and global levels reflect a general acceptance
that the present form and degree of resources exploitation and the associated consumption
practices are unsustainable. Rapid population growth and people lifestyles, due to rapid
urbanisation, have led to deterioration of natural energy resources on both a world basis

and a developing country-basis [3].

Urban population in developing countries is growing at 3.5% per year; while in the
developed countries the rate is less than 1%. In 1990, 43% of the world’s population was
urbanized. United Nations studies indicate that the total global population reached 6.5
billion persons by year 2000. Cities have reached tremendous sizes that have placed strains

on natural resources and negatively affected the environment [3].

Since 1945, exponential growth has led to a rapid expansion of numbers on an ever-

increasing population base. Whilst the rate of population growth has declined and
stabilized at very low levels in a number of developed countries, the high birth rates in
developing countries has ensured this rapid expansion of global population. In other words,
within the next decades, more than half of the world's population will be living in urban

areas [3].

In many developing parts of the world, remote rural settlements have to seek an atfordable
better standard of living without much relying on either migration to urban settlements or
non-renewable energy resources. The application of natural renewable energy resources
and passive thermal comfort techniques is an energy conscious and efficient concept,
which proposes more sustainability with suitable scales and norms in both existing and

new communities.

P - L —— PP P
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2.1.1 World’s Population Growth and Energy Consumption Rates

During the 1950s and 60s world energy consumption increased at a vast rate, and has
grown 52% 1n the last two decades. In 1800 when about 1000 million people lived on
earth, energy consumption was stated as 10 million tons of oil equivalent/ year (1 million
tons of equivalent oil generate 4 billion kilowatt-hours of electricity) [3]. After 100 years,

in 1900, the population had grown to about 1700 million people, who consumed 800

million ton/year.

In 1998, the world’s population reached about 5800 million people with 8800 mullion
ton/year of energy consumption. Over 90 % of global energy production comes from fossil
fuels (coal, oil and gas), which in turn are responsible for the great majority of the world's
severe environmental damage [1]. The world population increased from 3600 million
people in 1970 to 5800 million people during 1998; it reached more than 6000 million
people in 2000. The World's population is estimated to reach over 9000 million people by
the year 2050 [3].

The average of the annual growth rate during the period (2000-2050) in the developing part
of the world is about 1.7%, while it is 0.1% in the developed part. Figure (2-2) shows the
total world population size in 2000 and its projections at 2025 and 2050 in both developing
and developed parts of the world [4].

Population Growth in Developed & Developing Countries

Population Size in Millions

| 0000
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8000 B Developing Countries

7000 (.
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1000 -

0

2000 2025 2050
Year

Figure 2-2 World’s Population Growth (Developed & Developing Countries) [4]
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2.1.2 African Continent Population Growth and Energy-Consumption Rates

Africa is home to around 800 million people (over 13% of the world's total population).
About 29% live in West Africa, 27% in East Africa, 18% in North Africa and 10% 1n
Central Africa; Fig. (2-3).

NORTH AFRICA

Figure 2-3 Map of African Continent Map and Regional Parts [5]

Population in Africa is growing rapidly. It has more than doubled since 1970. The yearly
growth rate is about 2.7%, which is considered as the fastest growth rate in the world [4].
Population growth rates are expected to slow to reach around 2% through 2020, which
means that the expected total population of Africa will reach around 1.8 billion during the
year 2050 (more than twofold the population during 2000) [6]. Moreover, two of the largest
cities in the world Cairo and Lagos are located in Africa, while the population density is
very high in urban places, vast desert and densely forested regions nearly are still

uninhabited.

2.1.3 Egypt Population Growth and Energy-Consumption Rates

Egypt 1s one of the most populous Arab countries with a population of 54 million in 1992.
[t 1s ranked with Turkey and Iran as the most populated countries in the selected climatic
region. Slowing the growth rate of population and extending out from the narrow valley
along the Nile have long been the main objectives of Egyptian government policy. Egypt’s
population was 10 million in 1897, increased by almost six times since the beginning of the

20" century and by almost three times from 1950 to the present as shown in Fig. (2-4).
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Approximately 95% of Egypt’s area forms desert, it depends mainly on the Nile River for
all its life activities [7]. In addition to their sociological behaviours and attitudes, this
geographical distribution continuously leads most of the Egyptian population to live in the

narrow bands of the Nile valley, which represents only 5% of Egypt's total area [8].
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Figure 2-4 Population Growth Projections for Egypt 1990-2035 [7]

The population grew slowly at an average rate 1.3% per annum from 1897 to 1947, but
accelerated greatly after World War II. The growth rate was around 2.5 % between 1950
and 1970. It dropped to 2.2% during the period from 1970 to 1975, reached 2.6% during
the period from 1980 to 1985. Since 1985 the growth rate has begun decreasing to reach
2% in 1993 and 1.9% in 2000. The present population size is about 68 million.

Modern development has placed great stress on Egypt’s environment, as well as the
world’s environments. The need for better environmental protection in the world generally
and Egypt particularly, is clear. In 1994 Egypt passed the "Environmental Protection Law”,
as a result of its rising level of energy consumption, which is also a major factor behind the
country’s environmental damage. Over the last 20 years, Egyptian energy consumption has

risen 171% [7].
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Egypt’s increasing energy consumption is still comparatively below other countries in the
region. Egypt’s energy consumption per capita is significantly lower than other developed
countries. Fig. (2-5) shows that industry and commercial activities accounted for 53.6% of
all energy consumed in Egypt, with transportation (24.7%) and residential (22.1%). Oil is
the leading energy source of consumed energy (63.7%), while natural gas accounted for

28% and coal for 1.6%, as illustrated in Fig. (2-5) [9].
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Figure 2-5 Egypt’s Energy Consumption and Resources
(Up to 75% of the total energy consumption occurs in Buildings) |9 |

2.2 ENERGY EFFICIENT BUILDINGS AND SUSTAINABILITY

Sustainability as a term related to resources, became widely used with the publications of
the International Union of Conservation of Nature "World Conservation Strategy” 1n 1980.
[t describes a state where renewable resources are used in a safe manner that does not

eliminate and degrade them or their usefulness for future generations [10].
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The energy crisis has not disappeared yet, but rather important technological developments
in architectural design have taken into consideration for design and construction detailing.
It is becoming obvious that architecture in general and buildings in particular, are
contributing significantly in all recent environmental problems. This situation 1s a
continuous one because owners, users, architects, designers and decision-makers are still

looking to solve their energy neceds mechanically. They are not well prepared to integrate

with such systems and nowadays’ building designs are reliant on mechanical systems to

control all climate-related heating, cooling, lighting problems [11].

As was mentioned previously, the required energy for heating and cooling in buildings is
representing high ratios of the total energy consumption in many parts of the world. It has
been found that by using proper environmental design, about 2.5% of the world energy
output can be saved [3]. In hot climate countries, energy needs for cooling can be two or

three times those for heating on an annual basis [12].

In many parts of the world, energy consumption patterns in buildings have changed
dramatically during the last two centuries and have chiefly provoked the energy crisis and
natural resources deterioration. Obviously, the level of energy use is largely dependent
upon the technologies applied in design and construction and how efficiently this

technology will operate and utilize this energy.

Nowadays, architects’ crucial task in different climatic regions is to create desirable indoor
climate environments in their designs without to much reliance on artificial tools and non-
renewable natural sources. They have to concern themselves more with creating energy
efficient designs, which are compatible with occupants’ life styles and also addressing

more environmentally friendly designs that form a real sustainable environment.
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2.2.1 Global Environmental Impact From Current Energy Use

According to the World Energy Council, global CO; fossil emissions rose 6.4% between
1990 and 1996 and by 2.7% during 1996 alone[1]. Greenhouse gas emissions have caused
an increase in air temperature [12]. Several studies confirm that in fact, the world's average
air temperature has risen between 0.3 and 0.6 °C since the late ot century [1]. It means

that the dry bulb temperature of the air has increased about 0.5°C in the last 100 years. This

clearly indicates a global climatic change. In records, the last 10 years have been the

warmest since the 1880s [1].

These environmental conditions place the world in a hazardous situation and have also
caused other several environmental changes such as the increasing of sea levels of between
10 and 25 cm during the last 100 years. Nowadays the global potential of natural
renewable energies and improving energy efficiency through buildings are very important

factors to reduce recent environmental damage, also to save our future [13].

In Cairo, which is the home to one-fourth of Egypt’s population, air pollution is a serious
environmental problem due to the rising energy consumption levels [7]. The concentration
of total suspended particulate matter in Cairo is 5-10 times higher than World Health
Organisation (WHO) guidelines, and on average, sulphur dioxide is four times higher,
smoke and lead are three times higher, and nitrogen oxides are two times higher [7]. The
Increasing demand of using air-conditioning units in the hot-arid climates causes many

environmental problems, which can be summarised in four main problems:

1. Energy Consumption Problem, wide use of air-conditioning units has caused a
shift in electrical energy consumption during the summer season, Increasing
electricity demand. Peak electric loads impose an additional strain on national
grids, which can only be covered by development of extra new power plants.

2. Environmental Problems,

e Increased electrical energy production contributes to exploitation of the finite

fossil fuels, to atmospheric pollution and to global climatic changes [12].

o During the production process (fuel conversion), CO; is released which is one

of the main causes of the greenhouse effect [12].

e Heat rejection during operation of air-conditioning units increases the

phenomenon of “Urban Heat Island” [12].
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e CFC and HCFC (the most common refrigerants of currently used air-
conditioning units) can cause ozone-layer depletion from a possible leakage
during manufacture or system maintenance.

3. Indoor Air Quality Problem, people working in air-conditioned buildings report
increased cases of illness symptoms (lethargy, Headache, Blocked or runny nose,
dry or sore eyes, dry throat and sometimes dry skin and asthma), known as “sick
building syndrome”([2,12].

4. Economic Problems, economic and political dependence of countries with limited
natural resources on other countries, richer in natural resources [12]. Installation of
air-conditioning units presents an extra cost in the construction of a building,
followed by an additional operation and maintenance cost, in addition to its

transport expenses.

2.2.2 Sustainability in Architecture and Buildings

The term "sustainable” communicates slightly different meanings to various audiences and
it seems as a complicated term to others. This part passes through some relevant definitions
to establish an adequate understanding for this term and also to make the concept of
sustainable architecture clearer. The verb “sustains” means to support, to keep alive, or to
keep going continuously. "Sustenance"” is the process of sustaining life and the adjective

"sustainable” is used to describe an object that gives continuous support and relief. [10].

Sustainability in architecture is not a "topic” but an "attitude". It is a process of responsible
consumption, wherein waste is minimised, buildings interact in balanced ways with natural
environments, balancing the desires and activities of humankind and finally, achieving a

stable long-term relationship within the limits of their local and global environments
[4,14].

After those definitions and even after further discussions, which are included in this part
and the following parts, numerous questions are still in need of definitive answers. What
are the most practical and most effective means to begin with? What strategies are most
critical for architects and their designs? What strategies are most suitable to provide energy
efficient designs and buildings? What do architects have to do? What should be done to
promote sustainability in architecture? The research presented in this thesis and other

related research attempts are serious trials to answer such questions.
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Sustainable architecture as an approach is the practice of designing buildings that create
more desirable living environments with the minimum use of non-renewable energy and
natural resources. It is very important to address the issue of sustainability in modemn
architecture and buildings. Sustainable architecture is an operating concept that provides
"sustenance” to users through healthy and environmentally friendly built environments,

thus improving the life quality towards a long-term survivability of human generations and

their natural resources.

Building materials and designs, and post-operating systems, (such as heating, cooling and
power) have a great role towards providing such buildings. “Sustainable” from an
environmental aspect is the processes of maintaining an ecological balance, exploiting

natural resources without destroying the ecological balance of a particular region.

Before sustainable architecture, the term “solar architecture” expressed the architectural

approach to reducing the consumption of natural resources and fuels by using solar energy.
Sustainable architecture is a broader concept and it expands the scope of the issue

involved. It includes water use, climate control, food production, solid waste materals,
emphasising the use of local materials and renewable energy resources. Moreover, it
includes the mental and physical comfort of building's inhabitants. In other words,
designing a building that harmonises with its environment and surroundings as naturally as

possible is sustainable architecture.

Steven Strong stated, "The term is intellectually dishonest”, and the society does not know

exactly how to build a sustainable architecture, Dick Levine went further and stated that
the term "sustainable architecture” is an oxymoron"[15]. The term popularly understood is
inadequate. The appropriate uses and aims of the term are not clear enough, which

consequently forms negative influences on the expansion of the sustainable architecture

movement 1n developing countries.

Hunter and Amory Lovins, determine that the purpose of sustainable architecture is to"
meet the needs of the present without compromising the ability of future generations to
meet their own needs" [16]. It applies to design buildings that can provide indoor thermal
comfort by more dependence upon renewable resources to reduce energy consumption and

environment pollutants.

m ———
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John Tillman Lyle described sustainable architecture in terms of a “Regenerative Design
for Sustainable Development”, or "Regenerative Architecture”. Others simply explain it as

an approach to making buildings less consumptive of natural resources [17].

The United Nations lists the main principles of sustainable architecture as the following
[18]:

Healthful Interior Environment
Resources Efficiency
Ecologically Benign Materials

Environmental Form

AN o e

Proper Design

Finally, the better architects understand and implement their stewardship of the built
environment, the better the quality of life that present and future generations will enjoy.

Such a movement needs environmentally sensitive architects who are able to integrate

different environmental-responsive concepts into their final designs effectively.

2.2.3 Climate Conscious Design in Sustainable Buildings

The current attempts and practices of creating sustainable designs work within a range of
green strategies including and not limited to, passive or active solar design, wind
technologies and passive cooling or heating designs. Architects should learn to generate
new sustainable typologies from the climate formed from traditional vernacular buildings.
Many modern passive design technologies have learned to build upon the climatic

responsive methodology that was found in vernacular and traditional buildings.

- e e P gyl e oo
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The sought approach is not only towards more sustainable architecture and environment,
but also to create an architectural identity, which 1s recently missed. Charles Correa said:
"We have to know from where we are coming to know where we are going” [19]. Climate
conscious design is considered as one of the sustainable architecture promoters. Fig (2-6)

clarifies a schematic diagram of the sequence of a sustainable design process.

Analysed Climatic Data; of a specific region with the yearly
characteristics and conditions, such as temperature, relative humidity,
radiation, rainfall and wind eftect (Climate Graph).

Biological Evaluation; by plotting the climatic data on the bio-climatic
hart, the results should be illustrated on a yearly timetable.

Technological Solutions; after the indoor requirements have been
stated, the passive technological solutions have to be analysed and tested to
determine which of these alternatives and solutions are more applicable for

zach particular climatic condition.

Architectural Proposals; the findings of the first three steps must be
developed and combined to create an integrated architectural design that
contain such passive, sustainable, natural, and proper solutions.

Figure 2-6 A Sustainable Design Process

Finally, no rigid recommendation can be produced, because there are many architectural
alternatives to approach the goal of indoor thermal human comfort at each particular
location [20]. Site selection, building orientation according to the sun's path and its solar
radiation could be the right solution for a particular case, whilst shading devices may also

be the right one.

Building forms and shapes, or roofing systems may be the only successful solution for the
solar radiation problems for a specific location. Air movement and natural ventilation tools
such as openings location, arrangement, sizes and the ratio between inlet and outlet sizes
and other special architectural vocabularies are capable of providing indoor thermal

comfort passively in another location.

2
I
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2.2.4 BIOCLIMATIC Architecture

(An approach towards reviving the missing architectural character)

It seems advisable to define the Bio-climatic architecture, which is not a newly known
architectural style or approach. It is an old well-known approach that provides one or more
of the following objectives [20]:

* Respecting all the local climatic conditions

* Dealing with the building as a natural or passive climatic modifier

* Fulfilling the requirements of comfort.

Bio-climatic architecture should seek to provide comfortable indoor conditions without
using either mechanical systems or non-natural devices and tools [20]. Consequently, such
architecture must has its own character and identity. The strategy of controlling the
environment and providing favourable conditions to the human activities is as old as man

himself. Man has always sought shelter that fulfilled two of his basic needs; protection

from outer surroundings and conditions as well as providing indoor thermal comfort.

Ancestors introduced architecture with their own forms, concepts and proper solutions.

They respected their local environment. It was considered as important as their language,

dress, or even folklore. No one can mistake the architectural vocabulary of particular

region, or fail to recognise its signature.

Yet many architectural graduates in the developing world believe that they should design
with a different style. But which style are they going to choose in their designs? As if they
imagine that buildings can change their style according to the architects’ morals, or as a
man changes his clothes [8]. Therefore, Middle East, Egypt and North Africa Region cities
and villages are becoming ugly and are lacking harmony with built form, culture, place and
climate. This situation can be improved by architecture take into account both local climate

and indigenous people.
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2.3 CLIMATIC DESIGN AND INDOOR THERMAL COMFORT

Boundaries of climatic zones are very difficult to determine or to be accurately mapped.
The zones gradually merge and almost overlap into each other. Tropical climates are those
where heat is the main problem when designing for Human Thermal Comfort in Buildings.
The main emphasis is placed upon building design that provides desirable indoor

environments and serves to keep occupants thermally comfortable throughout the year.

The annual mean temperature in such regions is not less than 22°C. G.A. Atkinson[21]
suggested the classification in Table (2-1), in 1953. It was classified according to air
temperature and humidity as the main factors influencing the human thermal comfort. The
table divides the tropical zone climatically into three major zones and three other sub-

zones [21].

Basically, climate is defined by the Oxford dictionary as “region with certain conditions of
temperature, dryness, wind, light, etc”. Another scientific definition is the integration 1n
time of the physical states of the atmospheric environment, characteristic of a certain
geographical location [21]. The comparative analysis of traditional architecture along the
tropics with their different climatic conditions, suggests that climate always has a
significant influence on building design, form, orientation and materials. Egypt, Yemen,
Turkey, Greece and Spain are good examples for such climatic influence on architectural

products [21].

In general, the propertics of energy efficient and sustainable architecture must be
considered in order to fully understand the local climatic conditions. In a changing climates

environment, the architect has to place a fixed building. Such a rigid structure is intended
to provide a comfortable internal environment over a wide range of these external
variables. Two factors facilitate this task: first, in temperate and subtropical zones,
ordinary buildings offer fair protection from climatic extremes, and, second, the human
body has a considerable margin of tolerance for these variables. However, special

treatment is required, particularly in tropical zones [22].
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Table 2-1 Tropical Climatic Classification Zones [21]

Air Temperature (°C) in the Humidity
CLIMATE | EXAMPLES hot seasons RH%

Winds | Vegetation

DavTlime 1 D Night Precipitation

ay Ti ay 1 _

InShade | Time Annual Rainfall
°C

15
35 - 100

27-32 21-27

2000-5000mm Low Soil are
velocities, generally

frequently poor for

Over

calm, agriculture
Strong
during rains

6-7m/s
providcs
rclief from
heat &
humidity,
(45-70mv/s
hazardous
tropical
hurricanes)

Local hot,

-d

WARM- Legos,
HUMID Jakarta, Dar
El salaam

Warm-humid
island

Soil is
often dry
with low

watcr table

29-32 Over 18-24 55-100 1250-1800mm

34-38 43-4Y 24-30 50-150mm Sparse and

carrying difficult
dust & sand ] because the
(dust lack of rain

and low
humidit

Very Low Local Sparse &
coastal Dry grass

20-50 500-1300mm Hot dusty Sparse in
et 55-95 during (1), (1), Green
Strong and grow

stcady quickly
humid wind ] with the
from the sea | rain in (2)

storms)

LS b Ly

HOT-DRY } Arizona, Cairo

Hot-dry Kuwait, 38 Over -30
maritime Karachi 38

COMPOSITE § Lahore, Kano, (1) (2)
New Delhi

H-

3

S
<

ytime | 3243 27-32
max.
Nigh

21-27 24-27

i
=

Diurnal 11.22 | 3-6dcg C
range dee C
45-99

More than Green, the
15m/s soil damp
varics in rain and
according to § then
quickly
dries.

Less than

Less than 45-99

1000mm

Tropical Nairobi,

upland Mexico City,
Addis Ababa

The composite climates usually occur in large land near tropics of Cancer and Capricorn,
two-thirds of the year is hot-dry (1), and the other third is warm-humid (2)
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In the past, there was no doubt that climate has had its impact on a number of design and
construction elements and techniques, such as internal circulation, external orientation of

buildings, roofs forms and thickness and the use of materials. Nowadays, the relationship
between climate and architecture in most tropical countries in general, and in Middle East,
Egypt and North Africa Region in particular, has been misunderstood. Many of the
traditional architecture elements in such countries are being replaced by international
modern designs, which are often not in harmony with the built form, culture, place and
climate. The principle climatic elements in general, and the climatic characteristics of the

studied area Egypt and its southern parts as hot-arid regions in particular, are discussed

throughout the following sections of this chapter.

2.3.1 Hot-Arid Zones; Climatic Characteristics & Geographical Locations

Hot -Arid climate zones are found in the sub-tropical regions of Africa, central and western
Asia, north western and southern America, and in central and Western Australia. In all
these cases the climatic conditions are caused by the trade winds, blowing southwest and

northwest towards the equator, losing most of their water vapour. Due to the pressure and

down-flow in these regions the air becomes heated and dried [23].

The geographical latitude influences climatic conditions and their annual ranges. Direct
solar radiation intensity is up to 814-930 W/m® on the horizontal surfaces, the low
humidity and the absence of cloud result in a very wide temperature range. In summer the
unobstructed solar rays heat the land surface up to 70°C at midday, while at night the rapid
loss of this heat by long-wave radiation cools the surfaces to 15°C or below [21]. The
summer maximum temperatures during the day are around 40-50°C, and the mean

minimum night temperature within the range 27-32°C.

The diumnal range is about 15-25 deg C. The maximum day temperature is between 24-
30°C and the minimum night temperature is between 10-20°C in winter [21]. The relative
humidity in these areas fluctuates with the air temperature, ranging from below 20% in the
afternoon to over 40% at night. Sometimes the wind direction changes and brings air from

the sea, which can raise the humidity.
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Rains are few, and precipitation sometimes starts at high altitude that means the water
evaporates before reaching the ground. Shortage of vegetation causes low-level winds. The
wind speed 1s generally low in the morning, rising towards noon to reach the maximum 1n
the afternoon; frequently it is accompanied with sand and dust. As it is considered the main
causal factor for overheating problems in tropical and hot-arid regions, solar radiation will

be discussed in more details in the following chapters.

Solar geometry (Sun path and position), and earth-sun geometrical relation also will be
discussed to find out the solar radiation influences on indoor thermal comfort in buildings
at different latitudes. This chapter identifies the requirements of indoor thermal comfort in
such climatic conditions. It also illustrates the different factors that can affect the thermal

human comfort in buildings.

2.3.1.1 African Continent Climatic Regions & The Selected Hot-Arid Zone

According to the previous climatic zone criteria, the African continent 1s classified
geographically as shown in Fig. (2-7) by three main climatic regions and other three sub-

regions.
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Figure 2-7 Africa Climatic Regions & the Selected Hot-Arid Zone (After Hamdy [24])
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The North-African and Arab countries are considered hot-arid countries that lie in the
greatest hot -arid zone in the world. This zone extends from the Atlantic coast across North

Africa and the Arabian Peninsula to the Indian subcontinent, Fig. (2-8).

Figure 2-8 Middle East and North Africa Region [5]

2.3.1.2 Egypt Climate & Geography

Egypt is located in the northeaster corner of the North African hot-arid zone, it 1s situated
between latitude 22" N and 31.5" N. Egypt’s coastline prolongs the Mediterranean Sea

from the north, and its eastern coastline extends along the Red Sea. Fig. (2-9) shows Egypt

locat<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>