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Abstract
The environmental consequences of nonrenewable energy production are present in
Makkah, Kingdom of Saudi Arabia (KSA). Saudi energy production depends on fossil fuel
combustion, which combined with energy production processes, results in the production of
anthropogenic heat and greenhouse gas emissions. Greenhouse gases raise the concentration of
these gases in the atmospheric boundary layer and contribute to the creation of an inversion layer
(Sahashi, Hieda, and Yamashita 531-535). This leads to changing climatological parameters and
the formation of urban heat islands.
The urban heat island phenomena affects the environment around buildings. Rising
temperatures are accompanied by extreme heat in the hot, arid, desert weather experienced during
the day in Makkah, KSA. The urban heat island effect disturbs buildings’ indoor human thermal
comfort. As a result, the building sector in Saudi Arabia accounts for 78% of the energy
consumption and cooling load count for 70% of the total (BUILDINGS | Saudi Energy Efficiency
Center 2018). Cooling systems produce heat waste, which counts as a source of anthropogenic
heat, one of the principles of urban heat island formation that results in a high demand for energy
production and anthropogenic heat again.
This research aims to mitigate urban heat island formation by focusing on anthropogenic
heat reduction from the building itself and power plants (energy consumption and energy
production) by applying two packages of energy conservation strategies - Passive and Active - on
a case study building in design phase. eQUEST energy modeling software was used to calculate
the building’s annual consumption as well as energy saving from the case study after implementing
energy conservation strategies.
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The strategies implemented in this study reduced the energy consumption from 1,119,600
kWh to 535,000 kWh. This accounts for a 53 % reduction of energy consumption, which in turn
prevents the release of 730 metric tons of CO2. In summary, the building has a crucial impact on
the local environment, and a well-designed building can enhance building energy performance,
maintain energy production sources, and prevents climatological changes that happen due to
anthropogenic heat production and energy consumption.
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Chapter 1: Introduction
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1. Introduction
Energy consumption has become one of the most crucial issues in the world today. The
excessive utilization of energy leads to very critical problems that threaten the planet and disturb
human thermal comfort. We should ask why people around the world use excessive amounts of
energy. Ancient peoples did not have electricity, but somehow, they survived. Modern humans
have been looking for an environment that is both desirable and functionally acceptable, and one
factor to consider is thermal comfort. Starting with shelter, cave people lived in caves to protect
themselves from the Sun and the elements. In winter, they wore animal leather and made fire to
warm themselves during the cold season. Even if they found ways to make fire through stick
friction, the point is that they adapted in order to survive with what they had to fulfill their thermal
comfort. The development of industry and technology around the world has been accompanied by
high-energy consumption. The world energy (Fig 1) consumption has risen since 1990 from 8,454
Mtoe to 13,369 Mtoe in 2016 (Global Energy Statistical Yearbook 2018), which can be described
as an enormous change in energy use.

32%

22%

10%

9%
27
%

Figure 1 World Energy Consumption 1990 – 2017 / Source: Global Energy Statistical Yearbook. Mtoe (Million-ton Oil
Equivalent).
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1.1 Energy projection
The crisis of energy consumption has the large and obvious potential to expand. According
to the U.S. Energy Information Administration's latest International Energy Outlook, it is predicted
that energy consumption will grow between from 2015 to 2040 to 28% (Fig 2) from countries that
are not in the Organization for Economic Cooperation and Development (OECD), particularly
countries that have a robust economy driving this demand, especially in Asia; in fact, China and
India account for more than 60% of this expected growth (Today in Energy 2017). In addition, the
increased energy consumption will come from all fuel sources except coal, and the increasing
energy demand will become a global environmental crisis, which the world has to resolve (EIA
2018).
World Energy Consumption by Energy Source (1990-2040)
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1.2 Saudi Arabia energy consumption
Saudi Arabia has been one of the fastest developing countries for the last three decades;
this development has occurred in all sectors, such as commercial, industrial, transportation, etc,
but all of them require a high-energy demand that leads to high-energy production. According to
the Global Energy Statistical Yearbook (2018), Saudi Arabia’s energy consumption has risen from
58 Mtoe in 1990 to 224 Mtoe in 2017 (Fig 3). This increase was 64% crude oil and 36% gas, which
depend on combustion to generate energy (Fig 3) (Global Energy Statistical Yearbook 2018).
64%

36%

Figure 3 Saudi Arabia Energy Consumption 1990 – 2017 / Source: Global Energy Statistical Yearbook.
Mtoe (Million-ton Oil Equivalent).

Saudi Arabia ranked 15th in electricity consumption per capita (Fig 4) in the world with an
average of 9.82 MWh/capita (IEA Energy Atlas). This rank supports the notion about the highenergy consumption problem in Saudi Arabia, where the average use has been rising due to
development and the technology craze that the country is currently experiencing.
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Figure 4 World Energy Consumption Per Capita / Source: IEA Atlas of Energy.

1.3 Energy Consumption by Sector in Saudi Arabia
Saudi Arabia’s climate is described as a desert climate, which has extreme heat during the
day and an abrupt drop in temperature at night. These intensely hot temperatures cause the building
sector to be the highest energy consumer among all other sectors. The building sector consumes
more than 78% of the total energy, and cooling accounted for 70% among other building loads
(Fig 5) (BUILDINGS | Saudi Energy Efficiency Center 2018).

Figure 5 Saudi Arabia Energy Consumption by Sector – Building consumption / by Load.
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Unfortunately, the high energy demands from all sectors, especially the building sector,
raised energy production with a dependence on crude oil and gas combustion. The process of
production causes heat waste and emission of greenhouse gases (Fig 6). According to the Global
Energy Statistical Yearbook (2018), Saudi Arabia’s carbon dioxide emission rose from 156 MtCO2
in 1990 to 589 MtCO2 in 2017 (Fig 6), and Saudi Arabia ranked 10th in CO2 emissions (Fig 6) in
the world. The emission of CO2 causes several environmental issues such as air pollution and
global warming, which negatively affect the environment (CO2 Emissions from Fuel Combustion
2017)

Figure 6 Saudi Arabia CO2 Emission 1990 – 2017 / Source: Global Energy Statistical Yearbook.
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2. Problem Statement
Buildings have a crucial effect on increasing energy consumption as well as temperatures
in urban areas, called the Urban Heat Island phenomena. The combination of Saudi Arabia’s hot
desert climate and the urban heat island phenomena are affecting buildings’ indoor human thermal
comfort. To improve human thermal comfort indoors, building inhabitants utilize HVAC systems
to maintain thermally comfortable indoor environments. This leads to two consequences. The first
is the excessive utilization of energy in the building sector (Fig 5), which results in a high demand
of energy production and causes greenhouse emissions, and the second is heat waste from the
energy production and cooling systems.
The problem of high-energy consumption in Saudi Arabia is not only an important issue
today, but it is getting worse with time. The building sector, which counts as the top energy
consumer among all sectors with an average of 78% (Fig 5), contains a sub-section of Mid-rise
Residential buildings, which consume 50% of the overall energy (BUILDINGS | Saudi Energy
Efficiency Center 2018). The pressing question is why do residential buildings consume so much
energy?
Residential buildings are a common type of housing for Saudi families. They are usually
two to five stories tall and contain two or three apartments per floor. Saudi Arabia has a high
population (34 million) with a median average age between 24 and 35 years old for males and
females (Fig 10) (Saudi Arabia Age structure 2017). This age group represents the culturally
appropriate age for getting married, which means more need for affordable housing. Mid-rise
residential buildings meet this need. Because this type of construction uses so much energy, we
can predict a future energy crisis because of its popularity for future users.
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Energy production in Saudi Arabia depends on fossil fuel combustion, which produces
anthropogenic heat and greenhouse gases emissions. All heat emitted by human activity is
categorized as anthropogenic heat, which is an important aspect of urban heat island formation.
Anthropogenic heat produced by human activity comes from a variety of sources, such as industrial
processes, buildings, cars, and even people themselves. Dense areas tend to have higher energy
demands than surrounding rural areas because of higher production of anthropogenic heat in cities.
Moreover, the greenhouse gas emissions from energy production increase radiation
absorption in the atmospheric boundary layer (Oke, The Energetic Basis of the Urban Heat Island),
which contributes to the creation of inversion layers (Sahashi, Hieda, and Yamashita 531–535).
Inversion layers prevent rising air from cooling at the regular rate and slow the dispersion of
pollutants produced in urban areas. This causes the cyclical relationship that was presented at the
beginning of this paper: the local rise of air temperatures, high-energy consumption, energy
production, and greenhouse gas emissions.
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Chapter 2: Problem Background
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1. Saudi Arabia
A better understanding about Saudi Arabia’s culture and religion will be presented in this
chapter. The country is officially defined as the Kingdom of Saudi Arabia (KSA), a sovereign
Arab state in Western Asia occupying a large portion of the Arabian Peninsula. With an area of
approximately 2,150,000 km2 (830,000 sq. mi) (Fig 7), Saudi Arabia borders Jordan and Iraq on
the north, Kuwait to the northeast, Qatar, Bahrain and the United Arab Emirates to the east, Oman
to the southeast, and Yemen to the south (Metz 1992).

Figure 7 Saudi Arabia Location and Provinces / Source: Saudi Maps.
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1.1 Saudi Arabia’s Climate
According to Weather Online (2018), Saudi Arabia has a hot arid desert climate (Fig 8)
with the exception of Asir province on the western cost. The country experiences extreme heat
during daytime and an abrupt decrease in temperature at night. It has very low annual rainfall.
There is considerable variation in temperature and humidity because of a subtropical high-pressure
system (WeatherOnline 2018). The climate differences in Saudi Arabia are most noticeable
between the coastal areas and the interior.
Temperatures up to 54°C (129.2°F) are common, but the summer average is about 45° C
(113°F). From sunrise, the heat become intense and continues until sunset. In winter, temperatures
rarely fall below 0° C (32°F), but nights are quite cold because of the total absence of humidity
and the wind-chill factor. During the autumn and spring season, high temperatures average around
29° C (84.2°F) (WeatherOnline). The country has very low annual rainfall averages, and there are
one or two local, heavy cloudbursts or thunderstorms that happen during an entire year’s rainfall.

Figure 8 World Climate Zones / Source: Internet Geography

20

1.2 Islam
Saudi Arabia is an Islamic country, and religion and environment have shaped the lifestyle.
Gender separation has made a huge difference in construction development between Saudi Arabia
and other countries. Men not allowed to be with women in educational places; for instance, Saudi
Arabia has two types of schools for all levels of education, one for males and the other for females.
This creates double the amount of buildings to cover the demand for construction needs. For
example, the Umm AlQura university campus (Fig 9) has its men’s campus separate from the
women’s campus by about one mile, and each campus has nearly identical buildings.

1.3 Saudi Arabia’s Population
Saudi Arabia has nearly 34 million inhabitants, and its population is ranked 41 in the world
(Worldometer Saudi Arabia Population). Seventy-eight percent of the people live in urban areas,
and the median age is 24 to 35 years old (Fig 10) (Saudi Arabia Age structure 2017). Religion has
an influence on population because relationships and becoming a parent without marriage is
forbidden; this encourages people to get married and have children earlier than in many other
countries.

Figure 10 Umm AlQura University Campus Source:
Google Map Picture.

Figure 9 Saudi Arabia Age Structure – Demographics Source
IndexMundi.
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2. Earth Atmosphere
The atmosphere is a thick layer, averaging 500 Km and containing a mixture of gases
(Climate Science Investigations), that protects the earth from the sun’s harmful radiation and
maintains the earth’s temperature. The atmosphere contains different layers. The troposphere is
the lowest of the earth atmosphere; it has an extended altitude of zero to eleven kilometer (7 Miles)
from the earth surface (Climate Science Investigations). The cloud and weather system occurs with
the troposphere layer, and about of 75% to 99% of the atmospheric mass is in the troposphere
(Climate Science Investigations).
The Troposphere’s lowest portion, from the surface to about 1 km high, is where the earth’s
surface effects are the most evident (Garratt, and Hess 90). The region is known as the atmospheric
boundary layer, the planetary boundary layer, or simply "boundary layer" (Fig 11). The different
interaction between the earth’s surface and the boundary layer, called the surface and boundary
layer process, also includes the interaction between the boundary layer and the rest of the
atmosphere (Garratt, and Hess 262-271).

Figure 11 Planetary Boundary Layer – Source: APTI.
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The earth’s surface has different types of surfaces: hills, mountains, lakes, seas, plants, and
manmade environments. Every surface has a different reaction with the atmosphere. For instance,
water that evaporates from a pasture or lake that has the same size will be more from the lake, and
the solar radiation absorbed from the dark surface more than a bright surface.
The interaction between surface and boundary layer determines exchange of heat, water,
and gases between them as well as between the boundary layer and the free atmosphere (Oke,
Boundary layer Climates 4-8). Also of interest are how the temperatures and winds within the
boundary layer are affected and when and where clouds form. Finally, the earth's surface counts
as the source and often a store for pollutants and various constituents in the atmosphere that can
affect both air quality, which we breathe, and energy to pass through the air to the surface.
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4. Energy Budget
Earth recives energy from the sun and then the earth radiate the energy back to the space
after distrbuting this energy on the earth’s climate system which called earth’s energy budget. the
recived energy gets distributed through the earth’s five climate system components, called the heat
engine. This system’s component are the earth's water, ice, atmosphere, rocky crust, and all living
things. Quantifying changes in these amounts is required to model the earth's climate accurately
(Oke, Boundary layer Climates 17-20).
The energy budget determines the earth’s climate by the balancing between the income and
outcome of solar radiation. Moreover, it could be defined as the balance between the amount of
energy the earth receives from the sun and the energy the earth radiates back into space.
The solar energy from the sun represented in the sun spectrum has three components when
it reaches to the earth ultraviolet (UV) radiation, visible light, and infrared energy, each of these
components reach to the earth in a different percent: The ultraviolet (UV) come in 5% percent
containing the type of ray responsible for sunburn. The visible light comes in 43% and in arranging
of colors from violet to red. The rest of the solar energy is infrared come in 52% felt as heat (Heat
Island Compendium 8). Earth recieves energy from the sun and the earth radiates solar energy
back to space after distrbuting this energy on the earth’s climate system which is referred to as the
earth’s energy budget. The recived energy is distributed through the earth’s five climate system
components, referred to as the heat engine. This system’s components are the earth's water, ice,
atmosphere, rocky crust, and all living things. Quantifying changes in these amounts is required to
model the earth's climate accurately (Oke, Boundary layer Climates 17-20).
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The energy budget determines the earth’s climate by the balancing between the income and
outcome of solar radiation. Moreover, it could be defined as the balance between the amount of
energy the earth receives from the sun and the energy the earth radiates back into space.
The solar energy from the sun represented in the sun spectrum has three components when
it reaches to the earth: ultraviolet (UV) radiation, visible light, and infrared energy. Each of these
components reaches the earth in a different percent. Ultraviolet (UV) comes in at 5% percent
containing the type of rays responsible for sunburns. Visible light comes in at 43% and in arranging
of colors from violet to red. The rest of the solar energy is infrared, and it comes in 52% and is felt
as heat (Heat Island Compendium 8).

25

5. Energy production and GreenHouse Gas
The earth’s atmosphere has natural chemical components that act like a greenhouse. This
allows the shortwave energy from the sun to reach to the earth's surface. The shortwave energy
heats the earth’s surface, and then the longwave energy heat radiates back into the atmosphere
(Thomas 1354). The greenhouse gases absorb the radiated heat, which causes less energy to escape
back into space. The greenhouse gases absorb heat and warm the earth’s surface to a lifesupporting average temperature, without greenhouse gases, temperature average would
be −18 °C (0 °F) (Qiancheng).
Greenhouse gases occur naturally in the atmosphere, but modern human activity has
changed the nature of greenhouse gases. Over the last few centuries, the industrial revolution and
fossil fuel combustion have raised atmospheric concentrations of greenhouse gases due to the
excessive energy production required to meet global energy demands.
The energy production systems that depend on fossil fuel combustion cause the emission
of greenhouse gases. The combustion in these substances produces carbon dioxide (CO2), which
is the primary gas emitted via human activity (Figs 12). The earth’s carbon cycle contains CO2 as
a natural part of its cycle, and human activity results in changes of the CO2 cycle in two ways. The
first is adding more CO2 to the atmosphere. The second is the capability of natural sinks, like
forests and oceans, which remove the CO2 from the atmosphere.
Methane (CH4) is emitted by human activities like gas leakages, natural sources like
wetlands, and the raising of cattle. The lifetime of CO2 longer than CH4 in the atmosphere, but
when it comes to trapping radiation CH4 is more efficient. In fact, the effect of CH4 is 25 times
greater than CO2 over a century (EPA 2018).
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Nitrous Oxide (N2O) has a variety of natural sources, and it exists naturally in the
atmosphere as a part of the earth’s nitrogen cycle. Human activity and fossil fuels are two of a
variety of resources that increase the atmosphere’s percentage of N2O. A natural sink cannot
remove the N2O molecules or destroy them by a chemical reaction until after an average of 114
years in the atmosphere (EPA 2018). One pound of N2O warms the atmosphere 300 times more
than one pound of CO2.
Fluorinated gases are other types of greenhouse gases, but they do not have natural sources;
they are produced solely by human activity, being emitted by a variety of industrial processes, for
instance, aluminum manufacturing (EPA 2018). Several fluorinated gases have a high global
warming potential, and they can have a long lifetime in the atmosphere. They are removed from
the atmosphere by being destroyed in the far upper atmosphere by sunlight. The most robust and
long-living gas types among greenhouse gases emitted by human activities are fluorinated gases,
which fall into four categories: hydrofluorocarbons (HFCs), perfluorocarbons (PFCs), sulfur
hexafluoride (SF6), and nitrogen trifluoride (NF3) (EPA 2018).

Figure 12 Aramco Oil Refinery, Saudi Arabia / Source: The Free Press.
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6. Urban Heat Island
The urban heat island, a type of microclimate, is another crucial environmental problem
facing developed countries. Urban areas experience a rise in temperature in comparison with the
rural regions that surround them. This variation of temperature is known as the urban heat island
phenomena (Fig 13). The average yearly temperature variation in a city having one million or more
people between its urban and rural can be 1.8 to 5.4 °F (1 to 3°C) (Grimmond 83). Under different
conditions, such a calm night and clear sky, the temperature average can be as much as 18°F (10°C)
(Grimmond 83). Small cities can also produce heat island effects, and the effect evolves with the
city scale. The urban heat island has two ways of forming. Table 1 shows the ways to recognize,
measure, and identify their impacts as well as the means to mitigate them.

Figure 13 Makkah Urban Heat Island / by Author.

Table 1 Urban Heat Island Types, Details and Identification Source EPA.
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5.1 Surface Urban Heat Island
In the summer season during a hot, sunny day, the sun heats uncovered surfaces such as
roofs and street pavement about 50 to 90°F (27 to 50°C) warmer than the air temperature (Fig 14)
(Heat Island Compendium 2). In contrast, covered surfaces can maintain the same air temperature.
The appearance of surface urban heat islands exists day and night, but the strongest The average
temperature differences in daytime surface temperatures between metropolitan and rural areas is
about 18 to 27°F (10 to 15°C), while the nighttime difference in temperature is typically smaller,
between at 9 and 18°F (5 to 10°C) (Heat Island Compendium 2). The surface urban heat island
varies with seasons depending on the sun’s intensity, weather, and ground cover. During the
summer season, the urban heat island effect is typically stronger, for with clear skies and calm
winds, the sun’s radiation cannot be blocked from reaching and heating ground surfaces. A cloudy
sky can block solar radiation, decreasing daytime warming in cities. In addition, strong winds can
convey the heat away from urban areas.

Figure 14 Boston, Massachusetts. Surface temperature, 2009. Source: Camilo
Perez Arrau, 2010.
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5.2 Atmospheric Urban Heat Island
The atmospheric urban heat island is defined as a metropolitan area that has a warmer air
temperature in comparison to cooler air temperature in nearby rural surrounding areas. Experts
divide this urban heat island into two types: canopy layer and boundary layer (Oke 2) Canopy layer
urban heat islands involve a layer of warm air that starts from the ground and goes up to beneath
the rooftops of roofs and trees and exists in the layer where people live (Fig 15)
(Oke 2). In boundary layer urban heat islands, the layer starts from the rooftops and trees top and
goes up until the urban landscape has no impact in the atmosphere, typically one mile (1.5 km)
above the rooftops (Fig 16) (Heat Island Compendium 3).

Canopy Layer UHI
Canopy Layer UHI

City
Center
Figure 15 Canopy Urban Heat Island Illustration / by Author.
Suburban

Suburban
Suburban

Suburban
City
Center

Boundary Layer UHI

1 Mile

Suburban

City Center

Suburban

Figure 16 Boundary Urban Heat Island Illustration / by Author.
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5.3 The relationship between Surface temperature and Air Temperatures
Surface temperature has no direct but important effect on air temperature especially in the
canopy layer because it is close to the earth’s surface. For instance, areas covered with vegetation
and parks usually have cooler surface temperatures. On the other hand, developed areas typically
report hotter air temperatures because of the air mixing within the atmosphere (Fig 17).

Figure 17 Surface temperature vary more than air temperature during the day, but they both are fairly
similar at night. Source: NASA.
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5.4 Urban Heat Island Formation
5.4.1 Vegetation
In rural areas, the landscape is comprised of vegetation and open spaces. The shade that
trees and vegetation provide for surfaces lowers the air temperature by the evapotranspiration
process (Fig 18). Plants dissipate ambient heat by releasing water into the surrounding air. In
contrast, developed urban areas contain hardscapes such as sidewalks, roads, parking lots, and
roofs. This difference between the landscape and hardscape reduces shaded areas, lessens
moisture, and increases solar radiation and heat gain on surfaces (Fig 19) (Haider 101). Built-up
areas can be described as dry areas because of water evaporation reduction.
Reflected Solar Radiation
Solar
Radiation

Evapotranspiration

Low Air
Temperatur
e
Evapotranspiration
Vegetation

Figure 18 Vegetation and Land Surface impacts on Air temperature in Rural Areas / Author.

Heated Surfaces
Solar Radiation

Absorbed Solar Radiation

High Temperature
Hardscape

Figure 19 Hardscape and built up areas impact on Air Temperature in city Urban / Author.
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5.4.2 Building Materials
The building material properties solar reflectance, thermal emissivity, and heat capacity
influences urban heat island formation. The formation depends on how the material reflects, emits,
and absorb, the sun’s energy. Solar energy from the sun has three components when it reaches the
earth (Lee 3), and all of them contribute to the urban heat island effect. The amount of solar energy
reflected by a surface is called albedo or solar reflectance. The visible light of the solar energy is
43%, so the solar reflectance depends on the surface or material color. A light surface has a high
solar reflectance, more so than dark surfaces.
Developed urban areas usually have hardscapes, which have a lower albedo than the
material in rural areas. Urban areas absorb the sun’s energy more than it reflects it. The result of
this high absorption increases the surface temperature, which leads to the formation of surface
urban heat islands and influences the formation of atmospheric urban heat islands. The material
surface temperature mainly depends on the material solar reflectance, but thermal emittance also
plays a role. Thermal emittance is the material surface’s ability to release heat. Materials with a
high emittance value releases heat continuously, which stay cooler.
The material heat capacity influences urban heat island development. The material ability
to store heat is called heat capacity. Most urban areas contain high capacity materials, which store
more solar energy. In comparison between city centers and rural regions, city centers can absorb
double the amount than rural areas during the day.
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5.4.3 Urban Geometry
The building geometry, defined as the spacing between buildings in a city, has an impact
of urban heat islands formation, especially at night. The spacing between buildings affects wind
flow and heat absorption, which emits absorbed heat back to space. In urban areas, surfaces cannot
release the gained heat because it is blocked by other close buildings, which maintain the heat,
creating a large thermal mass due to the obstruction of other buildings. Warm air over urban areas
has real health effects for residents during heat waves. The narrow spacing and diminution between
buildings create what scientists call urban canyons (Fig 20). In cities, tall buildings prevent direct
solar radiation and decrease heat gain and air temperature by providing shade. The heated surfaces
inside the canyon cannot release heat, which causes a rise in nocturnal temperatures.

Figure 20 Ajiad Street, Makkah / Source: Forum Makkah.
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5.4.4 Anthropogenic Heat
Human activities influence atmospheric urban heat island formation. The energy used by
human activities comes from heating and cooling systems, household appliances, industrial
processes, and transportation, all resulting in anthropogenic heat flux. The produced anthropogenic
heat variation also depends on urban activity and infrastructure. In rural areas, there is no concern
about anthropogenic heat, especially in the wintertime. During the summer, the dense urban areas
urban heat islands are even more influenced by anthropogenic heat.

5.4.5 Energy Consumption
High summer temperatures increase energy demands and production (Fig 21) in cities
because of pressure on the grid to meet cooling demand during peak hours, which usually happens
weekday afternoons when offices and homes are running interior appliances, lights, and cooling
systems, resulting in an increase of electricity demand 1.5 to 2 percent for every 1°F (0.6°C) rise
in temperature (Akbari 2).

Figure 21 Shoaiba Oil – Fired Power Planet / Source: Power Technology.
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5.4.6 Weather and location
Weather and location play roles in urban heat island influence and formation (Fig 22). The
weather has two characters that affect the formation of urban heat islands. The absence of clouds
combined with calm wind leads to urban heat island formation because clear skies maximize the
direct solar radiation to the surfaces, and the heat cannot be taken away without wind. In contrast,
cloudy skies prevent solar radiation from reaching ground and building surfaces, and strong winds
convey heat away. Geographic location, climate, and topography all influence urban heat island
formation (Fig 22), and mountains around a city can either block wind from reaching it or create
wind patterns that go through the city, dispersing heat in the process.
.
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Figure 22 Weather and Location Impact in City Urban Heat Island Formation / by Author.

Figure 23 Makkah, KSA Topography / Source Oreedit.
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7. Urban heat Island Impact in Research
The increase in summer season temperatures because of urban heat island effects leads to
high-energy consumption in urban areas. This increase in energy use rises 1.5 to 2 percent for
every 1°F (0.6°C) (Akbari 2), resulting in an increase in summertime temperature, which means
high electricity demand compensates for the heat island effect. This energy demand results in more
energy production. Most of the electricity production in Saudi Arabia uses fossil fuel combustion
(Fig 3). Power plants, which generate this electricity, cause the release of greenhouse gases (Fig
6) and air pollution. These atmospheric pollutants change the urban wave radiation budget through
(1) reducing the incident flux of short-wave radiation, (2) re-emitting long-wave radiation from
the urban surface downward to where it is retained by the ground, and (3) absorbing long-wave
radiation from the urban surface, effectively warming the ambient air (T. Oke 310-320). The
increase of air temperatures affect indoor human thermal comfort leading again to anthropogenic
hear production. Building design can be enhanced through energy conservation strategies to
minimize the anthropogenic heat waste from cooling systems as well as greenhouse gas emissions
through production process to mitigate urban heat island formation.
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8. Heat transfer mechanism
The concept of human thermal comfort is very complicated but easy to be understood.
Designing a building and achieving human thermal comfort has to start with an understanding of
thermostatic principles. The second law in thermodynamics states that heat travels from an area of
high concentration to areas of a lower level (National Aeronautic and Space Administration). For
example, objects with high temperature have the high energy, and this energy transfers to the
colder surroundings. The transfer of this heat happens in three ways: conduction, convection, and
radiation (Fig 24).
7.1 Conduction
Conduction is one of the most common occurrences in nature and is defined as the heat
transition between two materials when there is variation of temperature between their two surfaces.
You feel it whenever you put your hand on a hot car windshield. The heat will transfer from the
object that you touched to your hand. This heat transfer happens at the molecules level. The heat
moves from one body to another. It occurs when the surface absorbs the heat energy and makes
the molecules of the surface move quickly. In this process, the molecules bump into other
neighboring objects and transfer heat with it. The process will continue as long as the heat source
still adds more heat.
7.2 Convection
Convection is the term of heat transfer from a surface to the surrounding air. The process
happens when an object has a higher temperature than the surrounding air, so the heat moves from
the surface to the air molecules. This process will change the air density and can result from air
movement; the opposite happens when a surface has a temperature colder than the surrounding air.
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7.3 Radiation
Radiation is the electromagnetic wave emission from a material’s molecules that causes
heat transfer; thermal radiation happens in all matter. The thermal motion of molecules generates
the emittance of electromagnetic waves called thermal radiation.

Convection

Conduction

Radiation

Figure 24 Heat Transfer Mechanisms / Source: ZAChemistry.

9. Emissivity, Absorptivity, and Reflectivity
A material’s emissivity, absorption, and reflectivity affect heat transfer via thermal
radiation. To illustrate a material’s proprieties, a dark color body absorbs heat more than a light
colored surface. When radiation falls on a dark surface, the surface absorbs part of the radiation
and reflects the rest.
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Chapter 3: Methodology and Case Study
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1. Methodology
This research aims to achieve energy consumption reduction in new construction of midrise residential buildings through the implementation of energy efficiency strategies as well as
passive and green designs. The proposed prototype will contribute to mitigating the urban heat
island of new development areas through controlling anthropogenic heat that reduces the local
temperature and controls greenhouse gas emissions. Mid-rise residential buildings in Saudi Arabia
represent one of the highest building sectors that contribute to energy consumption. Therefore, the
research methodology will follow procedures listed below.
Anthropogenic heat will be decreased by reducing energy consumption and preventing the
emission of greenhouse gas through energy production in Saudi Arabia. Building sector (Fig 5)
shows that the residential building sector is the highest among other sectors. The building sector
breakdown indicates that residential types are the highest consumer of energy among all types of
buildings, so the research methodology is as follows: achieving energy consumption reduction
through the use of advanced computer energy modeling such as eQUEST software. The author
made many valid assumptions since he is familiar with the climate, culture, and lifestyle of the
area, being born and raised in Makkah.
1- The detailed annual energy for the case study will be reviewed to define the deficiencies that
result high-energy consumption.
2- Climate Consultant software will be used to propose appropriate energy conservation design
strategies compatible with climate conditions for the area. Climate Consultant is defined as
a simple to use, graphic-based computer program that helps architects, builders,
contractors, homeowners, and students understand their local climate. It uses annual
8760-hour EPW format climate data that is made available at no cost by the Department
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of Energy from thousands of weather stations around the world. Climate Consultant
translates this raw climate data into dozens of meaningful graphic displays.
3- Design energy strategies will be applied to reduce the energy consumption on the case study,
which will be simulated after applying the design strategies to calculate the energy savings.
4- Energy saving results from the case study will be interpreted into carbon dioxide emission
contribution to air pollution as follows:
1- Carbon Dioxide emission 1KWH = 2.5 CO2 lb. Calculation (SunEarthTools).
Case study CO2 amount = Case study KWH × 2.5 = lb.
Neighborhood CO2 amount = Case study CO2 lb. × Building number = lb.

42

2. Case Study
The case study in the design process is a residential building located in Makkah, Saudi
Arabia (Fig 25). The building is five stories tall, and each story has two apartments. The expected
occupancy is around 40 to 50 persons. The case study is located in a neighborhood that has 37 (Fig
26 & 27) buildings with the same specifications of the case study, so all calculations will apply to
the number of buildings.

Figure 25 Hot Arid Climate Cities in Saudi Arabia / Source: WellMake.CO

2.1Makkah Climate
A hot-arid climate is mostly located on the center and west side of Saudi Arabia. The
weather fluctuates in these regions between day and night in the summer season. The cooling load
controlled by this region includes Mecca, Medina Riyadh, Gassim, and Najran. The increase of
the cooling pressure through these cities will cut a significant portion of energy demand as long as
the cooling load is 70% in the building sector. Makkah is my hometown, so I chose my case study
to be there.
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Figure 26 Case Study and Neighborhood Makkah, Saudi Arabia / Source: Google Map.

819 ft.

715 ft.

Figure 27 Neighborhood 3D Geometry by Author.
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2.2 Floor Plan
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Figure 28 Floor Plan 1-5 floor
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2.3 Lighting Floor Plan

Figure 29
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2.4 South – North Elevations

Figure 30 South Elevation

Figure 31 North Elevation
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2.5 East – West Elevations

Figure 32 East Elevation

Figure 33 West Elevation
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2.6 Building Section
Roof Level Section
1-Terrazzo Tile 1”
2- Mortar 1”
3- Sand 1”
4- Concreate 1”

5- Moisture insulation 1”
6- Thermal Insulation 1”

Single pane Sliding
window

1- Brown Paint
2- Plaster 1”
3- Hollow Brick 8”
4- Plaster 1”
5- White Paint

Ground Level Section
1-Terrazzo Tile 1”
2- Mortar 1”
3- Sand 2”
4- Concreate 2”
5- Moisture insulation 1”
6- Concreate 6”

Figure 34 Building Wall Section.
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2.7 Building Schedule

Table 2 Base case Building schedule
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2.8 eQUEST Simulation of the Base Case Design
Building data used in energy modeling simulation was generated by using eQUEST for
energy analysis (Fig 35). eQUEST gives an accurate energy analysis for the building’s annual
energy performance. The program will help to examine and review the deficiencies in the
building’s energy consumption, which was 1,119,600 KWH; this result will be in detailed in (Fig
36).

Figure 35 eQuest Case Study Modeling.
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2.9 Energy Analysis Results

Figure 36 eQUEST Energy Simulation Case Study Results.
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2.10 Deficiencies of the Base Case Building Design
2.10.1 Window Shading Devices
According to the charts from the climate consultant in Makkah, the building’s windows
need shading devices, especially during summer season (Fig 38&39). The case study façades have
no shading at all for façades (Fig 37). The red dots in the graph designate that the temperature
average is above 80℉, representing 2410 exposed hours, showing the importance of shading
devices to prevent direct sun radiation. The percentage of shading devices recommended is
represented by the yellow dots, which is around 164 hours.
The shading devices used to control the sunlight is a very crucial aspect in energy efficient
building passive strategies. The importance in the number and location of windows can reduce the
cooling load energy consumption from 5% to 15%. The eQUEST results showed a high-energy
consumption in cooling load, which accounted for 520,600 KWH (Fig 36), which accounts for
47% of the overall energy consumption.

Figure 37 Case Study Facade’s has no Shading devices
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Sun Shading Chart (December 21 to June 21)

Figure 38 Source: Climate consultant

Sun Shading Chart (June 21 to December 21)

Figure 39 Source: Climate consultant
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2.10.2 Excessive use of artificial lighting and lack of daylight
Lighting plays a significant role in energy consumption. Results from eQUEST for the base
case showed that the building uses 244,400 KWH (Fig 37), which accounts for 22% of the overall
energy consumption. The lighting type in the lighting floor plan (Fig 29) shows that fluorescent
60 wattage Industrial Strip Light with Reflector using fluorescent bulb produces 22% light and
78% heat and uses high wattage, causing an increase of energy use (Fig 40). Every floor has 88
bulbs for lighting purposes. These fluorescent lights produce heat, which contributes to increasing
the cooling load consumption.
The lack of daylight can be understood through the culture’s need for privacy. Daylight is
important, but the family’s privacy has a higher priority. Some buildings let in daylight, but they
are usually in suburban areas, where the buildings’ occupants are not exposed to the public. The
buildings usually have tinted glazing or interior curtains to insure that the inside is not visible from
the outside.

60
Figure 40 Fluorescent Tubes – 48” T12 / Source ULINE

55

2.10.3 Wall Insulation and Roof Insulation
Building envelope elements, such as walls and roofs, are not just structural components.
Building envelope components can be designed in a way to save energy and enhance indoor
thermal comfort. The walls and roofs have a direct effect of heat gain, and heat transfer can control
the indoor temperature without the use of cooling systems, which will save energy.
The roof or wall resistance to heat flow by conduction, convection, and radiation is
measured by its thermal resistance or R-Value. The higher the R-Value, the more heat flow
resistance. The base case building schedule (Table 1) shows that the wall has no insulation with
low R-Value of R-7 (Fig 34), and the roof has a low R-Value of R-14 (Fig 34). Inefficient
insulation increases the heat flow through the building walls and roof, increasing the cooling load
to minimize the heat effects on the indoor thermal comfort.
Insulation is the barrier to preventing heat loss and heat gain, especially in roofs and walls.
Insulation is a very important cost effective way to save energy in buildings by keeping them
cooler in the hot season and warmer during the cold season, reducing the heating or cooling cost
depending on the building’s climate zone.
The façades exterior finish is brown, which causes high heat absorption and less solar
energy reflected by its dark surface. The heat that is absorbed through the wall can flow inside the
building and increase the cooling load for thermal comfort fulfilment. Moreover, the dark surface
influences the formation of surface urban heat islands (Figs 34).
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2.10.4 Window Type
Windows are a crucial part of the building, which can save building energy or increase
energy consumption, depending on the climate zone. The building drawing shows that the building
has a single pane window with a low U-factor. This low rate will maximize heat gain, solar
radiation, and the potential of infiltration.
1- Windows can lose heat from the inside or gain heat from the outside by:
1- Direct conduction through the glass, glazing, or frame;
2- The outside solar radiation from the sun or the inside internal heat load;
3- Air leakage.
2- Window properties are measured and rated depending on their common energy performance:
1- U-factor is the conducted non-solar heat flow through the window. The U-factor might
refer to the glass alone in windows, skylights, and doors. The term U-factor stand for entire
window performance, spacer material, and frame. The lower the U-factor, the more energy
efficient the window.
2- SHGC stands for solar heat gain coefficient, and it represents the portion of solar radiation
admitted through the window, either transmitted or absorbed, and released as heat inside
the interior space. The lower the SHGC, the lower the amount of heat transmitted inside
the space and the greater the shading ability. Windows with a high SHGC are very effective
for collecting solar heat in winter in cold climates in contrast to windows with low SHGC,
which is very effective in hot climates; they help block heat gain from solar radiation during
the summer.
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3- Air leakage is the air movement rate around the window in the presence of specific pressure
differences across it. Windows with a low rate air leakage are tighter than those with a high
air leakage rating. Another factor to note is that air leakage also depends on proper window
installation.

2.10.5 Inefficient HVAC Single Units
Mechanical systems are used in buildings to maintain thermal comfort for occupants by
providing cooling or heating. The cooling load accounts for 40% of the building’s total electricity
consumption in heating and cooling depending on climate conditions and the building’s needs.
New systems today are much better because they use 30 - 40% less energy to generate cold air.
An air conditioner has an energy rating for efficiency that shows how many BTU's are used per
hour for each watt of power it draws. For box air conditioners, the energy efficiency ratio or EER
for a central system the rating is seasonal energy efficiency ratio, or SEER. The higher the SEER
or EER, the more efficient the air conditioner unit is. However, a high rating unit usually has a
higher price, but it is a cost-effective way to save money over time (Fig 41). The case study uses
box air conditioners with a low EER of 9000, which use high amounts of energy for cooling and
produce anthropogenic heat waste that influences urban heat island formation.

15 SEER

20 SEER

Figure 41 SEER Saving Calculator
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Unfortunately, people in Saudi Arabia are not very familiar with energy efficient units, and
the lowest price comes first. Another thing to note is the most commonly used type in Saudi Arabia
is a box air conditioner. The need for a single mechanical system is very important; the culture has
an impact on the interior design and space function. For example, there is what is known as the
Majlis space in the floor plan (Fig 28), which is a space used for guests and hospitality. It is a large
area not occupied during the weekdays, and it might work during the weekends for counted hours.
Running the mechanical system in this typically empty space will increase the energy load for
nothing, so using single units will allow occupants to regulate the AC by turning it off when the
room is not in use, thereby saving electricity.
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Chapter 4: Design Proposal
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1. Design Proposal
After analyzing the deficiencies, I proposed a design that will reduce energy consumption
by applying two packages of passive and active energy conservation strategies to enhance the
building’s energy performance effectively. The strategies will be applied on the highest energy
principles and deficiencies in the case study. All the proposed strategies will be illustrated and
justified.
1.1 Passive Strategies
1.1.1 Shading Device
Designing a shading device for the building is somewhat challenging because it has to deal
with space function, space privacy, and culture differences. The south façade needed a horizontal
shading device even though it has no direct solar radiation, but it has a high temperature average
as presented in the climate consultant graph (Figs 38 & 39), which causes a huge amount of heat
gain through the windows. Designing an effective shading device depends on the building façades
solar orientation and the sun’s position during summer and winter seasons. The location of the sun
is illustrated in terms of altitude and azimuth angles (Fig 42).
-The angle of the sun over the horizon is the altitude angle, achieving its maximum on a given day
at solar noon.
-The azimuth angle is the angle of the sun's projection onto the ground plane relative to the south;
it is also known as the bearing angle.
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Figure 42 Azimuth Angle and Altitude Angle.

According to the climate consultant, the sun shading chart during the summer season shows
that (Fig 39) the temperature average from June to December is above 75oF, so the need for shading
devices has to be calculated for the sun’s altitude from the 21st of March (Fig 44) to the 21st (Fig
45) of December. A website (SunPosition) was used to calculate the sun’s position (Fig 43).

Figure 43 Sun Position Calculator / Source: Sun Position.info.
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Figure 44 Makkah Sun Altitude on March 21st. Spring Solstice.
Revit Makkah’s Sun Path.
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S

Figure 45 Makkah Sun Altitude on June 21st. Summer Solstice.
Revit Makkah’s Sun Path.
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The design proposes horizontal shading devices on the south façade designed according to
the SunPosition’s calculation. The sun’s altitude on March 21st is 69o (Fig 43). The calculated
shading device with width of 1’-6” (Fig 46) provides full shade on the south windows (Fig 47).
The added vertical fins keep the building’s same form.

Figure 47 Revit South Façade Shot. March 21st 12:00 PM
Figure 46 South Façade Section - Overhang
calculation March 21st – June 21st

The north façade needed a vertical shading device to avoid direct solar radiation in the
early morning and late in the day; there is no need here for a horizontal shading device. The
azimuth angle was used in the calculation to insure that the vertical shading device keeps the
windows shaded at the needed times (Fig 48). The used azimuth angle is 9:00 a.m. on June 21st,
which is 74o according to sun’s position calculation (Fig 59). The north façade obtained the same
shape of the south façade to maintain the same form of the building.

64

Figure 48 Revit North Façade Shot. March 21st 09:00 AM

Figure 49 North Façade Plan - Vertical Fin calculation March 21st 9:00 AM.

The east façade has a neighbor construction within 14 feet, which provides shading on the
building all day long. The west façade is a main façade on a main street. The shading device was
a designed screen shading to keep the windows fully shaded and prevent solar radiation and heat
gain from entering the building from 2 p.m. to 5 p.m. in the summer.
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Figure 50 Revit west Façade Shot. March 21st 03:00 PM

Strategy saving:
500.0

Saving of 10%.
15% Reduction of Space Cooling
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Misc Equip

Task Light

Area Light

Figure 51 Shading Device Strategy Saving.
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1.1.2 Wall Insulation
As presented in the deficiencies section, the building walls have a low R-Value of R-7
with no insulation. The proposed design upgrades the wall R-Value to R-15 with 2” polyurethane
insulation (Fig 52) to minimize the heat transfer through the walls and decrease the need for
cooling load to enhance indoor thermal comfort. The exterior paint color was lightened to
maximize solar reflectance and minimize solar absorption.

Interior Exterior to:

Ancon ST1
Type 1Tie to PD 6697
(Heavy Duty Brick)

1- Light color.
2- Plaster 1”.
3- Hollow Brick 4”.
4- Polyurethane 2”.
5- Hollow Brick 4”.

6- Plaster 1”.
7-White Paint.
Figure 52 Proposed Wall Section of R-value of R-15

Strategy Saving:
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Figure 53 Wall Insulation Strategy Saving.
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1.1.3 Roof Insulation
The roof has an R-Value of R-14 with inefficient insulation. The heat flow through the roof
in Makkah is concentrated on the rooftop because of the sun’s angle during the summer season,
which demonstrates the potential for high solar radiation, absorption, and heat gain through the
roof’s surface. The design proposes upgrading the roof R-value to R-30 (Fig 54) to minimize the
heat flow through the roof’s surface. The exterior finish in light color reflects more heat than the
dark surface.
Roof Level Section
1-Terrazzo Tile 1” Reflectance 0.7
2- Mortar 1”
3- Sand 2”
4- Concreate 2”
5- Moisture insulation 1”
6- polyisocyanurate 3”
Figure 54 Proposed Roof Section of R-value of R-30
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Figure 55 Roof Insulation Strategy Saving.
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1.1.4 High Performance Windows
This case study has single pane windows. In such a hot, arid climate, the type of window
has to be efficient to minimize the climate impact on the building’s indoor thermal comfort. The
design proposal uses appropriate high performance windows for hot arid climates with a high UFactor. The proposed window type is a double Low-E window with
U-factor of 0.30, SHGC of 0.30, and air leakage of 0.2 (Fig 56). The proposed window type will
minimize the portion of solar radiation admitted through the window, either transmitted or
absorbed, and released as heat inside the interior space. Using high performance windows will
reduce the impact on the cooling system and increase energy savings.

World Best Window CO.
Aluminum Frame
Double Glazing – Argon Fill- low E
Product Type: Sliding Window

Figure 56 Window Rate Label – Source: World Best Window CO.
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Strategy Saving:
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Figure 57 High Performance Windows Strategy Saving
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1.1.5 Balcony
The use of an outdoor space will reduce both the air-conditioned space and the size of the
cooling system or the number of units needed. The design proposal transferred part of the indoor
space to an outdoor balcony with an area of 40 square feet for seasonal use. The balcony is
designed to be fully shaded in summer (Fig 58).

Figure 58 Revit South Façade Balcony. March 21st 12:00 PM
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Figure 59 Balcony Strategy Saving.
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1.1.6 Green Roof
A green roof can provide many benefits to the building and its surroundings such as
improving air quality, extending roof life, reducing urban heat island formation, reducing solar
radiation absorption, and the most important thing, working as an insulation layer and reducing
energy consumption (Castleton). There are usually two types of green roofs, intensive and
extensive. Intensive green roofs have a deeper substrate layer, which allows deeper rooting of
larger plants, such as shrubs, and helps plants to survive. On the other hand, extensive green roofs
have a thin substrate layer and low planting level, usually sedum or lawn, and they are lightweight
in construction (Castleton).
The proposed design implements an extensive green roof in the roof area of 5,484 Square
feet (Fig 60). The extensive choice was chosen to work as an insulation layer and save energy.
Extensive green roofs can be easier to implement and irrigate, and it has no heavy weight like
intensive green roofs.

Green Roof Layers:
1- Roof deck, Insulation, Waterproofing.
2- Protection- and Storage Layer.
3- Drainage- and capillarity Layer.
4- Root Permeable Filter Layer.
5- Extensive Growing Media.
6- Planets, Vegetation.

Figure 60 Functional layers of a typical extensive Green Roof – Source: ROOF SYSTEM CONSULTANT
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Figure 61 Green Roof Strategy Saving.
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1.2 Active Strategies
1.2.1 LED Light
LED light has the potential to be the best choice for future lighting because it uses highly
energy efficient lighting technology, especially ENERGY STAR rated products. Led light is 80%
more efficient than normal light. LED light converts 95% of energy used to light and only 5% to
wasted heat in contrast with normal light, such as fluorescent and incandescent. A 36-watt LED
light can be the appropriate alternative for an 84-watt fluorescent light to provide the same level
of lighting with less energy and energy consumption as well as more reduction of greenhouse gas
emissions from power plants. Table 3 below shows a comparison by the energy department of 60
watts; a normal incandescent with energy efficient bulb has the same light levels. The comparison
is based on 2hrs/day usage. The electricity rate is 11 cents per kilowatt-hour in U.S. dollars.

Table 3 comparison between Traditional Incandescent, Halogen Incandescent, CFL, and LEDs. Source
Department of Energy.
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The case study uses inefficient lighting type resulting in high-energy consumption and
increased heat gain that results in raising the cooling load. The design proposal suggests an
efficient type of Ultra High Lumen 4FT LED Tube with 20 wattages, which provides the same
level of lighting needed with less watts and produces less heat and more light. In addition, it has a
longer life average. The table below shows the chosen type specifications (Table 4).

Table 4 Ultra High Lumen 4FT LED Tube T8/T12 Specification. Source: ELEDS LIGHT.com
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Figure 62 LED Light Active Strategy Saving.
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1.2.2 High EER units
The single unit used in the building’s initial design has a low EER of 9,000 EER with all
the deficiencies that make the cooling system run all the time, causing high-energy consumption.
The new proposed design adds high EER units of 16 EER. Air conditioners with higher EER
tend to be more expensive than low EER units, but they will work effectively with less cost that
will reduce the energy consumption and heat waste in the cooling index towards the reduction of
energy production.
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Figure 63 High EER units Active Strategy Saving.
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The Case Study results after applying the design energy conservation strategies showed a
reduction of 53% overall (Fig 64). Initially the Passive strategies enhanced the building energy
performance by an average of 25%. The second approach of using active design strategies
contributes a reduction of 28%. These design strategies showed a strong attainable approach that
can reduce the buildings energy consumption to 50% as a prototype for residential buildings.
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Figure 64 Total Energy Saving from Strategies.

Figure 65 eQUEST Detailed mode ( Screen shot of design Proposal Energy Analysis).
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Figure 66 Design strategies energy analysis results 1.

Figure 67 Design strategies energy analysis results 2.
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2. Energy Results from the Case Study interpreted into Carbon Dioxide emission
contribution:

2.1Case Study Calculation:
2.1.1Carbon Dioxide Emission Calculation (SunEarthTools 2018):
Carbon Dioxide emission 1KWH = 2.5 CO2 lb.
Case study CO2 Emission = 1,119,600 KWH × 2.5 = 2,799,000 lb. (1,269 Metric Ton)
Case study CO2 Emission after Design Strategies = 535,000 KWH × 2.5 = 1,337,500 lb.
(663 Metric Ton).
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Figure 68 Case Study CO2 Emission Reduction.
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2.2Neighborhood Calculation:
2.2.1Carbon Dioxide Emission:
Neighborhood CO2 Emission = 2,799,000 lb. × 37= 103,563,000 lb. CO2 Annually.
(46,975.3 Metric Ton).
Neighborhood CO2 Emission after Design Strategies = 1,337,500 lb. × 37= 49,487,500 lb. CO2
Annually. (22,447.1 Metric Ton).
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Figure 69 Neighborhood CO2 Emission Reduction.
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3. Conclusion
There is a strong, unique interaction between the building and the surrounding built
environment. The building can be a threat on the environment through its way of design and
function. In the same ways, the environmental effects can be the payback on the building itself.
The building design phase is very crucial and represents the decisions of sustainable design and
energy conservation design. In this research the implementation of six passive design strategies
decreased the building energy consumption by approximately 25% and two active strategies
lowered the building consumption up to 28%, representing a significant amount of energy saving.
All the implemented passive and active design strategies were achievable in the design
phase to enhance the building energy performance. There are additional strategies that haven’t
been applied in this case study due to the cultural barriers and lifestyle. These strategies could be
implemented through further studies in an advanced way to be both effective and functional. The
strategy of using natural principals such as natural ventilation and daylighting represents a smart
approach of the sustainable design by implementing nature for building benefits. Nature is an
unpaid source for heating, cooling, natural ventilation, and daylight, which results in conserving
energy and sustaining the environment.
In conclusion, building energy can be reduced by implementing passive and active design
strategies that reduce the building’s energy consumption up to 53 %. Reducing building energy
consumption will limit the needs for energy production and prevent the emission of greenhouse
gases that influence the environmental crisis represented in the formation of urban heat islands,
and climate change.
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4. Future Research
1.

Further research should be conducted on the floor design and how it is impacted through

culture and lifestyle. In some cases this creates difficulties in implementing daylight and natural
ventilation strategies, which interrupts the user’s privacy within the interior space.
2.

The building envelope represents the interaction between the outside and inside, and further

research of utilizing a livable building envelope that increases natural ventilation and daylight
through the building envelope is needed.
3.

The use of building materials in Saudi Arabia should be researched in-depth; the limitation

of currently used building materials causes some difficulties for the fulfilment of indoor thermal
comfort.
4.

A cost benefit analysis should be compiled on the design strategies to show the amount of

saving for the developer.
5.

HVAC systems in Saudi Arabia should be researched further to find a solution that is

conducive to the culturally derived floor plan configuration, being aware that it contains different
spaces with different functions.
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