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Abstract

The number of mosque buildings is continuously increasing with the

Muslim population, which is fast grow ing around the world. In

particular, the demand of new mosque buildings is high in the urban

areas, due to increasing urban population growth in many parts of

Muslims countries, as ares  ult of economic growth and political

instabilities in some parts of the Muslims world. Mosques are becoming

more overcrowded and as a result a number of researches have been

conducted to address the issue of thermal <c
and efficient cooling solutions. The motivator of this research is the

lack of researches in sustainable mosques , where the current condition

of mosque buildings is  not satisfying.

Additionally, mosque building s are unique because of their intermittent
operation and variation in the number of users in terms of gender, age,
weight...etc. which require a special heating and cooling strategies. On
the other hand due to environmental pressure to suppress global

warming, more energy efficient and sustainable buildings desig nis one
of the current issues in building industries. Passive heating and cooling
technigues integrated with natural ventilation are key solutions

highlighted in many publications to solve the thermal comfort issues in

all type of buildings but there is a demand for mosques in particular .
This research aims firstly to explore sustainable techniques for mosque
buildings under different climate zones. Then focusing on one specific
climate and test a wide range of building envelope options and

technigues. The climatic location of the mosque building combined with
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social culture impact the level of comfort that a mosque building may

provide.

The research studies a number of mosques buildings in different parts

of the world with different climate; and assesses t he strategies
employed to cool or heat these buildings depending on the climate and
season. The effectiveness of the building features in relation to each

climate are carefully analysed, and possibility of potential replication of
these features elsewhere are examined. This thesis explores and
evaluates a number of sustainable envelope options using Design

Builder and Energy Plus  computer simulation s. The target is to provide
feasible options to reduce energy consumption in mosque buildings in

hot and arid climate.

The study concludes that there are potential features of building design
which are adopted in many locations and these have a great potential

to application elsewhere, and would aid sustainable mosque building in
many parts of the world if taken i nto consideration when designing
mosque buildings. The eventual objectives are establishing a guideline
for architects and masques building s designer s to take into account
when considering mosque building at any climate, in order to achieve

sustainable mos que building.

The investigation included a number of envelop options for roof, walls

and windows. In particular, the  thesi s examines 12 roof types , 8 wall
arrangements and 9 windows options for a case of a mosque building
in hot arid climate of Saudi Arabi a. Atth is point, a combination of

optimal roof, wall, and window designs are explored. The research
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concludes with a  brief economic evaluation for  all options, and  results
revealed the importance of shading the roof alongside wall insulation
and use of reflective film s on double -glazed windows. The combination
of these options  have potential to save up to 26% of the cooling loads
for mosque building in hot arid climate . These findings cou Id form a
key part in the proposed Saudi Bu ilding Code for Mosque Building as
they could be highly recommended for either new or current mosque

buildings.

Keywords

Climates , design, s ustainable techniques , thermal performance

mosque buildings.
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Chapter 1 Introduction

A m osque building is the worship place for Muslim to perform prayer or

recite the holy book  fithe Quran 0. Even though, mosques were not only
for worship in the early years of Islam , they were a socializing area,
courts , public buildings  and administrative places in one building. Due

to the expand ing of Islam and the modernisation, mosques became

mainly for prayer  plus other activities in some cases such as religious

studies and Quran schools .

Building types vary based on their function, number of users, operation
time and design specifications. Mosque buildings are very unique

among other religious buildings as they are used five times a day by
varying number of users in eachtime of the five prayers . Due to the
congregation number , the height of the interior space and the

performance of prayers require a special consideration. Thus, designing

the cooling or heating systems is critical to meet the high intermediate

load capacity.

Traditionally, passive bui | di ngs 6 krownas iome @f eldest
original systems that people used in ancient civilisations. Many existing
buildings from old eras employed a variety of space cooling techniques
to attain comfortable indoor conditions suc h as using pools, wind
catchers/ towers, wetted mats or pads suspended over doors and
windows and porous clay containers (earthenware jars) for cooling
purposes (Norbert, 2015) . This study will try to be as comprehensive

as possible with a focus on assuring thermal comfort  for mosque
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buil dingbs user s b ytheimalvperdotmargeaocf mosgge t h e
buildings with and without some selected passive techniques , and their
effects o n energy consumption, in a number of mosque buildings

located at different climate zones.

The demand in the world energy market is increasing gradually and

steadily yearly and the expectations of future world energy

consumption to be significant which has led to strains on the depleted
energy sources (Amer, Boukhanouf and Ibrahim, 2015) . The Middle
East and North Africa region s for example consume a massive portion
of the energy produced globally. Figure 1-1 shows the total energy
consumption in main parts of the world (US Energy Information

Administration, 2012)
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Figure 1-1 Total Primary Energy Consumption (Quadrillion Btu)

Though, Middle East countries populatio n are only 53% of EU

population (Nations, 2013) . Arguably, Middle East countries such as
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Saudi Arabia, Qatar, Kuwait and the UAE have become energy

drainage, due to their extravagant energy us age. Saudi Arabia energy
consumption has increased by 75.26% for the period 2000 -2011.
Figure 1-2 shows the total primary energy consumption in Saudi Arabia
over atwel ve years started from 2000. Similarly, power consumption
of Qatar and United Arab Emirates (UAE) has risen sharply for the

same period by 69.00% and 120.24% respectively.

Total Primary Energy Consumption in Saudi Arabia (Quadrillion Btu)
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Figure 1-2 Tot al primary energy consumption in Saudi Arabia
At least 40% (65% in some hot regions) of the energy consumption in
buildings is used to assure userds ther mal

the indoor area  (Rosenlund, 2000 ). The percentage varies based on the
building type, climate zone of the building and its microclimate. As an
elaboration, due to the harsh weather conditions the percentage of
electric energy consumption by air conditioning raises up sharply in hot

arid regions. For example, only 22% of the consumption is used for

providing comfortable indoor temperature in buildings in UK; whereas

in Saudi Arabia the figure rises to 65% (Alajlan, Smiai and Elani,
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1998) . Moreover, the goal of sustainability could be achieved through
different ways and under many names. For instance, low energy
building, energy efficient building, passive houses, sustainable building,
green building and so on. All of these are about providing an
acceptable indoor comfort without harming the environment while

taking into accou nt the needs of next generations.

In addition, depending on fossil fuel for electricity supply , Saudi Arabia
produces a considerable CO2 emission that harms the planet. Figure
1-3 shows the CO2 emission of Saudi Arabia for the last decades as

stated on the World Bank data (The World Bank, 2019) . This shows
that there is an essential need for any means to reducing the non -
sustainable energy consumptions . Furthermore, the number of mosque
buildings is continually in increase as the total number in the whole

country is exceeding 100 thousands and the majority of these falls in

the hot arid zones  (MOIA, 2013)
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Figure 1-3 The CO 2 emission (ton) of Saudi Arabia (The World Bank, 2019 )

The purpose of t  his research is to investigate potential passive
technigues for mosque buildings in order to reduce space cC
energy consumption  and assist designers and architects to make

further sustainable decisions . As mentioned, m any researches have
confirmed that the major part of the energy consumption in building is

used to achieve thermal comfort for the users ; this work will be a
contribution toward more energy -saving in mosque bui  Idings in hot -

arid climates .

Taking into account, the on -growing large number of mosque buildings

in Saudi Arabia as they are over 100 thousand therefore their

consumption is increasing. Although, the residential buildings are the

main consumer of energy among building types, mosque b uildings are
considered one of the vast consuming among governmental buildings

as presented in  Figure 2-2.
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1.1 Problem Statement

Buildings are repeatedly designed without taking sufficient account of

the climate especially in developing countries. Variables such as site
characteristics or  the urban surroundings, orientation and climate
responsive design of the building, choice of building materials, etc. are

not given enoug himportance. As aresult , thermal comfort , health and
energy efficiency are often affected due to poor buildings design .
Building users nowadays  want to install heating and/or cooling active
devices to improve thermal comfort because of modernisation and

rais ed living standards . Consequently , the amount of energy to run the

HVAC devices , and their costs, is markedly high. Thus this have a

negative impact on the environment caused by buildings were not
adjusted to the climate . A little or no extra input of energy could
provide a good, or at least acceptable, indoor climate. The problem is

found not only in residential building but also in other type of building s

like workplaces or public buildings, such as mosques, schools and
hospitals.

This research study is investigating passive technigues in mosque
buildings. They are very exceptional , because of their discontinuous

operation way of use since they are used only five times aday for short
periods (early morning, afternoon, late afternoon, after sunset and

night time).  Also, mosque buildings have unique specifications with
regard to the internal space; usually they are large and have high
ceiling level . Moreover, the number of users varies  from day to day and

from time to another, additionally, prayer performance and nature of
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usage are dissimilar to users in other type of building s. All these
variables should be considered while studying the thermal perf ormance
in mosque building.  Figure 1-4 is expounding the problem statement

for this study and why mosques are different than other type of

buildings .
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1.2 Aimsand Objectives

This study aims to investigate sustainable techniques for mosque

buildings in order to reduce space coolingé6
assist designers and architects to make further sustainable decisions.

The study assesses a number of mosque building in di fferent climates,

and investigates their features to achieve sustainability.

The research will attempt to determine the most efficient passive

features of envelope fabrics for sustainable mosque buildings in hot dry
climate. Consequently, provide a comfor table environment for
worshipers and reduce the electrical consumption for cooling which

lead to sustainable outcomes . The following objectives will be followed

to achieve the above aim:

i.  Reviewing the related work and current studies to build a clear
view about sustainable mosque buildings.

ii. Select different cases of mosques around the world a nd then
analyse them critically, to d erive features from these cases that
enhance the sustainability factor of the building.

ii. Investigate climate  zones conditions and  propertiesto ¢ orrelate
each climate zone with the appropriate sustainable building
features, then  conclude the most appropriate features for mosque
buildings in each climate zone and mainly the  hot arid climate

iv. Design a case study in the selected climate to establish whether

these features are applicable or not and how efficient they are.
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Vi,

Vii.

Model the selected case study in order to find how the building

performs in its current statue after calibrating the model by
comparing the building electrical consumpti on between the
simulation and the actual one.

Apply the suggested features and envelope improvements then
remodel the case studies  to collect data and compa re the results
before and after

Summarise the results and findings which would be  a guideline for

architects and designers ~ of mosques buildings .
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1.3 Research Questions

- What are the sustainable features that are applicable to
mosque buildings?

- Which of them are beneficial in the hot arid climate of Saudi
Arabia?

- Whatis the most effecti  ve feature in energy efficiency that
maintain s thermal comfort  for occupants ? How important the
building envelope in reducing energy consumptions?

- What are the alternatives of building features that fit within:

0 The Saudi Building Code
0 The availability in  the Saudi construction market
o Trendy materials and systems
o Basic traditional solutions
- How much savings in cooling loads could be obtain from

applying these alternatives?

1.4 Research Strategy

The proposed research project concerns a number of sustainable
technigues for mosque buildings in dissimilar climates. This project
tries to identify the most efficient features of a sustainable mosque

building for hot arid climate . Taking into account the uniqueness of
mosque building  type , this research will ponder the main climate since
the microclimates are  varying based on the exact location of the

building and its surroundings . Hereafter the outcome will provide

required t her mal comfort for buildingds users al
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load on active air conditioning system , resulting generally in reduced

fossil fuel energy  consumption and CO2 emission to the environment.

The proposed research project will be conducted in the following
phases to accomplish the predefined research objectives in the

previous section

Firstly: compound literature review on  sustainable building particularly
space cooling and heating passively in main  climate s. On other words,
how to achieve the desirable thermal comfort levels by using low

energy consumption  technigues . This review contains the review of
thermal comfort approaches, investigation of the cooling load, solar
responsive design and an implementation of various cooling techniques

in respective climate s. Another part of the review will investigate the
mosque bui lding architecturally. Sources for th ese part s of literature
review consist of books, theses, scienti fic journals, conference papers

and reports of selected case -stud ies.

Secondly: From the literature review, suitable features for each climate
will be list ed and then hot arid climate  will be modelled and simulat ed
using suitable computer simulation tools in order to analyse the
performance of the buildings accordingto their determined climate.
The goal ist o develop a simulat ion of the performance ofthep  roposed
technigues for the climate under consideration and compare its
efficiency on the model before and after applying the techniques . Most
of this phase will be simulated by using Design Builder software which
uses Energy Plus application as an engine f or thermal performance

analysis .

Aasem Alabdullatief i PhD Thesis
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Thirdly: comparing and analysing data in order to design a guideline to
mosque designer in different climates. These outcomes will be a

contribution on moving on the knowledge towards sustainable mosque
building. Reaching that plus writing up the thesis will be the last year
scope of work. The diagramin Figure 1-5 summarize s the strategy of

the research.

Aasem Alabdullatief i PhD Thesis
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1.5 Thesis# EADOAOOGS
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The thesis consist s of 7 chapters as elaborated in the diagram below in

Figure 1-6. The thesis was divided into three parts to allow better

framework for the research.
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Figure 1-6 The thesis structure diagram

I_PhD Thesis

15



1.6 Summary of Chapter 1

The first chapter presented the introduction to this research . It
presented the problem statement of the research and the research

gap. After that, the aims, objectives and research questions were

outlined. Furthermore, a brief of the methodology is presented and

further details of the research methodology will foll ow in Chapter 5.
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Chapter 2 Overview of Mosque Buildings

2.1 Introduction

A mosque building is  a worship place of Muslims. In addition to th e
religious role, it has other social roles that are explained in this

chapter. The architectural spaces composing the mosque b uilding are
described and the importance of achieving sustainability in mosque

buildings is illustrated. Besides, the reasons behind the irrational use of
electricity in these buildings are explained. The chapter is concluded

with an overview of the previo us studies that investigated the thermal

performance and energy conservation in mosques.

2.2 Definition of Mosque Building

Even though, mosques were not only for worship in the early years of
Islam, they were a socializing area, courts and administrative places in

one building. Currently, mosques are used mainly for prayer and in

some places for religion studies and Quran schools. Mosque buildings

are unigue among other religious buildings as they are used five times

a day, 365 days a year by a varying number of users each time.

Therefore, designing the cooling or heating systems for mosque

building is also unique to meet these varying numbers' requirements in

a sustainable way.

In Oxford d ictionary the mosque is noun means: A Muslim place of
worship . It consists of an area reserved for communal prayers,

frequently in a domed building with a minaret, and with a niche

Aasem Alabdullatief i PhD Thesis
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(mihrab) or other structure indicating the direction of Mecca. There

may al so be a platform for preaching (minbar), and an adjacent

courtyard in which water is provided for the obligatory ablutions before
prayer (Oxford University Press, 2016) . From east of New Zealand to
west of Canada and north of Sweden to south of Argentine : the
mosque , in its many forms , is the essential Islamic building. The

mosque, which called masjid in Arabic, is the Muslim assembly place

for pray performance. The word Masjid

prostration. o Though most of the five

be performed anywhere, all men are obligatory to gather together at

the mosque for the Friday noon prayer every week.

Mosque buildings are also used throughout the day for prayer, study,
or simply as a place for rest and reflection. The main mosque of a city,

used for the Friday communal prayer, is called a Jami Masjid, literally
meaning fAFriday mosque, 0 but it is
congregational mosque in English. Figure 2-1 below shows four
mosque buildings in different countries, ages and styles. All these

mosques have same exterior and interior features and that leads to the
possibility of app lying sustainable features on mosques if they really

enhance the function of the mosque building. Creating a guideline for

mosquedbds sustainable features woul d

buildings as they mostly have similar shape and elements.
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Fig ure 2-1 Different mosque buildings in UK, Saudi Arabia, USA and Russia
respectively

2.3 Sustainability in Mosque Building

As this study is investigating mosque buildings, these types of buildings

are called ALord Houseso by Muslims or fArel
are considered as Islamic symbols. Many verses in the Muslim Holy

book (The Qurbéan) st at erd(Alald) tommdnded Alalimi ghty L
human beings not to waste and treat extravagantly the resources of

life, and urged us all concerning the interest and protection of the

environment. Al 1l ah saysAndrmmetnbbreshetthe!l v Qur 6an:

made you successors after the 60Aad and settled you in the | anc
for yourselves places from its plains and carve from the mountains, homes.
Then remember the favours of Allah upon you and do not commit abuse on

the earth, spreading corruption 0 (Holy Quréan CHbpAreaaf8,, Sur
verse 74). Therefore, it is very important, or essential, for mosque

buildings worldwide to reflect Godbds comman
responsibilities toward the preservation of the resources and

environment in the first place. Another verse mention s the mosque

with the order of avoi dioCyidrenafsAdaen;takdl | ah say

your adornment at every place of prayer. Eat and drink, and do not waste. He

Aasem Alabdullatief i PhD Thesis
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does not lovethewasteful 06 ( Hol 'y Qur dan ChapAreaafs,,

31).

Over all, the co ncept of sustainability should be added as a value to all
types of buildings. Religious buildings come in the top of the list and
particularly mosques due to their representation of Islam and its

commands of avoiding waste.

2.4 Rationalizing the Use of Electr icity in Mosques

In this section an investigation into the causes of wastages in energy

and how to eliminate that in mosque building. Mosque building is

considered one of the most frequently used comparing to other public
building. Although, it is the leas t building that has been researched in
the matter of its architectural studies and energy performance. Islamic

law endorses conservative using of resources and prohibits waste;

however, many mosques, which are the religious building of Islam,

were not desi gned in that respectful. The causes of power wastage in
mosque building could be summarised in the following points. First,

mosque buildings are usually designed and built by donations. Some

Muslims are over respecting mosque building in a wrong way. They try

their best to make the building comfortable without minding the
consequences. Designing un  -needed large spaces, heavily air -cooling
them and exaggerated lighting caused negative impacts on the

environment. Second, ignoring the HVAC design and relaying only on
active systems. Third, pay no attention to the number of users in

different time and seasons. If the mosque fits to 200 prayers as an

example and the real number is 40, which is absolutely waste. Mosque
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building has to be design in a flexible way t o0 allow expanding upon
needed. Fourth, disregard rationalizing solutions in building like
insulations and using poor materials. Fifth, low prices of air

conditioning devices comparing to its monthly operation cost. Sixth,

low of awareness at all parts of b uilding processes starting from the

donator to the architect and governmental authority.

Therefore, unless applying passive cooling and heating techniques and
sustainable operation systems based on environmental study results,
there will be very large neg ative impacts on the environment, which is
not admirable when considering such sacred buildings, and which

should represent Islamic regulations and policies toward the protection

of the environment. Thus, and in order to contribute to discovering and
sugge sting suitable environmental solutions for different sector
problems, mosque buildings as a sector has been targeted and adopted

in this study.

2.5 Causes oflrrational Use of Electricity in Mosque Buildings

Mosque building s are considered as the most frequently  temporally
used buildings compared  to other public building s (Alsaeah, 2014) , and
for this reason they are widely investigated in terms of their energy
performance. Many mosque buildings are built based on the traditional

Islamic architectural design , Which in some occasions are well designed
based on the climate. In many other cases this was not the case, as
architects just copy and paste these cultural design. The causes of
power wastage in mosque building could be due to the following points.

First, mosque buildings are usually designed and built using donations ,

Aasem Alabdullatief i PhD Thesis

21



as well their operational co st are covered by local donations or through
ministries of religions affairs, as it is the case in many Islamic

countries. As a result, the comfort of the mosque u ser was the most
important issue when heavily air -conditioning systems  and
exaggerated lighting  are employed . As most part of the equipment are
also provided on donation resources the HVAC system is not normally
one of the important issues. Third ly, pay ing no attention to the number
of users at any specific time and seasons , results in use of the same
energy systems for varying numbers of mosque users. Most are

normally full during Friday prayers, and the number declines in other

periods of the week.  Theref ore, the energy use per a user is very
intensive in most occasions. In order to rationalise the energy

consumption, Mosque building s have to be design ed in a flexible w ay to
allow expanding upon need (Umran, 2009) . Fourth, thereisa disregard
to use of rationaliz ed solutions in building ; such as use of building
materials of poor thermos -physical properties . Fifth, low pricesofa ir
conditioning devices compared to the mo nthly operation cost. Sixth,
thereis alack of awareness of the impact of mosque buildings on the
energy billand the  environment atall stages of the building process
starting from the donor s, t he architect , constructers, users and the
gov ernment authorit ies in religions affaire departments, based on the
understanding that these are Lord houses, and so the cost and the
environmental impact are not relevant, as all these owe rewards from

the Lord. Therefore, it was necessary to pause and reflect on how

mosque building are designed and operated, in order to shit lights to

the pros and cons of mosque buildings features in re lation to energy

Aasem Alabdullatief i PhD Thesis

22



use and the resulting environmental impact that they cause

(Rosenlund, 2000) . Figure 2-2 presents the 2013 consumptions of
mosque buildings inco  mpare to other public buildings in Saudi Arabia
Moreover, the number of mosque building then was around 85,000

whereas now the number exceeds 100,000. The number of mosque

building is surpassing the number of hospital and school building in the

country an d cause a bigger total consumption.

25
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Figure 2-2 Energy Consumption in Different sectors in Saudi Arabia (Alsaeah,

2014)

2.6 Ablution Water Recycle

Some researchers have investigated sustainable ideas or systems

within the mosque building. For example, a group of researchers from
Malaysia have proposed a system that recycles used ablution -water
contained by a close -loop system thatto be used for toilet flushing,
general washing, green roof and plants watering and flowerbed

cultivation (Suratkonetal. , 2014) .
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Ablution or Wudu water is potable water used in the mosques by the

Muslims five times a day to wash hands, face, arms and feet before
performing the prayer as a vital part of the ritual purity in Islam. The

effluent of the ablution can be considered as gray non -sewage water.
The amount of ablution water used varies based on the source of the

water in the mosque, such as tap water, limited, contained water or
running water. The average volume of water used in the ablution

ranges between 5.7 and 2.47 liter per person per pray (Suratkon, Chan
and Ab Rahman, 2014; Radin Mohamed etal. ,2016) . The average
amount of gray water was expected to be 192 liters per capita per day.
Ablutions generate about 10 % to 18% of the total amount (Chowdhury
et al. , 2015) . The reuse of the ablution water has two main

advantages ; (i) contributi on in the recycling of the grey water by

around 14 %, (ii) increase the environmental sustainability of the

mosques.

Some Islamic countries set code s of practice in architecture and asset
management of the mosque buildings . In Malaysia for example, the
cod e describes the general design considerations of the mosque such

as; fAgiblah o0 direction, prayer hall, fimimbar o, fimihrab 0, dome or
fiminaret 0, ablution, and toilet. It also covers safety and security,

schedule maintenance, green building element for energy e fficiency
and importantly water efficiency. The code focuses on increasing the
efficiency of resource use such as energy and water (Tohid and  Abd.

Rahim, 2016)
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One of the proposed utilization of the ablution water could be recyc

and treated for use in the toilets . However, it is not accepted from a
religious point of view. A major concern in using this recycled water in
the ablution ritu  al lies in the purity of the water itself, which is an
essential co ndition for the ablution water (Suratkon, Chan and Ab
Rahman, 2014) . Therefore, the treated ablution water can be used in
other utilities such as irrigation of the mosque garden, cleaning the
mosque facilities, toilet flushing, chilled water circulation, PV panels
cleaning and solar energy storage tanks. For example, since 2000,
ablution water is reused for toilet flushing at the two Holy Mosques at

Makka and Al -Medina (Abderrahman, 2000)

2.7 Previous Studies on Mosque Buildings

Mosque buildings are considered as the most frequently temporally

used buildings compared to other public buildin gs (Alsaeah, 2014)
for this reason they are adequately investigated in terms of their

energy performance.  The researching in mosque buildings in terms of
thermal performance and energy conservation is a new topic compared

to other types of buildings; only within the last 20 years some

led

,and

research es has spotted the light into mosque building s. Among many

of the researches on mosque buildings, some of the critical issues
included, thermal comfort, thermal performance, low energy and
passive strategies. There is a real istic volume of literature on

sustainable mosque buildings  , here are summarises of the

investigations, and the key outcomes from most relative researches.
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The researching in mosque buildings in terms of thermal performance

and energy conservation is a new topic compared to other types of
buildings; it is been under investigation in last 20 years only. From a

wide range of searching in sources of data related to mosque building,
thermal comfort, thermal performance, low energy and passive

strategies; a brie  f review of literatures are listed down on approximate

chronological order

0 Astudy was carried out by Alhemiddi that was in progress from
1998 and published in 2003 investigated different sizes of 20
mosque buildings in hot arid areas in Saudi Arabia, 19 of which
mosques were air-conditioned actively , and one of which was
using a passive evaporative cooling system by using wind
catchers. The purpose ofthe study wasto  explore the impact of
outdoor weather and temperature on the energy co nsumption in
the selected mosque buildings taking into account the different
types of air -conditioning systems, including window units, chilled
water units, central units, and wind catchers. The researcher
utilized a number of assessment methods including
guestionnaires, interviews, observations, and secondary data
collection to gather electricity bills for those mosque buildings as
well as the Tout for the year 1998. The result of the study was
that all of the air  -conditioned mosque buildings were consumin g
significant energy  especially in Summer season , regardless of
size, unlike the one, which used a passive cooling system of wind

towers (Al-hemiddi, 2003)
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U Another study carried out by Al-Homoud etal.,, in 2009 which
studied the energy use and thermal comfort conditions in three
mosque buildings in the hot humid weather in eastern part of

Saudi Arabia . By monitori ng the energy use of the  selected three

mosque buildings, to record the energy used by air -conditi oning
systems, fans, and lights, indoor temperature and relative
humidity in all of the selected mosque buildings. Th e results

show ed that it is not necessarily for the high energy consumed

mosque building to be the good one in providing thermal comfort.

It assures the importance of insulation since the insulated building
revealed improved thermal comfort and lower energ y us age (Al-
Homoud, 1999)

U Another study was performed in Kuwaitin 2010 by Al Anzi & Al -
Shammeri , where they used a simulation process to investigate
thermal performance of typical mosque building in Kuwait set
climate. They found that applying improved fabrics plus
operational strategy system will provide a saving of about 72% on
energy consumption of the mosque building (Al Anzi and Al -
Shammeri, 2010)

U Al-Ajmi has conducted a study from 2007 t 02010 0on six air-
conditioned Jame mosque buildings , which are for Friday prayer |,
in hot arid areas of Kuwait. The study was to investigate indoor
climate and thermal comfort in the selected mosque buildings
Many specific instrument stations were used to measure indoor
temperature, air velocity and operative temperature. Also, the

researcher used questionnaires methodology to investigate the
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acceptable level of thermal comfort for worshippers inside mosque

buildings by examining the influence of the main f actors effects .

The result of Al-Ajmi study showed that actual mean vote was

26.1 °C, while predicted mean vote was 23.32 °C, which gave

an

underestimation of around 2.8 °C. It is also found that the Top of

26.1 °C showed major and considerable energy savings when

applie d on mosque buildings in Kuwait.

U Budaiwi in 2013 has conducted a study to examine the effects of

the operational zoning strategy on energy consumed by the HVAC
systems in many mosq ue buildings in the hot  -humid easter
province of Saudi Arabia. By using both simulation software
instruments  to monitor energy and to record temperature, t

result shown that significant annual reductions in energy could be
gained when operating air -conditioning properly, with arou

of potential annual energy reduction for uninsulated mosque

n

and

he

nd 36%

buildings and about 23% for insulted ones. Another result was

that there was a significant annual energy decrease shown when

oversizing and operating air -conditioning an hour before each

prayer time and before the arrival of worshippers to perform
prayer with an a verage percentage of around 30% (Budaiwi
Abdou, 2013)

U Hanan Taleb in 2014 has studied and simulated 8 cooling

strategies on a residential building , in Dubai city in UAE,

and

includi ng: 1 -Louver shading devices, 2 -Double glazing, 3 -Natural

ventilation: wind catcher and cross ventilation, 4 - Green roofing,

5-Insulation, 6 -Evaporative cooling via fountain, 7 -Indirect r
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cooling 8 -Light color coatings with high reflection . The study
found that all the achieved temperatures from using passive

cooling strategies were within the comfort zone for Dubai. In -
depth analysis shows that there is a potential for reduction of the
cooling load by 9% after applying these passive coolin g
strategies. Total annual energy consumption could also be

reduced by 23.6% in a situation where the building u sed passive
cooling strategies  (Taleb, 2014)

] Ahmed Shohan has com pleted his PhD in investigating the

thermal comfort and energy demand of small and large mosque
buildings in Saudi Arabia in 2015. He used physical
measurements, surveys and simulation to examine the thermal
comfort in number of mosques in two cities with hot dry climate
and moderate climate. The author found that the main factors
behind heat gain or loss were the poor quality of the investigated

mo s qu e b uiehvdlopa gssiricluding walls, roofs, floors,
windows, and doors . He suggested number of improve ments on
the building fabrics and materials (Shohan, 2015)

E. Mushtaha and O. Helmy in 2016 studied the Impact of building
forms on thermal performance and thermal comfort conditions in
religious buildings in hot climates: a case study in Shar;j ah city.
They did an analytical examination of mosques building forms,

followed by testing the impact of these forms on its thermal
performance and indoor thermal comfort. Passive parameters
such as shading devices, thermal insulation and natural

ventilat ion were applied in six cases, including the baseline case
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within each form . The optimum shape the main prayer hall is

found to be the octagonal form. Also they examined some passive
design elements and found they are useful in reduction of the

external he at gain as we as regulating of the internal

temperatures plus the cooling load could be reduced by 10% after
applying the selected passive strategies. However, they only
combined maximum two techniques together at each time

(Mushtaha and Helmy, 2016)

On the other hand,  another group of academics and researchers have
proposed a social sustainable assessment model for mosque

development in Malaysia  (Ahmad etal. , 2012) where they tried to raise
the community value of the mosque so it
just environmentally . Moreover, Al-Sanea et al. (2015) have

investigate d and determined the optimum insulation thickness and
consequently determine the optimum R -values for walls in three
different climates in Saudi Arabia. Their study examined number of
resistance value for walls based in the building market of Saudi Arabia.

The below diagram in ~ Figure 2-3 shows a s ummary of some previous
studies and mainly the four studies that are in huge relation to the field

of this research. Some stu  dies influenced the methodology of the

research whereas other were used for comparing the results.
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Research on Sustainabl e Design
Passive Features to reduce

Build on Findings from many studies but mainly on
these four:

V

-f

cool

Taleb, Hanan (2014) has studied and simulated 8 cooling strategies on
a residential building in Dubai including: 1 - Louver shading devices, 2
Double glazing, 3 -Natural ventilation: wind catcher and cross ventilation,
4-Green roofing, 5-Insulation, 6 -Evaporative cooling via fountain, 7
Indirect radiant cooling 8  -Light color coatings with high reflection.

Ahmad Shohan (2015) after
investigating number of
mosques in two different
climates in KSA came out with
number of improvements on determine the optimum R -
materials and building values for walls in three
env elope . He suggested all different climat es in Saudi
improvements on walls, roofs, Arabia .
floors, doors and windows.

investigated and determined
the optimum insulation
thickness and consequently

Al - Sanea et al. (2015) have

-

E. Mushtaha & O. Helmy (2016) studied the Impact of building
forms on thermal performance and thermal comfort conditions in

religi ous buildings in hot climates: a case study in Sharjah city. They

did an analytical examination of mosques building forms, followed by
testing the impact of these forms on its thermal performance and

indoor thermal comfort. Passive parameters such as shad  ing devices,
thermal insulation and natural ventilation were applied in six cases,
k including the baseline case within each form.

~

/

Figure 2-3 Asummary of the major previous studies and their outcomes
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2.8 Summary of Chapter 2

In this chapter  an overview of mosque buildings was elaborated.
Firstly, defining the mosque building was important especially
historically. As the research is about sustainable mosque, the

presenting of sustainability a fter defining m osque building was needed.

In recent years, there has been an increasing amount of literature on
mosque buildings, in this chapter some relevant studies were

presented. The two major aspects of sustainability and energy

efficiency are water and electricity . This chapter deliberated a rational
use of these two aspects  in order to achieve the goal of building a

sustainable mosque

Aasem Alabdullatief i PhD Thesis

32



Chapter 3 Drivers of Building Envelope Thermal Performance

3.1 Introduction

This chapter d etails the preparations and an outline of  the research
studies that have been carried out in this thesis . The mosques analyses
then the climate zones investigations were the essential part of the

first year. Further section inthe next chapter  will be about correlating
the building passive techni  ques with appropriate climate. Despite being
located within one climate zone, buildings differ in their microclimatic

conditions and therefore their thermal performance. This chapter

discusses some of the factors causing these variations preceded by a

review for the mechanisms by which heat transfer to and from

buildings. Additionally, some of the passive design strategies applied to

modify the indoor thermal conditions are discussed. Following the

climatic conditions in ~ Riyadh , the cooling strategies are emphasised
3.2 Thermal Performance of- | ONOA " OEI AET C6 O %l OAI

Electricity consumption in building at the hot climate regions is affected

by many factors but essentially the cooling load. This cooling load is a

reaction of the heat in the building, where this heat comes from t wo
main sou rces outside and inside. The heat transfers in three basics

forms which are: conduction, convection and radiation. The inside

source is known as internal heat gain which comes from occupancy,
equipment, lightings and miscellaneous. In contrast, the out sou rce of

heat is causing the exterior heat gain which comes mostly from the
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sunlight. Figure 3-1presents the data of solar radiation for Riyadh city

for the last 20 year s.
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Figure 3-1 Average solar radiation data for  Riyadh for the last 20 years
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3.3.1 Heat Transfer Basics

The heat transfers between the building and its surroundings t hrough
three mechanisms, namely conduction, convection, and radiation .Ina
mathematical format, this thermal interaction is expressed as in

(Konya and Vandenberg, 2011)

Equation 3-1

ol

DI 4OdI ODED®QD O

C
C
C

Where:
Q. is the heat gain or loss from internal sources, [W]

Q, is the solar heat gain through windows, [W]

Q. is the conductive heat gain or loss, [W]
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is the convective heat gain or loss, [W]

<

is the heat gain or loss from mechanical heating or cooling equipment, [W]

3

e

Q
Q
Q is the heat loss by evaporation , [W]
Q, is calculated as:

Equation 3-2

Q. =IxAx (
Where:
! is the solar radiation intensity, [W/m 2 ]
A is the window area, [m 2]
q is the glass solar gain factor

Q. iscalculated as:

Equation 3-3

Q. =AxuUx Dt
Where:
A is the surface area of the element, [m 2]
U is the transmittance value, [W/m 26C]
D is the air temperature difference between inside and outside

Q, iscalculated as:

Equation 3-4
Q, = CpaxVx Dt

Cpa s the volumetric specific heat of air, [J/m 3&]
v isthe ventilation rate, [m  /s]
Dt is the air temperature difference , [AC]

V is calculated as:
V = space volume x (air changes per hour / 3600)

. [C]

It is worth mentioning that these equations are based on the steady

state condition, which only approximates the real dynamic conditions

(Konya and Vandenberg, 2011)

3.3.2 Thermal Properties

The thermal properties of the construction material s affect their

thermal performance that consequently determines the thermal

conditions inside the buildings. These properties include the thermal
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conductivity, transmittance, resistance, absorptivity, reflectivity, and

emissivity. More details are discusse d in the sections below.

3.3.2.1 Thermal Insulation

Thermal Insulation is certainly one of the effective strategies to reduce
heat transmission  through building exterior envelope like roof and

wall s. As a consequence, thermal insulation is very helpful in energy
saving for HVAC systems during both seasons, winter and summer. In
addition, it will enhance the thermal comfort for users as it helps

maintaining the desire temperature for indoor environment (Yu etal. ,
2009; Ozel, 2011) . General rule, in order to obtain better results from

insulation, it h as to have as low as possible of thermal conductivity.

In this study, the Extruded Polystyrene has been selected for the

simulated model. Due to its very low conductivity as 0.025W/mK at

25°c temperature and its dryness resistance that made it the best

option for hot arid climate. Correspondingly, (Al-Sanea etal. , 2016)

have suggested this type of insulation for Riyadh climate.

3.3.2.2 Thermal conductivity (k -value)

Measured in W/m  &C, the thermal conductivity represents the amount

of heat that passes through 1m thickness of the material to produce a

1AC difference between the two faces of the material. For the

insulation materials, this value should be as low as possible (Konya and

Vandenberg, 2011)
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3.3.2.3 Thermal resistivity and resistance (R)

As the reciprocal of the thermal conductivity, i tis measuredinm &C/W
to repress the required time for one unit of heat to transmit between

the two faces of the concerned material under a temperature difference

of 1 “C. Related to the thermsl resistivity is the t hermal resisitance,

which is expressed as  (Konya and Vandenberg, 2011)

Equation 3-5

R =d/k
Where:
R isthe thermal resisitance,  [M*®C/ W]
d is the material thickness, [m]

UK s the thermal resistivity, [  m GOc/w)
is the thermal conductivity, [ Wim OC]

3.3.2.4 Thermal transmittance (U -value)

Similar to the thermal conductivity, the thermal transmittance

determines the heat amount transmitted between the air layers next to

the two faces of the construction element. Therefore, good insulators

should have low transmittance values. Moreover, it is affected by the

material ability to absorb and emit heat as well as its resistance (Konya

and Vandenberg, 2011)

The thermal transmittance is computed from (Konya and Vandenberg,

2011) :

Equation 3-6

1
U=
r;I'+(1+1+,__+1)+(dl+dz+___+d”)+1
i Cl C2 Cn kl k2 kn ho
Where:
u is the thermal  transmittance, [W/m Zm]
h. is the coefficient of heat transfer for the inner surface of the

envelope element, W/m  2&C]
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c,C,écC, is the thermal conductance of n separate air spaces in the structure,

w/m 2GC]

k,k,éKk, is the thermal conductivity of n successive layers of different
materials comprising the com ponent, [W/m d:]

d,d,éd, is the thickness of n successive layers of different materials
comprising the component, [m]

h is the coefficient of heat transfer for the outer surface of the

envelope element, W/im  23C]

Moreover, the material 6s porousness depends
that is related positively with the rate of heat transmittance due to the

high thermal conductivity of w ater (Konya and Vandenberg, 2011)

Thus, porous materials are more likely to transmit the outdoor heat to

the indoor environment faster than other materials.

3.3.2.5 Thermal absorptivity, reflectivity, and emissivity

These properties determine t he materialsdé ability to rec:
radiation emitted by other objects. As presented by the following
equation, unity is the summation of the absorption and reflection
components of any material (Konya and Vandenberg, 2011)

Equation 3-7

t+ a+r=1
Where:
a isthe absorptivity
r is the reflectivity
t s the transparency

Furthermore, both absorptivity and reflectivity are inversely related to

the darkness of the material colour. As the latter increases,

absorptivity increases and reflectivity decreases and consequently the

surface temperature increases . Besides, the emissivity (e) represents

the materialsd ability to emit | ong weave r

equal to m aterial absorptivity  (Konya and Vandenberg, 2011)
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3.3.3 Microclimate Generating Factors

The buildingsdo ther mal performance i s i
conditions, which can vary notably within the same climatic zone.

These conditions ar e mainly generated by the natural features of the

site within which the buildings are located. Examples include the

topography and proximity from water bodies or vegetation. More

details about these factors are discussed below.

3.3.3.1 Topography

Site proximity fr  om hills or valleys alters the macroclimate of that site
in different manners, particularly, air temperature, wind patterns, solar
radiation, and  precipitation patterns . For instance, under constant
conditions, increasing the distance between the air layer and the

ground surface by 7 to 8 m can increase the air temperature by around

5%C (Konya and Vandenberg, 2011)

Besides, the presence of hills or valleys alters the existing air speed

and direction. They additionally , Create air movement in the site.
During the daytime, the hot air raises because of its relatively light

weight where it cools in the upper air layers and at night it moves

down the hill under the effect of its weight . This air movement is
known as the ka tabaric wind (Szokolay, 2008; Konya and Vandenberg,

2011) .

Moreover, the slope degree and direction affect the intensity of the
received solar radiation and consequently the resulted heating

influence. For instance, north - and east -facing slopes are relatively
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cooler than south - and west -facing ones. Additionally, the amount of
precipitation received by the two slopes of a small hill can differ

significantly  (Szokolay, 2008)

3.3.3.2 Proximity from water bodies

The presence of water bodies in a certain site affects its humidity level

and air temperature. The humidity level is positively correlated to the

water bodyodés size. Likewise, the air temper
the high specific heat that enables water to absorb 4176 J/kg (K of heat
to raise its temperature by 1 Ac, which consequently creates a

difference of almost four times between land and water temperatures
(Szokolay, 2008; Konya and Vandenberg, 2011; Koch  -Nielsen, 2013)
As a result, air movement is generated. It is worth mentioning that the

effect of the cooling breeze during the daytime can reach distances up

to 800 m (Konya and Vandenberg, 2011)

3.3.3.3 Proximity from vegetation

The cooling effect of vegetation is due the shade they drop in addition
to their ability to absorb heat in order to evaporate water during the
process. As known, water evaporation consumes large portions of heat.
As a result, the temperature of the air col lecting beneath the
vegetation is reduced whereas its humidity is increased. In climates
when heating is required in winter, deciduous trees can be used as
they lose their leaves in winter. However, locating vegetation around
buildings should be carefully determined because of the vegetation

ability to alter the air movement (Konya and Vandenberg, 2011)
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3.3.3.4 Urbanisation

The neighbouring buildingsd density and
thermal performance of each of them. In hot climates, for instance,
compactness is encouraged considering the shadows dropped from

near buildings (Koch -Nielsen, 2013) . However, these buildings can act

as windbreaks that may reduce the required air movement for cooling

ventilation especially in the warm climates. The inverse is, generally,

correct for cold climates too (Konya and Vandenberg, 2011)

Additionally, the distances between the buildings and their heights
affect the wind speed and direction. The wind speed increases when
there is a considerable difference in buildings height facing the wind
direction, particularly when a tall building follows a short one. This

could be a case fr om some Minaret structured besides the mosque
building. On the other hand, the wind speed is reduced when the

buil di ngsd hei g(KdangaardVandesbermi2dlB r

3.3.3.5 Ground cover

Due to their different properties, ground covers diffe rin the solar
radiation amounts that they absorb or reflect. For instance, the paving
surfaces tend to absorb around 65% of the incident solar radiation
compared with 35% and 10% for the bare ground and grass
respectively (Konya and Vandenb erg, 2011) . As a ground cover,
comparisons between vegetation and asphalt revealed that the surface
temperature of the former is lower by up to 6 ° C approximately

(déEnergia, 2004)
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3.4 Summary of Chapter 3

As this research is focusing on envelope options, Rodrigues (2009)
shows that the sunis  radiating the sol ar radiation that travels through
space and lands on earth or buildings (Rodrigues, 2009). Precisely, the
roof is responsible of 50% of thermal loads that is received into

buildings (Athmani and Sriti, 2018).

That being said, selecting the building envelop e materials is
fundamental as they determine the amount of heat that transfers
through them inside the building. Consequently, selecting the building
envelope materials is crucial as they play a key role in saving energy
and providing a thermally comfortab le spaces (Al -Tamimi, 2018).
Among the building envelope components, the roof is the most source

of heat gain into the building (Ibrahim et al., 2014).

Lastly,awell -st udi ed selection of buildingsd enve
in energy efficiency matter. | n addition to energy usage, that will cover

reducing initial and operational costs while preserving a satisfactory

|l evel of thermal comfort for the mosque bui
most important ways to achieve this aim is to investigate multiple

optio ns for roof either by improving the quality of thermal insulation or

by exploring different type of roofs which is the scope of this research .

A better thermal performance of envelop types is not only affected by

its thickness; it is also associated with t he heat conductivity of this

material which is known as U value.

This Chapter discussed parameters that impact the thermal

performance of buildingés envelope in gener
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basics from literatures. Many definitions and equations were b
mentioned. Likewise, the thermal properties for building presented. At
the end of the chapter the scope of work in this thesis was highlighted
as the priority given to roof options then walls and finishing with

windows options.
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Chapter 4 Climatic Analysis of Mosque Buildings

4.1 Introduction

In the previous chapter, the thermal performance and sustainable
elements of mosque buildings was explored. This chapter presents
selected mosques from different climates focusing on their sustainable
features. The explore  d mosques are the great mosque of Djenne, the
great mosque of Dakar, Nilufer trade centre mosque, the great mosque
of Touba, Shaikh Zayed grand mosque, Sultan Salahuddin Abul Aziz
mosque, Khalifa Altajer mosque, masjid Alabbas mosque, Sancaklar
mosque and London Central mosque. The chapter concludes by
comparing the sustainable features of these mosques and attributing

the suitable features for the tropical, temperate, and hot arid climates.

4.2 Climate Zones Investigation

It is important to identity the feat ures that enhance s the sustainably
building technigues and solutions. After that, we can see the applicable
features on the building type of worshipping, mosque in this case. The
objective of this  section is to demonstrate the features that step up the
building sustainably especially in low energy consumption at its own
climate . Pacheco et al. (2012) mentioned that even there are many
factors affect climate building design; the most important are energy -
efficient design methods . A building design based on energy -saving
criteria  reduces economic costs throughout the useful life of the building

because of its lower energy consumption, and this more than

compensates for the greater initial investment. Since there are also less
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CO2 emissions into the atmosphere throughout the buildin g's life cycle
this benefits society as well (Pacheco, Ordéfi ez and Martinez, 2012)
Also, suitable heating and cooling design is one of the best methods to

reduce energy cost in buildings (Omer, 2008) . On account of this, the

features that will be considered here are shape & orientation, building

envelope s materials, shading and passive systems . Most of these

features and parameters are determining building energy requirements

(Bektas Ekici and Aksoy, 2011)

On the other hand, there are a large number of climate zones with their

diverge details. Thus, main three zones related to previous case studies

will be studied and they are: Tropical, Hot A rid, and Temperate . These
classification in three main zones has b een used in many other resources
like (Gut, P., & Ackerknecht, 1993; Rosenlund, 2000) . The micro climate

conditions are sensitive and vary within the same city, so general
outlines is good enough to understand how buildings effected by climate.

Climate dictates what passive design strategies are most suitable for the
building site . There are many parameters con tribute in climate like
temperature, altitude, humidity, solar position, precipitation, topography
and wind; but for practical reasons , this chapter focuses on most

effective factors that play a key role in building features.
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4.3 Sustainable Building 8 BPeatures Based on Climate Zones

4.3.1 Building Features for Tropical Climate Zone

A tropical climate , also known as Equatorial, is a climate typically found
within the tropics, while a few locations outside the Tropics are
considered to have a tropical climate. In th e fAKoppen 0 climate
classification it is a non  -arid climate in which all twelve months have

mean temperatures of at least 18 °C (64 °F). Tropical temperature
remains relatively constant throughout the year and seasonal variations

are dominated by precipitat ion (Kottek etal.,2006) . This zone includ es

the warm -humid, the equatorial and the warm -humid island climate s.

4.3.1.1 Shape & orientation:

It is generally agreed that a southern orientation is optimal for gaining

heat in the winter and for controlling solar radiation in the summer. As
a general rule, the longest wall sections should be oriented toward the
south especially if the shape is not a cube which is the most efficient

shape in general (Olgyay, 1982; Mingfang, 2002)

The problem for  orientating the mosque building is its requirement to be
toward Qibla (the direction to Mecca where holy mosque is located and

all mosques around the world has to be directed to ward Mecca ). Still,
there is a possible change in orientation of the whole buil ding but not

the prayer hall.

For the Tropical zone it is highly recommended to exposure to cooling
breezes and design for cross  -ventilation. Furthermore, it is endorsed to

use thinner shapes for buildings , and design openings to encourage
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movement of bree  zes through and within the building .Allinall, f or solar
protection, the  west facade should not have openings on the west , and
the building should lie along east  -west direction  for minimum solar heat

gain by the building envelope (Ahsan, 2009)
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Figure 4-1 Best directions for buildings with least need for vertical screens to
prevent overheating (Stouter 2008)

4.3.1.2 Building envelopes materials:

Proper choice of materials for a building in tropical climate is important
in order to reduce the amount of radiation and heat that penetrates to
the interior of a building. Materials with a low heat capacity , which isthe

amount of heat require  d to raise the temperature of a unit volume of
material or a unit area of surface by one degree (Givoni B., 1976) , are
most desirable . In such a case, the reason is to keep heat from
accumulating during the daytime, which would radiate at night when

wind speed tends to be the lowest (Rellihan, 2003) . Reflective light
colour s are best for avoiding heating up of surfaces. The most suitable

materials are b urnt clay bricks and timber wood as their have good
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thermal resistance and good regulating property against humidity
(Ahsan, 2009) . At the same time, it is suggested to use elevated

lightweight floors  in order to avoid gaining heat from ground

4.3.1.3 Shading:

Typical features such as louvers, screening s and grills serve to both
protect from the sun and allow ve ntilation . These features have been
and are used effectively in tropical climate. Despite other climates, in

tropical climate the shading elements are useful most of the year since

there is no big difference in sun angle altitude (Yang, Li and Hu, 2006)
As a mostly sunny area, designers are suggested to a void overuse of

glazing and use openable windows such as louvre or casement

Figure 4-2 Example of multiple shading solutions that could be applied on
mosque  building

4.3.1.4 Other passive systems:

Passive techniques of temperature control and inside humidity were first
employed in ancient times. With the widespread use of electrical energy,

these methods gradually became obsolete (SANJAY, 2008) . Bethatasiit

may, the ter m passive does not exclude the utilization of a fan or pump
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to enhance execution . The tropical temperatures are for the most part
comfortable, which allows for many activities to occur out in the open

even though the sun can be very intense. Because temper atures outside
are relatively comfortable, most of the effort is spent in preventing the

indoor temperature from rising above the outdoor temperature. In order

to maintain appropriate comfort levels indoor , it is essential to reduce
the impact of solarrad  iation and to promote proper ventilation (Rellihan,
2003) .

4.3.2 Building Features for Temperate Climate

Temperate climates are those without extremes of temperature and
precipitation  of rain and snow. The changes between summer and

winter are generally also moderate . The North Temperate Zone
extends from the Tropic of Cancer (approximately 23.5° north latitude)

to the Arctic Circle (approximately 66.5° north latitude). The South
Temperate Zone extends from the Tropic of Capricorn (approximately

23.5° south latitude) to the Antarctic Circle (at approx imately 66.5°
south latitude) . A temperate climate, often having both cold and warm
seasons, normally requires both heating and cooling of buildings. Solar
heating should be adequate for a great part of  the year. This climate
zone is also known as  moderate climate. For this climate in general,
designers are recommended to s eek solar radiation gain in winter and

provide shading in summer

4.3.2.1 Shape & orientation:

The shape could vary because of large variety of seasons occur in this

zone. Mostly is to consider w inter during designing the shape form. The
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layout of the shape shall take the f orm like semi-compact with
attemptingtos hade in summerand  afford heat gain in winter. For
orientation , t rue north allows maximum sun entry in winter and easiest
shading in su mmer. A 20° deviation from north gives up to 5%

reduction in performance, and a 30° deviation gives approximately
10% reduction. This allows some scope for divergence (McGregor,
2013) . Appropriate orientation is a highly effective way to lower energy

use and, if planned at early stages of the design process, may be

simple and inexpensive to accomplish (Morrissey, Moore and Horne,

2011)

4.3.2.2 Building envelopes materials:

On the urban scale both protection from cold winter winds and from
summer heat must be considered. Vegetation may create comfortable
shading during summer and, if they drop their leaves, allow for solar

access in the winter. Also arcades may shade public space in the

summer, while letting the lower winter sun in. In this climatet hereis a
need for both  thermal insulation and thermal storage capacity (heavy
mass) (Rosenlund, 2000) . A moderate amount of thermal mass,

together with moderately - sized openings and sufficient thermal

insulation properties will provide acceptable conditions for the major

part of the time.

4.3.2.3 Shading:

In the hot period, windows must be protected from solar radiation and
glare. In the cold season, however, solar heat gain through openings is

desired. Hence, shading devices should be movable, which involves a
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somewhat complicate d mechanism and the attendance of the
inhabitants. Walls do not need extra shading devices in this type of
climate, provided they possess reasonably good insulation and

reflective properties

4.3.2.4 Other Passive systems:

A temperate climate, often having both cold and warm seasons,
normally requires both heating and cooling of buildings. Solar heating
should be adequate for a great part of the year. Solar Space Heating
Itisa Passive solar heating uses the building and the climate to heat
the building which i s suitable for temperate climate zone .Itis nota
component that can be bolted on to a building. Only a building that has
been carefully designed and built can give you good results. Without

attention to detail  its operation and performance is usually med iocre.

INSULATION [l MASS (BRICK/CONC) INSULATION I MASS (BRICK/CONC)

Figure 4-3 Both direct gain and sunspace systems are effective for passively
heating buildings in temperate climate (R J McGregor 2013)

A green cover on outer walls and roof has many advantages: It
protects the walls against driving rain and t he wind velocity on the
surface is reduced and with it the cooling -off period. Also, green cover

resultin eliminated glare.

Aasem Alabdullatief i PhD Thesis



4.3.3Building Features for Hot Arid Climate

Many years ago, people in hot dry region built their building with

strong consideration to local climate (Olgyay, 1982) . Their buildings
have some spe cial features to overcome the harsh weather conditions
i.e. compact form, courtyards, heavy construction materials, shading

devices and small windows (Liu etal. , 2006; Mofidi, 2007)

Hot and dry climatic zones: Hot and dry climatic zones generally occur
at latitude between 15 degrees to 30 degrees on both the
hemispheres. Maximum day time summer temperature goes as high as
45 degree centigrade and relative humidity as low up to 20 %. This
type of climate is experienced in areas far from seacoasts and do not
receive heavy rainfall. Thus, the humidity is very low. So, the buildings
in this climatic zone should be orientated based on solar point of view
so that the building receives maximum solar radiation during winter

season and minimum radiation during summe r season.

4.3.3.1 Shape & orientation

The shape of the building plays a key role in the quantity of external

surfaces which consequently determines its cooling power demands. As

a general rule, the square and rectangle shapes with 1:2 percentages

are most suitable  choices plus using courtyards in this climate (Olgyay,
1982) . Studies have proved that courtyards can offer the greatest

energy efficiency assistance s in hot arid climate  (Aldawoud, 2008;

Almhafdy etal., 2013) .

Aasem Alabdullatief i PhD Thesis

52



Based on (Olgyay, 1982) recommendations, it is thought that the
optimum form is a rectangular with the long axis extended in the east

we st direction. Generally, this form insures the minimum heat gain

during the hot season. However, this general recommendation is not
successful in all climatic types. For instance, the compacted square

forms with internal courtyards are thermally more comfo rtable in the
arid hot dry climates (Konya and Vandenberg, 2011) . The compacted
form is characterised by its slow heat interaction with the

surroundings, thus reducing the heat gain at daytime and heat loss at

night ( d d Ener gi arhisiedhartcdd further by the careful

selection of the const  ruction materials that should have high heat

storage capacity.

Courtyards enhance both the wind -driven and stack -driven ventilation.
The former is created as a result for the low -pressure areas generated
in the courtyard because of the wind movement over the building.

Consequently, the air moves to the courtyard from the surround

openings in order to balance the air pressure (Koch -Nielsen, 2013)

Building orientation can provide reductions to cooling loads through

minimising solar penetration through windows, minimising solar

absorption through walls and roofs, and by maximising cross

ventilation which mostly suits building in hot arid areas by south -north

orientation  (St. Clair, 2009)
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Figure 4-4 Optimal building shape for hot arid climate by Victor Olgyay i
Reproduced from (Olgyay 1982)

mel
9\)}“.- = N

Figure 4-5 Considering sun path in both winter and summer season is needed
for this climate (Anon n.d.)

Generally, determining the solar radiation amounts received by each
side of the building, the orientation should be carefully selecte d as the

air temperature difference between the best and worst orientations can

reach upto 3 “C. The optimum orientation is a compromise between
the directions of both the maximum and minimum solar radiation gain.

Generally, fortheno rt hern hemi sphere, the buil dings:
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extend in the east -westdirection ( d6 Ener gi a, 20014, Konya an

Vandenberg, 2011)

4.3.3.2 Building envelope & materials:

The building exterior materials  play the major role in the overall energy
performance of a building, controlling heat transfer, solar radiation and
airflow. Al-sanea et al. (2015) conducted a study to find out the

optimum R -values of buildings walls in different climates. They found
thatthe o ptimum R -values for Riyadh city, which is considered hot and
dry, range s from2to2.9m2 .K/W (Al-Sanea etal., 2016) . The most
suitable colour for exte  rnal surfaces is lighter coloured for roofs and

walls in order to reflect heat

The comfort of people inside the buildings depends largely on the

thermal properties of the oute r and inner walls and the roof. Buildings

in hot -arid zones are traditionally ¢ onstructed with thick walls and roofs

and with very small openings. An internal thermal storage capacity is

very important to decrease the temperature variations and to make it

possible to profit from an increased night
coolof t he night wuntil the dayo during summer.

those that do not conduct heat (Gut, P., & Acker knecht, 1993)

4.3.3.3 Solar Shading

As a general fact for this extremely sunny area, it is indorsed to a void
overuse of glazing in buildings and both  low U -value glazing, and
double glaze are essential in all cases.  The Australian government
selected the passi ve shading for north  -facing windows in their

sustainable housing guide (Reardon, 2013) . On the other hand, the
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opposite is selected for the northern part of earth. Also, ¢ onsider ing
adjustable shading devices to allow variable solar access in other
seasons than summer is advised . Usually the vertical shading elements
are used in northern and southern sides for southern and northern
hemisphere respectively, whe re the horizontal ones are for western

and eastern (St. Clair, 2009) . Also, these shading devices are

recommended to be operable since they are most effective in hot and
arid climates where they can reduce solar heat gain through windows
by 85 - 90 per cent, while still permitting daylight ing to enter  (Givoni,
1998) .

Horizontal solar shading Vertical shading Horizontal + vertical ‘fins’
south west/east SW/SE

Figure 4-6 The shading devices vary between vertical to horizontal based on
side direction (BAD4SS 2014)

The buildingsé ther mal perfor maitsmef, i s enhan
walls and windows which is considered as the major source for solar

radiation penetration. In add ition to vegetation and neighbouring

buildings, it is crucial to select the shading elements carefully as the

shading requirements differ among the different facades. For instance,

in the northern hemisphere, the horizontal shading elements such as

overhan gs, balconies, and projecting floors are beneficial for the south

facades where the sun is generally high. On the other hand, vertical
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shading elements are required to cut the low sunrays in the east and

west facades (Konya and Vandenberg, 2  011) .

4.3.3.4 Other Cooling systems:

Depending on the climatic conditions, thermal comfort demands can be
satisfied by applying passive cooling strategies. The climatic analysis of
Riyadh, as presented in chapter 5, revealed that it is crucial to

integrate coo ling strategies in order to modify the thermal conditions.

These strategies are classified into active and passive depending on

their energy consumption. From the sustainable point of view,

architects should promote the passive strategies in favour of the active
ones whenever possible. Furthermore, the passive strategies are

classified into two groups, the first group attempts at reducing the heat

transfer to the building, whereas the other attempts to remove the

heat that already transferred to the buildin gs (Konya and Vandenberg,
2011) . The careful selection of the construction materials by taking into

account their thermal properties assists in reducing the heat gain.

A passive system refers to any technical solutions or design features
implemented to reduce the temperature of buildings without the need

for power consumption except tiny amount. Taleb (2014) has done a

study in hot arid climate, Dubai city as a case, testing eight passive

cooling strategies and she found that the total ann ual energy
consumption of a residential building in Dubai may be reduced by up to
23.6% when a building uses passive cooling strategies (Taleb, 2014)
Both ventilation strategies are suitable for this climate, cross

ventilation and wind catcher.
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Convective air movement . The rule of convection is that warm air rises
and cold air falls  or draws from outside . It calls sometime as s tack

ventilation which can be used in many situations

Solar chimneys :it enhance s stack ventilation by providing additional
height and well -designed air passages that increase the air pressure

differential. Warmed by solar radiation, chimneys heat the rising air

and increase the difference in temperature b etween incoming and out -
flowing air.
Evaporation is an effective passive cooling method since water

evaporates it draws large amounts of heat from surrounding air
Evaporative cooling could be achieved by diverse methods like pools,

fountains or waterfalls.

Ceiling height : Givoni (1976) found that in a hot climate, a reduction of

the height from 3.6 to 2.4 m only corresponds to about 2% increase in
the overall coo ling requirements of the body. If insulation is included in
the roof construction, the ceiling temperatures are also reduced, and

the reduction in height thus has little, if any, significance in terms of

radiation (Givoni B., 1976)

Evaporative systems can be used successfully in hot arid regions where
there is a great difference between dry -bulb (DBT) and wet bulb (WBT)
temperatures. Mechanical systems (regarded as active), e.g. outdoor

air sucked through wet pads by a fan, can reduce the air temperature

This system has two main appl ications: p assive direct evaporative and

indirect evaporative cooling
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A green cover on outer walls and roof has many advantages: It
protects the walls against driving rain and t he wind velocity on the
surface is reduced and with it the cooling -off period. Also, green cover

resultin eliminated glare.

4.3.3.5 Green Roofs

In this section , same strategy has been assessed following Taleb
(2014) investigation. The green cover on outer walls and roof has

many advantages: It protects the walls against driving rain and th e
wind velocity on the surface is reduced. Also, green cover result in

eliminated glare and offers visual aesthetic value . In particular, g reen
roof system has many advantages that worth considering not only for
environmental reason but also economicallya nd for aesthetically
purposes. Green roof system has many advantages that worth

conside ring not only for environmental purposes, but also economically
and aesthetically reasons. For the environment, green roof helps

lowering gas emissions, improving air qu ality, water management and
heat gain reduction. Aesthetically, it provides open spaces, visual

value, acoustic absorption and vegetables production. On the other

hand, green roof aids in increasing life for the roof, insulating building

and energy efficie ncy (Aziz and Ismail, 2011) . Table 4.1 explains the

motive of this paper by using green roof for mosque buildings.

Aasem Alabdullatief i PhD Thesis

59



\

Fresh air

Rain water filtring

Reduce pollution

Thermal mass

Heat gain reduction

Neighbourhood
garden

Visual aesthetic
Walking area

Roof long lifespan
Reduce energy use

Water recycle after
ablution for
irrigation

Table 4.1 The motive of using green roof for mosque buildings

Thegr een

roof i s

a

buil ding6s

Green roof
for mosque
building will

provide all

these aspects

top surface wh

that is either planted completely or partially. It could be planted with

eatable or non -eatable vegetation on a growing medium, soil as an

example. The main objective of any green roof i s

thermal performance

t

o

the sun and reducing energy consumption. These two ways are

enhance buil d

through two way s: decrease direct heat gain from

providing thermal mass and insulation functions to the building by its

green roof. Figure 4-7 shows the basic layers of green roof system,

also green roof is known by living roof, planted roof and vegetated
rooftop (Sailor, 2008)

world and beca use of the on

. There are many types of green roofs around the

-growing industry there is hew invention

from time to another in green roof field. However, the main three types

are extensive, semi

Table 4.2.
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Vegetation Layer

Drainage Layer

Figure 4-7 The motive of using green roof for mosque buildings

Characteristics Extensive Semi-intensive Intensive

Depth of material 150 mm or less Above and below 150 mm | More than 150 mm

Accessibility Often inaccessible May be partially accessible | Usually accessible

Fully saturated weight | Low (70-170 kg/m?) | Varies (170-290 kg/m?) High (290-970 kg/m?)

Plant diversity Low Greater Greatest

Plant communities Moss-sedum-herbs Grass-herbs and shrubs Lawn or perennials,
and grasses shrubs and trees

Use Ecological protection | Designed green roof Park-like garden
layer

Cost Low Varies Highest

Maintenance Minimal Varies Highest

Table 4.2 Comparison table of major types of green roofs and their
characteristics
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4.4 CorrelatET 1

Understanding the relation between each climate with its suitable features

is decisive before r

climates and investigating the climate design features have led to. Further

eviewing the ten cases of mosque buildings from various

| £ " Fed&dres with Clrfate

searching has been carried out at this stage including the building

standards and green building codes in many countries. Th
addition to recently published papers, were from the united nation and the

Australian government since the size of Australia gave it the capacity of

almost all climates. To simply brief the joints, the following diagram

illustrates the li  nks between climate zones and their passive features.

Passive Strategies to

reduce heat gain:

Climate Zones:

Passive Strategies to remove

gained heat:

Louver shading

e top sources, in

’----‘
Natural ventilation by cross ventilation B :
® QOrientation : S |
=
]
® Form and Shape Tropical Natural ventilation by wind catcher : % =
® Courtyard : g i
® Building Envelops Night ventilation | :
LS,
Materials :
o Colour Green roofing
o Surface Hot Arid
® Shading Elements Double glazing
® Insulation
® Vegetation Evaporative cooling (Direct
® Glare and Daylight &Indirect)
® Aperture Temperate
Radiant cooling
® Glazing
Courtyards
’----‘
Heavyweight materials 1
I w»
I @
|
. Lightweight materials 1 %
1=
] Q
Light / shiny colour and texture ] %
1 Insulation : = g
I\---_-_-—' Dark / rough colour and texture I H
Smaas
Bulk Insulation
Reflective Insulation
Mass Insulation
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Figure 4-8 The relationship between climate zones and sustainable strategies

4.5 CaseStudies of Mosques Around The Globe

In order to understand mosque buildings and their chances in

sustainability, twenty mosques have been selected then shortlisted to
ten to be across main different climate zones. An extended analysis

has been carried out to investigate them and identity the sustainable
features that have been used. Each case has been investigated and
presented in a specific order. First is a general background and an
introduction. Then a brief of the mosqueds
applicable and its geometrical analysis were discussed . Therefor an
analysis of its heating, ventilating and air conditioning functions plus
lighting systems of both natural and artificial . The last lines were for
other supportive services of the building or if there were any

restrictions have to  be noted. The following extended tables elaborate

each case in details then ~ sum -up tables for all cases at the end.

4.5.1 Great Mosque of Djenne, Mali

Figure 4-9 The plan, interior and exterior of the great m osque of Djenné
(Dosto | lu & Erkarslan n.d.)
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This historical mosque was built in 1970 and it still has these m ain

sustainable features:

1- Assuring Security by building it on a 3 m high platform.

2- Using local materials of mud bricks, palm wood and mud plaster.
3- It has a courtyard.

4- Very good insulated muddy walls that is up to 1m thickness.

5- Basic but effective solutions for natural lighting and ventilating

(Dj enn®Ff: Une tour de | ,2008o0squ®e sobdeffondre

The Great Mosque of Djenné is the largest mud -built structure in  the
world. Moreover, it is consider ed as a famous landmark in Africa and is
listed as one of the UNESCO World Heritage Site s. The mosque
dominates the site plan and the surrounding area. There is an open

plaza at the side  which is used as a public market e very Monday for
locals and sport or gathering area for other days. The mosque was built

by local masons on a platform of 75X75m and 3 m high above street

level. This elevated position purpose is to avoid any flooding from the

nearby river (Bourgeois, 1987)

Geometrical details:

Due to the lack of materials and techniques during its construction, the
walls have various thicknesses between a half to one meter of mud
bricks that are supported by timber wood and fini shed with mud
plasters. Due to this design, these walls insulate the building from the

heat of the outside world by its thick mud - brick structure. In fact, this
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thickness also insulated it acoustically from the surrounding streets and
the nearby public mar  ket. Thus, these walls provide a thermal and
acoustic comfort to the indoor environment. Furthermore, the thick

walls work as a Thermal Mass predominantly acting to retard heat

transfer from the exterior to the interior during the day. The high

volumetric heat capacity and thickness prevents thermal energy from
reaching the inner surface. When temperatures fall at night, the walls

re -radiate the thermal energy back into the night sky. For this type of
construction, it is important for such walls to be massi ve to prevent
heat transfer into the interior, which is the condition of the mosqueds
walls. The thickness varies depending on the height of the wall and
supporters position. Palm branches were used as beams to reduce the
cracking of the walls due to the s udden changes in temperature and
humidity. It is an old method to support structures that build from

mud; also, wood branches have a cooling function in addition to their
original structural function. Timber beams throughout the exterior walls

are both dec orative and structural. These elements also function as
scaffolding for the re  -plastering of the mosque during the annual
festival of the Re -plastering the Mosque every year by local volunteers

(Maas, 1990)

As a personal reflection, the wood material has pores more than mud
and it is lower in inte  nsity. That allows heat transfer between indoor
and outdoor regularly through its pores. The heat transfers by
conduction through walls pores and easer through wooden pieces

which will enhance air refreshing and ventilating.
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HVAC and lighting:

In orderto ventilate the indoor, the mosque has no windows on the

Qibla wall which is toward east direction; however, there are some
openings in the minarets which are around 9 m above ground level on

the minarets that are in 11m high. These openings help air to circ ulate
through inside the building when the air stream derives from doors and
windows in the back. There are few windows on the other three walls

assist air movements. Another source of fresh air is the wooden

Mashrabiya above doors on the opposite wall of Qibla. Additionally, for
ventilation and cooling purposes there are about 25 slots in the roof to

allow hot air escape from the building driven by altered air density.

Even though, these slots are not big (30cm)
stays with ever y renovation. As a result, a fresh cold air enters from

doors and windows. Those slots in the roof have another function when

they deliver a slight daylight into the indoor space.

On the other hand, there is heat convection through the bottom
surface when the heat transfers between the indoor space and the

ground since the interior mosque floor is sand.

Restrictions:

As an old building built out totally of mud and has a limitation in

construction, it has many large pillars in its rectangular shape. There

are 90 pillars inside the mosque which make 10 lines of them. Between

each rows is only 1.5 meter and that hinder the air circulation

(Tymowski, 2004; Dj enn®F: Une tour de | ,20080squ®e s«
Consequently, there are a lot of electrical fans from the ceiling and on
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both walls and pillars as well to support air circulation mechanically.
Last solution for air to enter the building is through the top of each
door where there is a wooden grid fence (Mashrabiya) that allows air

movement in and out.

Figure 4-11 The slots in the roof that allow hot air to escape from the building
(Bourgeois 1987)
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Figure 4-12 View of the Great Mosque of Djenné shows the building,
courtyard, roof slots and the three minarets on the Qibla wall (Maas 1990)

4.5.2 The Great Mosque of Touba, Senegal

Figure 4-13 The interior and the exterior of the mosque (Dodds 2014 )

The great mosque of Touba was built in 1963. It has these m ain

sustainable features:

1- Using some local materials for textures but it is a concrete building
as a structur e.

2- It has a courtyard mostly shaded and a water fountain in the
centre.

3- It depends on the natural ventilation plus ceiling fans.
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The Great Mosque of Touba is the largest building in the city of Touba

and one of the largest mosques in Africa, with a capaci ty of 7,000. It is
the home of the Mouride Brotherhood, a Sufi order. The old mosque

was built by Amadou Bamba who founded the city of Touba in 1887

and then established the Mouride Brotherhood. This mosque has

various points in its history but here the fo cus will be in its architectural
side. One of Senegal 6s most famous monument
Great Mosqueds central mi naret stands at 87

is frequented by both tourists and worshippers, proving how great
architecture solicits g  reat attraction worldwide (Diouf and Leichtman,

2009; Cleo CANTONE, 2012)

Geometrical details:

The mosque is very recognized by its five minarets. Four small ones in
each four corners and the large one in the central located in the
courtyard. Moreover, there are three large domes and many other
small ones that made the mosque a landmark in very low rise city.
Regarding the shape of the building, it comes in rectangle main prayer
hall in additionto  other attachments such ablution place, Amadou
Bamba grave and the Madrasa. Also, a large open yard surrounded the
building and some other tombs for important Mouride fellows. On the
other hand, the mosque after last renovation is cladded in pink marble
from Massa - Carrara in Italy which gave it a unique image. The pink is
not dominating, but the mosque in general is really colourful in both
interior and exterior. The different colours came in walls, windows,

tile s, dome, pillars and the roof.
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HVAC and lighting:

The floor inside the mosque is tiled in marble, because the use of
carpet is as needed. This strategy lets the indoor spotless and easy to
clean. Accordingly, the interior environment is hygienic and less in
odour and dust. On the lighting function, m ost of the Light comes
through windows on the walls and at the base of the domes. The
acrylic coloured glazed that has been used allows light to enter without
direct sunbeams. To ventilate such a space, a large number of ceiling

fans and windows are circul  ating the air in and around.

Figure 4-14 Interior view of the great mosque of Touba displays the arches,
acrylic coloured glazing and water fountain in the middle of the courtyard and
the minaret on right (Dodds 2014)
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4.5.3 Great Mosque of Dakar, Senegal

Figure 4-15 The exterior and courtyard of Great Mosque of Dakar

The great mosque of Dakar was built in 1964 and it includes these

sustainable features:

1-Using |l ocal materials from Moroccan style
by Moroccan prince.
2- It has a courtyard with a water fountains.

3- The mosque small windows to limit heat gain from the sun.

The Dakar Grand Mosque (also known as Grande Mosquée de Dakar) is
one of the most important religious buildings in the capital of Senegal
and the largest mosque in central Dakar. The Great Mosque was
inaugurated shortly after Independence in 1960. It is designed by

French and Moroccan architects who worked before with K ing of
Morocco Alhassan Il. This beautiful mosque was nominated for the Aga

Khan Award for Architecture (Roland Depret, 1983)

Geometrical details:

The construction cost of this mosque was partially funded by Alhassan

Il the king of Morocco then, as a result, the form of the building,
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specifications and some decoration elements are derived from

Moroccan architecture. Particularly, this mosque is simil arto
Mohammed V mosque in Casablanca, Morocco. That is clearly reflected
on the shape and dimensions of its arches. The pyramid roofs and the
arches gave an image of the Andalusian architectural style as well.

There were around four thousand tonnes of mat erials were brought
from Morocco as well as many of the craftsmen employed on the site
(Cleo CANTONE, 2012) . They have used traditional Moroccan glazed
tlesintheco urtyardodés belt, around doors and on
rises to 67 meters. The mosque has the tallest and only single minaret

of a mosque in the city. The decoration has an intricate stone carvings

and door engravings which is a piece of art.

HVAC and lighting:

Since Dakar is located on the cost and its weather is moderate, there is

no need for full air conditioning. This decision was taken when it was

built but who knows about the need in future especially with the global
warming trending issue. As seen i nside the mosque there is fairly large
number of ceiling fans. The building technology in the seventies was
limited. Thus, the interior lighting is by regular lamp and some natural
daylight from windows even if they are small and little. Additionally,

the designer had succeeded by using the white paint inside and outside
the mosque. The white colour delivers an impression of the pureness

and tranquilities, even more it reflects the sun light and helps in

lighting and brightening the spaces. Also, white colo ur in the wall
assists in reflecting sunlight which reduce

sun radiation. Lastly, one of the decent solutions that designers have
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followed is the shaded arcade surround the inner courtyard. It has
various benefits for both lig hting and ventilating systems. The shaded
arcade allows users to use the courtyard even in hot sunny days. Also,

it prevents direct sun light from entering the building and works as

semi -double walls for insulation. This arcade and the water elements in
th e courtyards provide a perfect semi open environment that could be
used for gathering, setting or spare expanded area for large prays. No
doubt that water elements sooth the air and temper air stream to the

interior space.

Services:

This mosque has many o ther supportive spaces to the main prays hall.

There is a library and an International institute for Islamic research and
studies. These spaces and in addition to main prays hall and its
services are in one complex building. The expanded services, such the
case of the great mosque of Dakar, enhance the function of the
mosque. By providing other functions to the users and offering multiple

options within the one building that makes an extraordinary experience

to the user. It allows the user to stay longer in the mosque and move

from part to another comfortably (Diouf and Leichtman, 2009)
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Figure 4-16 Interior view of the great mosque of Dakar displays the arches,
columns and ceiling lights and fans

Figure 4-17 View of the great mosque of Dakar displays the courtyard
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4.5.4 London Central Mosque , London, UK
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Figure 4-18 The interior and the exterior of the mosque (SALEEM 2012 )

The London central mosque was built in 1977. It has number of

sustainable features  but mainly:

1- Even if the main material for the mosque is concrete, the

designer used some natural materials such as: Derbyshire spar

aggregate on wall s decoration and coppe
2- High monumental ceiling that help in ventilation.
3- Good use of daylight from sky light, vents at the base of the

dome and the large  windows in two parallel walls.

The London Central Mosque (commonly known as Regent's Park Mosque

for its location), is the principal mosque of London and the spiritual focal

point for Muslims throughout th e UK. I't was Britainds fir:
landmark mosque, and was built to represent Islam in Britain on a world

stage. An international competition was held in 1969 to find a suitable

design and was won by Sir Frederick Gibberd, one of the first generation

of British Modernist architects and very much a member of the
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architectural establishment at the time. It received criticism at the time

for reverting to traditional Islamic elements of the dome, minaret and

pointed arch. However, Gi blmethededsymbasr g u me n t
gave the building near universal meaning for Muslims, and were an

important element, especially as this was the first major mosque in the

UK(Wallace, 1977; Tibawi, 1991)

45.4.1 Geonetrical details:

The mosque can fit up to 5000 worshipers at once. The project of
Central Mosque of London can be divided into two parts; the main
building of the mosque compound consists of prayer halls. The other part
consists of two of three  -floor buildings which  include the entrance hall,

a library, reading room, administration offices and the minaret.

The mosque has different stories about its history and establishments;
most likely the physical initial start alongside World War ii. Yet,
construction work began i  n early 1974 with the main complex building
which houses the mosque prayer halls for men and women plus the
library, and was completed in July 1977 for a total cost of 6.5 million

pounds (Wallace, 1977)

4.5.4.2 HVAC and lighting:

In order to light the huge space like the one in men prayer hall, the
mosque has massive windows in both sides north and south ( no
windows on Qibla wall which is the east -south). Also, there are circled
glazed openings at the base of the dome, they allow daylight to enter

and refl ect some serene for their blue -mosaic paint. The skylight has

been used in women prayer hall in upper floor as well. In addition to the
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natural light, the mosque has an electrical light with a large chandelle
hanged down in the dome. Other circled lights a re installed in all over

the ceiling.

On the other hand, the building is ventilated in both ways passive and
active. The large windows in both sides have several vents that allow air
stream in and out located in high less of 3 m from ground. As a personal
assumed, if these vents are raised up in the wall to be located in the
higher part, it will be more efficient in ventilation especially in summer
days. Furthermore, fans are used specifically in upper level in order to

circulate the air.

45.4.3 Services:

The central mosque features a large prayer hall for men and another
one forwomen. Also, itincludes some other secondary services as library
with over 20,000 books, restaurant, building management office and
residences for imams and management committee me mbers of the
mosque administration. Moreover, the compound has an education
centre which includes classrooms to teach Arabic and Islamic sciences
and Exhibition Halls plus car parking. The whole project is located near

Regents Park in London.
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Figure 4-19 Aerial view of London Central Mosque
shows the complex, courtyard, golden dome and the
minaret (SALEEM, 2012)

Figure 4-20 The courtyard is large and suitable for
socializing as well as extended prayer area on needed
occasions
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4.5.5 Sultan Salahuddin Abdul Aziz Mosque , Shah Alam, Malaysia

Figure 4-21 Pictures of the mosque G exterior and interior (ITC 2013 )
This mosque was built in 1988. It has number of s ustainable features
but mainly:

1- It provides windows glasses solution of grills and coloured glaze.

2- The site overlooks the Garden of Islamic Arts which gave a
unigue surroun ding and offered a clean and desirable
environment.

3- It has a courtyard with a water fountains.

4- The mosque has small windows to limit heat gain from the sun.

The Sultan Salahuddin Abdul Aziz Shah Mosque is the country's largest

mosque and also the second largest mosque in Southeast Asia after

Istiglal Mosque, Jakarta in Indonesia. Its most distinguishing feature is

its large blue - silver dome which is the reas on why it also known as

6The Blue Mosqued. This gigantic dome measu
and 106.7 m in height. The mosque has four minarets; one founded at

each of the corners and they are 142.3 m tall. It is constructed

primarily from aluminium. The win dows are fitted with blue stained

glass to reduce the amount of light that can enter the hall. The

resulting filtered illumination renders a bluish ambiance to the interior
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spaces evoking a sense of peace and serenity. This giant mosque can

fit up to 24,00 0 worshippers at a time (Hong Bin, 2015)

Geometrical detalils:

The mosquebds spectacular architecture is a
and modern, with Middle Eastern and Malay design features. Its

glorious blue dome, measures 51.2 metres in di ameter, is primarily
constructed out of aluminium. The mosque has four minarets

measuring 142.2 metres tall allocated at each corner of the building.

Fine Arabic calligraphies made by a famous Egyptian calligrapher

decorate the walls and the main dome from inside. The well -designed
windows are fitted with blue stained -glass panels, which render a
peaceful bluish light upon its interior when sunlight shines through

them during the daytime. Clear glass around the building has resulting

the mosque to seem more Paradise -like due to its brightness and
spacious space. The glass plays a role in portraying modern way of

Islamic inscription and pattern through shadows, by transmitting the

natural lighting into the interior of the building. The carved wooden

Minbar wa s created by Kelantanese craftsmen and covered in antique
marble imported from Turkey. In the master plan, the mosque is

placed next to the Garden of Islamic Arts, which made a unique wide

landscaped compound.

HVAC and lighting:

As mentioned above, the bui |l dingbs windows are fitted wi

stained glass to reduce the amount of light that can enter the hall.

Subsequently, that will decrease the amount of heat gained through
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windows and improve the thermal comfort for users. Moreover, the
high ceiling hast riangular panels of timber wood that are set in
crisscrossing pattern for decoration. Likewise, the use of double
facades and half shaded corridors relief the building from direct

sunlight expressly when it shines in summer days.

Interiorly, the usage of wood plus the aluminium enhance the chance
of the mosque to be considered more sustainable. The high ceiling
allows air circulation inside the building and helps with refreshing the

air particularly at major events. The fully carpeted main prayer hall is
over two levels and entirely air conditioned which makes it one of the
largest such spaces in the world. Hence, the prayer hall is not only
mechanically air conditioned; it has a natural ventilation system. The
fans in the prayer hall stir hot air that gets sucked out by the lined
extractors at the base of the dome. The system perfectly working
because of the trees and lakes nearby; the blowers inside the system
suck out the air from outside, filters and cools it then channels it into

24 pole ducts. They are  spread through the mosque and they are used

for lighting purpose as well.

The minarets also function as air -conditioning mechanisms. As the sun

heats the dome, air is drawn in through open windows then up and out

of the minaret, thereby providing air vent ilation to the interior. Lastly,

walls and mosquebés floor were mostly covere
and marble tiles. These types of materials are naturally resistant to

high humidity condition which hence makes them as an ideal material

in this dry enviro  nment. The tiles were used outside of the building as

Aasem Alabdullatief i PhD Thesis 81



it provides evaporation and a cooling effect to happen, This allows

ventilation to work smoothly.

Services:

The Blue Mosque is equipped with various facilities such as Islamic Art
galleries, conference  rooms, seminar halls, a library, religious classes
and a huge multipurpose hall. Additionally, it has other supportive

services such as robes counter, guided tour and souvenir shop.

Figure 4-22 The use of grills to prevent direct sun shines, ventilation reason
and aesthetic too

4.5.6 Masjid Alabbas Mosque, Riyadh, Saudi Arabia

Figure 4-23 Pictures of the mosque
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This mosque in Riyadh was built in 2003. It has number of s ustainable

features but mainly:

1- The concept behind this mosque is saving energy by using
expanded pray area in 3 halls to be used as needed.
2- This solution decrease maintenance cost as well.

3- Skylights have been used to get natural daylight.

Masjid Alabbas is not like other mosques in Riyadh or most other
cases; it does not contain a major hall for prayers used by worshipers
every day regardless of the number of worshipers. The mosque
consists of five halls connected to each other, three of them in the
ground floor and two in the upper floor, they can be used separately or
together. As in Ramadan, Friday prayers or Eid prayers it becomes one
great hall to take in the large number of users. Otherwise, the first hall
is been used for daily prayers while other halls are closed while the
number of worshipers is slight. All in all, this sustainable solution of
use-on-demand benefits in two main outcomes; low energy
consumption and maintenance cost reduction. It should be noted that
the design of this m  osque awarded first prize in the mosques design
competition that accompanied the International Conference of the
mosque, which was held at King Saud University in Riyadh in 2000

(Umran, 2009)

Geometrical details:

Besides the idea of dividing the prayer hall into several halls, the
designer addressed  several issues that appear in the design of

mosques in many cases. One of these issues is fixing the deviation
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between the directions of the Qibla and the street. Qibla wall must be
perpendicular to the direction of Qibla and the relationship between the
site of the mosque and the direction of the street has to be considered.
Some designers address this issue by leaving it void land which
misrepresents the outside shape of the mosque. In this mosque, the
designer was able to exploit this external vacuum by creating an
attached arcade joined with the building to appear as a part of the
mosque. Hence, the designer took advantage of the space between the
mosque and the building beside it by creating shaded structural

elements which print a beautiful shadow on the corridor flooring.

HVAC and lighting:

This mosque is using mechanical air -conditioning where units are
installed in the hidden roof. Thus, cooling or heating the mosque

interior environment is based on the number of occupants. Air

conditioning each ha Il and its lights are separately from the rest of the

halls so no need to operate the entire mosque. For air conditioning

diffusers, both inlets and outlets are placed in consideration with other

interior elements, so they are part of the interior design o f the mosque

and not just holes are placed haphazardly in the wall.

For lighting, instead of large windows, skylights provide natural lighting
which diffuses illumination that suits the atmosphere of worship and
meditation inside the mosque. Furthermore, o ne of the advantages of
this design is toilets are allocated farther from the entrance of the main
mosque, in distance of more than fifty meters, so user gets dry before

entering the mosque. That will prevent mosque from the undesirable
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moisture. Besides, a | arge opening in toiletds roof

provide continuous ventilation and relieve worshipers of the wet

weather by adequate ventilation (Umran, 2009)

Services

This medium -size mosque could be described as elegant and

sustainable particularly in low energy consumption. The mosque has

som e other services to support the main prayer hall, such as toilets,

ablution area, storages and guard room. Nevertheless, it is missing

enough cars parking which cause poor traffic around the mosque

couple times every day. That bothered its neighbours and t he designer

should have thought of it in advance.

Figure 4-24 A photo of the mosque from the street and we can see the shaded
arcade and the alternative coloured masses

Figure 4-25 Inside the mosque: the controllable three doors link the halls with
each other. Also, we can see the skylight top left
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4.5.7 Shaikh Zayed Grand Mosque, Abu Dhabi, Emirate

Figure 4-26 Pictures of the mosque for exterior and interior (szgmc.ae 2012 )

The grand mosque of Abu Dhabi was built in 2007. It has number of

sustainable features  but mainly :

1- Water pools around the arcade of the building.

2- ltunites the cultural diversity of Islamic world by its complex
design from different Islamic styles.

3- It has a separate prayer hall for daily use; the whole mosque is

used weekly for Jumaa pray on Friday and for two Eid prayers.

The Sheikh Zayed Mosque in UAE Also kn own as the Grand Mosque,
the fourth largest mosque in the world, with a built area of 22,000

square meters without the reflective water pools around it. The total

area for the project is 41222 square meters. It has a capacity for 7,000
worshipers inside, a nd 45,000 in the outer areas. The initial of the
mosque building was by Sheikh Zayed bin Sultan Al Nahyan in 1996

and was open officially in December 19, 2007 (SZGMC, 2012) .
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Geometrical details:

The mosque was built at a height of 9 meters above the street level, so
anyone can see the mosque from different angles and from a dista

It has cost more than $500 million, a good portion of that going

towards the Persian carpet covering the interior prayer hall, classed as

the biggest in the world. It weighs 47 tons which cover more than 5000
square meters. The interior architectural work is amazing, the number
of columns inside the main prayer hall is 24 columns bearing huge

ceilings, domes, and is designed so that each column is divided into

four pillars, bearing arches and then domes. These columns clad in

white marble and decorated in pearl shapes of plants. All white marble

sourced mainly from Macedonia.

The dimensions of the interior of the prayer hall are 50 by 55 meters,

and highest point in the roof high from the ground is at the main

nce.

dome, as it reaches 45 meters. This grand m osque is unmissable with

its 4 minarets of 107m in high, which are fully gladded of white marble,
and 80 white marble domes. The fancy and expensive finishing for the
mosque is somehow look more like a five -star hotel even at the
ablution sections orthe b athroom. It is way above the typical
standards area where Muslims wash before praying. Also, the mosque
has 9 Swarovski crystal chandeliers, one weighing 9.5 tonnes, is said

to be the biggest in the world. The enormous courtyard that is mosaic
tiled and su rrounded with the arcade then 3 fountains water pools gave

an absolutely unforgettable appearance.
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HVAC and lighting:

The Shaikh Zayed Grand Mosque is an excessively modern building in
technology matter even though its Islamic design derived from

historical themes. In fact, at some area it could be considered as a

smart building too. For example the sound system, fire alarms and

lighting operation. The mosque was not build to be economical or low

energy consumer; however that does not hinder the ne w technology in
the building from fulfilling that goal. The mosque relays on electrical

and mechanical air conditioning for cooling and heating. The double

ceiling and through columns allow air diffusers to feed the building with
needed air. This projectd  epends on district cooling system, and thus
enhances the aesthetic dimension of this great building. The system

works by chilling water at a central station then pumped through a

network of insulated pipes buried underground to the mosque to be

used inthe process of air cooling, and then the warm waters return to

the stationtore -cooled and pumped again. The district cooling system

is less expensive and more economical energy consumption of the

traditional air - conditioning, it depends on huge coolers not individual
cooling units as the case in traditional air -conditioning. This sustainable
system significantly lowers energy consumption, which leads to a

reduction of carbon dioxide gas emissions and reduce the operational

cost.

On the other hand, there is o ne solution for passive cooling in this
project. The courtyard is surrounded by arcade and large water pools
from three sides which forms the mosque building. These large pools

temper the air around the building and in the courtyard. In addition to
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their a esthetic function of reflecting the building on the water, the large
water pools mitigate the environment by increasing the chance of
moderated breeze toward and around the building in the atmosphere.
About the lighting, in addition to electrical lighting, the mosque gets
use of daylight from its several windows all around the building and

from the domes where they have windows in the base.

Services

This mosque as some other has more supportive spaces to the main
prays hall. There is a library has large a mount of books especially
Manuscripts and some rare books from Islamic heritages. These
thousands books are not in the Arabic language only, some of came in
about 12 other languages as a kind of enrichment of the library which
makes it more globally (SZGMC, 2012) . In addition, bathrooms and
ablution area are located in both north and south corners of the
eastern side of the mosque. It composed of 80 toilets and 100 ablution

points.
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Figure 4-27 Left: Top view of the Shaikh Zayed Grand Mosque. Right: The
large water pools around the arcade
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4.5.8 Sancaklar Mosque, Istanbul, Turkey

Figure 4-28 Pictures of the mosque for exterior and interior of Sancaklar
Mosque

The Sancaklar mosque was built in 2013 and it has number of

sustainable features  but mainly:

1- The mosque highly respected the site and it harmonies with the
location.

2- Using natural stone from local sources.

3- Using water elements.

4- Using na tural daylight and skylight perfectly.
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Sancaklar Mosque located in a suburban neighbourhood in the outskirts

of Istanbul, aims to address the fundamental issues of designing a

mosque by distancing itself from the current architectural discussions

based on form and focusing only on the essence of religious space. The
building blends in completely with the topography and the outside

world is left behind as one move through the landscape, down the hill

and in between the walls to enter the mosque. The building area is 700
square meters on a land of 1200 square meters with multiple levels.

The mosque has won best religious building at the World Architecture

Festival in 2013, and has been shortlisted for Design of the Year award

of 2014, an annual award run by th e Design Museum in London. The
mosqueds prayer hall capacity is 650 worshi

(Umran, 2014)

Geometrical details:

Only the stone roof and a tall minaret are visible from certain points
around the perimeter, which makes it very unique comparing with the
traditional TugfdmssThe inteois af theendosque, a
simple cave like space, becomes a dramatic and awe -inspiring place to
pray and be alone with the God. The project constantly plays off of the
tension between man -made and natural. The contrast between the
natural ston e stairs following the natural slope of the landscape and
the thin reinforced concrete slab spanning over 6 meters to form the
canopy helps enhance this dual relationship. The long canopy
stretching out from the park becomes the only architectural element
visible from the outside. The building is located below this canopy and

can be accessed from a path from the upper courtyard through the
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park. The mosque has no dome, however the designer succeeded in

using multi -layers concreated roof which illusions the eye and gives a

fake feeling of a dome.

HVAC and lighting:

The main prayer hall features a tiered concrete floor and ceiling. Lights

set beneath the steps and in crevices in the ceiling softly illuminate the
space. The natural light comes in through the s kylight that paral
with Qibla wall. The slits and fractures along the Qibla wall enhances
the directionality of the prayer space and allows daylight to filter into
the prayer hall. There is no lighting installs in the roof, it is either from
the ground or at the back wall. This lighting technic provides a calm

environment yet allow user to read with it.

For ventilation, the returned air goes back through the roof in between

concrete slap layers. The air feeding comes from the back wall which

lels

has the ent rance and the shoes shelves. It is mechanically ventilated,

and it use a passive system by allowing new air to enter through doors

which isolated by double walls to break down wind from getting in

directly. For heating purposes, the building is using a hot water pipes

underneath the flooring to warm up the interior hall in cold days. Using
the water pools and fountain around the building boost tempering the

surrounded atmosphere.

Services

The washroom belongs to the mosque has been designed within the
sam e theme interiorly and exteriorly. It is located on the other end of

the building beside I mambés resi
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court, there is a long narrow building bordered with a strip of reflecting
pool, that provides a covered open -air meet ing place. This place
enhances the social communication of users and strength the relation
between the mosque and community. Likewise, the library and the

teahouse pavilion do the same plus i mprovin

Restrictions:

As mentioned earli er, the mosque got awarded for its beautiful design

and innovative concepts; however, it has some problems from personal

point of view. It has some obstacles for disabled users such as ramps,

corridors flooring materials and prayer space. It forces disable d users

to pray only at the rear of the mosque due to gradually down levelling

of its flooring. Also, it doesndét have shel

are usually located in the front of every mosque.

Figure 4-29 Interior shot of the prayer hall shows the Minbar on the right
side, Mihrab is digged in the wall, floor levels and ceiling treatment (Umran
2014)
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Figure 4-30 Water elements and shaded courts with some greenery mixed
together to create a pleasant environment

4.5.9 Khalifa Altajer Mosque, Dubai, Emirate

Figure 4-31 Pictures of the mosque for exterior and interior (Web24 article
2015)

The Khalifa Altajer  mosque in Dubai was built in 2014. It has number

of s ustainable features  but mainly:
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1- This mosque got accepted from USGBC and awarded the silver
certificate.

2- The first sustainable mosque in Islamic world.

3- All external lights are powered by solar PV.

4- Other solar panels to heat water for ablution and imam house
(no electrical heater).

5- All lights inside and outside are LED lights.

6- It uses a Light operation system during prayer times on need
base.

7- Water reusing system from ablution to flush toilets and
gardening.

8- Insulated materials for building and double -glazing windows.

The Khalifa Altajer mosque, which was opened in Dubai in 2014, is the

first mosque environment friendly of its kind in the world. It is the first
mosque to get the green building certif icate in silver category from the
USGBC which stands for United States Green Building Council. This
project occupies an area of 105 thousand square feet but the building

itself has a 45 thousand square feet. It can accommodate around 3500

worshipers (Web24 art icle, 2015) .

Geometrical details:

The mosque was built using insulating material to heat on the highest
possible standards. Also, double glazing with metal layer which help in
obscuring the sun's heat from getting inside the mosque. As a result,
that r educes the necessary energy for cooling the air. The mosque has

been designed according to the criteria and standards for green
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building. It designed to use renewable energy, for instance, all external
lighting fitted with solar panels plus batteries stora ge. On the other
hand, solar panels for water heat.i
water has been installed Other solutions and environmentally friendly
technologies were used in the mosque to reduce energy consumption
through the use of LED, energy -savin g lamps, instead of regular bulbs
and use the system to control lighting which closes automatically

according to the usage.

HVACand lighting:

The designer of the mosque tries his best to use the conceivable smart
technologies in building operation. The m osque lighting system has
sensors to daylight and movement to avoid unnecessary use of lights in
the mosque and its extensions. Correspondingly, it has also used smart
control units of air - conditioning systems so that they run and closed
accordingtoneeds and upon prayers timeds
controls the operation based on the number of worshipers. The mosque
is using building technology through the thermal insulation which
insulates roofs and exterior walls to reduce heat transmission.

Simila rly, it uses double -glazed windows with a metal layer coating to

reduce the direct sun's shines.

Services:

This mosque is in the size of neighbourhood mosque which is bigger
than the regular local mosque. Thus, it does not have expanded
services beside the  washroom and ablution. It uses some modern

technologies that contribute in reducing water consumption through
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the installation of mixers matching the green building specifications.
These mixers reduce the flow of water in the taps for ablution. In
additi on to determining the amount of water flow, the building has a
system for filtering water, especially ablution water, to be recycled and

reused for toilet flushes and plants irrigation.

Figure 4-32 Differentimages from the mosque show some renewable
technology

4.5.10 Nilufer Trade Centre Mosque, Bursa, Turkey

Figure 4-33 Different 3D shots show the interior and the exterior of the
mosque

This mosque was designed recently in 2014 but the project has not
been finished yet. It has some s ustainable features: 1 - This mosque

has been designed to be a sustainable mosque. It featured some great
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ideas in using renewable energy such as: solar panel, vertical wi nd

turbine and reusing grey water from rain and after ablution.

The Nil ¢¢fer Trade Centre Mosqgue, or as know
Turkish, is the first fully sustainable mosque in Turkey designed to be

built soon. The Turkish designer, Architect Celik Ereng ezgin,
emphasised the sustainable goal of this mosque. He believes that Islam
as a religion is motivating people toward sustainable principles. It
recommends all people to avoid wasting and to consider other people

by respecting them. The designer tried to practice some solutions to
save energy and get the benefit of renewable technologies. For

examples, solar panels will be placed on top of the mosque and wind
turbines will be installed on the two minarets. Also, Rain water will not

be wasted as it will be reused. Last thing, is producing electricity from
the pressure exerted on the floor by the worshippers during prayers

and walking inside the mosque. Hence, the designer has brought some
really worthy ideas but unfortunately with no further details and

stu dies (Hurriyet Daily News , 2013) .

Geometrical details:

As traditional Turkish mosque design, whi ch generated originally by
Mimar Sinan (1490 -1588) who designed many well -known mosques,
the mosque contains of main prayer hall that is covered with a large

dome then other supported half -domes. This mosque switches the
dome to a pyramid shape in order to install photovoltaic panels on it.
This roof is sloped to the south east which is the Qibla direction. On the

other hand, the shape of the two minarets has not changed; the
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designer added only a vertical wind turbine on them. The construction
materials ar e aimed to be woods mostly, that enhance the sustainable
factor by using natural material. The designer tried to use as open

space as possible inside the mosque, thus th e large woody beams were

used.

HVAC and lighting:

The NKL; FER CAMKK i sustdieable bgildiegdvhich smeahte
to depend on renewable energy. The use of the solar panels expected

to afford the electricity needs for the mosque. It includes lighting, air
conditioning, water heating and supplementary outlets. The vast area

of panels on the roof expected to cover these needs. To take

advantages of daylight, the mosque has windows in all four sides and

they are shaded to avoid straight sunlight. There are two walls of glass

on the west and east walls which allow more natural light to ente r
during the day. Additionally, there is a skylight from the roof on the

opposite photovoltaic side.

In ventilating aspect, the designer planned to use water fountain inside
the mosque to temper the atmosphere and cool the air. Subsequently,
the hot air w ill rise up to the peak of the dome (pyramid shape). There
we found ventilation fans to suck out undesirable air. Additionally,

there will be an electrical air conditioning for both needs cooling and
heating. The suggested passive solutions are to decrease power

consumption and not to fully relay on the non -sustainable solutions.
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Restrictions:

The concept behind designing the
mosque is great. However, as it is a new project and still under early
stages of processes, there is lack of studies and analysis of suggested
ideas. The ideas alone are not enough to prove the feasibility of the
systems. | tried to contact the engineering firm and the architect

himself, but | got only some pictures that has no proves of required

functio ns of these proposed sustainable ideas.

Kapasitesi
4600 kisidir

Figure 4-34 3D Top -view of the mosque that shows the skylight and
ventilation outlets above the dome

Figure 4-35 Another perspective shows the photovoltaics and minaret vertical
wind turbine
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4.6 Mosques Comparison Tables

Aasem Alabdullatief

Table 4.3 The comparison table of the selected ten mosques

PhD Thesis

,the 3 stars indicate high level

Weather Lighting HVAC Sustainable Building Features
T o =J 0
Year Chmate Average Average g’ £ 0 = g g é’ E‘ = “E _g = §
Mosque's name Location of Notes on sustainable features Classification Temperatures Humidity z Sl = 8 E S 2 S § 'g & ° s 3
buit 2o (weatherbase) (weatherbase) g o 2 3 85 = 2 S & = § 3 g
2 B8 £ 8 s o g 5 8 > @
a | 5| 2|3 £8 8 6|9 | F
8 4 o =
Heating | Cooling =
1- Assuring Security by building it on a 3 m high platform.
Dienné 2- Using local materials of mud bricks, palm wood and mud plaster. 3- It Tropical Annual: 29°C Morning:62%
1 Great Mosque of Djenné JMaIi T | 1907 has a courtyard. 4- Very good insulated muddy walls that is up to 1m Tropical Savznna Highest : 45°C Evening:ss% **
thickness. 5- Basic but effective solutions for natural lighting (diffuse Lowest : 6°C :
light) and ventilating.
Touba. 1- Using some local materials for textures but it is a concrete building as Mid-Latitude Annual: 28°C Morning:56%
2 The Great Mosque of Touba ‘| 1963 a structure. 2- It has a courtyard mostly shaded and a water fountain in Tropical Steppe and Highest : 35°C . g: ?
Senegal o - N Evening:32%
the centre. 3- It depends on the natural ventilation plus ceiling fans. Desert Lowest :20°C
Dakar 1- Using local materials from Morocca Mid-Latitude Annual: 24°C Morming:85%
3 Great Mosque of Dakar Senege’\l 1964 Moroccan prince. 2- It has a courtyard with a water fountains. 3- The Hot Arid Steppe Humid Highest : 38°C Evening: 65% i
mosque small windows to limit heat gain from the sun. and Desert Lowest: 11°C i
1- Even if the main material for the mosque is concrete, the designer used
some natural materials such as: Derby . Annual: 10°C .
4 London Central Mosque Lon:;j:()n, 1977 | decoration and copper on the dome. 2- High monumental ceiling that help Temzerat Marggavgtest Highest : 35°C g:;:::gg;:: otk
in ventilation. 3- Good use of daylight from skylight, vents at the base of Lowest :-13°C :
the dome and the large windows in two parallel walls.
1- It provides windows glasses solution of grills and coloured glaze. 2-
" . Shah The site overlooks the Garden of Islamic Arts which gave a unique Annual: 27°C -
5 Suitan Salahuddin Abdul Aziz Alam, 1988 surrounding and offered a clean and desirable environment. 3- It has a Tropical Rainforest Highest : 39°C Mom!ng:QG% B
Mosque y " . . 1 g0 Evening:70%
Malaysia courtyard with a water fountains. 3- The mosque has small windows to Lowest :16°C
limit heat gain from the sun.
1- The concept behind this mosque is saving energy by using expanded
Riyadh, N P! 9 S 9 gy Y s 9 exp 5 Annual: 26°C .
6 Masjid Alabbas Saudi 2003 pray area in 3 halls to be used as needed. 2- This solution decrease Hot Arid Subtropical Highest : 47°C Morning:36% o .
5 maintenance cost as well. 3- Skylights have been used to get natural and Desert o Evening:19%
Arabia K Lowest :-1°C
daylight.
tho || et s e e o e b, 1 e o
7 | The Shaikh Zayed Grand Mosque Dhabi, 2007 4 Y P . g A . Hot Arid Desert/ Costal | Highest : 47°C ' g: N i *x
UAE styles. 3- It has a separate prayer hall for daily use; the whole mosque is Humid Lowest :5°C Evening:43%
used weekly for Jumaa pray on Friday and for two Eid prayers.
1- The mosque highly respected the site and it harmonies with the Annual:14°C -
8 Sancaklar Mosque Is;f:?kb e“; 2013 location. 2- Using natural stone from local sources. 3- Using water Tem;;erat Mediterranean | Highest : 37°C Z:;:::gjgig o
elements. 4- Using natural daylight and skylight perfectly. Lowest :-8°C |
1- This mosque got accepted from USGBC and awarded the silver
certificate. 2- The first sustainable mosque in Islamic world. 3- All
B e e
9 Khalfa Altajer y 2014 o X . . - 9 HotArid | Desert/ Costal | Highest: 48°C no- e
UAE inside and outside are LED lights. 6- It uses a Light operation system Humid Lowest :7°C Evening:49%
during prayer times on need base. 7- Water reusing system from ablution :
to flush toilets and gardening. 8- Insulated materials for building and
double glazing windows.
Bursa Under 1- This mosque has been designed to be a sustainable mosque. It Temperat Annual: 14°C Morming:86%
10 Nilifer Trade Centre Mosque ' |constr |featured some great ideas in using renewable energy such as: solar panel, Pef Mediterranean | Highest : 41°C o g: &
Turkey 5 . N A A " L e ke Evening:57%
uction | vertical wind turbine and reusing grey water from rain and after ablution. Lowest : -15°C
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4.7 Summary of Chapter 4

Chapter four is the first chapter in the Research framework and

Methodology part. The chapter investigated the main climate zo nes were
mosque buildings were or could be built. At that juncture, a comprehensive
presentation of sustainable features for each climates was made. Then

ended with a correlation of those sustainable features and the linked

climate zones. Later, the chapte r presented ten cases of mosque buildings
from all around the world and from different climate zones. A summary of

these cases after analysing them was carried out. Likewise , this chapter
form the base for the upcoming chapters in the matter of the method and

the procedure to follow.

As presented in  Table 4.3, each case has different features based on the
location of the case. There were some common features like: skyli ght,
double glazed windows,  and light colour coating. Even though these cases
are from different climates, there are some features that were adopted in
dissimilar climates.  For example, the courtyard is a very useful passive
technigue and many cases have a pplied courtyards in their design
regardless their environmental impact as the cases in temperate climate.

On the other hand, there was a clear reasons for the buildings in temperate
climate to avoid outside light colour coating due to the need for sunligh tto
help warming the building. Surprisingly, there is no mosque in the above

list nor in the world has applied the Green wall feature. This drives the
research to investigate this type of feature. Additionally, the number of

mosque buildings  which applied the green roof is very limited, thus it looks
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a great opportunity to test the performance of green roof for mosque
buildings. From this investigation, the research develop the list of features
that need to be tested under the hot arid climate of R iyadh in accordance

with the Saudi Building Code regulations.
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Chapter 5 Research Methodology and Computer Simulation

5.1 Introduction

This chapter explains in detail the methodology followed to achieve the
research aims. In specific, it considers the used simulation software
and its settings as well as the details of the weather data analysis file.
Additionally, a preliminary analysis of the solar heat gain reveals that

the roof is the main contributor to the heat gain in mosque building S.
Therefore, the be st options of the roof finishing materials and the

optimum u -values are investigated considering the model of the

explored mosque. A number of improvements are suggested including

the use of PCM , Reflective coating, shading, windows, walls and
importantly  roof options. The chapter concludes with the considerations
taken into account when selecting the optimum u -value for the roof.

More details were presented in Figure 1-5 in Chapter 1.

5.2 Simulation Software Selection

Without compromising the thermal comfort , this research tries to find

suitable designs that meets energy saving requirement s. Two main

ways to measure the buildingbs energy effic
materia Is performance; either by simulating the building by computer

software or build an dtestan actual physical model. No doubt, the

simulation is faster and inexpensive way to obtain some valid data that

enable users to make decisions in design range. In order to achieve

this through simulating a mosque building, and to determine which
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design alternatives  most save energy and cost effective , the most

relevant energy simulation software has to be selected. In fact, there
are several energy simulation progra ms available for whole energy
efficient building simulation. These software programs  have been

developed over years  such as EnergyPlus (by itself or through Design

Builder ), IES VE, DOE -2 and BLAST where they are primarily for

building energy simulation to simul ate buildingbthe perfor ma
most popular two are IES VE and EnergyPlus  where they are commonly

used by the building energy simulation community.

(Crawley etal. ,2008) has studied all available building simulation
software. The study evaluated 20 programs for building envelope,
daylighting, solar and all other building simulation aspects. The study
confirmed that EnergyPlus comes firs in the list for thermal

performance s imulation. The second in the rank is the IES. Even
though t here are many other software as (Crawley et al. , 2008)
presented, the most suitable are those two programs. As stated,
Design Builder is using EnergyPlus as a thermal engine for analysis. In
the next section an evaluation of all available software and their
capabilities are presented. Selecting the suitable software is mainly
depends on 1) the investigated case study 2) the aims and the

expected outcomes 3) the limitations.

5.2.1 Software Comparison

As said before, choosing the right tool should be based on the case to
be studied . After understanding the capabilities and limitations of the
building simulation tools for thermal purposes for the case of this
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research , Design Builder is an appropriate program to be used in this

case and there are several reasons to explain why it is the most
suitable:
A The modeling capabili ty of Design Builder make s it possible to

model new and complex building technologies such as green roof and
PCM materials on one file which  cannot be modeled by other energy

simulation tools  such as IES VE or others

A The simulation of  Design Builder can produce more accurate
result and more close to the actual building energy performance when
compared with other programs like IES VE. However, EnergyPlus

supports in modeling complex systems but it consumes more time.

A Several building system energy simul ation programs have been
developed to assist engineers to implement the requirement of energy
efficiency. Nevertheless, there are few building energy simulation tools
which can simulate the impact of PCMs technology on the heating and
cooling energy of bui  Iding. EnergyPlus is extensively used for the PCM

modeling in building.

Due to the distinguished capabilities and other advantages of Design
Builder/ EnergyPlus building energy simulation software, Design Builder
has b een selected in this research. The Des ign Builder is an interface

software that use the EnergyPlus engine for its thermal simulation. The
Design Builder is friendlier program especially for users with
architecture background like the case of in hand case . Table 5.1

presents and compares simulations programs and their capabilities.
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Table 5.1 Simulation programs comparison table

Design
Builder / eQUEST /
IES-VE BLAST TAS
EnergyPI DOE-2
us
Capability for building
HVAC and energy Yes Yes Partly Partly Partly
performance
simulation
Simulation time step
doesndt red Yes Yes No No Partly
hours or more
Multi-zone energy
performance Yes Yes No No Yes
simulation
PCM material
availability Yes Partly No No No
Green Roof/wall
materials availability ves Partly No No Partly
Approved by building
environment
assessment schemes Yes Yes No No Yes
(LEED, BREEAM and
Green star scheme)
Computational Fluid
Dyna?wtwjic é:FD B Partly No No No No
Solar gain and
daylighting Yes Yes Partly Partly Yes
calculations
Il i

gonnt(;o eg (iegsurtys 8 Yes Yes Partly Partly Yes

As presented in the above table, the Design Builder software has been

selected to perform the

aim of this research.
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5.3 Solar Heat Gain Assessment

There is a need to determine the main source of heat gain in mosque
building in hot arid climate, our case in Riyadh the capital city of Saudi
Arabia. Acc ording to man y investigations, roofs are largely responsible
of heat gain to buildings then walls come in second stage (Hyde,
2013) . Examining the optim  um option for roof finishing in hot dray
climate is essential and to do a number of roof options have been
investigated. Beforehand, a CFD analysis has been made to verify that
heat gain through the roof is nonignorable . A thermal analysis has
obtained by simulating a mosque building under the weather condition

of Riyadh city by using EnergyPlus and DesignBuilder software. In
Figure 5-1 and Figure 5-2, a demonstration of the building model and
the CFD simulation of the heat gain from solar where it shows roof is

the main mean.

Aasem Alabdullatief i PhD Thesis

108



[». 3]0 B.]0.]®.]
GEDGRAPHIC LOCATION )
DATF AND TIMF >
© SULAK INFORMATION >

TWILIGHT TIMES >

Figure 5-2 The section in the mosque building shows the CFD simulation
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Subsequently, it becomes very clear that roof is the main responsible

surface for solar heat gain. This finding has leaded to investigate the

best option for roof finishing and to examine the optimum U -Value for
roof materials. These to assessments will be pr esented in following
sectio ns. The solar heat gain simulation output s are presented in
Appendix E.

5.4 The Proposed Building Model

5.4.1 Weather File and Settings

The location for the investigated case has been chosen to be in Riyadh

city. Riyadh is the capital and largest city in Saudi A rabia. It is one of

the most populated cities in the Arab world, with a population of 6.9

million people as of 2018 (RDA, 2017) It is one of the largest Arab

cities in area, at a size of 1,913 square kilometres at about 600 m

above sea level. This city has no humid seasons, which makes it a

typical hot dry site. Table 5.2 presents the characters of Riyadh

climatic conditions.

Table 5.2 Climate data for Riyadh, Saudi Arabia Source: Weatherbase

Month

Record high
°C (°F)

Average
high °C (°F)

‘ Jan ‘ Feb ‘ Mar ‘ Apr ‘ May ‘ Jun ‘ Jul ‘ Aug ‘ Sep ‘ Oct ‘Nov‘ Deci

47 | 53 | 48
(117) | (128) | (119) (113) | (109)

38 | a1 | 43 | 42 | 40
101 | (106) | (109) | (108) | (104)

Daily mean 14 17 17
°C (°F) (58) @ (62) (62)
Average low | 11 15 9
°C (°F) (52) | (59) (60) (48)
Record low 11 0 5 11 16 12 7 2
°C (°F) (30)  (32) (41 (52) @ (63) _ | (61) (54) (45)  (35)
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cipitation cm
(inches)
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The weath er file data has been obtained from two source s for more
authentication. T he original file is from EnergyP lus website, then the
second file was from  King Abdulaziz City for Science and Technology
(KACST) . It is known as the national research centre and the y took the
data from the official weather station in the city of Riyadh. The two

files matched each other and the fiepw file 6 from EnergyPlus were
inputted in the program. The file has all daily data for the years from

2003 till 2017.
542 4 EA - 1 Pdbérieo

This model was built on a real case in Riyadh, the capital city of Saudi

Arabia. There is a project of a new mosque building for both daily

prayers and Friday (Jumah prayer) which serves local residents in a
neighbourhood on the north district of the cit y. The author has
participated with the design team and has provided sustainable

consultation to the project that made it more maintainable in the

matter of energy saving and enhance its quality. Appendix A shows the
drawings of the suggested design. Altho ugh, not all the suggestion

were applied due the construction budget restriction , the design is
advanced comparing to many mosque cases in Saudi Arbia. Appendix A
shows the ground floor plan of the Mosque which initially started in

Figure 5-4 as a sketch.
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Back to the ten mosques cases that were investigated, and a mong the
many interesting features, the green roof is only employed in

Sancaklar mosque in Istanbul, Turkey (see Table 4.3). This mosque is
located in a temperate climate and has a partial active heating but no
cooling systems. The green roof was able to provide a sustainable
environment al solution by maintain ing indoor thermal comfort all year

a round. This successfully working example is an inspiration to

investigate the applicability of green roof for mosque buildings in

different climate, which is one of the roof options in this research . This

research explores the efficiency of several alternative building envelop
options for the hot climate of Riyadh city. (Alabdullatief etal. , 2016)
have studied the effect of green roof and louvers shading for a mosque
in Riyadh where they found a potential saving of 10% in energy

consumption could be achieved. However, this research examine s
other options on a different case that falls within the same climate.
Figure 5-3 shows the initial design model and then the suggested

improved model.
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Figure 5-3: The initial model (top) and the improved model design (bo th are
same in prayer area size).

5.4.3 The Suggested Improvements

The design has gone through several stages, but due to some

limitations of this project some suggestions were hard to apply. In

addition, the size and the shape of the assigned land were hinderi ng
design team from putting some creative sustainable ideas. Figure 5-4
displays the plan sketch for improved model during the design process.

The main suggestions were briefly as:
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U Orientation: the mosque, as all mosques, has to be directed
toward Mecca, however there is a possibility of manipulating the
exterior fagcade to decrease direct heat gain from the sun.

U Shape and Form: (Mushtaha & Helmy , 2016) recommend the
octagonal shape for mosque in hot climate but as the shape of the
land is rectangle, the same shape has been selected with an
approximate ratio 1:2. For the form, the initial design was mainly
a large prayer hall and a service block separated on the north side
of the mosque. In contrast at the improved model, a court yard
has been applied in the opposite Qibla (Mecca) direction w hich is
the east side. (Alhemiddi, 2003) has suggested courtyard strategy
for mosques in hot arid climate due to their advances in the
thermal performance.

U Shading: a strip arcade has been added to west, south and east
facade so the arcade provides shading and lower the direct sun
gain. Also, a louver shading has been recommended on windows.
Another mean for shading is the minaret, which is a tall structure
represents the mosque generally, it was suggested that minaret
(1or2 minarets) should be allocated on the central of south side
so its shadow fall on the roof and help cooling it. Another
suggestion but was not used is using the minaret as a wind
catcher to cool the mosque as a means of natural ventilation.
(Alfraidi etal. , 2016) has investigated number of alternative
designs for the porous ceramics structure that could be used in

mosquebds minaret for evaporative cooling
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U Natural light: by following three main strategies which are: 1 -tall
strip windows on all sides except west facade. 2 -skylight through
the ceiling in the centre of the prayer hall. 3 - Sun pipes at the
back of the prayer hall as it has a mezzanine floor. The second
and third strategies combined a ventilation system to circulate
fresh air inside the building by distracting the air out.

U Doors: an important suggestion was creating double doors for the
mosque which helps maintaining the cool temperature inside and
help also with the insulation.

U Windows: double glazing was used in windows with a suggestion
of no windows on the west (the worst in solar heat gains) wall
that has been design thick to act like a thermal mass wall.

U Functional partition: as mentioned earlier the mezzanine floor is
covering the third of the mosque. This third is allocated for daily
prayers and once a week for Friday prayer the other two thirds
are used. This zoning division contribute in a huge energy saving

by controlling the occupied area.
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U Roof options: there were four suggestions were given: 1 -Green
roof insulated 2 - Insulated with  white chipped stones  finishing
(20cm thickness) 3 - Insulated roof with tiles . 4 - Movable shading
that covers the whole roof. After studying the options feasibility

and break down their initial cost and life cycle operation cost, the
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Figure 5-4 A sketch for the improved plan design
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second option has been  selected.

The building configuration setting for Riyadh city was developed in a
Design Builder software and has been used in conjuncti on with data

from Climate Consultant v4, a software that analyse the weather data

for a given site based on the climate. The psychrometric chart for

Riyadh site from Climate Consultant v4 has been used . After that, the
model has been drawn in Design Builde r v4.5 and then simulated using
Energy Plus v8.3 computer simulation which is the built -in engine for
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thermal analysis in Design Builder . Lastly, t heresults were analysed
and compared. The model setting for the building template and

specifications was sel ected based on ASHRAE Standard 90.1 and 62.1
(Stanke , 2006) where the selected building type was Public Assembly
Spaces - Place of religious worship. Moreover , c lothing set for winter
was at 1.25 clo and for summer was 0.75 clo accordi ng to a study
carried out by  (Al-ajmi, 2010) which took into account the Arabic style

of clothing which is the case of Riyadh users . Regarding the occupancy
density, from observation it varies from day to day and from prayer

time to another in most mosque buildings. In this model it was

assumed as percentages for each prayer for five daily prayer times as:

- Fajer prayer: in early morning 4 -5am with occupancy of 45% -
Dhohor prayer: midday 12 - 1pm with occupancy of 60% - Asr prayer:

late afternoon 3 -4 pm and its estimated occupancy was 65% -

Maghreb prayer: right after sunset 6 - 7pm with occupancy of 75% and
the same occupancy for Isha prayer 8:30 -9:30pm . Itis noteworth vy
that most of mosques in Saudi Arabia ha ve an average occupancy of

only 25% of actual capacity (Al-Tamimi an d Qahtan, 2018) . Another
study found that the average occupancy during the five daily prayers

was below 20% (Azmi and Kandar, 2019)

5.4.5 The Model Calibration

The model was calibrated or validated by comparing the actual

consumption with the simulated model 0 sonsumption. The monthly
loads were compared, however there were differences between the
actual and the modelled consumptions loads of at most of 33%.
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Furthermore, a comparison of the loads during the five daily prayers

shows a range of loads difference from 4% up to 25.2%. This

comparison was made during the summer week of July.

Table 5.3 Electricity consumption during five daily prayers wh/m

These differences i

behaviour

or the data in the weather file. In contrast, when comparing

the annual figure, the difference is only

within the acceptable range as suggested by

Khan, 2008)

Actual
Meter
Prayer Time Reading | Simulation | Difference
Fajer 04:00 116.31 95.56 17.8%
Dhohur 12:00 131.67 164.85 -25.2%
Asir 15:00 117.76 136.83 -16.2%
Maghrib 18:00 131.31 149.5 -13.9%
Isha 20:00 119.8 115 4.0%
s probably due to

many

reasons

21 %, which makes the model

(Rahman, Rasul and

5.5 Assessment of the Optimum U-Value

Reviewing the ten cases of mosque buildings from various climates and

investigating the climate design features have led to understanding the

relation between each climate with its suitable features. Further

investigating has been carried out at this stage

standards and green building codes in many countries. One of the main

criteria in saving energy for building is the u
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I_PhD Thesis

including the building

-value. Certainly, the U value

118

bu



for walls and glazing are worth of investigation; however, these comes
after the roo fas it is the main source of heat gain as stated before . In this
section an analysis of U value for roofs of mosque building simulated in

Riyadh climate has been assessed.

5.5.1 Explanation of U Value

U value, also known as Thermal transmittance, is the rate of transfer of
heat through a structure divided by the difference in temperature

across that structure. This surface can be a single material layer ora
composite layer . The units of measurement are forUvalueis: W/mzK.
The lower U value number means better insulated structure

I nstallation standards can powerfully a ffect the thermal transmittance

and consequently the energy consumption of the building . The U value
takes heat loss due to conduction, convection and radiation into

account. The R value isth e resistance value which is the reverse of U

value and its unitis K m?/W . the R value is used widely in Asia

whereas the U value is more popular in United Kingdom and Europe

generally.

5.5.2 Assessment Procedure

By using the same mosque model, the assessment of the U value has
been carried out. The weather setting has been created upon Riyadh
weather data. By simulating the model in Design Builder software in

the hottest day of the year, the total cooling load has been calculated

at the peak hour of 2pm. Moreo ver, the solar gains on the roof has

been obtained. Ten values were simulated, and the range of U values
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were from 0.2 till 2 W/m2K . The results are presented in Chapter 6

under the section of; Thermal | nsulation Thickness Assessment.
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5.6 Pilot Study

The thermal performance of a mosque in Riyadh, namely Prince Sultan
mosque, was investigated as part of the p ilot study . This section
presents the settings of the mosque model besides the simulation
findings regarding the materials properties, green roof , insulated wall

and louvers shading on windows assessment.  The aim of this chapter is

to test the methodology of the main research but in a smaller
circumstance by following a logical procedure. Later on, if the
procedure proved to be working, it can be a pplied on a full scale

investigation in order to test the whole suggested building envelop

features.

5.6.1 Prince Sultan Mosque

This local mosque is a great example of typical case in the matter of

size, form and capacity. It has been selected as it matches t he needs
for a local mosque that can be built in many places. Additionally, it was

an advantage to compare the obtain data with the one that has been

obtained by another researcher who studied this case (Shohan, 2015)
Even though he used TAS sof  tware for simulation, the energy
performance was almost alike when it was simulated by Design Builder
software. Figures 5-5,6,7 present this mosque and elaborate its

features.
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5.6.1.1 The ProposedBuilding Model

Among the many interesting features, the green roof which is only
employed in  Sancaklar mosque in Istanbul, Turkey ( see Table 4.3).
This mosque is located in a temperate climate and has neither active
heating nor ¢ ooling systems . The greenroof was able to provide a
sustainable environment by maintain indoor thermal comfort all year
round. This successfully working example is an inspiration to

investigate the applicability of green roof for mosque buildings  in

diffe rent climate, which is the aim of this section .

In order to obtain a more valid results, a case has been chosen to

simulate the applicability of the green roof in an insulated building
Shohan (2015) had selected some cases in Riyadh city to investigate

th e thermal comfort for mosque buildings and then he has selected one
case to apply the suggested iaengwlopgpvements on
which are the building fabric . Th ese improvements will be referr ed to
as (Ref.1). Th e building is Prince S ultan mosque in Al  moroj district in
northern part of Riyadh city where he used both methods: field studies

and TAS (Thermal Analysis Simulation from (EDSL) Environmental

Design Solutions Limited) simulation to gain the required data. This
mosque has in addition to services  zone, a main prayer hall of 480 m 2
(Shohan, 2015)  which is the main space for this study. Figure 5-5,
Figure 5-6, and Figure 5-7 show the mosque in 3D model in Design

Builder and inreal ity from Google Earth and some photos show the

building elevation s.

Aasem Alabdullatief i PhD Thesis 122



Figure

Aasem Alabdullatief

Indoor Western Elevation for Prince Sultan Mosque

Outdoor Western Elevation for Prince Sultan Mosque

Indoor Northern Elevation for Prince Sultan Mosue

Outdoor Northern Elevation Prince Sultan Mosque

5-5 The 3D model of the mosque for energy study.

Prine Sultan Mosque’s Plan
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Figure 5-6 The selected case mosque. Source: (Shohan 2015 )

Figure 5-7 Prince Sultan mosque. Source: Google Earth

O

5.6.1.2 Mosque BuildingMi AAT 80 3 AOOET C

The building confi guration setting for Riyadh city was developed in a

Design Builder software  and has been used in ¢ onjunction with data

from Climate Consultant v4 , a software that analyse the weather data

for a given site based on the climate . Figure 5-8 shows the
psychrometric chart for Riyadh site from Climate Consultant  v4. The
model has been drawn  in Design Builder v4.5 and then simulated using

Energy Plus v8.3 computer simulation. The results are analysed and
compared. The model setting forthe  building template and

specifications was selected based on ASHRAE Standard 90.1 and 62.1
(Stanke, 2006)  where the selected buildi  ng type was Public Assembly
Spaces - Place of religious worship. Clothing set for winter was at 1.25
clo and for summer  was 0.75 clo according to a study carried out by Al -
ajmi (Al-ajmi, 2010) which took into account the Arabic style of

clothing. Regarding the occupancy density, from observation it varies
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from day to day and from prayer time to another in most mosque
buildings. In this model it was assumed as shown in Figure 5-9 below

as perce ntages for each prayer  for five daily prayer times.

The green roof itself ~ was set as semi -intensive green roof with 30cm

depth and include s a 10cm grass layer on soil, filter, root barrier and
waterproof layers that arranged respectively on the top of the roof
structur e. On the other hand, the shading louvers are assumed to be

made of aluminium material with  6mm thickness of 5 blades in 15°
angle. Each blade is 20cm in depth and with a width similar to that of

the relevant window i.e.; 120cm.
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Figure 5-8 Psychrometric chart for Riyadh
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Figure 5-9 Average daily occupancy for each prayer time

5.6.1.3 Materials Properties

(Shohan, 2015) has examined a number of alternative s for building

materials for selected case envelope s, following actu al mea surements

and energy simulation using TAS software. He came up with an

arrangement for a number of materials for Riyadh climate to assure

higher insulation in walls, roof and floor that provide the most suitable

annual thermal comfort. Figure 5-10 below explains in detail each

element of the materials and its description.
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o | o 2 =
g 1212 =5 | £ |5
= E|E| &% £% 2 e
o SlE|S|5| #& E |E
5 - . 2 Bl i ) £ = =
= Description of materials s | £ 5| = =
g ZlE|S|2|3|5| 3| 5|2
gl 2 SE|&| 5P
Indoor Carpet and layer of ubber pad| 2 (0.06|1382| 288 |0.30(0.30({0.90(0.90
_| _ Terrazzo tiles, or 2.5(1.75)| 850 |2400(0.35]0.35|0.90{0.90
Ceramic, or 0.8[1.30|1000{2300[0.30(0.30]|0.90(0.50
~ Marble 2.5|2.40( 840 |2600(0.55]|0.55(0.95|0.95| _
§ Cement mortar 2.5]0.94|1000/11750/0.30|03.0[0.90/|0.90| F
= Lightweight concrete floor | ¢ 13 3511000/2000/0.30(0.30(0.90|0.90| ~
Clean sands for filling the
ground spaces under the 20 (0.81(837 |1800(0.18|0.18(0.91|0.91
concrete laver
Terrazzo tiles 2.5(1.75| 850 [2400/0.35(0.35|0.90]0.90
Cement mortar 2.5(0.94(1000(1750/0.30(03.0|0.90]|0.90
Gradient foamed lightweight
(L.W.) concrete of Portland |5-7|0.53| 837 [1281/0.35|0.35(0.90(0.90
cement 500kg/m
Bitumen polyester 180/m? for
- waterproofing 0.4(0.50({1000(1700|0.26(0.26(0.91|0.91
D Lightweight (L. W) concrete of] —
E Portland cement 500kg/m 3 [0.53(837(1281]0.35(0.35|0.90]0.90 E
A Foamed polyurethane | 5 |5 5267360| 30 |0.40(0.40(0.90(0.90
insulation
Lightweight (L.W.) concrete = -1 =l 2z
of Portland cement 500kg/m 30 |0.53| 837 [1281/0.35|0.35(0.90(0.90
Cement plaster 2.5(0.42( 837 [1200/0.60(0.60|0.90]|0.90
Internal cement render 2.5]10.50[ 769 [1300(0.60(0.60|0.90|0.90
Internal paint layer 0.2 (090.90.0010.001|0.64(0.64|0.92|0.92
Internal paint layer 0.2 [999.910.001)0.001/0.64|0.64(0.92(0.92
i Internal cement render 1.5 (0.50| 769 [1300|0.60|0.60]|0.90|0.90
e Cement plaster 1.5 |0.42| 837 [1200|0.60|0.600.90] 0.90
- i Concrete block (solid grouted) | 20 (1.315) 913 (1842/0.35(0.35(0.90|0.90
- i Foamed polyurethane = =
: -, 5 0.026]1260) 30 |0.40|0.40(0.90(0.90
g Outdoor o Indoor insulation =
'.::: Concrete block (solid grouted)| 10 (1.315) 913 (1842/0.35(0.35(0.90|0.90
i Cement plaster 1.5 (0.42|837(1200(0.60|0.60|0.90|0.90
ﬂ ;:Z:* External cement render 1.5 (0.57(1000{1300|0.30|0.30|0.90|0.90
HEE External paint layer 0.2 999.000.001/0.001|0.64|0.64|0.92| 0.92
Figure 5-10 The arrangement material for Riyadh with description. Source:
(Shohan 2015)
5.6.1.4 Green Roof & Louvers Shading Assessment
After obtaining the dimensions of the real case mosque, the building

materials specifications have been drawn
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weathe r configuration a re set as mentioned above. Four different

scenarios were established:; the first scenario is the base case which s
the current condition of the mosque building where model
specifications were entered based on the actual building materials

specifications . The s econd scenario involves the s ame base case
integrated with a green roof. The third scenario is the base case

scenario with an addition of basic louver shading elements on all
windows. The fourth scenario involves scenario 2 and 3 integ rated with
the improvement  suggested by Ref.1 (Shohan, 2015) which include s
improvement of the  building envelope and the addition of louver

shadings. Figure 5-11 shows the rendered model with Riyadh sun -path
with and without the green roof. Moreover, to acquire accurate result

the minaret was built as a component block, so it doesnbot

thermal performance of the mosque.
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Figure 5-11 Thesun path onboth model s, with green roof and without
5.6.1.5 Simulation Results and Findings of the Pilot Study
Provi sion of the required thermal comfort of any building is  possible but
might cause a huge power consumption when operating an active
cooling system using air conditioning system . Th e purpose of the
simulation is an attempt to investigate the annual building  cooling load
for the different scena rios where thermal comfort is fix for the indoor
space. Results show that generally a reduction in indoor air
temperature could be achieved by applying both green roof and louver
shading. Figure 5-12 shows a possible reduction by an average of one

degree in the hottest day (summer day) of the year i.e.; 21 of July
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according to Weather  and Climate Consultant. This simulation was run

while no active air conditioning was operated.

== Ref.1 plus Green Roof and Louvers=@=Baseline
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Figure 5-12 Reduction in Air Temperature of summer day ( 21 st of July).

Equally important, is  how the cooling load responds to the applications

of the proposed technologies and the po tential ene rgy saving of the
mosque building.  Figure 5-13 shows the monthly variation in summer
months for the cooling load of the mosque building under the three

scenarios, the base case, base case plus green roof, and base case,

plus green roof com bined with improvement of thermal insulation of

the building fabric.  The results show thatthereis a promising reduction
in the cooling load when a green roof is applied to the mosque building
without introducing any improvement to the building fabric. Of course,
there are further improvements when botht he greenroofand shading
louvers are applied . Because the effectiveness of the blind varies with

the sun geometry, the benefits of the shading louvers also vary with

the months, as shown in Figure 5-13. The green chart shows the
cooling load, when all improvement to the building design are included

i.e.; improved fabric, green roof and shading louvers. Moreover, an
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annu al saving by 4%  of cooling load could be achieved in mosque
building in Riyadh by using the green roof, however, this percentage

could be raised up to 10% if shading louvers were added to windows

while keeping the green roof. Figure 5-14 below shows annual cooling

load.

m Baseline mBaseline plus Green Roof m Ref.1 plus Green Roof and Louvers

0
Apr May Jun Jul Aug Sep Oct
N
§ -5000
=
= -10000
c
g
$ -15000
[a)
D
£ -20000
©
@]
© 25000
-30000

Hot months for the average weather of Riyadh

Figure 5-13 Monthly cooling demand reduction when apply both green roof
and louvers shading particularly in no n-cold months of Riyadh

-185000 -180000 -175000 -170000 -165000 -160000 -155000
Annual Cooling Load (Wh/m2)

m Ref.1 plus Green Roof and LouvemsBaseline plus Louverdss Baseline plus Green Roadll Baseline

Figure 5-14 Annual cooling load per square meter could be reduce by 10% .
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Last but not least, other roof options for mosque building in Riyadh
have been investi gated and presented in a conference paper. The
insulation effect on roof, shaded roof, reflective roof in addition to

green roof have been simulated and tested.
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5.7 Summary of Chapter 5

This chapter number 5 was about the Research Methodology. It
displayed in details the method that was adopted in this research and

how computer simulation worked. It started by illustration the selection

of simulation software program. This included the co mparison between

software that allow thermal performance simulation for buildings. After
selecting the suitable software, Design Builder, the chapter presented

the settings of weather file data and the assessment of solar heat gain.
More details about the ~ model and the necessary setting and validation
of the model were explored and presented. Also, the U value and its

assessment procedure were shown.

The chapter ended with a pilot study that investigate the features of
green roof, insulated walls and shaded windows of a real case in
Riyadh. In line for the increase number of mosque buildings and the
demand of passive / sustainable techniques, an exploration of ways to
save in cooling loads and enhance the thermal comfort is essential
everywhere but mainly in hot dry zones. By simulating a real case,

pilot study investigate s the benefit of applying the green roof and

this

louver shading on an insulated real mosque case in the hot arid climate

of Riyadh, Saudi Arabia. = The case was selected from the literature
review where (Shohan, 2015) has studied this mosque previously. As a
pilot study, the goal was to test the methodology procedure on an

already -investigated case before the full scale research. The results

revealed a saving in zone sensible cooling loads during the hottest time

Aasem Alabdullatief i PhD Thesis

134



of the year. Similarly, there is a noticeable improvement in the indoor

temperature and the relative humidity of the examined case.
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Chapter 6 Results

6.1 Introduction

Following their influence on the mosqueds t
simulation results of improving the roof, walls, and windows are

discussed in this chapter. Besides, the best envelope materials are

simulated and the influence of their combination is pres ented. The

simulation, as explained in the methodology section, was carried out

on the investigated case model. Figure 6-1 presents the model. This

chapter is much related to the following chapter where the discussion

of the results was conducted. Then, it concludes with a small section on

the economic evaluation of the suggested improvements.

Figure 6-1 The investigated model for the improved mosque case

The resul ts cfiveldpal iimprdviemegt$ vehich were obtained

from the simulation will be presented below in the order of effect
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priority. The roof has the major effect as shown previously; thus, the
results of roof alternatives will be presented first. Following that, the
results of wall then window options will be presented accordingly. All
options are presented respectively in the order of best saving from

worst to best performed elements.

The codi ng to sort the options for envelope elements follows the

procedure of a letter and number. The letter reflects the building

envelope part and the number represents the order of the investigated

options. The roof options were R1, R2, R3, etc. Then the wall options

wi || be presented as W1, W2 , W3 éet c. Last

the form of Win1, Win2, Win3, etc.

6.2 Thermal Insulation Thickness Assessment

During the investigation, number of thermal insulation thicknesses of

same material have been examined . The results show that the total
cooling load (kW) is increasing dramatically after 0.6 U value and after

1.4 W/ m? K. The steady level was found around 0.4 of the U value

which suggests its suitability to mosque building in Riyadh climate

which equalin R value scaleto 2.5 K m2W . (Al-Sanea etal. , 2016)
have suggested the optimum R value for Riyadh buildings in general as

the range between 2 to 2.9 K m?/W . This research is searching specific
type of building, the mosques, where the occupancies, type of activities

and operation were considered. Table 6.1 outlines the sim ulated U

values and the obtained results.
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Table 6.1 The assessed U values and thicknesses

Uvalue Rvalue Total Difference  Concrete Insulation Roof
cooling fromnextU thickness thickness solar
value gains
W/m2K  Km?/W kw cm cm kW
1 0.2 5.00 324.3 0.49% 30 12 5.64
2 0.4 2.50 325.9 0.40% 30 4 7.11
3 0.6 1.67 327.2 2.50% 30 1.3 8.38
4 0.8 1.25 335.6 0.50% 30 0.9 15.62
5 1 1.00 337.3 0.47% 30 0.3 16.55
6 1.2 0.83 338.9 0.15% 25 0.1 18.99
7 1.4 0.71 339.4 2.16% 22 0 21.99
8 1.6 0.63 346.9 2.67% 18 0 34.82
9 1.8 0.56 356.4 4.01% 15 0 50.21
10 2 0.50 371.3 0.00% 13 0 73.29
380
370 371.3
?; 300 356.4
g 330 34679
; ::Z 15 o 307333803394
o 304-3—325:9—921-2
320
310
300
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
U VALUE (W/M2K)
Figure 6-2 Total cooling loads of simulated U values
The U value assessment considered the thickness of the insulation
material in the roof in addition the thickness of the concrete slap of the
roof. It was found that minimum insulation of 0.1 cm is applicable with
the U value of 1.2 ~ W/m2K . From this point, the U value cannot be

achieved w

ith insulation material been used in the roof as the concrete
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slap itself has a higher U value alone. This thickness of 0.1 cm is just

the thickness of roll matt of the insulation. Furthermore, the higher U
value is tested, the thinner the concrete slap is needed. However, the

average thickness for mosque roof slap is roughly between 20 to 30 cm

and that is led to test these options.

Lastly, the solar gains through the roof is analogous to the outline of

th e cooling load path. The observable escalations are correlated to

these in the cooling load. Following in Figure 6-3 shows the chart of
roof solar gains (kW) in the di fferent ten U values.
80
73.29
70
< 60
4
" 50.21
£ 50
©
)
® 40 34.82
o
n
§ * 21.99
02 18.99 '
20 15.62 16.55
., 11
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
U VALUE (W/M2K)
Figure 6-3 Roof solar gains at different U values
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6.3 Roofs Types

This section will explore the variety options for roof

building in Riyadh, Saudi Arabia which is consider a hot arid city

s types for mosque

research investigated 12 roof options including the base case scenario

as shown in the

been simulated in Design Builder an

per floor area (W/m2)

Figure 6-4. The performance of these roof

Additionally, the dif

has been calculated over 12 months.

s options has

ference between the highest and lowest cooling

loads has been measured. N

difference , the better for the

HVAC maintenance and for lowering the electrical consumption

general .

eedless to say , the lowermost the

envelope lifespan. Also it is better for

Alternative Roof Options

. The

in

d the av erage design cooling load
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6.3.1 R1 Base Case Rof

Properties:

This roof is  the most common roof for mosque building s in Riyadh.
Until the moment of writing this thesis there is no building code for

mosque building in Saudi Arabia. Although, the Saudi government has
announced that a special code for mosque is under preparation and to

be enforced soon, most mosques are u sing such a roof and materials
that are very low in energy efficiency scale. This roof is made out of
construction concrete slap, water insulation and finishing tiles. The U

value of this roof is 3. 8 W/m 2K which ma de the thermal quality of this

roof poor. Table 6.2 presents the layers and properties of R1 the Base

Case Roof.
Table 6.2 The properties of R 1 (the Base Case  Roof )
Layers
R1: Base Case Roof from o ) Thickness
outside Description of Materials (cm)
1
32 1 Terrazzo tiles 2
4 2 Cement mortar 2
3 WaterproofBitumen roll 0.3
5 4  Lightweight Portland cement 5
5  Structure concrete 25
6 6 Cement render 2
7
U Value: 3.8 W/rK 7 Paint layer 0.1

The simulated Base Case Roof R1 shows a huge demand for cooling in
the base case option which reflects the worst case scenario. The

coming options will be compared to the R1 Base Case roof to measure
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the saving in cooling loads. Table 6.3 shows the overall loads and

differences in R1.

Table 6.3 The summary of cooling loadsinR 1

Design Cooling Load per Floor area (W/m 2)
Average Monthly 417.45
Min monthly 395.60
Max monthly 435.13
Difference 39.53
Total Annual Energy (KW/m  2/year) 152.37

6.3.2 R2 Current Saudi Building Code Roof

Properties:

This roof is in effect until the end of 2020 as planned in the application

of the Saudi Building Code (SBC, 2018) . The U value of this roof goes
down to 2.4 W/m 2K and that is due to an addition of thermal insulation
layer of Extruded Polystyrene of 5 cm thickness. This requirement is
the minimum of U value assigned for Public Buildings , including
mosques, as sta ted in the Saudi Building Code. Table 6.4 shows the

properties of R2 roof and a simplified section of the roof.
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Table 6.4 The properties of R 2 the Current Saudi Building Code Roof

Layers
R2:Current Saudi Building Cogwof gl(ﬁlzide Description of Materials Théiﬁ?)ess
; 2 1 Terrazzo tiles 2
4 2 Cement mortar 2
S 3 WaterproofBitumen roll 0.3
4  Lightweight Portland cement 5
5  Thermal Insulation Polystyrene 5
6 board
6  Structure concrete 25
8 7 7 Cement render 2
U Value: 2.4 W/RK 8  Paint layer 0.1
The result shows a good improvement of the thermal behaviour of this
roof due to the insulation. The chart below in Figure 6-5 shows the

monthly saving in cooling loads per square meter in the mosque. The

average monthly loads for the base c ase was 417.45 W/m 2 and it goes
down to 384.08 W/m 2 after applying the current Saudi Building Code.

Figure 6-5 shows the saving in cooling loads per floor are a when ap ply

the current Saudi Building Code requirements on the roof.
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Figure 6-5 The cooling loads with the improved R 2 comparetoR 1
It is noteworthy that the difference in the cooling loads per floor area
during the year has less amount after applying the R2. It was 39.53
W/m 2 in the base case R1 and it becomes only 12.10 W/m 2 inthe
current Saudi Building Code roof. This saving in the difference during
the year helps in decreasing loads, maintaining HVAC lifespan and
enhancing a better interior environment. Although, the saving in design
cooling total annually load in R2 is only 8% of the 152.37 KW/m 2 there

is a remarkable improvement in the difference between the minimum

and maximum cooling loads througho ut the year. The difference goes
down from 39.5 W/m 2 inR1tojust12.10 W/m 2 in R2. Itis noteworthy
that this saving achieved only by adding a simple thermal insulation

which is the extruded polystyrene board of 5 cm thickness. The impact
of increase of the thickness of the insulation is discussed earlier onin

the Thermal Insulation Thickness Assessment section.
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6.3.3 R3 Base Case (R1)with Reflective layer Roof

Properties:

This roof context of the same layers as in R1 the base Case roof

however with an addition of white coating layer on top. The U value of

this roof decrease slightly to 3.6 W/m 2K and that is due to the adding

of the reflective white coating layer of paint of White Roof Guard layer.
This layer is recommended in the hot sunny area for roof buildings. It

works by reflecting the direct sun light back to the sky. Thus, ithelp s
in minimising the heat gain through the roof which logically leads to

lowering the cool ing demands. Table 6.5 displays the properties of R 3

roof with a section in the roof.

Table 6.5 The properties of R 3 with the reflective layer

R3: R1 White ReflectiveRoof Layers _
from o . Thickness
L outside  Description of Materials (cm)
2 . .
3 4 1  White Coating layer 0.1
5 2 Terrazzo tiles 2
3  Cement mortar 2
4  WaterproofBitumen roll 0.3
6 5  Lightweight Portland 5
cement
6  Structure concrete 25
g/
7  Cement render 2
U Value: 3.6 W/rK
8 Paint layer 0.1

The result from R3 displays a worthy improvement of the thermal
behaviour of this roof due just tothe benefit of reflecting the direct sun
light . The chart below in  Figure 6-6 shows the monthly saving in

cooling loads per square meter in the mosque after applying the
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reflective | ayer of white coating on the roof as the case of R3 . The

average monthly loads for the base case was 417.45 W/m

down to 38 3.40 W/m 2 after applying the

case without adding any thermal insulation
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Figure 6-6 The comparison of cooling loads between R 3andR 1

Furthermore, the difference in the annual cooling loads per floor area

greater than the one in R2 but it still has less amount after applying

the R3 in contras

decreased to 19.10 W/m

tto R1. It was 39.53 W/m

2 in the base case R1 then it

2 petween the minimum and maximum loads

in both summer and winter. Though, the saving in design cooling total

annually load in R3 is only 8.15% of the 152.37 KW/m

2 of R1, there is

a remarkable improvement in the difference between the minimum and

maximum cooling loads throughout the year which comes in the right

of the building. The difference goes down due to the adding of a white

reflective layer of roof guard paint. The base cas

e in R1 has a finishing

layer of Terrazzo tiles, however in R3 there is just a reflected layer
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above thistilesand it  shows a reasonable saving. This improvement in
R3 has almost same or just a better saving in cooling load in compare
to R2 where the curr  ent Saudi Building Code of thermal insulation was

applied.

6.3.4 R4 New Saudi Building Code Roof

Properties:

After explaining the R2 which is the current Saudi Building Code
requirement for mosque buildingds roof,
from the early of 2021 as stated in the application and the webpage of

the Saudi Building Code  (SBC, 2018) . The U value of this roof goes

down to only 0.36 W/m 2K and that is owing to an addition of super

thermal insulation layer of Foamed Polyurethane  of 8 cm thickness.
This requirement is the minimum of U value assigned for Public

Buildings, incl uding mosques, as stated in the Saudi Building Code.
Moreover, this splendid insulation made from Foamed Polyurethane or
any other insulation material. The requirement is focusing on the U

value of the roof, however this material was selected as it is the most
matching option in the Saudi building materials market. Table 6.6

shows the properties of R2 roof and a simplified section of the roof.
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Table 6.6 The details of R 4 materials and thicknesses

R4:New Saudi Building Co®Roof :c-r?rﬁfs
I outside
2
5
3
4
5
6
6
gt 7
U Value: 0.36 W/AK 8

Description of Materials
Terrazzo tiles
Cement mortar
WaterproofBitumen roll
Lightweight Portland cement

Thermal Insulation Foamed
Polyurethane

Structure concrete
Cement render

Paint layer

The result shows a good improvement of the thermal behaviour of this

roof due to the insulation. The chart below in

Figure 6-7 shows the

monthly saving in cooling load S per square meter in the mosque. The

average monthly loads for the base case was 417.45 W/m

downto 3 74.33 W/m 2 after applying the  new Saudi Building Code.

Figure 6-7 illustrates the saving in cooling loads per floor are when

apply the new Saudi Building Code requirements

roof of mosque building
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Figure 6-7 The saving in roof R 4
The annual difference in the cooling loads per floor area during the

year has very less amount after applying the R4 compare to R1 and

R2. As mentioned, it was 39.53 W/m 2 in the base case R1 and it
dropped to onl y 5 W/m 2 in the current Saudi Building Code roof. This
saving in the difference during the year helps in decreasing loads,
maintaining HVAC lifespan and enhancing a better interior

environment. Although, the saving in design cooling total annually load

in R4 goesupto 10.33 % of the 152.37 KW/m 2 there is a remarkable
improvement in the difference between the minimum and maximum

cooling loads throughout the year. It is noteworthy that this saving

achieved only by adding a decent thermal insulation which is t he

Foamed Polyurethane  of 8 cm thickness

The difference between maximum and minimum cooling load is 5 W/m

and that is resulting from subtracting the lowest winter load from the
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highest in summer load. The maximum and minimum load were 377.10

and 372.10 W/m 2 respectively.

6.3.5 R5 New Saudi Building Code (R4) with Reflective Roof

Properties:

The R5 roof consist s of the same layers as in R4 the new Saudi Building

Code roof however it was made with an addition of white coating layer

on top. The U value of this r

oof decrease slightly from 0.36 to 0.35

W/m 2K and that is due to the adding of the reflective white coating

layer. This layer is made out of paint of White Roof Guard layer. This

layer is recommended in the hot sunny area for roof buildings. It works

by re flecting the direct sun light back to the sky. Thus, it helps in

minimising the heat gain through the roof which logically leads to

lowering the cooling demands.

roof with a section in the roof.

Table 6.7 The properties of R

5 roof with layers

and thicknesses

Table 6.7 displays the properties of R5

] C . Layers .
R5.Nevy Saudi Building Co@R4)+ White from Descr|pt.|on of Thickness
ReflectiveRoof outside Materials (cm)
1
; 2 1  White Coating layer 0.1
5 - 2  Terrazzo tiles 2
3  Cement mortar 2
6
4  WaterproofBitumen 0.3
roll
5  Lightweight Portland 5
cement
7 6 Thermal Insulation 8
Foamed Polyurethane
7  Structure concrete 25
8 g
8 Cementrender 2
U Value: 0.35 W/AK )
9 Paint layer 0.1
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The result from R5 displays a worthy improvement of the thermal

behaviour of this roof due just to the benefit of reflecting the direct sun
light. The chart below in Figure 6-8 shows the monthly saving in

cooling loads per square meter in the mosque after applying the

reflective layer of white coating on the insulated roof as the case of R 4.
The average monthly loads for the base case was 417.45 W/m 2 and it
goesdownto 3 74.10W/m 2 after applying the reflective roof on the

thermal ly insulated roof according to the new Saudi Building Code

standard .
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Figure 6-8 The comp arison of cooling loads between R 5andR 1
This roof has a difference in the annual cooling loads per floor area

almost similar to the one in R4. It still has a better amount after
applying the R5 in contrast to R1. It was 39.53 W/m 2 in the base case

R1 the n it decreased to 5.10 W/m 2 between the minimum and
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maximum loads in both winter and summer separately. Though, the
saving in design cooling total annually load in R5 is only 10.39 % of the
152.37 KW/m 2 at R1, there is a remarkable improvement in the

differ ence between the minimum and maximum cooling loads

throughout the year which comes in the right of the building. The

difference goes down due to the adding of a white reflective layer of

roof guard paint. The  insulated roof in R4 has a finishing layer of
Terrazzo tiles, howeverin R 5 there is just a reflected layer above this
tiles and it shows a reasonable saving. This improvement in R 5 has
almost same or just a better saving in cooling load in compare to R 4
where the new Saudi Building Code of thermal insulation was applied.
Although, the difference between maximum and minimum monthly

loads in R5 is a bit higher than the one on R4, the total annual energy

demand is a bit lower.
6.3.6 R6 @hohandimprovements Roof
Properties:

This roof is recommended from a study done by (Shohan, 2015) it

recommends using this type of roof for mosque building in Riyadh

climate. The U value of this roof is only 0.27 W/m 2K and that is owing
to an addition of thermal insulation layer and another layer of foamed
concrete of 6cm. Moreover, this thick roof is insulated with Foamed

Polyurethane of 8 cm . The study from Shohan suggested this
improvement for optimum saving in cooling loads and for providing
thermally comfort zones. Table 6.8 shows the propertiesof R 6 roof as

suggested by (Shohan, 2015)
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Table 6.8 The layers and thicknesses of R 6

Layers
R6:Shohan Improvements Roof from
outside
1
2 1
3
4 2
5
3
6
4
5
7 6
7
8 o
8
U Value: 0.27 W/AK 9

Description of Materials
Terrazzo tiles
Cement mortar

Foamed Lightweight Portland
concrete

WaterproofBitumen roll
Lightweight Portland cement

Thermal Insulation Foamed
Polyurethane

Structure concrete
Cement render

Paint layer

The result from R6 shows similar improvement of the thermal

behaviour of the R5. However R6 is thicker and has less U value. The

chart below in  Figure 6-9 shows the mo nthly saving in cooling loads

per square meter in the mosque. The average monthly loads for the

base case was 417.45 W/m 2 and it goes down to 37
applying the Shohan suggestion . Figure 6-9 illustrates the saving in

cooling loads per floor are when apply R6 of insulation on the roof of

mosque building.
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Figure 6-9 The saving in cooling loads based on  Shohan improvements R

The annual difference in the cooling loads per floor area during the
year has very less amount after applying the R4 compare to R1 and
previous roofs. As mentioned, it was 39.53 W/m 2 in the base case R1
and it dropped to only 4.9 W/ m?2 in the Shohan improvements roof.
This reduction in the difference during the year helps in decreasing

loads, maintaining HVAC lifespan and enhancing a better interior
environment. Although, the saving in design cooling total annually load

in R6 goes up to 10.4% of the 152.37 KW/m 2 there is a remarkable
improvement in the difference between the minimum and maximum
cooling loads throughout the year. It is noteworthy that this saving
achieved only by adding a decent thermal insulation which is the

Foamed Po lyurethane of 8 cm thickness plus a layer of foamed
concrete of 6 cm. The difference between maximum and minimum

cooling load is 4.9 W/m 2 and that is resulting from subtracting the
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lowest winter load from the highest in summer load. The maximum and

minimum load were 371.80 and 376.70 W/m 2 respectively.

6.3.7 R7 New Saudi Building Code Roof (R4) with PCMlayer

Properties:

This roof R7 is made up of the same layers as R4 which is based on

new Saudi Building Code roof however it has an addition of a phase

chan ge material layer on the innermost layer . The U value of this roof

declined from 0.36 to 0.24 W/m 2K and that is due to the adding of the
PCM layer. This layeris  made of Bio PCM - Q27 which is the most
common in the market and it is also recommended for the hot climate
(Zeinelabdein etal. , 2018) . Its environmentally  -friendly and it is
derived from naturally food grade substances. It is Non -toxic and
biodegradable . The melting point of  this mate rial is 27°C, the latent
heat is 210 -250J/g and the thermal conductivity is 0.15 -2.5W/mK.
works as thermal insulation plus thermal storage . Thus, it helps in
minimising the heat gain through the roof which logically leads to

lowering the cooling demands . Furthermore, the product comes in
different forms, the suggested one is the mat that has the PCM as

inner capsules which allow easier applicability on the inner ceiling of

the

the large prayer hall. Table 6.9 shows the properties of R 7 roof with a

section in the layers .
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Table 6.9 The properties and layers of R 7

R7:New Saudi Building CodRoof (R4) ravers Thicknes
+ PCM layer outside Description of Materials = s (cm)
1 > 1 Terrazzo tiles 2
° 4 2  Cement mortar 2
3 WaterproofBitumen roll 0.3
? 4  Lightweight Portland cement 5
5  Thermal Insulation Foamed 8
Polyurethane
& 6  Structure concrete 25
7  Cementrender 2
78 8 Phase Change Materials Ma 2

U Value: 0.24 W/AK (Bio PCM Q27)

The roof R7 result shows an improvement of the thermal performance

of this roof due just to the benefit of thermal enhancement after

applying the Phase Change Material layer. The chart below in Figure
6-10 shows the monthly saving in cooling loads per square meter in

the mosque after applying the PCM layer underneath the insulated

roof. The average monthly loads for the base case was 417.45 W/m 2
and it goes down to 373.6 4 W/m 2 after applying the PCM layer on the
thermally insulated roof according to the new Saudi Building Code

standard.
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Figure 6-10 The saving in cooling load after applying the PCM material

R7 has a difference in the annual cooling loads per floor exactly similar

to the one in R4 which has a Foamed Polyurethane layer of 8 cm
thickness. The difference between the minimum and maximum loads in

both winter and summer separately in R1 was 39.53 W/ m?2, the base
case, then it decreased to 5 W/m 2 in R4 and R7. However, R7 has a
slightly better amount in the total annual energy demand after

applying the PCM. Though, the saving in design cooling total annually

load in R 7 is only 10. 5% of the 152.37 KW/m 2 at R1, there is a
remarkable improvement in the difference between the minimum and
maximum cooling loads throughout the year which comes in the right

of the building. The difference g oes down due to the adding of the PCM
layer as an inner finishing ceilin g board . This improvementin R 7 has
same figure in the difference but it actually has a minor saving in
cooling load in compare to R4 where the new Saudi Building Code of

thermal insulation was applied. Considering that, the PCM layer did not
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has a noticea ble advantage in the matter of the thermal behaviour of

the roof.

6.3.8 R8 New Saudi Building Code Roof (R4) with Shading

Properties:

This scenario of R8 roof contains the same layers as in R4 the new

Saudi Building Code roof however it has a movable shading de vice
layer on top located on 1m height. The U value of this roof is the same

as the one in R4 0.36 W/m 2K but the shading element is preventing the
roof from direct sun light. This shading tent is made out of white fabric

and shading is no doubt a recommend ed traditional technique in the
hot sunny area for buildings. In addition to the shading, it mechanisms

in reflecting the direct sun light back to the sky too. Furthermore, the

air gab of 1m between the roof and the shading helps circulating the
arthusc ool ing the roofds surface. Consequent!l
the heat gain through the roof which logically leads to lowering the

cooling demands. Table 6.10 displays the properties of R 8 roof.

Table 6.10 The properties of R 8 roof with layers and thicknesses
R8:New Saudi Building Cooof (R4) + pavers Thickness
Shading outside  Description of Materials (cm)
1 Shgding Device 1 Movable membrane shading
3, ¢ 1m high
5 N 2  Terrazzo tiles 2
3 Cement mortar 2
i 4  WaterproofBitumen roll 0.3
5  Lightweight Portland cement 5
6 Thermal Insulation Foamed 8
7 Polyurethane
7  Structure concrete 25
89

U Value: 0.36 W/AK
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8 Cement render

9  Paint layer

The result of roof R8 demonstrates a worthy improvement of the
thermal behaviour of this roof owing just to the assistance of shading
the roof from the direct sun light. The chart below in
the monthly saving in cooling loads per square meter in the mosque

after applying the  shading layer of white fabric membrane on the

insulated roof as the case of R4. The average monthly loads for the

0.1

Figure 6-11 shows

base case R1 was 417.45W/m 2and it goes downto 37 3.38 W/m 2 after

applying the shaded roof on the thermally insulated roof according to

the new Saudi Building Code standard.
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Figure 6-11 The monthly saving of the shaded insulated roof R 8

The R8 roof has the lowest difference in the annual cooling loads per
floor area among all roof options. It has the best amount after applying

the shading in contrast to R1. It was 39.53 W/m 2 in the base case
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then it declined to 3.10 W/m 2 between the minimum and maximum
loads in both winter ~ and summer individually. Though, the saving in

design cooling total annually load in R8 is only 10.56% of the 152.37

KW/m 2 at R1, thereisa n extraordinary improvement i n the difference

between the minimum and maximum cooling loads throughout the

year which comes in  favour of the building . The insulated roof in R4
has a finishing layer of Terrazzo tiles, additionally in R8 thereis a
movable shading device  one meter above this tiles. This improvement

in R8 has a better saving result in cooling load in compare to R4 where

the new Saudi Building Code of thermal insulation was applied. This

result is especially better in the difference between the loads during

the yearly seas ons. Although, the difference between maximum and
minimum monthly loads in R 8 is significantly lower than other options
the total annual energy demand is marginally lower. This situation in

R8 showed how effective is the shading when it is compared to oth

roof options  while considering the feasibility of applying this choice.

6.3.9 R9 Extensive Green Roof

Properties:

Here is another type of roof where the green vegetation is introduced.

This roof is one type of three main types of green roof as presented in
Green Roofs section in Chapter 4. The Extensive green roof is the most
simple and thinner type among other green roof options. The U value

of this roof goes down to 0.8 7 W/m 2K and that is due to multi layers of

required green roof installation standard. Table 6.11 shows the
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properties of R9 roof  and a simplified section of it. The to p finishing
layer of this roof is a grass layer of 8 cm in height.
Table 6.11 The materials and thicknesses of R 9
R9:Extensive Green Roof ;‘r?,frs
outside Description of Materials
! 1 Grasg; Vegetation Plants
2 Growing mediunt Soil
) 3 Filter fabric
4  Drainage board
5 X 5 Root barrier
3 6 6  Protection fabric
9 7  Cement mortar
10 8  WaterproofBitumen roll
9  Lightweight Portland cement
11 10 Thermal Insulation Polystyrene board
11  Structure concrete
13 12 12 Cement render
U Value: 0.87 W/aK
13  Paint layer

Owed to the extra layers of green roof system, the Extensive Green

Roof R9 shows an upright improvement of the thermal behaviour of the

building. The chart below in

Figure 6-12 shows the monthly saving in

cooling loads per square meter area in the mosque. The average

monthly loads for the base case was 417.45 W/m

372.42 W/m 2 after applying the Extensive Green Roof option.
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Figure 6-12 The monthly saving in cooling load in R 9 option
It is noteworthy that the difference in the cooling loads per floor area
during the year has less amount after applying the R 9. It was 39.53

W/m 2 in the base case R1andi tbecomesonly 5 W/m 2 inthe Extensive
Green roof R9. This saving in the difference during the year helps in
decreasing loads, maintaining HVAC lifespan and enhancing a better

interior environment. Although , the improvement in the difference

between the mi  nimum and maximum cooling loads throughout the

year is similar to the output of R4 and R7 , the saving in design cooling
total annually load in R 9 is the highest among all other previously
mentioned roof options . The savingis 11.81 % of the 152.37 KW/m  2in
the base case R1. It is notable that this saving achieved by adding an

extensive Green Roof to an insulated roof of the R2 specification.

6.3.10 R10 Base Case Roof (R1)with a Shading

Properties:
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Surprisingly this roof has the optimum performance among all

investigated roof options. It is very simple as a shading device is

applied on the base Case roof. R10 has a movable shading device layer
on top of non -insulated roof located on 1m height. The U value of this
roof is the same as the one in R1 3.8 W/m 2K but the shading element
is preventing the roof from direct sun light. Similar to the shading in

R8, this shading tent is made out of white fabric and shading is no

doubt a recommended traditional technique in the hot sunny area for
buildings. In addition to the shading, it mechanisms in reflecting the

direct sun light back to the sky too. Figure 6-13 presents a n e xample
of roof shading solution  with air gap between the roof slap and the

shading device.

Figure 6-13 Example of roof shading solution with air gap
Furthermore, the air gab of 1m between the roof a nd the shading
hel ps circulating the air thus cooling the

helps in minimising the heat gain through the roof which logically leads
to lowering the cooling demands . Table 6.12 shows the properties of

R10 roof and a simplified section of the roof .
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Table 6.12 The properties of Roof number 10

Layers
from o ] Thickness
R10: Shaded Roof outside Description of Materials (cm)
' 1 Shading Device
2 1 Movable membrane shading
4 3 1m high
5 2 Terrazzo tiles 2
3 Cement mortar 2
< 4  WaterproofBitumen roll 0.3
5  Lightweight Portland cement 5
6  Structure concrete 25
7
8
7 Cementrende 2
U Value: 3.8 W/BK ' '
8 Paintlayer 0.1
The result of roof R10 reveals a well -intentioned improvement of the

thermal behaviour of this roof owing just to the assistance of shading

the roof from the direct sun light. The chart below in Figure 6-14 shows
the monthly saving in cooling loads per square meter in the mosque

after applying the shading layer of white fabric membrane on the

uninsulated roof as the base case of R1. The average monthly loads for

the bas e case R1 was 417.45W/m 2 and it goes down to 368.17 W/m 2

after applying the shaded roof on the non -thermally insulated roof.
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Figure 6-14 The monthly saving in R 10 the shaded roof

This scenario shows the  impact of only shaded roof on the thermal
performance even if it is not insulated. The R10 roof has the lowest
average monthly and annually cooling loads per floor area among all
roof options. It has the best amount after applying the shading in
contrastt o R1. Even though, the difference between the minimum and
maximum cooling loads throughout the year has increased to 6.6

W/m 2, the saving in design cooling total annually load in R10 is the
best as it reaches 11.81% of the 152.37 KW/m 2 at R1. The uninsulat
roof in R1 has a finishing layer of Terrazzo tiles, additionally in R8 there
is a movable shading device located on one meter above this tiles. This
improvement in R10 has a better saving result in cooling load in
compare to R8 where the new Saudi Build ing Code of thermal
insulation was applied plus a same shading element. Although, the

total annual energy demand is obviously lower, the difference between

maximum and minimum monthly loads in R10 is innocently double the
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difference in option R8. This situ ation in R10 showed how effective is
the shading when it is compared to other roof options while considering
the feasibility of applying this choice. The uninsulated shaded roof
performed a bit better than the insulated shaded roof and that could be
due to the ability of the building breathing out the heat easily without
insulation. This also another meaning of thermal mass in the

sustainable building realm.

6.3.11 R11 Semi-intensive Green Roof

Properties:

In this optio  n, another type of green roof w ere presented . This roof is
the 2 " main type of three green roof types as presented in Green
Roofs section in Chapter 4. The semi -intensive green roof R11 is the

middle option betwe en extensive R9 and intensive R12 in the scale of
simplicity and thickness. The U value of this roof goes down to 0.77

W/m 2K and that is due to multi layers of required green roof

installation standard. R11 is thicker than R9 due to the need of deeper

soil layer and the use of  Herbaceous Perennials as plants . Table 6.13

shows the properties of R9 roof and a simplified section of it.

Aasem Alabdullatief i PhD Thesis 166



Table 6.13 The properties of the Semi -Intensive Green Roof R 11

R11:Semiintensive Green Roof ::ayers Thickn
rom Lo . ess
outside Description of Materials (cm)

1 1 Herbaceous Perenniads 15
Vegetation Plants
2 Growing mediung Soil 25
3 Filter fabric 0.4
2 4  Drainage board 5
3 5 Root barrier 1.2
£ 2 6  Protection fabric 0.8
-6
o 8 7 Cement mortar 2
10 8  WaterproofBitumen roll 0.3
9 Lightweight Portland cement 5
10 Thermal Insulation Polystyrene 5
11 board
11  Structure concrete 25
1312 12 Cement render 2
U Value: 0.77 W/AK 13 Paint layer 0.1

Owing to the extra layers from the green roof system, the Semi -
Intensive Green Roof R 11 displays almost no improvement in the
thermal behaviour of the building comparing to R9 the Extensive green
roof . The chart below in  Figure 6-15 shows the monthly saving in

cooling lo ads per square meter area in the mosque for semi -intensive
green roof in judgement to R1 the Base Case and R9 the Extensive

Green Roof . The average monthly loads for the base case was 417.45

W/m 2 and it goes down to 372. 79 W/m 2 after applying the =~ Semi -

int ensive Green Roof option. On the other hand, when the R11

compared to R9 there is no improvement at all in the difference of the

Min and Max average monthly loads which is 5 W/m 2. In fact, the total
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annually cooling load increased in R11 and the saving from the base

case became 10.70% which was 11.81% in R9.
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s R1 Base Case Roof mmm R9 Extensive Green Roof
mmmm R11 Semi-intensive Green Reeb==Avg temp °C
Figure 6-15 Theloads in R11 comparedtoR 1 andR 9
This lower result of R11 compared to R9 gives an indication to avoid
this type of Green Roof as it has a negative result in parallel to its extra
cost as its require deeper soil and higher plants not a like to R9.
6.3.12R12 Intensive Green Roof
Properties:
R12 is the third  type of green roof  which presented in Green Roofs
section in Chapter 4. The Intensive green roof R1 2 is the utmost option

among extensive R9 and semi-intensive R1 1 greenroofs in the scale of
simplicity and thickness. The U value of this ro of goes downto 0. 68
W/m 2K and that is due to  the several layers of required green roof

installation standard. R1 2 is thicker than R9 and R11 due to the need
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of deeper soil layer and the use of Small Shrubs as plants. Table 6.14
shows the properties  and a simplified section of R12 roof .
Table 6.14 The properties and a simplified section of R 12 roof
Layers Thickn
R12:Intensive Green Roof from o ) ess
outside Description of Materials (cm)
1  Small shrubg Vegetation Plants 50
1 2 Growing mediung Soil 30
3 Filter fabric 0.4
4  Drainage board 5
2 5  Root barrier 1.2
3 6  Protection fabric 0.8
5 i 7 Cement mortar 2
7.0
9 o 8  WaterprootBitumen roll 0.3
10 9  Lightweight Portland cement 5
10 Thermal Insulation Polystyrene 5
board
11
11  Structure concrete 25
— 15 12  Cementrender 2
U Value: 0.68 W/EK 13  Paint layer 0.1
Similar to the Semi -Intensive Green Roof R11, the Intensive Green
Roof R12 shows no overall advantage. As a result of the extra layers
from the green roof system here , the Intensive Green Roof R12 shows

almost same outcome in the thermal behaviour of the building

comparing as R4 the insulated roof. The average monthly loads for the

base case was 417.45 W/m 2 and it goes down to 37

applying the Intensive Green Roof option. On the other hand, when the

R12 compar ed to R9 thereis a very slight

difference of the Min and Max average monthly loads which is 5

improvement in the

W/m 2in R12. In fact, the total annually cooling load increased in R1

Aasem Alabdullatief i PhD Thesis

3.59 W/m 2 after

.10

2

169



and the saving from the base case became 10. 51 % which was 11.81%
in R9. Itis also worse than the insulated roof from the new Saudi

Building Code R4 where it was 10.33%. The chart below in Figure
6-12 shows the mon thly saving in cooling loads per square meter area

in the mosque for Intensive green roof in judgement to R1 the Base

Case, R9 the Extensive Green Roof and Semi -Intensive green roof R11.

This chart proves that R9 is the most suitable option of green roofs for

the mosque building in hot arid climate.
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370.00
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Cooling Load per
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sz R1 Base Case Roof mmm R9 Extensive Green Roof
mmm R11 Semi-intensive Green Rex™m R12 Intensive Green Roof
Avg temp °C

Figure 6-16 Theloads in R12 comparedtoR 1,R9 andR 11
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6.3.13 Summary of Roof Options

As presented previously, 12 roof options were investigated for an
improvement of a case of mosque Building in Riyadh, Saudi Arabia.

These options were displayed in their efficiency order. The current

standard of the Saudi Building Code R2 showed the least acceptable
saving in cooling load. However the Saudi Building Code is refining next
year and the new code revealed a better result. Moreover, other

technigues have been examined like reflective coating, PCM, green roof
and shaded roof. The most saving was obtained in the R10 the shaded
uninsulated roof as the shading provided a protection from sun and the
absence of insulation allowed the building to breath and exhaust out

the heat. Presents the saving in the options. Lastly, the green roofs

showed similar results so the R9 extensive green roof has been

considered due to its feasibility. Thus, R4, R9 and R10 will be simulated

in combination with the selected wall and window lately. The following

chart Figure 6-17 shows the average cooling loads for the roof options

from R1 to R10.
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Figure 6-17 The cooling load savings of the roof options
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6.4 Walls Options

This section will present the variety options for walls types for mosque
building in Riyadh, Saudi Arabia which is consider a hot arid city. The
research investigated 8 walls options including the base case scenario.
The performance of these walls options has been simulated in Design
Builder software and the av  erage design cooling load per floor area
(W/m2) has been calculated annually. Additionally, the difference
between the highest and lowest cooling loads during the yearly seasons
has been measured. Cle arly, the lowermost the difference, the better
for the envelope lifespan, HVAC maintenance and for lowering the
electrical consumption. It shows the eight explored walls options and
their types. Due to reasonable number of walls op tions, they will be

prese nted separately first and then their results will be presented all

Alternative Walls Options

together.
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Figure 6-18 Types of explored walls options
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6.4.1 W1 Base Case Wall

This wall is the most  common wall for mosques in Riyadh as it is the
cheapest and easiest wall to build. Until the moment of writing this

thesis there is no building code for mosque building in Saudi Arabia.

Although, the Saudi government has announced that a special code for
mosque is under preparation and to be enforced soon, most mosques

are using such a wall and materials that are ranked low in energy

efficiency scale. This wall W1 is made out of concrete blocks, cement

layers and finishing paints on both sides. The U value of this roof is 1.8
W/m 2K which made the thermal quality of this roof very poor. Table

6.15 presents the layers and properties of W1 the Base Case Wall.

Table 6.15 The properties of W 1 Base Case Wall

. Layers -
W1: Base Case Wall from Descr|pt.|on of Thickness
outside Materials (cm)
1 External Paint layer 0.1
23 4 5 67
2  Cementrender 15
3 Cement plaster 15
4  Concrete block 20
5 Cement plaster 15
6 Cementrender 15
U Value: 1.8 W/EK 7  Internal Paint layer 0.1

The simulated Base Case Wall W1 shows a huge demand for cooling in
the base case scenario which reflects the worst case. The coming

options will be compared to the R1 Base Case roof to measure the

saving in cooling loads.  Table 6.3 Table 6.16 shows the overall loads

and differences in Base Case that has the W1.
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Table 6.16 Summary of loads in W 1 the Base Case Wall

Design Cooling Load per Floor area (W/m 2)
Average Monthly 417.45
Min monthly 395.60
Max monthly 435.13
Difference 39.53
Total Annual Energy (KW/m  2/year) 152.37

6.4.2 W2 Current Saudi Building Code Wall

W2 wall is in effect until the end of 2020 as planned in the application

of the Saudi Building Code (SBC, 2018) . The U value of this wall goes
downto 1.2 W/m 2K and that is due to an addition of thermal insulation
layer of Extruded Polystyrene of 5 cm thickness inside the blocks. This
requirement is the minimum of U value assigned for Public Buildings,
including mosques, as stated in the Saudi Building Code. Table 6.17

shows the properties of W2 wall and a simplified section of it.

Table 6.17 The properties of W 2 Current Saudi Building Code Wall
W?2: Current Saudi Building Cotéall fLr?;frs Thickness
outside Description of Materials (cm)
1  External Paint layer 0.1
12 2 o 4 : 3 67 2 Cement render 1.5
3  Cement plaster 15
4  Concrete compact block with 20
5cm Polystyrene board layer
5 Cement plaster 15
6 Cement render 15
U Value: 1.2 W/gK 7  Internal Paint layer 0.1
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6.4.3 W3 @l-SaneadSuggestedWall

W3 wall is recommended from a study done by (Al-Sanea etal. ,

2016) .This study recommends using suggested u values of walls for
building s in Riyadh city . The U value of this  wall isonly 0. 41 W/m 2K
and that is owing to an addi tion of thermal insulation layer of Extruded
Polystyrene of 5 cm thickness between two layers of concrete blocks

Moreover, this  sensibly thick wall is insulated more than the wall in W2.
The study from  @Al-Sanea 6suggested this improvement for optimum

saving in cooling loads  under same circumstances of hot arid climate of

Riyadh . Table 6.8 shows the properties of W 3 @l-Sanea 6 Wall.

Table 6.18 The properties of W 3 Al -Sanea d6Wall

W3: Bl-Sane&buggestedVall fLr?rfrs Thickness
outside Description of Materials (cm)
1 External Paint layer 0.1
23 4 5 6 78
9 2  Cementrender 15
3 Cement plaster 15
4  Concrete block 15
5 Thermal Insulation 5
Polystyrene board layer
6  Concrete block 15
U Value: 0.41 W/AK 7  Cement plaster 1.5
8 Cementrender 15
9 Internal Paint layer 0.1

6.4.4 W4 Ghohandlmprovements Wall

This wall is recommended from a study done by (Shohan, 201 5), it
recommends using this type of wall for mosque building in Riyadh

climate. The U value of this wall is only 0. 4 W/m 2K and that is owing to
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an addition of thermal insulation layer and another layer of block form
concrete . Moreover, this thick wall is insulated with Foamed

Polyurethane of 5 cm. The study from  &hohan 6suggested this
improvement for optimum saving in cooling loads and for providing

thermally comfort zones. Table 6.19 shows the properties of W4 wall as

suggested by (Shohan, 2015)

Table 6.19 The properties of W 4 wall

W4: 8hohaflmprovementswall hﬁﬁfrs Thickness
outside ~ Description of Materials (cm)

12 3 4 > 6 7 89 1 External Paint layer 0.1
2 Cementrender 15
3 Cement plaster 15
4  Concrete block 20

5  Thermal Insulation Foamed 5

Polyurethane

U Value: 0.4 W/iK 6  Concrete block 10
7  Cement plaster 15
8 Cementrender 15
9 Internal Paint layer 0.1

6.4.5 W5 Dynamic Wall

This wall was tested due to its feasibility and how easy and cheap to

use. The U value of this  wall isonly 0. 3 W/m 2K and thatis due to an
addition of thermal insulation layer and another layer of block form

concrete. Moreover, this wall is insulated with an air gab between the
two layers of blocks with thickness of 10cm . Table 6.20 shows the

properties of W 5 Dynamic Wall.

Aasem Alabdullatief i PhD Thesis 177



. . Layers
W5: DvnamicWall from o . Thickness
outside Description of Materials (cm)
1 External Paint layer 0.1
23 4 5 6 7 89
2  Cementrender 15
3 Cement plaster 15
4  Concrete block 15
5 Airgap 10
6  Concrete block 15
U Value: 0.3 W/fK 7  Cement plaster 15
8 Cementrender 15
9 Internal Paint layer 0.1

Table 6.20 The properties of W 5 Dynamic Wall

6.4.6 W6 New Saudi Building Code Wall

The W6 wallis planned to be in  effect from the beginning of 202 1 as
announced inthe webpage ofthe Saudi Building Code (SBC, 2018) .
The U value of this wall goes down to 0.29 W/m 2K and that is due to an

extra thick wall  contained of thermal insulation layer of Foamed

Polyurethane of 8 cm thickness in between of two layers of blocks. This

requirement is the minimum of U value assigned for Public Buildings,
including mosques, as stated in the Saudi Building Code. Table 6.21

displays the properties of W 6 wall and a simplified sectio  n of it.
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Table 6.21 The properties of W 6 wall and a simplified section of it

Layers _
W6:New Saudi Building Codfall gﬁfs"ide Description of Materials Thégﬁ:)ess

1 External Paint layer 0.1
23 4 5 6 7 89 2 Cement render 1.5
3 Cement plaster 15
4  Concrete block 20

5  Thermal Insulation 8

Foamed Polyurethane

6  Concrete block 10
U Value: 0.29 WIRK 7  Cement plaster 15
8 Cementrender 15
9 Internal Paint layer 0.1

6.4.7 W7 New Saudi Building Code Wall (W6) with a PCM layer

The W7 wall consists of the same layers as in W6 the new Saudi

Building Code wall, however it has an additional layer of Phase Change
Materials 45% in Gypsum Board layer internally. The U value of this

wall increased slightly from 0.29 to 0.35 W/m 2K and that is due to the
adding of the PCM layer. This layer is made out of PCM Gypsum Board
that is environmentally -friendly and it is derived from naturally food

grade substances. Itis Non -toxic and biodegradable. The melting point

of it is 27°C, the latent heat is 210 -250J/g and the thermal

conductivity is 0.15  -2.5W/mK. It works as thermal insulation plus

thermal storage. Thus, it helps in minimising the heat gain thro ugh the
wall which logically leads to lowering the cooling demands. Table 6.22

shows the properties of W7 wall with a section in the layers.
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Table 6.22 The properties of W 7 wall

. . - Layers
W?7:New Saudi Building Codall from o . Thickness
+ PCM Layer outside ~ Description of Materials  (cm)
1 External Paint layer 0.1
23 4 5 6 759
8 2 Cement render 15
3 Cement plaster 15
4  Concrete block 20
5  Thermal Insulation 8
Foamed Polyurethane
6  Concrete block 10
U Value: 0.35 W/AK 7  Cement plaster 1.5
8  Stainlesssteel structure 0.8

frames

9 Phase Change Materials = 2.5
45% in Gypsum Board

10 Internal Paint layer 0.1

6.4.8 W8 New Saudi Building Code Wall (W6) with a Greenlayer

(Vertical Garden)

Taking into consideration that no mosque building has this type of wall

as presented earlier in chapter 4. The W8 wall consists of the same

layers as in W6 the new Saudi Building Code wall, however it has an

additional layer of the vertical garden system. The U value of this wall
increased slightly from 0.29 to 0. 28 W/m 2K and that is due to the

adding of the wet soil layer and the plant layer. This holding layer is
made out of fabric thatis environmentally -friendly andit allow water
irrigation to go throw . The plants options are widely available and they
would help in enhancing the indoor environment through minimising

the CO2 level and balan cing the humidity level . The green layer works

as thermal insulation plus thermal storage. Thus, it helps in minimising
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W8: New Saudi Building Codfgall

23

the heat gain through the wall which logically leads to lowering the

cooling demands.

section in the layers.

+ Green Layer

Table 6.23 shows the properties of W

Table 6.23 The properties of W

from

Layers

outside

U Value: 0.28 W/&K

10

6.4.9 Result & Discussion of Wall Options

As presented, seven walls options were examined. The results reviled a

rational savings in these options that varies from 7% to 11%.

8 wall with a
8 wall
Thickness
Description of Materials (cm)
External Paint layer 0.1
Cement render 15
Cement plaster 15
Concrete block 20
Thermal Insulation 8
Foamed Polyurethane
Concrete block 10
Cement plaster 15
Stainlesssteel structure 3
frames
Fabric bags filled with soil 14
Plants -
The

order of walls presented above is the order of their efficiency. Thus, the

lowest saving came in W2 the current Saudi B

greater saving is obtained from the W

to W4 the new Saudi Building Code Wall.

the savin gs in cooling loads from all walls options.
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Moreover, the

8 when a layer of PCM is added

Figure 6-19 below presents
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difference between the minimum and maximum monthly loads, as of

winter and summer, goes down from 39.53 W/m ?21t029.70 W/m ?in
W?7. Even though, the savings when walls options applied is fairly

consid erable, the fact that main source of heat gain is through the roof
plays a key role here. Figure 6-20 shows the average cooling loads per

floor area for the all wall op tions.
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Figure 6-20 The annual cooling loads of all walls options
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6.5 Windows Options

Within the same as roofs and walls presented, nine windows options

were investigated in this study. They were presented here according to

their performance. The reasons behind selecting these windows options

are based on two factors 1) their availability in the S audi building
market 2) the innovative techniques that has not been explored in the
selected context. The performance of these windows options has been
simulated in Design Builder software and the av erage design cooling
load per floor area (W/m2) has been calculated over the year. In
addition, the difference between the highest and lowest cooling loads

has been measured. The 9 windows options  are listed below in  Table

6.24 in addition to their components and U values keeping in mind all
options were simulated in a same uPVvC frame .
Table 6.24 The 9 windows options and their details
Layers
Windows Options from Description of Materials U Value
. W/m2K
outside
Win 1 Base Case Window 1 Single layer 6mm glass 3.2
S . 1 Glazing layer 6mm glass
. Saudi Building Code SBC Wind g2y g
Win 2 . 2 Argon Gas layer 1.87
(Double Glazing) -

3 Glazing layers 4mm glass
1 Glazing layer 6mm glass
2 Argon Gas layer

Win 3 Smart Window (SBC) 3 Sensor control of Electrochromic 1.87

F'd 2dziR22NJ I ANJ

4 Glazing layers 4mm glass
1 Glazing layer 6mm glass
2 Argon Gas layer

Win 4 Triple Window 3 Glazing layers 4mm glass 1
4 Argon Gas layer
5 Glazing layers 4mm glass
1 Glazing layer 6mm glass

Win 5 Quadruple Window 2 Argon Gas layer 0.78

P 3 Glazing layers 4mm glass '

4 Argon Gas layer
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Glazing layers 4mm glass
Argon Gas layer

Glazing layers 4mm glass
Glazing layer 6mm glass
Argon Gas layer

NP |[N[O|O

Win 6 Smart Window 2 (SBC) Sensor control of Electrochromic |  1.87
at Solar irradiance: 150 w/m2

w

Glazing layers 4mm glass
3M external all seasons layer
Glazing layer 6mm glass
Argon Gas layer

Glazing layers 4mm glass
Argon Gas layer

Glazing layers 4mm glass
Air gab

Light blind

Louver (over hanged) shading
device

Glazing layer 6mm glass 1.87
Argon Gas layer

Glazing layers 4mm glass
3M external all seasorlayer
Glazing layer 6mm glass
Argon Gas layer

Glazing layers 4mm glass

Win 7 Shohan Improvement Window 0.7

OIN[([O(ON|BR|W[IN|FP|D>

[EEY

Win 8 SBC + Louver Shading Window

Win 9 SBC + Reflective Film Window

1.34

BWIN|IRP|DWIN

Result:

As mentioned before, the order of windows options from Winl to Win9

reflects their energy efficiency. The U value varies from option to

another within a range between 3.2 T 0.7 W/m2K . In contrast, the U

value doesnodot reflect the saving which mean
achieved in Win9 even though it has a higher U value than Win4, Win5

and Win7.

The average monthly loads for the base case was 417.45 W/m Zand it
goes down to 388.33 W/m 2 after applying the Saudi Building Code as

in Win2. The code is recommending the double glazing option and it is

found to be fair. The triple glazing Win4show a better result in compare

to the double Win2, however the result of the quadruple glazing Win5
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is absolutely the same  as the result from triple glazing Win4 even with

a difference in their U value as seen in Table 6.24.

Two types of smart window system were tested . First Win3 is with a
sensor controlled by the outdoor air temperature when it reaches 36 °C
then the glazing transfer to a darker transparency. The second Win6 is
with a smart sensor to the solar intensity when it reaches 150 w/m2
However, the results w  ere not promising as they came not far away

from Win2 and Win4. Furthermore Win7 presented the improvements

by (Shohan, 2015) andithas the lowest U value due to the extra 2

layers of reflective film outside and a blind inside. In fact, the secr et for
success in windows options for energy efficiency is the protection from

direct sun light. This fact came in parallel with the result from Win8

and Win9 as they are double glazing with louver shading and reflective

film respectively. The optimum savi ng were found in Win9 which is

double glazing with a reflective film. Table 6.25 presents the

specification of the reflective film in Win9. Thus, this Win9 is the

chos en window option for completer envelope combination. Lastly, the

F elaborates the savings of the 9 windows options.

Table 6.25 The specification of the reflective film in Win 9

Reflective FilmProperties- 3M external all seasons
Thickness (mm) 0.04
Thermal Conductivity (W.mK1)  0.1385
Solar transmittance  0.309
Outside solar reflectance 0.566
Inside solar reflectance 0.584
Visible transmittance 0.48

Outside Visible transmittance 0.421
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Inside Visible transmittance 0.434
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Figure 6-21 The annual cooling loads of windows options
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Chapter 7 Discussion

This chapter presents the overall discussion of the suggested
alternatives for roof, walls and windows for a mosque building in the

hot arid climate of Riyadh, Saudi Arabia. After presenting the whole
results of roof, walls and windows options in the last chapter, it is

important to discuss these results among themselves and among other
sources. The discussion will cover number of scenarios, the best

options from envelop mater ials in combination with other options and
with optimal options. Following that part of the discussion, an

application of the best options from the already presented
combination s will be assessed on a real case under same weather
condition. Although,  (Shohan, 2015) has considered more than a few
of mosque buildingbés envelop options, hi
consideration up-to -the -minute choices. An example of these choices
are: PCM, green roof, green wall, shading devices and reflective

coati ng. As a matter of fact, his finding was able to reach a higher

savings of 27%, however, it is a great contribution to examine those
new choices. (Shohan, 2015) findings were only from studying envelop

materials choices and their order of arrange ment.

On the other hand, (Al-Sanea etal. , 2016) work was only spotting the
light on the optimum R value for envelop options. Similar procedure

was conducted and presented at the beginning of previous chapter.

This type of st udy shows the importance of thermal conductivity

reduction throughout the building envelop material selection.

Furthermore, by knowing the optimal R value, the next step of
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selecting the building envelop components becomes undeviating steps

line.

7.1 Combination of Best Envelope Materials Options

After discussing the result from roofs, walls and windows options, the
combination of the  best three elements together is presented here. As
mentioned earlier, W 8 the new Saudi Building Code with a green laye r
was selected due to its positive results . After that, Win9 the double
glazing with reflective film has been selected as a window type. Later,

four types of roof were simulated with W 8 and Win9 which are R1, R4,
R9 and R10 as of Base Case, New SBC, Extens ive Green roof and  the
shaded roof respectively. The selecting of these four roofs was based

on their noticeable saving among other roofs types. The result of this
simulation shows an optimum result again with the shaded roof R10.

The most improvement was during the summer months as the

difference between the minimum and maximum loads remained within

aclose range. Figure 7-1 shows the cooling per floor area of the four

roofs in joint with W 8 and Win9.
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Figure 7-1 The combination of 4 roofs with best wall and window type

It is clear that the cooling loads curve is following the temperature

curve, yet keeping the curve st eady and low is the lead to a good

result in saving. Still, the saving of R10 with the Base Case is just

below the saving after applying the W6 and Win9. This confirms the
previously mentioned finding of the main source of heat gain from

envelope parts whi ch is the roof. Thus, eliminating the direct sun light

leads to the best result to save in cooling load for a mosque building in

the hot arid climate of Riyadh. Figure 7-2 shows the saving on monthly
cooling loads for the selected four roof types in combination with W8
the Saudi Building Code with Green wall and, Win9, the double glazed

windows with reflective film.
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