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ABSTRACT

Climate change has become one of the most discussed topics of last few decades. It
has inspired researchers of the built environment to develop climate-responsive design
strategies. These strategies are essential for the construction sector to take advantage
of abundant renewable resources in the local climate. Implementation of such
strategies has the potential to reduce reliance on fossil fuels, which are considered a

major cause of ozone depletion and resultant global warming.

The permanent alterations to Earth’s ecological system change have made Khartoum
City in Sudan vulnerable to climate change. Significant impacts of climate change to
nature, structures, and human well-being have already been noticed. Though the
Sudanese government and parastatals have made efforts to address these climate-
induced problems, improvements remain insufficient. Indices show the climate
alterations occurring in Khartoum include irregular heat waves, increased relative
humidity, drought, and extreme flooding. In addition, climate-related phenomena like
intense thunderstorms and sand-dust storms have become more frequent than ever.
Even though the brunt of these climatic events is primarily felt outdoors, they all result

in uncomfortable and challenging to manage indoor conditions.

In this research, Khartoum’s climate data from 1981 to 2015 was analyzed and
compared to identify trends in temperature, humidity, wind speed, and rainfall. This
trend analysis indicates acute climate change. The Meteonorm Company created the
hourly energy plus (EPW) file for Khartoum from the averages of basic climate

parameters recorded and available for Khartoum from 1996 to 2015. Meteonorm 7.2.1



evaluated the city’s future projected hourly energy plus (EPW) file up to 2070. To
counter 2070’s projected climatic conditions, resilient design strategies were evaluated
to minimize energy usage and optimize thermal comfort for building users today and
in the future. Contemporary design strategies of 2015 and projected design strategies
for 2070 were compared and the findings revealed that design strategies must shift
towards more active cooling and away from passive cooling to reduce energy usage
and achieve optimal user thermal comfort in 2070. Moreover, natural ventilation and
active heating will no longer be beneficial design strategies. Two-stage evaporative
cooling is anticipated to become the most sustainable and effective climate-responsive
design strategy for all seasons in Khartoum. Passive design strategies with increased
resilience should be adapted for use with Khartoum’s underutilized renewable

resources to reduce future active-cooling demand and to optimize thermal comfort.

Keywords: Climate Change, Khartoum Region Climate Data, Thermal Comfort,

Design Strategies



0z

Iklim degisikligi son yillarda en ¢ok tartisilan konulardan biri haline geldi. Bu konu,
yapili gevrede, iklime karsi duyarli tasarim stratejileri gelistirmek icin arastirmacilara
ilham vermistir. Bu stratejiler, ingaat sektoriinde, mevcut iklimin avantajlarindan
faydalanip yenilenebilir enerji kaynaklarini kullanmanin 6nemini vurgulamaktadir. Bu
tiir stratejilerin uygulanmasi, ozon tabakasinin incelmesi ve sonucta ortaya c¢ikan
kiiresel 1snmanin 6nemli bir nedeni olarak kabul edilen fosil yakitlara olan bagimlilig:

azaltma potansiyeline sahiptir.

Sudan'da Hartum iklimi, bolgeyi 6zellikle iklim degisikligine kars1 savunmasiz kilar.
Gilintimiizde, iklim degisikliginin doga, yapilar ve insan saghgi iizerindeki onemli
etkilerinin farkina varilmistir. Sudan hikimeti ve yari resmi kuruluslar bu iklime bagl
sorunlar1 ¢ozmek i¢in ¢aba sarf etmis olsalar da, gelismeler yetersiz kalmaktadir.
Dizensiz sicak hava dalgalari, artan nispi nem oranlari, kuraklik ve asir1 seller
Hartum’da meydana gelen iklim degisikliklerinin belirtileridir. Ayrica, siddetli
firtinalar ve kum tozu firtalar1 gibi iklimle ilgili olaylar, her zamankinden daha sik
ortaya ciktig1 gozlemlenmektedir. Bu iklimsel problemlerin sikintilar1 oncellikle
yapmin disinda hissedilse de, i¢ mekanlarda 1s1l konforu acisindan rahatsiz edici ve

kontrol edilmesi zor i¢ mekan kosullar1 olusturmaktadir.

Bu arastrmada, Hartum’un 1981 ile 2015 yillar1 arasindaki iklim verileri analiz
edilmis olup, sicaklik, nem, riizgdr hiz1 ve yagis egilimlerini belirtilmek tizere
karsilastirilmistir. Bu egilim analizi, iklim degisikliginin gergekligini giin yuzlne

cikarmaktadir. Meteonorm Sirketi, 1996'dan 2015'e kadar Hartum i¢in kaydedilen ve



elde edilebilen temel iklim parametrelerinin ortalamalarindan, Hartum i¢in saatlik
Energy Plus (EPW) dosyasmi olusturdu. Meteonorm 7.2.1, kentin gelecegi i¢in
Ongoriilen saatlik Energy Plus (EPW) dosyasimi 2070 yilina kadar degerlendirdi. 2070
yilinda 6ngoriilen iklim kosullarina kars1 miicadele edebilmek i¢in, enerji kullanimini
en aza indirmek ve de giiniimiizde ve gelecekte binalardaki 1s1l konforu optimize etmek
amaciyla esnek tasarim stratejileri incelendi. Bu kapsamda, 2015'in ¢agdas tasarim
stratejileri ve 2070 icin ongoriilen tasarim stratejileri karsilastirildi ve ortaya ¢ikan
bulgular, tasarim stratejilerinin enerji kullanimini azaltmak ve 2070'de en uygun
kullanici 1s1l konforu elde etmek i¢in daha aktif sogutmaya gereksinimin oldugunu, ve
pasif sogutmadan ise kagmilmasi gerektigini ortaya koydu. Ayrica dogal havalandirma
ve aktif 1sitmanin fayda saglayacak bir tasarim stratejileri olamayacagini
gostermektedir. Hartum‘da her mevsim i¢in en siirdiiriilebilir ve en etkili iklime
duyarli tasarim stratejisinin, iki asamali evaporatif sogutma yontemi olmasi
ongoriilmektedir. Dayanikli ve esnek pasif tasarim stratejileri, Hartum‘un gelecekteki
aktif sogutma talebini azaltmak ve 1s1l konforu optimize etmek icin az kullanilmakta

olan yenilenebilir enerji kaynaklarini kullanabilmek iizerine uyarlanmalidir.

Anahtar Kelimeler: iklim Degisikligi, Hartum Bolgesi iklim Verileri, Is1l Konfor,

Tasarim Stratejileri
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Chapter 1

INTRODUCTION

1.1 Background of the Study

Climate-responsive building design has been adapting since ancient times. Its
existence dates to the period when humans designed for survival, trying to protect
themselves from climatic elements with clothing and shelter. This method of building
is considered autochthonic because it utilized the resources of the immediate
environment and responded to the prevailing climate. Depending on climatic
conditions, a building has to withstand heat, cold, rain, or wind to offer safety and
thermal comfort. In Polar Regions for instance, igloos were adapted to protect
inhabitants from extreme cold and strong winds. On the contrary, desert inhabitants
utilized the tent as a mobile shelter to protect themselves from unfavorable climatic
conditions. Every climatic zone has variations that are easily distinguishable by the
clothing and shelters its inhabitants used. Generally, climate-responsive buildings of
ancient man evolved from locally available materials alone, without the help of
architects and builders (Bilow, 2012; Behling et al., 1996). Architecture could be
considered a reflection of civilization. Both civilization and its resultant architecture
are influenced by various local factors and conditions. These may include community
needs and wants; societal, cultural, and climatic conditions; or technological advances.
All these factors mentioned are amendable except climate, which man cannot directly
and immediately alter. Therefore, the different climatic conditions of countries dictate

the type of architectural precautions needed to adapt and provide optimal comfort in



the living environment (Ozay, 2005). Vernacular buildings — constructed in response
to the climatic conditions of their location — have existed for a very long time and
continue to serve their optimal purposes. Following along with that which has been

successful, contemporary buildings should also emulate the same principles.

Besides adaptation to climate via building design, the significance of discussing
energy issues in architecture cannot be undermined because the building sector
accounts for more than 50% of the energy sources used worldwide and hold
responsibility for over 60% of all waste (Bilow, 2012; Hegger et al., 2007). Moreover,
climate-responsive design strategies, if appropriately applied, help designers save in
energy consumption while providing optimal thermal comfort for building users. It is
essential for designers to understand the complexities of local climatic conditions to
which design should respond. Most designers assume to understand the climate they
design for but they rarely fully recognize the implications of climate phenomena such
as seasonal temperatures, wind speeds, and cloud cover trends (Van Den
Wymelenberg et al., 2009). Among all the goals architects anticipate to achieve when
designing a building, optimal indoor thermal comfort may be the most important. The
need for comfort governs the extent to which the architect’s design is able to meet this
target. Since ancient times, human efforts to construct shelter have been inspired by
local climate. Most architects nowadays are not competent enough to mold design to
local climate; instead, they design buildings which invariably rely on active, high-
energy systems for moderating the indoor climate (Daroda, 2011). Climate-responsive
architecture utilize free renewable energy (Turner, 2003). Climate-responsive design

benefits can be summarized as:



1-Reducing energy consumption, using abundant renewable energy instead of relying
on non-renewable energy such as fossil fuels.

2-Provision of optimal interior thermal comfort in sustainable buildings (Ozay, 2005).

The world attention to the adaptation of climate change has tremendously increased in
recent years. However, the contemporary climate change indices in different part of
the globe agreed qualitatively with the fact that there is urgent need to implement
measures and policies for the climate change mitigation in order to decrease residual

warming effects (Khlebnikova & Shkol’nik, 2012).

Khartoum city is affected by increased Green House Gases (GHGS), these emissions
have been invariably considered to be a major source of increasing the temperature of
the city microclimate as well and negatively affect the air quality of the city
(ALHUSEEN, Al Huseen, 2014). Making the situation worse, Sudanese building
styles still follow the international trend of 20th century modern architecture, which
put more emphasis on architectural aesthetics and function than environmental
sustainability (Roaf et al., 2009; Coch, 1998). Adapting buildings from such
unsustainable design strategies would increase their operational costs; therefore, this
architectural setback is most economically compensated through mechanical cooling
or heating systems that lead to more energy consumption. Since climate change
expectations are high, it is projected that energy need for cooling will continue to
increase and may render a building economically unviable in the long term.
Consequently, adapting to climate-responsive strategies helps enhance the future

performance of new buildings (Snow & Prasad, 2011).



Nowadays, most contemporary buildings in Khartoum City are constructed with
concrete and glass for building materials without giving any attention to climatic
issues. These materials create buildings that are ecologically unfriendly to the local
climate. This research is an effort to provide criteria for design and construction of
climate-responsive buildings in climate of the city of Khartoum, Sudan. Protection of
buildings against dust and sand storms will be critically considered in order to produce
sustainable design solutions that would be adaptable to climate change. Adapting
climate-responsive design strategies would help decrease reliance on active cooling

during the long, hot summer season that extends more than eight months.
1.2 Statements of the Problem

Khartoum City, Sudan, is within a semi-desert climatic zone that is characterized as
having high temperatures which minimum and maximum are from 32 °C and 45 °C
in Hot Season (March-May) and minimum maximum are 14 °C and 40 °C in Dry
Season (November to February) and 21 °C and 41 °C in Wet Season (June-October).
The humidity level of Khartoum is very low approximately maximum of 17% during
the daytime in Dry and Hot Seasons and it reaches its peak value of 47 % after
midnight. The highest humidity is achieved during Wet Season months. August is
considered the most humid month and it ranges from 57% and can reach up to 99%.
These climatic conditions have direct negative impacts on a building’s thermal
performance because they increase heat gain, resulting in an uncomfortable interior
environment. To obtain thermal comfort, people rely on air-conditioning systems
during the long summer season (March to November). Together, these factors have
mounted high pressure on electricity consumption. For the city Khartoum, electricity
is generally generated by hydroelectricity and dependent on water supply from the

nearby Twin Rivers (White Nile and Blue Nile). These rivers are the major suppliers



of water to Sudan and Egypt. To make the situation worse, in recent years the water
supply frequently has been disturbed during the summer season, reducing the
efficiency and capacity of the electricity supply. To cover this shortage in power
supply, electric generators have been utilized. The latter energy source increases the
greenhouse gases emissions, further damage the natural environment. By analyzing
the city of Khartoum’s average climatic data from 1981 to 2015, the temperatures have
increased in the city of Khartoum from March to June. October is hot and is now
considered a transitional between the rainy season and winter. This research seeks to
offer climate-responsive design strategies to Khartoum for tackling the following
problems:

1- High cost of installation and operation of air-conditioning alongside serious
shortage of electricity during long summer months. Because 70% of electricity
produced in Sudan is hydroelectricity, the challenge of less water supply in summer
makes the electricity supplied by the national grid unreliable.

2- High thermal load of buildings due to lack of appropriate shading of buildings.

3- Provision of design strategies that are resilient to the future climate of the city of
Khartoum, Sudan.

4- Most buildings have not incorporated energy efficiency measures in their design
and construction; hence, the view of air-conditioning parts have become synonymous

with building facades.

1.3 Aim and Objectives of the Research

(1) Aim of the Research
This to reveal climatic conditions and design responses that affect indoor thermal
comfort in the city of Khartoum, Sudan. It then suggests relevant climate-responsive

design strategies that could increase the city of Khartoum’s resilience to both current



and projected climatic conditions. The objectives supporting these aims include
identification and evaluation of climate trends projected from city of Khartoum’s 1981
to 2015 climate data; comprehension of the local climate’s effects on buildings; and
introduction of enhanced ways to provide thermal comfort to current and future users

of the city of Khartoum’s buildings.
(I1) The Objectives of the Research

1-To develop appropriate climate-responsive strategies for passive cooling in building
design in city of Khartoum, Sudan.

2-To provide building design guidelines that help architects in the early design phases
to develop environmentally responsive buildings.

3-To provide strategies for saving on fossil fuel consumed for cooling and reduce

negative effects of carbon dioxide, which cause climate change.
1.4 Scope of the Research

The research scope is based on the study of climate-responsive design for low-rise
buildings in the city of Khartoum, Sudan. More than 90% of Khartoum’s buildings
fall into this category; therefore, finding an appropriate architectural response to
reduce reliance on air-conditioning systems would save a significant amount of energy

and reduce pressure on hydro-electrical production and fuel fossils.
1.5 Limitation of the Research

This research is limited to climate-responsive design strategies for low-rise buildings
in the city of Khartoum, Sudan. Though climate data for Khartoum is closely studied
to arrive at concrete solutions, initial data was limited to the period of 1981 to 2015.
The Sudanese government has rigid rules about offering climate data because it
considers the sources confidential. The available climate data is in form of monthly

min. and max. Average climate values. As is the case for most Third World countries,
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appropriate documentation of climate data is not given attention. Energy plus weather
(EPW) files are also not freely available for the city of Khartoum; therefore, the EPW

files were purchased from Meteonorm Company in Switzerland.

Furthermore, availability of literature covering similar research in the case study area
is insufficient. Despite extensive searching, few studies in the architectural aspects of
climate research have been done for Sudan to date. This constraint has tremendously
enhanced the novelty of this research, since it is the first of its kind to analyze the
historical climate to assess climate change in relation to building design and users’

environmental comfort.
1.6 Significance of the Research

This research contributes to enrich the literature about relevant contemporary and
future design strategies needed to efficiently examine, control, and use renewable
energy sources and create climate-responsive building design criteria for hot and arid
climates. It is not only for the city of Khartoum but also for similar climates and cities
throughout the world. This study can improve the knowledge of designers, architects,
urban and regional planners, civil engineers, building engineers, and municipal
decision-makers, and it is anticipated to be of benefit to both cities and citizens. It may
help as a good reference material to those intend to work on related research in the

area or related subject.
1.7 Structure of the Thesis

This work intends to shed light on adaptation of climate-responsive building design
strategies in the city of Khartoum climate zones. Climate change analysis is vital, its
impact includes increase in global temperature and frequency of floods, droughts,

sand-dust storms, and other climate phenomena. The historical climate data of the city



of Khartoum, Sudan, for the last 34 years was evaluated for climate change. To achieve
the aim and objectives, this research implemented the following data collection
method:
e Intensive literature review
e Meteorological climate data for the last 34 years (1981 to 2015) from the city
of Khartoum Meteorological Station to evaluate climate change
e A reliable energy plus weather (EPW) file was calculate from the 1996 to
2015 climate averages by Meteonorm 7.2.1
e A future EPW file was projected using appropriate scenarios to get future

sustainable thermal comfort and design strategies.

A case study problem solving methodology was used to get climate-responsive

building design strategies. Figure 1.1 illustrates the structure of the thesis.
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This work is a combination of statistical calculation, computer-based software
simulation, and theoretical framework supported by a thorough literature review to

support the findings. This research is distributed into five chapters.

Chapter 1 gives definitions about the subject matter and explains the aims, objectives,
significance, and limitations of the research. This chapter exposes the research

problems and generates research questions upon which the entire thesis depends.

Chapter 2 is the literature review and it serves as a guide for this thesis. Through
careful study of similar research, it tremendously helped in offering a context to the
thesis. This chapter is divided into five sections which address the following:

1- Climate-responsive building design definition and its importance, the definition of
climate, methods of climate classification, climatic design and its importance.

2- Study of human thermal comfort in buildings.

3- Climate control methods.

4- Energy potential in the built environment.

5- Climate considerations in a hot/arid climatic zone.

Chapter 3 describes the research methodology adopted for this thesis. It includes the
data collection methods for the city of Khartoum’s historical climate data for the last
34 years, and EWP files for the city of Khartoum contemporary and future climate.
Criteria for climate classification and climate-data analysis methods, which include
linear trends analysis and correlation analysis methods, is intended for evaluation of
climate change. Thermal comfort calculation methods and design strategies for
contemporary and future climates of the city of Khartoum are also illustrated in this

chapter.



Chapter 4 is about the city of Khartoum, Sudan, as the case study and includes
historical background about the study area, climate classification, climate data
analysis, the adapted thermal comfort approach, and architectural climate-responsive
design strategies. The adaptable design strategies for the city of Khartoum include
heat-loss promotion strategies, heat-gain minimization strategies, sustainable active-
cooling systems, and dust-sand storm treatments for the city of Khartoum’s buildings.
The future scenario of building climate-responsive design strategies for the city of
Khartoum in the year 2070 was also analyzed to arrive at sustainable future resilient
design strategies. Chapter 5 includes the discussion, conclusion, and recommendations

of the thesis.
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Chapter 2

CLIMATE-RESPONSIVE BUILDING DESIGN BASED

ON CLIMATE CHANGE

2.1 Climate Responsive Building Design and Its Importance

Climate has great influences on both building design and the urban planning.
Identifying, understanding, and controlling climatic effects of a location is very
important prior to design process commencement. Moreover, climate has a profound
effect on buildings’ thermal performance. Therefore, the goal of the designer, when
designing a climate-responsive building, should be towards energy saving and
provision of optimum indoor thermal comfort (Manioglu & Yilmaz, 2008; Hui, 2000).
Sustainable, climate-responsive design strategies and adaptations have become
necessary nowadays. Sustainability was a motive force for vernacular architecture in
the past because different shapes and techniques proved to be effective climate
modifiers. From Vitruvius’ era until today, there have not been any fundamental
changes to building design problems and precautions though the world has
experienced tremendous advancement in materials and technology (Morgan, 1960).
The aim of climate-responsive design is to utilize natural environment resources of the
local climate for enhancement of indoor thermal comfort instead of using fossil fuels,
which have relatively higher costs (Douvlou, 2004). Currently, climate factors are
broadly neglected in the building design process and most buildings are built with
materials that are neither sustainable nor in harmony with the surrounding

environment (Krishan et al., 2001; Olgyay, 1963; Hui & Tsang, 2005). For example,
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it is very important for buildings to be designed in accordance with the local climate
to enable them to gain minimum heat during the Hot Season of the year and lose
minimum heat in the winter season of the year (Asly, 2006). Unfortunately, most
buildings constructed in the city of Khartoum are built without considering the
climate. (De Carli et al, 2018). Architecture around the world, in its physical features
and in terms of its climate sense, has become more generic in recent decades. It has
been observed that 1960s prototypical buildings have been constructed in different
geographical locations in the world without consideration of climate variations. Most
ancient cities followed climate considerations in their planning and building designs;
however, contemporary cities adapted their planning based on other rational principles
such as optimization of infrastructure network and created irrational designs to
emphasize a symbolic image of the city. The rising awareness of climate-responsive
architectural design issues has great potential to gain momentum and help in making
architecture more site specific. Once it considers these vital climate considerations

again, architecture can regain regional relevancy (Krautheim et al, 2014).

Currently, climate change and the depletion of fossil fuels necessitate the seeking of
alternative renewable energy sources to achieve sustainable development (Xu et al.,
2016). Current conditions also compel the implementation of alternative means of
reducing fuel consumption. Buildings consume one-third of the global energy, which
has resulted in an increase of carbon dioxide emissions (Nguyen et al., 2011). The city
of Khartoum, as a case of cities in most developing countries, witnessed tremendous
growth in the 1990s that put more pressure on the already dilapidated services such as
electricity transmission. In addition, the city’s climate is characterized as being

extremely hot and dry during the summer season, which lasts approximately eight
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months. During this season, active cooling is currently the most commonly employed
cooling strategy for achieving thermal comfort in the city of Khartoum. This limitation

puts more pressure on the already insufficient electricity supply.

Adapting passive strategies is an appropriate strategy to save energy in buildings
(Holmes & Hacker, 2007; Gou et al., 2015; Pacheco et al., 2012). The best passive
design strategies are when the building responds to local climate resources, i.e.,
utilizing available renewable energy. The renewable energies are optimally utilized to
enhance a building’s indoor comfort level and subsidize the demand for mechanical
systems (Santamouris & Kolkata, 2013; Samuel et al., 2013; Gou et al., 2015). It is
interesting to note that climate-responsive strategies, which are extensively obscured
in vernacular architecture globally, are passive design strategies. For this reason,
numerous researchers have focused their attention on vernacular architecture
(Bouillot, 2008; Du et al., 2014). This is one of the reasons climate-responsive building
design has become an unavoidable option for energy saving and reducing the carbon
footprint (Tzikopoulos et al., 2005). Appropriate climate-responsive design strategies
should be worked with effectively, not against. Furthermore, it is important for a
building’s designer to make effective use of natural resources by utilizing their
marvelous potential to improve buildings’ indoor thermal levels. Local climate-
responsive buildings should be climatically balanced. The climate-balanced building
is a building that capable of withstanding undesirable stress resulting from
environmental factors and utilizes natural favorable resources to enhance indoor
thermal conditions. The achievement of perfect balance is possible only under

exceptional environmental circumstances (Olgay, 1963).
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2.2 Climate Study

2.2.1 Definition and Classification of Climate

Climate is defined as “the long-term weather conditions of a particular location based
on standard average conditions over 30 years, including climatic factors such as
temperature, humidity, wind, rainfall, and atmospheric pressure’’ (Daroda, 2011,
Olotuah, 2015). The climate of a location on earth is determined by the following
conditions: geographical location, elevation above sea level, topography, and
vegetation cover. Together, certain sets of conditions dictate various climatic
conditions and consequently different climate-relevant design principles emerged
(Asly, 2006). The parameters that have to be studied when classifying climate of a
specific locations are precipitation, solar radiation, temperature, wind speed, relative
humidity, and evapotranspiration. Evapotranspiration refers to the evaporation of
water from the surface of plant’s leaves into the atmosphere; in other words,
evapotranspiration is the opposite of rainfall (Bardhi & Gjongecaj, 2014). Kdppen-
Geiger climate classification is a well-known classification system first developed by
German scientist, Vladimir Képpen (1846-1940). Képpen built his claim based on five
plants groups determined by the renowned botanist De Candolle. However, Koppen
includes equatorial, arid, warm, snow, and polar zones. Rudolf Geiger made
enhancements to this classification in 1954 and 1961; hence the name was changed to
Kdppen-Geiger. Even though many classifications have been developed in recent
years, the Koppen-Geiger classification remains one of the most frequent and reliable
among all these classifications (Kottek et al., 2006; Wilcock, 1968; Peel et al., 2007;
De Carli et al., 2018). Figure 2.1 shows the world climate classification as specified

Koppen-Geiger.
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Figure 2.1: World Map of Képpen-Geiger climate classification

Source: Institute for Veterinary Public Health World Maps

The Koppen-Geiger classifies the world into desert, tropical,
temperate, and cool climatic zones. This classification is generally used for
representing climatic conditions. The classification could be used based on the thermal
nature of a specific location (Douvlou, 2004). The easiest method of classifying
climate is could be done with psychometrics chart. These can be classified as cool,
temperate, hot/humid, and hot/dry, as in figure 2.2. However, the essence of this
classification is to provide designers with general knowledge about the effects of

temperature and humidity on building design strategies (Silva et al.,
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climatic zones in figure 2.2 were determined considering one range of temperature,
between 16° and 28°C, associated with a temperate climate. The cool area in the chart
locates in temperature zone of lower than 16°C. Temperatures more than 30°C
combined with the air humidity, is necessary for that fact that humidity has a great
influence on human thermal comfort. Hence, it is important to create two hot zones,
one hot and dry with humidity less than 50% and the other hot and humidity of
humidity more than 50%. At preliminary design stage, it essential to consider these
two ranges because they form the first step in determining the building comfort.
Material typology, opening sizes and orientations; facades design etc. these design
measures are good climate design tools that help the designers to realize a responsive
design without underestimating thermal comfort of building’s users (Silva & Kinsel,

2006; Silva et al., 2008).
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Figure 2.2: Climate classification on psychometric chart (Source: Looman, 2017)
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2.2.2 Building Bioclimatic Charts

Recently, numerous design strategies that support the idea of designing
environmentally friendly buildings have emerged. The best method for identifying
suitable building design strategy is the bioclimatic chart method. This method uses
local climate data to identify suitable design strategy. This in turn helps buildings take
advantage of natural resources for low-energy cooling, heating, and lighting.
Researchers, such as Olgyay and Szokolay, have conducted many studies on the
utilization of natural energy resources for enhancement of indoor comfort.
Furthermore, Kristinsson and Yeang among many others put these into practice
(Looman, 2017; Silva et al., 2008; Giovani, 1998; Al-Azri et al., 2012). Olgyay
published his book, 9Design with Climate, in 1963. It is considered to be a turning
point in sustainable architecture design. According to him, building site and its local
climate should be one of the determining factors of a design idea. Factors such as
building orientation, form and configuration, wind pattern, and interior space quality
are essential design parameters and the final design product should be a manifestation
of that specific building site (Looman, 2017; Olgyay, 2015). Szokolay (2008) gave a
rational explanation to architectural science saying that designers should take
advantage of a building site’s natural resources to provide optimal thermal comfort for
building users. Szokolay advocated that the architect’s target in design should be to
design thermally comfortable indoor spaces that utilize less fossil fuel energy than
from ambient or renewable energy sources. The architect’s mission in realizing a
building project progresses through four steps. First, the architect must critically
analyze the building site’s local climate, secondly create comfort limits, thirdly utilize

the building to meet occupant comfort limits, and fourthly incorporate active means
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as complementary strategies when deemed necessary (Looman, 2017; Szokolay,
2008).

2.2.2.1 Olgyay's Bioclimatic Chart

The first bioclimatic chart was invented by Olgyay; its relative humidity is on abscissa
and temperature on ordinate. The comfort zone is bounded by two lower and two upper
fixed points. The lower temperature point is 21°C, upper temperature point of 26.7 °C
and by a humidity upper boundary to form thermal comfort zone. At relative humidity
less than 50%, the higher comfort boundary is 27.8 °C. The upper temperature limit
descends steadily until it intersects with the lower comfort zone boundary at relative
humidity (RH) of 90% figure 2.3 illustrates comfort zone in proposed by Olgyay. In
situations of under-heating, the chart recommends admitting long-wave solar radiation
to raise the mean radiant temperature (MRT) of a building’s interior. In circumstances
where there is no solar radiation then active heating would be required. During
overheating periods, when temperature and humidity of a place is above comfort’s
upper limits, wind speed needs to be increased to extend the comfort zone. To lower
temperature, evaporative cooling is needed. Olgyay assumes that indoor and outdoor
temperatures are close to each other; therefore this chart is suitable for lightweight
buildings (Giovani, 1998). Furthermore, it is appropriate for hot humid climates. It is
inefficient for hot dry climates where the diurnal temperature between indoor and
outdoor is large (Watson, 1983; Visitsak, 2007). Therefore, there is a need for further
improvements to this bioclimatic chart. Giovani developed his bioclimatic chart,

which works on the basis of a psychometric chart.
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Figure 2.3: Olgyay’s Bioclimatic Chart
(Source: Watson, 1983; Visitsak, 2007)

2.2.2.2 Giovani’s Psychometric Chart

Giovani’s chart was developed by Baruch Giovani in 1969 (Giovani, 1976) as an
improvement to Olgyay’s chart. The Givoni diagram in figure 2.4 is a bioclimatic
diagram that comprises different zones in which it is essential to use strategies to attain
human thermal comfort within a building (Morillén-Galvez et al., 2004). In the
diagram, the x-axis denotes the dry bulb temperature and the y-axis demonstrates the
fresh air humidity. The psychometric curves in the graph signify the relative humidity.
For instance, Ruppand and Ghisi (2014).Giovani diagram comprises 14 zones among
them, zone one and two are considered to be ideal thermal comfort zones. The
determination of comfort zone in this diagram depend on the dry bulb temperature
(DBT) and air humidity. Giovani diagram indicates that thermal comfort can be
achieved through adapting appropriate design strategy (Rupp & Ghisi, 2014;
Manzano-Agugliaro, 2015).Giovani’s chart recommended some passive strategies

which include heating, internal gains, natural ventilation, high mass cooling, high
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mass cooling with night ventilation, evaporative cooling, and shading devices
(Matsumoto, 2017). Giovani’s chart is more appropriate for residential building
design. It offers more options for building design to enhance thermal comfort for
occupants using design strategies such as natural ventilation, evaporative cooling,
thermal mass, passive heating, conventional air conditioning, or dehumidification.
However, many researchers around the world have used Giovani’s chart to examine
possible ways of incorporating passive design strategies into different world climates
(Matsumoto et al., 2017). According to Lam and others (2006), Giovani’s chart was
used to evaluate the climate of 18 cities of China with climate ranges from cold to
moderate to hot/humid to hot/dry and projected suitable passive design strategies
accordingly (Lam et al., 2006; Matsumoto, 2017). Furthermore, Giovani’s chart was
used in Qatar’s climate, which is classified as desert, to propose design strategies and
good results matching characteristics of desert-climate design criteria (Saying &
Marafia, 1998). This chart could be adapted for hot/arid climate of the city of

Khartoum, Sudan.

BEEZ] COMFORT ZONE PERMISSIBLE s e,
S, a 77‘,s
=] »AsSiVE SOLAR HEATING
=] AcTIVE SOLAR HEATING
CONVENTIONAL HEATING
\ 3 17

OLING NAYURAL
FECRANICAY VERF A on

| =@
AIR CONDITIONED
CONVENTIONAL DRY

RELATVE HUMIDITY (%)

IIIIIIIIIIIIIIIIIIIIIIIIIII'IIIII T T
10 15 20 25 30 35 40 45 48
DRY BULB TEMPERATURE (°C)

Figure 2.4: Psychometric chart adapted from Givoni, B. (1992)
(Source: & Manzano-Agugliaro, 2015)
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2.2.2.3 Zsokolay Control Potential Zone (CPZ) Method

Zsokolay invented this bioclimatic chart in 1986 and developed it based on thermal
neutrality that was initiated by Humphreys and Auliciems. The comfort zone on this
method is considered effective only in situations where the relative humidity is not
more than 90% (Matsumoto et al., 2017). The Control Potential Zone (CPZ) method
examines numerous strategies for working with the outdoor environment to attain
indoor thermal comfort (Rabah & Tamakam, 2002; Attia, 2012). The comfort zone in
Zsokolay’s methodology refers to Auliciems’ equation (Tn = 17.6 + 0.31) where
thermal neutrality (Tn) is a function of outdoor mean temperature (To) and the
operative temperature ranges between 17.8°C and 29.5°C. However, according to
Szokolay, the human skin’s evaporation potential variable depends on absolute
humidity, and solar heating effects are influenced by solar radiation and material
characteristics of the building envelope (Szokolay, 1986 & 1995; Attia, 2012).
Szokolay used this method to classify the climate of 114 locations in Queensland.
Moreover, Yang et al. (2005), Zain-Ahmed et al. (1998), and Upadhyay et al. (2006)
employed this methodology to determine suitable cooling techniques for four different
climatic regions in Cyprus, the hot-humid climate of Malaysia, and the warm-desert
climate of Kathmandu valley (Attia, 2012). According to previous research, the CPZ
method seems appropriate for all climatic regions.

2.2.2.4 Mahoney’s Thermal Comfort Table

Architect Mahoney developed this table in 1968. It comprises a series of tables that
are used for calculating the thermal comfort limits for any given location based on
annual mean temperature and average relative humidity. Mahoney’s tables are used to
determine months in which solar shading is needed, based on buildings user’s comfort

preferences. Section one of the tables is used to record the extent of the data (humidity
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group) for each month according to the established relative humidity. The second
section of the tables is used to determine months in which solar shading is required
when the thermal stress exceeds a building users’ comfort limits. These tables help
designers to identify precautions quickly and to follow them in order to reduce any
discomfort that might happen to building users. Nowadays, the necessity of using of
Mahoney’s table has become less important because the data is widely available for
most cities around the world (EI Bakkush, 2016). The shortcoming of this table is that
it was originally meant for evaluation of comfort conditions in tropical climates;
therefore, it does not give accurate results for cold climate situations (Xia, 2013).
Mahoney Tables used to analyze the climate characteristics, from which design
indicators are obtained. From these indicators a preliminary picture of the layout,
orientation, shape and structure of the climatic responsive design can be obtained. The
climatic data such as dry bulb temperature, relative humidity, precipitation and wind

are used as entry data. Table 2.1 gives example of Mahoney’s thermal comfort table

Table 2.1 Mahoney’s thermal comfort table (Source: Walsh et al, 2017)

Mahoney Model results
Entry Data Comfort zone (B) Design advices (C)
1 Adr temp. comfort zone Using Solar radiation
(gives 24 options for climate but
not for clothing and activity)
2 RH Aldr movement
3 Rainfall Rain protection
4 Wind Outdoor sleeping
5 Thermal insulation
6 Shading
7 Thermal Mass
s Dehumidification
9 Orientation and location
10 WVegetation
11 Openings
Sum 4 1 11

The following table 2.2 gives comparative studies of bioclimatic strategies approaches

of Olgyay, Szokolay and Mahoney.
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Table 2.2: Comparative studies of bioclimatic strategies approaches of Olgyay,
Szokolay and Mahoney

Olgyay Szokolay Mahoney Table
Bioclimatic Bioclimatic
Chart Chart
Controlled 1-Dry bulb 1-Dry bulb Monthly
ambient variables  temperature temperature mean,mim.max and
avrg. Temp
2-Relative 2- Wet bulb Monthly
humidity temperature mean, min,max and
average RH
3-Relative Precipitation
humidity
4- Absolute
humidity
Strategy proposed  Solar radiation Natural 1 Layout
ventilation
Design Air movement Passive heating 2 Spacing
recommendation . . .
Shading 3 Evaporative 3 Air movement
cooling
4 Indirect 4 Opening
evaporative
cooling
5 Thermal mass 5 Walls
6 thermal mass 6 Roofs
with night
ventilation 7 Outdoor space
Rain protection
Merits 1 the chart as 1 Define two 1 Provide much
appropriate in hot  comfort zones design strategies as
humid areas an alternative than
» Suitable for the bioclimatic
. : chart
residential
building’s
Demirits 1 Recommended 1 The relative 2 The thermal

design strategies
are limited

humidity should
not exceeded
90%

comfort limit
assumes no heat
gain or loss due to
ventilation or
insulation
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2.2.3 Factors Affecting Climatic Design

Microclimate has great influence on the design of buildings; therefore, it is necessary
for designers to critically study it before embarking on design. Microclimate
characteristics include natural and artificial features that affect solar access, wind
patterns, and temperature. Appropriate site analysis should be performed so that
designers will be able to identify ideal sustainable design strategies that function
according to the local microclimate (Aminoroayaei & Shahedi, 2018).The following
are very important site factors to consider when designing:

e Location and accessibility of the site.

e Soil type and condition for safe load bearing of the structure of the
building.

e Topography of the site because it is always better to design buildings along
the contours whether flat, sloped or hilly.

e Vegetation and natural site conditions can be integrated, highlighted, and
accentuated to create a harmonious whole and sustainable environment.

e Knowledge of precipitation and hydrology of the area (annual or seasonal
rainfall) is appropriate for designing drainage systems of buildings.
Moreover, water bodies (e.g. ponds, rivers, and lakes) around the site
should be critically examined. Relative humidity should be known since
moisture content of air impacts buildings.

e Available service systems should include electricity, water, waste-
disposal, and drainage patterns.

e Proximity and characteristics of neighboring buildings and surface
conditions (Douvlou, 2004).

Design factors include:
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e Sun path for good orientation to take advantage of the site’s potential.
e Wind patterns of the site for better utilization of wind to achieve
sustainability and save energy.

e Building volume to ratio percentage or compactness

¢ Buildings’ windows sizes, orientations, and positions (Douvlou, 2004).
2.2.4 General Climate Control Strategies
Bioclimatic architecture strives to meet thermal comfort requirements of the building.
Therefore, more attention must be given to parameters that influence human well-
being such as sunshine, temperature, wind patterns, and precipitation. When designing
in hot/arid climates, the designer should pay attention to the following issues:

e Protection of building occupants from solar radiation and heat gain.

e Heat gain minimization.

e Heat dissipation (Watson & Labs, 1983).

Building facade is the barrier between indoor spaces and the surrounding environment.
Heat gain control via building envelope design is the most significant strategies on
human thermal comfort in hot/arid climates. Hence, for adequate climate control, the
following criteria should be followed:
e Thermal inertia properties of the building envelope should be appropriately
selected to suit the local climate of the building
e Adapt thermal insulation for the building envelope to avoid energy loss. A
research simulation on an insulated roof with reflected materials could
decrease cooling load from 26% to 49% compared to one that is not

insulated (Muselli, 2010). Applying thermal insulation to the building
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walls and roof can decrease heat loss resulting from thermal bridges up to
25% (Bekkouche et al., 2013).

e The building form should be carefully be designed so that exposure to solar
radiation is minimized to avoid heat exchange between the building in and
outdoor.

e Air tightness and infiltrations of windows and doors should be controlled
especially in cold climates where heating is required. See various control

strategies in the table 2.3 below.

Table 2.3 Control strategies according to Watson (1983) principles

Control Season Strategy Conduction Convection Radiation Evaporation
Strategies ~ Winter Promote Promote
Solar Gain

Resist minimize Minimize

Loss conductive  external air
heat flow flow &
infiltrations

Summer Resist Minimize Minimize Minimize

Gain conductive infiltrations solar gain
heat flow
Promote Promote Promote Promote Promote
loss Earth ventilation  ventilation Evaporative
cooling cooling
Heat Atmosphere  Sun
sources
Heat Earth Atmosphere Sky Armosphere
sinks

2.3 Human Thermal Comfort in Buildings

2.3.1 Thermal Comfort

Thermal comfort is one of the essential features of building design procedure since
human beings nowadays spend about 80% to 90% of their daily lives in indoor spaces.
Therefore, it is imperative for architects and engineers to seek means to enhance

building occupants’ thermal comfort (Judson et al., 2014; Rupp et al., 2015).
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ASHRAE 55 (2004) defined thermal comfort as “that condition of mind that expresses
satisfaction with the thermal environment and is assessed by subjective evaluation.”
Thermal comfort research has become a more dynamic field since the advent of air
conditioning in the built environment (Van Hoof et al., 2010; ASHRAE 55, 2004). In
previous years, numerous researchers have interpreted and combined results of factors
affecting thermal comfort in buildings into a single parameter/index. This allows
setting of ranges of comfort for the same parameter (Mishra & Ramgopal, 2013;
Almeida, 2010). The thermal comfort index is generally defined either theoretically or
through adaptive modelling (Almeida, 2010). Thermal comfort is classified in respect
to environment: outdoor, semi-outdoor, or indoor (Rupp et al., 2015). Patterning

indoor thermal comfort, there are two approaches that can be used for calculations.

The first one, the Fanger model (1970), applies the predicted percentage of dissatisfied
(PPD) as proposed by a standard. This index was developed by Fanger on the basis of
a mathematical model and he used data generated from experiments conducted on
human beings in controlled climate spaces (Kuchen, 2016; Fanger, 1970). This model
predicts the mean thermal sensation of a group of people in order to know the
individual’s dissatisfaction with the thermal environment. It is expressed as the
predicted mean vote (PMV) minus the predicted percentage dissatisfied (PPD). PMV
was a basis of ASHRAE 55, and can be obtained through parameter such as;
metabolism, clothing, indoor air temperature, indoor mean radiant temperature, indoor

air velocity, and indoor air humidity (Rupp et al., 2015).

The second approach used for calculating thermal comfort is the adaptive model. It is
more advantageous than the first approach because it is suitable for helping a

building’s occupants achieve thermal comfort with strategies such as natural
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ventilation or clothing types that are suitable to the climate and sun exposure. The
adaptive model approaches in appropriately modelled building design can reduce
energy usage for mechanical ventilation and heating to 50% (Albatayneh et al., 2017).
Thermal comfort influences factors that are a combination of environmental and
individual variables. Finger used these factors in his equation. The environmental
variables are air temperature, mean radiant temperature, relative air velocity, and
relative humidity (Hensen, 1990; Ekici, 2013). Table 2.4 shows categories of factors

that influence thermal comfort.

Table 2.4: Thermal comfort influencing factors.

Environmental Personal Contributing Factors

Air temperature Metabolic Rate Food and drink

Air movement Clothing Body Shape

Humidity State of health Subcutaneous fat
Acclimatization Age and gender

Solar Radiation

Thermal comfort is a very significant concept influencing human comfort in the aspect
of temperature, and is one of the most important parameter to consider in building
design. Frontczak and Wargocki (2011) acknowledged that thermal comfort is both a
fundamental condition and contributor to people’s comfort in building interiors
(Frontczak & Wargocki, 2011). Rupp et al. (2015) carried out thoughtful research on
thermal comfort in the built environment with a thorough literature survey on over 466
research articles discussing human thermal comfort aspects in the built environment.
With their intensive research, they evaluated thermal comfort impacts and variables to

enhance indoor environment thermal comfort (Rupp et al., 2015).
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2.3.2 Thermal Comfort Parameters

It is difficult to give the exact values for the seven thermal comfort parameters, which
would provide a suitable thermal environment for all people. The relations between
these parameters are defined by numerous thermal indices such as the optimal
operative temperature, comfort zones, the predicted mean vote, and predicted
percentage of dissatisfied. These can be utilized to create the circumstances under
which some inhabitants in a building tends to be comfortable though others many not
be. (URL. 1). This study aimed is not to explain all the factors affecting thermal
comfort; explanations that are more detailed are given for air temperature, radiant
temperature, relative humidity, and air speed in the following subsections.

2.3.2.1 Air Temperature

Among all the environmental factors mentioned above, air temperature is the most
influential one in determining thermal comfort (Parsons, 2010). Air temperature is also
referred to as dry bulb temperature (DBT) and is measured with dry bulb thermometer.
Griffith advocated that having a suitable temperature level was the one issue people
deem to be the most vital in a building. The temperature for indoor comfort should be
in the range of 16°C to 30°C for a room during the daytime and usually lower for
sleeping times. However, people also encounter heat sensation through walls,
windows, et cetera because of solar radiation from the surrounding environment.
When the temperature increases or decreases beyond the comfort range, it may be
necessary for people to increase or decrease their activity levels, adjust closures, or
create air movement to restore thermal comfort (Gabril, 2014).

2.3.2.2 Radiant Temperature

Solar radiation has influences on thermal comfort. These effects can be illustrated in

terms of thermal exchange between the body and the air surrounding it. The radiant
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temperature for a body invariably depends on the temperature of the surface that
surrounds it. To examine the effect of the radiant temperature, mean radiant
temperature (MRT) is measured. MRT refers to the temperature of a sphere. It is
measured by an infrared scanner or it can be calculated as a function of global
temperature, air temperature, and air velocity (Nicol, 2008; Fanger, 1970; Goulding et
al., 1992; Foruzanmehr, 2017). Global temperature is generally used in thermal
comfort survey research and has become one of the basic variables. According to Nicol
(2008), global temperature has been suggested for measuring the joint impact of air
and radiant temperature on the human body (Nicol, 2008; Foruzanmehr, 2017).
2.3.2.3 Relative Humidity

Relative humidity is a very important environmental parameter and has a great impact
on thermal comfort in buildings. The effect was first documented a long time ago.
Nowadays, it is incorporated into the effective temperature (ET) scale for calculation
of thermal comfort zones (Jing et al., 2013. In warm climatic regions, high humidity
levels compound discomfort when the temperature level is above the comfort zone. In
buildings, the tendency of humidity change is not as significant as air temperature;
peoples’ sensitivity to humidity change within the range of 40% to 70% is negligible.
This indicates that humidity does not receive much attention when air temperature, air
speed, and radiant temperature are within the comfort zone. However, with increased
temperature and metabolic rate of the human body, the effect of increased humidity
on thermal comfort becomes more noticeable (Kong et al., 2019). Numerous
researchers have shown that the skin’s humidity is a main cause of discomfort for
human beings. The current ASHRAE standard 55 recommends decreasing the

opportunity of discomfort resulting from low humidity by keeping the dew point
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temperature in occupied spaces above 3°C (Berglund, 1998; Gagge, 1971; Berglund
& Cunningham, 1986; Jing et al., 2013).

2.3.2.4 Air Speed.

Air speed has an influence on individual thermal comfort because it promotes heat
loss through the process of convection. As air moves closer to the skin, it increases the
evaporation. However, in circumstances where the air temperature is lower than the
skin’s temperature, air movement can result in additional heat loss through convection
(Nicol, 1974 & 2008; Foruzanmehr, 2017). In hot/arid climatic regions, air movement
has a great influence on thermal comfort of the human body. The impact of air
movement in this climatic region has been projected to be equal to a 3°Cdrop in
temperature (Nicol, 2008; Foruzanmehr, 2017). Figure 2.15 illustrates the amount that
air movement can offset the operative temperature (ISO 7730 Standard, 2005;
Foruzanmehr, 2017). As demonstrated in figure 2.15, in a situation where air speed
within a building is 0.2m/s or less, no offset will occur in operative temperature.
However, in cases where air speed within a building is 0.3m/s or more, then operative
temperature will offset up to 1.5°K. Notably, air movement, radiant heat, and relative
humidity have effects on comfort level, but have no effects on the air temperature
(Sassi, 2006; Foruzanmehr, 2017). Air speed is required to offset operative
temperature; the horizontal dotted line in figure 2.5 signifies an air speed above which

papers might be disturbed.
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Figure 2. 5 Air speed influence on individual. Source: CEN Standard (EN15251)

2.3.3 Health and Comfort in Buildings

Buildings play a vital role in human health issues. The most essential characteristics
of a healthy building is to provide an optimal healthy interior environment for
inhabitants. Naturally ventilated buildings are considered the most suitable for human
beings from a human health point of view. Most airborne allergens and infection
diseases are linked with poor indoor air quality of buildings (URL.2). According to
Health Optimization Protocol for energy-efficient building (HOPE). A healthy
building is “the one that does not aggravate or cause illness to its own occupants.
Grants high thermal comfort levels to its own occupants in performance of their
normal daily activates for which the building was designed to host, and minimizes the
use of industrial heating, ventilation, and cooling (HVAC) systems” (Roulet et al.,
2006). This means that building users’ comfort can be achieved by creating a static,
ideal thermal environment (Looman, 2017). In this research, thermal comfort is
addressed for both occupant well-being and energy efficiency, but more emphasis is

laid on energy saving issues.
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2.3.3.1 Occupant Well-being

The World Health Organization’s (WHO) definition for health now includes more
than the mere absence of illness; it has been extended to include a state of complete
physical, mental, and social well-being (URL.3). Nowadays, the meaning of human
health has changed and become more complex than ever. It includes the
interrelationship between psychology, social life, and health. The manner in which an
individual lives and interacts in society can be viewed as part of the definition of health
alongside biological and physiological symptoms; therefore, heath is no longer merely

having access to medication but related to the quality the buildings (URL.4).

Research shows that there is complexity in the relationship between human well-being
and a building’s interior air quality. Factors such as thermal, visual, and chemical
issues of building interiors can negatively affect building users’ well-being (Arif et al.,
2016). These relationships are complicated and multidimensional and invariably have
long-term and short-term effects on individuals (Babisch, 2008; Fisk et al., 2006;
Lewtas, 2007; Arif et al., 2016). Major cases of indoor pollutant concentrations result
from the use of newly invented materials which are not properly tested and closing
building fenestrations for the purposes of saving energy but causing poor air exchange.
As these factors continue to exist in buildings, they eventually lead to sick-building
syndrome (Edwards et al. 2001; Helmis et al., 2009). The term, sick-building
syndrome, become popular in the 1970s to describe a state in which the building
inhabitants experience severe health problems or symptoms which are triggered when

people stay longer in a particular building (Babatsikou, 2011).

Users’ health indicates that building design is a significant issue in providing heathy

interior living environment. Although healthy environments can be realized through
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various healthy architectural design strategies, contaminants still causing symptoms
should be adequately tackled. In the case of the city of Khartoum, where sand-dust
storm particles are the major cause of respiratory diseases, this work is poised to find
a solution (Osman & Sevinc, 2019).

2.3.3.2 Metabolism and the Thermal Balance of the Human Body

Metabolism can be defined as a process performed by the human body, which entails
transformation of chemical substances to grow and respond to its environment.
Generally, metabolism comprises two stages. The first stage is catabolism in which a
human body gathers the necessary nutrition from foods and beverages. The second
stage is anabolism that is derived from the Greek ana, which means up. The process
involves a build-up and breakdown of substances into usable forms of energy
(Looman, 2017). The body releases, transfers, stores, or utilizes the energy produced
during metabolism. The energy converted through this process is invariably less than
half that needed for work; therefore, it is transferred to heat energy and increases body
temperature (Ji et al., 2018). The human body has tools to regulate its own thermal
balance. To what extent the human body’s regulatory system can work is influenced
by factors such as body heath, shape, age, and gender. As well, there are personal
factors (clothing and adaptive behaviour) which function alongside the environmental
factors (temperature, humidity, and wind speed) to influence thermal comfort. These
environmental factors are very essential for building designers to be aware of because
they have enormous impacts on building design criteria (Looman, 2017).

2.3.3.3 Adaptive Thermal Comfort Approach

Thermal comfort depends wholly on environmental, physical, physiological, and
psychological factors. People living in same environment might have different thermal

sensations (Nematchoua et al., 2018). Thermal comfort is relatively complex and
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differs according to the subject (CIBSE & CIBSE guide A, 1999). Though various
standards have been established about comfort levels, researchers are still in debate
(Yau, 2008). Currently, scientists are concentrating more on energy efficiency issues
in buildings (Nematchoua, Tchinda, & Orosa, 2014). Thermal comfort research is
mostly conducted using two methods. The first method is rational in which thermal
comfort strive for describing the response of people to the thermal environment in
terms of the physics and physiology of heat transfer. The shortcoming of the rational
indices approach, when it is used for field surveys, is that they involve knowledge of
clothing insulation and metabolic rate which might be difficult to estimate and they
are not accurate in predicting the comfort vote (Humphreys & Nicol, 2002). The
second method is based on standards such as 1ISO7730 and ASHRAE 55 (ISO 7730,
2005 & ASHRAE 55, 2004). Considering the adaptive comfort model approach,
whenever human’s thermal comfort sensation is altered or changed, they react in a
manner to restore their comfort. This approach links field surveys performed in a wide
range of environments, hence supporting the comfort survey criteria of Humphreys
(1976, 1978), Auliciems and deDear (1986), and deDear and Brager (1998)

(Humphreys and Nicol 2002).

The adaptive comfort model is used in naturally-ventilated buildings where neither
air-conditioning nor mechanical ventilation systems are used. This model is expressed
by Humphrey and Nicol’s (1998) principles which said, “if a change occurs such as to
produce discomfort, people react in ways which tend to restore their comfort.” This
model assumes that a person is not just a passive receiver of thermal sensations but
actively participates in restoring personal thermal equilibrium by adjusting clothing

and/or opening or closing windows (Humphrey & Nicol, 1998). The type of adaptive
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comfort model is defined in ASHRAE 55-2010. The model assumes that the indoor
temperature will be favourable when the average outdoor temperature is in the range
of 23.3 to 33.5°C and the indoor temperature can be held within a specified 10 degrees.
Therefore, thermal comfort is invariably dependent on outdoor climatic conditions
(URL.5).

2.4 Climate Control Strategies for Buildings

Increasing fossil fuel burning and removal of plant cover contributes to great extent to
increasing greenhouse gases. In particular, carbon dioxide (CO2), methane (CH4), and
nitrogen dioxide (N20) have caused global temperature increases. Which in turn led
to climate change. The main features of climate change includes increases in average
global temperature — which is called global warming, variations in precipitation,
melting of ice caps, increases in ocean temperatures, and increased ocean acidity
which occurs when sea water absorbs heat and carbon dioxide from the atmosphere
(URL.6). If appropriate environmental control strategies are not taken, climate change
will certainly hinder development processes and compromise the safety and comfort
of contemporary and future generations. Moreover, climate change effects may be
more adverse in developing countries (Ashwill et al., 2011).

2.4.1 Climate Change

Human activities on the planet are projected to have increased the global temperature
1°C above pre-industrial levels, and it is expected to reach 1.5°C between the year
2030 and 2052 if appropriate environmental measures are not taken (URL.7). The
reason behind the occurrence of climate changes is generally related to the increase of
man’s intervention into the natural environment, particularly during the pre and post
industrial revolution. During this period, humans are accountable for the production

of large quantities of carbon dioxide emissions. These factors contributed to great
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extent in increasing the frequency of climate extreme events during recent decades
(Alzahrani et al., 2018). Climate change has become a reality, and its risk to buildings
and human life has become apparent.. For instance, the global temperature will
increase the tendency of floods and dust-storms and other severe events of climate
change (Midgley et al., 2005; Berz, 1997; Alzahrani et al., 2018). Tschakert et al.
(2010) documented extreme climate impacts in Africa. They discussed mainly the
drought incidents and they disregarded the several incidences of heavy rainfall which
invariably resulted in tremendous damage to the built environment (Tschakert et al.,
2010). The most important feature of the effects of global warming is that for a given
change in global temperature, the regional changes can vary immensely.
Consequently, a “moderate” global warming of about 2°C beyond the pre-industrial
temperatures can lead to great changes in different climate subsystems and sensitive
regions (Trenberth et al., 2007; Lorenz, 2012). In contemporary years, climate change
imposes a tremendous danger to the built environments performance (Crawley, 2008).
The exhaustion of energy resources and the danger of climate change necessitate
adapting sustainable development in building industry through proper utilization of
renewable energies and energy efficiency approaches (Robert & Kummert, 2012;
Rubio-Bellido et al., 2015). This research work is poised to analyze the climate of the
city of Khartoum, Sudan, to evaluate climate change and to provide design strategies

that are adaptable to the contemporary climate and resilient for future climate.

Sudan, as is the case for most developing countries in Africa, is highly vulnerable to
climate change and climate variability (Zakieldeen, 2009). Sudan is considered among
countries with variable rainfall Africa (Zakieldeen, 2007; Zakieldeen, 2009). The city

of Khartoum suffers considerably from greenhouse gases (GHGS). Recent temperature
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increases were attributed to GHG emissions. The first effort to analyze climate change
for the entire country of Sudan was sponsored by the United Nations Framework
Convention on Climate Change (UNFCCC). UNFCCC revealed that there will be
increases in average temperature, between 1.5°C - 3.1°C during August (Wet Season),
and between 1°C and 1.1°C during January (Dry Season) by 2060. Moreover, a 6 mm
reduction in rainfall during the Wet Season in the city of Khartoum is expected. Hazard
and vulnerability assessments carried out in 2007 predicted that the city of Khartoum
will be exposed to risky weather events because of climate change (URL.8). Figure

2.6 shows climate change progressions, indices, and dangers.
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Sudan is considered one of the countries with high vulnerability to climate change.
This was confirmed by IPCC*s 4™ assessment report of 2007, which also revealed that
Sudan is the most susceptible country among all African countries to climate change.
The United Nations Environment Programme’s (UNEP) 2007 report demonstrated
that there have been shifts of 50km to 200km of the semi-desert and desert boundary

southward since 1930. Furthermore, this boundary shift is expected to continue to
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move southward until 2050 because of the drought in the entire region (Sayed and
Abdala, 2010).

2.4.2 Effects of Climate Change on the Environment

2.4.2.1 Temperature Increase

Researchers have proved that the Earth’s surface temperature has risen by
approximately 0.8°C since the 19" century. Similarly, the recent increases in
greenhouse gases emissions resulted from rising demand on fossil fuels consumption
which is one of the genuine reasons for global warming. However, natural factors such
as volcanoes and changes in solar irradiance may be contributing factors to this

dilemma (Ring et al., 2012).

Comprehensive studies of global climate in the previous 15 decades revealed that the
world had witnessed climate change in two subsequent phases in 1919 and 1940;
during this period of time, an average temperature rise of about 0.35°C was observed.
The second phase is from 1970 until today; this period exhibits a temperature rise of
0.55°C. Moreover, records demonstrate that the previous 25 years are considered the
warmest time of the previous five centuries. Global warming has caused warming of
the oceans, rising of sea levels, melting of glaciers, and reduced snow cover in the
northern hemisphere. The recent climatic disasters such as heavy floods in Pakistan
and India, Hurricane Katrina in the United States, and prolonged droughts in Australia,
China, Pakistan, India, and Texas, USA, are all attributed to global warming. The 21
century has witnessed numerous extreme climatic events. These destructive climatic
events are expected to continue in the future if appropriate measures to mitigate global

warming are not adopted (URL.9). Figure 2.7 shows the annual global surface
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temperature from1880 to 2014 which indicate that global warming have happened and

will continue unless serious measures are taken.
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Figure 2.7: Global Temperature, 1880-2014.
Source: Goddard Institute for Space Studies (GISS) and Climate Research Unit
(CRU).
Sudan, as an example of most developing countries of the world, is subjected to
climate change. This is expressed in the United Nations Environment Programme
(UNEP) report. Sayed and Abdala (2010) advocated that a trends analysis of
temperature of the city of Khartoum, Sudan, between 1901 and 2009 revealed
increases in temperatures. Figure 2.8 shows the trend of increase in temperature for

the city of Khartoum of Sudan from 1901 to 2009.This in line with this research work,

which hypothesis to analysis trend variation of Khartoum city climatic data.

40



Historical changes from Average in Annual Total
31 Annual Temperature of Khartoum

21

: > A, 2.5 AAAAA N /\/\DQ

-1.9

RF (mm)

2005
2009

Y
e T T e B B B S B P R T T T T T = e S St S

Figure 2.8: Historical changes in temperature of the city of Khartoum Meteorological
Station. (Source: Sayed and Abdala 2010).

2.4.2.2 Raising Sea Level

Discussing the effects of climate change on the sea is a very important since it has
been estimated that by the year 2100 the mean sea level is expected to rise only 0.1m
lower if the global temperature increases only by 1.5°C instead of 2°C. However, sea
level will continue to rise until 2100 and the amount and rate of rise is governed by
the future emissions scenario (URL.7). The rising sea level effects are observed as
increased occurrences of heavy storms. If carbon dioxide and greenhouse gases
continue to increase in their contemporary phase, sea level may be projected to rise
from more than 0.5m to up to 1m by the year 2100. It is uncertain to predict the manner
in which to predict the manner in which sea rising will happen in the future. Recent
satellite data shows that global sea level is rising in the last two decades by 3.2cm per
year and the overall observed rise since 1901 is estimated to be up to 20cm (Cicerone

& Nurse, 2014). Figure 2.9 shows global average sea level rise since 19" century.
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Figure 2. 9: Global average sea level rise in 19th century. Source: (Cicerone &
Nurse, 2014).

2.4.2.3 Wind and Storm

Climate researchers predict that wind speeds, extreme rainfall incidents, and intense
local storms will generally increase all over the world if appropriate mitigation
measures are not taken. The major concerns with tornados and tropical storms are the
impacts of extreme winds, dust storms, coastal storm surges, and heavy rain. For these
reasons, it is necessary for architects to design their buildings in ways that reduce wind
loads on new buildings by adapting more aerodynamically efficient structures, like for
example, curved corners and reduced roof eaves. However, these design strategies
should be adapted and balanced with a need to protect buildings in circumstances of
severe flood and controlling solar radiation (Sanders & Phillipson 2003; Snow &
Prasad, 2011). Majority parts of Sudan have been experiencing numerous sand-dust
storm events throughout the year. Because the Sahara Desert has covered part of the
country, it is considered a major source of dust in the region. Sudan experiences
massive dust storms that at times lead in to reduction of visibility. These storms are
locally called Haboob. The city of Khartoum witnessed severe sand-dust storm events
in the years 2007 and 2009, which completely disturbed movement in the city and
resulted in many traffic accidents and the cancellation of flights (Sayed & Abdala,

2010). Figure 2.10 is provided by the World Meteorological Organization, the graph
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provide information about global atmospheric sand-dust storms distribution in order

give researchers’ idea about sand-dust storm movement pattern.
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Figure 2.10: Annual mean distribution of dust aerosol optical depth (AOD) in 2016
(Source: World Meteorological Organization).

Figure 2.11 shows pictures of typical sand-dust storms in the city of Khartoum, Sudan.
The frequency of sand-dust storm events is more than ever. This may be a result of
climate change that occurred in the city of Khartoum (Osman & Seving, 2019). This
research, in response to these sand-dust storms, proposes adaptive solutions at building

scale.

Figure 2.11: A typical event of sand-dust storm in the city of Khartoum
(Source: Osman & Seving, 2019).
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2.4.2.4 Drought and Precipitation

Researchers have advocated that most of the recent and more frequent incidences of
climate extremes in previous decades can be attributed to climate change. However,
most general circulation models predict a noticeable change in precipitation (Loukas
et al., 2008). The movement of water into the atmosphere from the Earth (from
evaporation from water bodies and transpiration from plants) is due to temperature
increases and is expected to lead to increased drought in dry areas. In drier regions,
evapotranspiration may produce periods of drought (URL.10). Drought is defined in
the Fourth Assessment Report of the Intergovernmental Panel on Climate Change
(IPCC) as “a prolonged absence or marked deficiency of precipitation’, a ‘deficiency
of precipitation that results in water shortage for some activity or for some group’ or
a ‘period of abnormally dry weather sufficiently prolonged for the lack of precipitation
to cause a serious hydrological imbalance’’ (Trenberth et al., 2014). Drought extremes
and frequency is projected to increase in the future due to climate change, which will
lead to a general reduction in regional precipitation and an increase in evaporation.
Previous evaluations of historical changes in drought toward the end of the 20 century
and the beginning of the 21% century reveal that drought may be happening globally
(Sheffield et al., 2012). Figure 2.12: shows twelve-month running-mean time series of
precipitation rate (mm/day) of the world cotenants (North America, South America,

Europe, Africa, Asia and Australia) from January 1979 to May 2017.
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Figure 2.12: Precipitation rate (mm/day) of the world six continents
(Source: Sheffield et al., 2012).

Figure 2.13 illustrates decreased trends in the city of Khartoum rainfall between the
years 1900 and 2002. Even though general decreases in rainfall were observed during
this time period, the years such as the early 1920s, 1993, the mid-1960s, and 1988
witnessed excessive increases in rainfall, which resulted in great damage to some parts
of the city of Khartoum. However, this reveals uncertainty of rainfall, the city has
witnessed excessive flood in recent years, and 1988 flood was the most notable one.
Therefore, designers should take persuasions to avoid this. In otherward, this figure

provide a good theoretical frame work for this research.
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Figure 2.13: Historical changes in total annual rainfall of the city of Khartoum
(Source: Sayed and Abdala 2010).
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2.4.3 Effects of Climate Change on Hot/Arid Climate Zone Buildings

Climate has a great influence on man’s life in urban areas. Buildings are highly
affected by climate change. This research addresses the climate challenges which both
contemporary and future buildings in hot/arid climatic regions will face. Climate
change indices that affect a building occupants’ thermal comfort should be addressed
before the beginning of the building design process. These indices include temperature
rise, drought, sea temperature rise, sand-dust storms, higher wind speeds, and
increased precipitation (ElI Basyouni, 2017). Climate change imposes greater
responsibilities on architects and planners of the built environment. It is essential to
take into consideration the minute temperature increases that may be in some instances
outside the normal range and can increase hazards dramatically, such as the strength
of storms, wind movements, and floods (Snow & Prasad, 2011). Adaptation of building
design strategies to climate change entails controlling and handling the effects of
unavoidable extreme climate events. Although the climate researchers are arguing
about the extent of adaptation needed, there is increasing consciousness that the design
profession is required to consider predictions about the uncertainty of extreme climate
events. This necessitates increased resilience by using appropriate and sustainable
building materials and design strategies’ (Stephen S. Szoke et al., 2014; El Basyouni,

2017).

Research work conducted in hot/arid climates has revealed a rising trend of
temperatures and summer discomfort in previous years and it was disclosed that the
predicted temperature increase could lead to escalation of cooling load for achieving
thermal comfort (Lam et al., 2008; Lam et al., 2010; Li et al., 2012). Electricity is

generally used for air conditioning and will lead to excessive emissions, in turn
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damaging the ozone layer and causing more climate change (Kahrl & Roland-Holst,
2009; Liet al., 2012). Most buildings in hot/arid climates are susceptible to excessive
climate and extreme incidents, such as increased precipitation, melting snow, more
frequent fire events, severe storms, and floods. In order to mitigate such hazardous
events, resilient design strategies should be appropriately adopted. The challenges the
construction sector encounters in hot climates include:

1. Excessive precipitation could extend construction duration which leads to
increased costs.

2. Global warming hazards change the length of building seasons.

3. Extreme climate events necessitate more frequent maintenance of buildings.

4. Increased heat fluctuation events have the consequences that building design
shifts away from contemporary architectural design pattern towards new
design approach which might increase the building’s cost.

5. Temperature rise will put more pressure on energy demand. For instance in
poor developing countries, as the climate gets hotter increased fortune will be
the motivating factor of increased energy consumption, particularly for air
conditioning. Without adopting mitigation strategies, the world energy demand
for air-conditioning systems is predicted to increase from approximately
300TWh in the year 2000 up to 4000TWh in the year 2050 (Chalmers, 2014).

2.5 The Renewable Energy Potential Used in the Built Environment

Nowadays, buildings depend on energy to provide the required comfort for occupants.
Energy is used as a substantial primary and secondary source for heating, cooling, and
ventilation of buildings. Energy is also a secondary source for operating buildings and
it is used for hot water supply and vertical transportation systems. The building’s

energy consumption depends on its construction and operational systems. During
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prehistory, man exhibited much evidence of climate-responsive design strategies when
fossil fuels were not even available. In many parts of the world, ancient man was able
to provide a design that utilized available local materials in a manner to gain maximum
benefit from the local surroundings (Baird, 2017). Improving building occupants’
indoor air quality and thermal comfort in buildings, and reducing carbon dioxide
emissions from buildings during their life cycle requires appropriate climatic design
strategies that consider a building’s local climate. Much effort has been done globally
to reduce energy consumption in buildings. The American Institute of Architecture
(AIA) and the United States federal government formed year 2030 challenges and
passed the energy independence and security law that stressed that by the year 2030
all newly constructed buildings should be net-zero energy (Street, 2013). According
to UN reports for the year 2011, it is expected that by the year 2030 nearly 60% of the
world population will be living in cities; therefore, most building construction is
expected to take place in urban centres (URL.11). The bioclimatic design approach,
as a determinant of design criteria for urban buildings, is essential to tackle the
escalated demands of dwellings that would accommodate tremendous population
influxes (Street, 2013). Nowadays, the world energy supply depends primarily on
fossil fuels which cannot meet the total demand of the built environment (Cullen &
Allwood, 2010; Broersma, 2013). Realizing built environment energy demand can be
through appropriate design that considers local and regional renewable energy
sources. This can be achieved through smart design strategies that make appropriate
use of local renewable potentials (MacKay, 2008; Broersma, 2013).

2.5.1 The Climate Elements Considered in Building Design

The building site’s accessibility to climate resources is influenced by its location. The

quantity and quality of resources the building can benefit from to achieve thermal
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balance for its occupants depends on the adopted building design strategies. Climatic
elements that are available in nature include air, geothermal energy from the earth, and
sun location in the atmosphere, sky cover, solar radiation intensity, wind pattern,
humidity, vegetative cover, and water bodies (Looman, 2017).

2.5.1.1 Sun and Sky

It has been estimated that 99.8% of the earth energy comes from the sun (Dickinson
& Cheremisino, 1980). Solar energy is obtained from direct solar radiation and indirect
solar radiation (Dickinson, 2018). Solar radiation comprises two basic components:
direct radiation that directly reaches the ground without any obstacles and indirect
radiation that reaches the ground after several reflections. Figure 2.14 represents

energy balance of the earth’s atmosphere under the influence of solar radiation.
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Figure 2.14: Energy balance mechanism of the earth’s atmosphere
(Source: Cherri, 2015).

Solar radiation is a renewable energy source of heat and light and a determining factor
in enhancing indoor built environment sustainability. A buildings’ accessibility to
solar radiation is determined by the status of active and passive solar potential for
buildings. In some circumstances, the insulation of building openings affects their use

and designated activities. Solar goals are numerous and may be depending on the time
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of day and seasons according to thermal comfort requirements. This is especially true
in tropical climates (Chatzipoulka, 2017). Because of energy crisis during the 1970s,
much attention was paid to energy saving in buildings. Appropriate design and use of
solar energy help in conserving energy and in improving human health and thermal
comfort. Understanding the characteristics of solar radiation is essential for building
designers to make rational use of solar radiation and reduce energy consumption in
buildings. Sky luminance distribution is essential for describing sky types and
calculating daylighting performance. Sky luminance distribution varies with the time
of the day and depends on weather conditions such as sun position and availability and
distribution of clouds (Luo et al., 2015). The quantity of global solar radiation on a
specific place on earth varies according to factors such as sun position in the sky.
When the sun’s latitude angle is high, the solar radiation’s distance to earth becomes
shorter; hence solar radiation’s occurrence of reflection is reduced. Consequently,
solar radiation intensity of the location on earth increases. This indicates that
maximum global solar intensity is achieved in areas closer to equator. When further
from the equator, the travel distance of solar radiation increases during the year due to
the earth’s orbit around the sun and its axial tilt. This phenomenon causes seasonal
variations of climate (Looman, 2017).

2.5.1.1.1 Global Radiation

Global radiation refers to the quantity of solar radiation that passes through the
atmosphere and falls on earth. During this process, it loses part of its radiation through
absorption, diffusion, and reflection. The absorption happened by ozone, atmospheric
water vapor, clouds, and oxygen. The reflection results from clouds that play a
principal role in the reduction of solar energy received by the earth (Exell, 2000;

Poudyal et al., 2012). However, global solar radiation is one of the important climatic
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element for building design (El-Sebaii & Trabea, 2005; Sukhera & Pasha, 1987;
Poudyal et al., 2012).

2.5.1.1.2 Solar Geometry

Thermal climatic design of buildings depends solely on the sun as a main influencing
factor. Solar radiation penetration through building openings provides desirable warm
effects during the winter season. However, if the building’s form and openings are not
appropriately oriented and sized it could lead to excessive overheating in the summer
season. Therefore, assessment of its utilization and control is a vital strategy for design
to be sustainable and thermally comfortable for building users (Szokolay, 1996). Solar
architecture is the most effective design strategy for gaining and preserving energy in

buildings (Schittich, 2003).

To monitor the sun angle and how it moves in the sky it is very important to take
information about sun altitude and azimuth angles. Altitude angle B, as in figure 2.15,
is the angular distance above the horizon measured perpendicular to the horizon. It
reaches its peak when the solar radiation is at 90 to ground surfaces. Azimuth angle o
, Is the angular distance measured along the horizon in the clockwise direction. It
begins at zero degrees and increases clockwise (Mumtahana et al., 2016). Figure 2.15
gives an illustration of the sun’s path in the sky. It is very important for designers to
properly understand sun movement in the sky for them to appropriately orient

buildings in relation to sun movement.
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Figure 2.15: Sun motion in the. (Source: Mumtahana et al, 2016).

Figure 2.16 illustrates this phenomenon. On 21 December, the winter sun’s altitude

angle is at its lowest point; this is called the winter solstice. In summer, on 21 June,

the sun’s attitude angle is at its highest position; this is called the summer solstice. The

equinoxes are situated half way between the solstices and when the sun is at an

equinox, the day is the advent of the spring or fall season (URL.12).
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Figure 2.16 summer and winter solstice. (Source: Mumtahana et al, 2016).

2.5.1.1.3 Sunshine Duration

Sunshine duration, or solar shine duration (SSD), is a vital climatic parameter has been

used for centuries and it has been used in many disciplines such as tourism, public

health, agriculture, and solar energy (Kothe et al., 2017). Knowing the availability and
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variation of solar radiation energy is very important for researches in atmospheric
modelling and climate studies. Much research has been done in recent decades on solar
shine duration (SSD) in different climatic regions of the world either with clear sky
conditions or after the removal of cloud effects (Founda et al., 2014). There is a
noticeable relationship between sky cloudiness and SSD because higher cloud
intensity reduces SSD. However, air pollution, emissions coming from industrial sites,
other sources of SSD reduction include increased may also contribute in reducing

SSD.

Sand-dust storm, industrial pollutants and cloud reduced SSD this reduction effect will
be clearer in winter season (Matuszko, 2012). Solar altitude, angle variations during
the year, global climate irregularities, topography, and atmospheric weather conditions
such as air pollutants affect SSD reaching the earth. These invariably accounted for
inconsistency of SSD in short periods of time (Fernandez et al., 2018). Long-term
trend analyses for a period of 50 years was done for SSD, total cloud cover (TCC),
and low cloud cover (LCC) in China for 618 meteorological stations. The result
revealed a significant decrease in the trends of SSD and TCC, while LCC exhibited a
significant level of 95% (Xia, 2010). This indicates that climate change has a great
influence on SSD quantity and quality. As for the city of Khartoum, Sudan, it receives
about 8.7 hours per day of sunlight in July and 10.5 hours in February. This averages
to about 9.92 hours per day of sunlight and approximately 3600 hours per year
(Widatalla & Zinko, 2011).

2.5.1.1.4 Sky Cover

Sky cover, also known as cloud cover, is the most complex metrological parameter

because it is difficult to evaluate and ambiguously defined (Gerth, 2013). According
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to Arking (1964), the debate over sky cover started after the first satellites were
launched. Sky cover can be defined as the percentage of opaque clouds to the area of
clear sky during a period of one hour. Moreover, area of sky or sky view is usually
defined as the part of sky that is visible to an observer when standing in a particular
location (Gerth, 2013). For a designer to utilize daylight appropriately in building
design to save energy, it is important to consider sky cover. In order for the designer
to realize energy efficient design it is essential to comprehend the potential extremes
of sky conditions from clear sky to overcast sky. Clear sky is the sky condition when
there are no clouds that hinder solar radiation from reaching the ground. Overcast sky
is the condition when a thick layer of clouds completely covers the sky and prevents
radiation from reaching the earth. All radiation is diffused in the latter condition and
it is invariably difficult to determine the sun’s location. The figure 2.17 below shows
the difference between clear sky, overcast sky and illustrate the horizon and zenith to

the right.

clear sky overcast sky

Figure 2.17: Difference between clear sky & overcast sky
(Source: Looman, 2017).
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The length of the day is determined by sunshine duration, which also contributes to
the quantity of solar energy the earth’s surface received. Solar latitudes also have great
control over SSD since this controls the length of the day. Earth’s angular rotation on
its axis and its revolution around the sun brings about day/night and seasonal
variations. At the equator, the length of the day is 12 hours; therefore, it has the
potential to receive the greatest amount of solar radiation. A location’s length of day
reduces the further it is from the equator (URL.13). Table 2.5 shows monthly

variations in length of day according to the latitude.

Table 2.5: Length of monthly variations in length of days according to latitude.

Latitude Longest day Latitude Longest day
or night or night

0 12 hours 63.4 20 hours

17 13 hours 66.5 24 hours

3 14 hours 674 1 month

41 15 hours 69.8 2 month

49 16 hours 782 4month

58.5 18 hours 90 6 month

2.5.1.1.5 Ambient Temperature

Large cities experience high temperature fluctuations resulting from paved surfaces,
lack of trees, and heat released from large concrete buildings. Plant cover in urban
areas helps in reducing ambient temperature and urban heat island effects through the
process of providing shade and evapotranspiration. These can reduce the energy
needed for cooling and heating buildings (Yousif & Tahir, 2013). Utilization of plants’
cooling effects has been mentioned in a lot of research (Nowak et al., 2002). Nowak
(1995) enumerated that planting deciduous trees outside the north and east facades of
buildings in the southern hemisphere or the south and west facades in the northern

hemisphere provides cooling effects in the summer season and warms buildings in
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winter (Yousif & Tahir, 2013). The temperature of the troposphere closer to earth’s
surface is heated by solar radiation absorbed, reflected, or diffused from the sun
(Looman, 2017). Shakurov et al. advocated that soil temperature where covered with
grass in the city of Khartoum, Sudan, is 15-20°C lower than uncovered loamy soils
and paved areas. Until now, there is not any evidence that shows the impacts of the
White Nile and Blue Nile Rivers on ambient temperatures in the city of Khartoum
(Shakurov et al., 2016).

2.5.1.1.6 Solar Energy Potential Estimation in a Built Environment

Sudan is one of the promising countries that have great potential for solar energy
technology. Sudan is blessed with solar insolation of 6.1 kWh/m2With radiation
reaching horizontal surfaces ranges from 4.9 to 6.7 KWh/m?/day. The total potential
over a year has been estimated to be 10.1 GJ/m?. Furthermore, Sudan is characterized
by having abundant land and low cloud cover most of the year; this makes it possible
to generate appreciable amounts of energy from photovoltaic systems. Another
advantage is the minimum of 8.5 sunshine hours are received daily in the city of
Khartoum (Al-Haj & Sopian, 2018). Figure 2.28 shows monthly global and diffuse
solar radiation in the capital Khartoum. Figure 2.29 shows the average number of
annual sunshine hours calculated by Meteonorm?7.0. Photovoltaic technology, despite
its viability in Sudan, still faces some challenges such as dust storm that reduce
photovoltaic (PV) efficiency. Similarly, high temperatures also causes decrease the
efficiency of PV modules and increase radiation thermal losses (Al-Haj & Sopian,
2018).

2.5.1.2 Energy Potential Estimation of Wind Energy in A built Environment
Wind energy can be one of sustainable means for enhancing indoor thermal comfort.

This can be achieved by directly using the prevailing winds to ventilate buildings or
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by harvesting renewable energy through the use of wind turbines. The latter has
become common nowadays. In order to make maximum use of wind energy,
appropriate knowledge of wind movement patterns in the designated area is very

important.

Utilization of wind energy dates back to many years ago in Sudan. Wind has been used
as a source of energy in rural areas for water pumps, corn grinding, and small
industries (Omer, 2002). Sudan is blessed with abundant renewable wind energy of
approximately 5m/s in 50% of the country that can be utilized to generate electricity
(Omer, 2000).

2.5.1.2.1 Natural Ventilation Potential

Natural ventilation is one of the most efficient strategies in providing cooling and
ventilation for the built environment. Appropriately, natural design provides amicable
and healthy indoor living condition for building occupants and subsequently reduces
the money used for active cooling (Yu et al., 2015). Natural ventilation denotes the
mechanism of air exchange between indoor and outdoor environments. This
mechanism depends on wind effects, thermal buoyancy, or both (Cheng & Bahnfleth,
2016). Natural ventilation that occurs because of temperature differences is called
stack effect. This ventilation plays a vital role as it increases natural ventilation
vertically through buildings. A good ventilation strategy is an atrium. Used in large-
scale buildings, atriums have high ceilings coupled with operable openings and
function like solar chimneys (Yu et al., 2017). Despite the fact that stack effect is a
means of providing thermal comfort via natural ventilation, it has disadvantages
(Lovatt & Wilson, 1995). These may be malfunctioning lifts doors or aggravating

noise emanating from lift’s halls (Tamura, 1994; Klote; Evans, 2007; Yu et al., 2017).
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To solve the problems associated with stack effects when it rises in a high-rise open
plan office, for instance, the highest-pressure differences across the lift doors are
usually measured at the first floor and the last floor as in figure 2.18. In situations
where the upper floors of the offices are pressurized by HVAC systems then the wind
floor rate from the lift to the building spaces on the upper floors will be decreased.
Therefore, the wind flow rate from the lobby space of the first floor to the lift shaft

would eventually reduce as in figure 2.19 (ASHRAE Standard, 2009; Yu et al., 2017).
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Figure 2.18: Highest-pressure differences measurement
(Source: Looman, 2017)
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Figure 2.19: Wind flow rate from the lobby space
(Source: Looman, 2017).

Wind-driven ventilation uses external wind and thermal buoyancy as a driver to admit

fresh, cool air to the indoor environment (Wang et al.,, 2014; Yang & Li, 2015;



Prueksakorn et al., 2015). In order to take maximum advantage of these driving forces,
building openings should be appropriately sized, shaped, and oriented (Evola &
Popov, 2006; Kim et al., 2007; Prueksakorn et al., 2015). It is essential for these
ventilation devices to provide the required indoor thermal comfort level for building
users without any need for mechanical systems. It is generally difficult and more
complex to design a naturally ventilated building than to design a mechanically
ventilated system for the same building (Fontanini et al., 2013; Prueksakorn et al.,
2017). Optimal ventilated building design involves intervention of researchers who
have knowledge of climate, topography, orientation, and environmental impact
assessments (Kleiven, 2003; Prueksakorn et al., 2015). Designers should consider
factors that affect energy saving potential by natural ventilation strategies such as
orientation, location, form, and building envelope from preliminary design stage (Jin

et al., 2012; Mora-Pérez et al., 2016).

Wind towers are another sustainable cooling strategy that is very popular in the history
of the Middle East. It was used in combination with courtyards and atriums. It uses
the principles of wind-driven and stack effect ventilation. The wind enters into the
tower of the building creating positive pressure on the windward side and negative
pressure on the leeward side. This pressure difference pushes inside air to exit and
replaces it with fresh cool air from outside; the cycle becomes continuous (Lien &

Ahmed, 2011). Figure 2.20 illustrates wind tower utilization in hot/arid climates.
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Figure 2.20: Wind tower design in Middle Eastern building
(Source: adapted from Lien & Ahmed, 2011).

2.5.1.2.2 Cooling Potential of Outdoor Air

Ambient temperature in the city of Khartoum, Sudan, is higher than thermal comfort
most of the time since the Hot Season (March - May) and the Wet Season (June -
October) last so long. The high temperatures are accompanied by high solar radiation
and sand-dust storms, which have become a normal phenomenon in the city because
of climate change. In addition, climate analysis conducted in this research work proved
that natural ventilation is not applicable in most months of the year except during the
nights of the Wet Season. Night ventilation is an effective cooling strategy in the Hot
and Wet Seasons of the city of Khartoum. It is possible to improve outdoor
temperatures by utilizing appropriate landscaping. Because the phenomenon of sand-
dust storm has become more frequent than ever, there is a need to plant a buffer zone
around the city of Khartoum to intercept the excessive storms that blow in from the

greater desert in Dry Season. The ambient temperature is within the comfort zone

60



during the daytime in the Dry Season (November-February) and below the comfort
level at night. With appropriate passive solar design strategies, the ambient
temperature can be improved. As buildings in the city centre absorb much solar heat
radiation during the daytime, this releases at night. Then the city’s ambient
temperature can be reduced through the mechanism of urban heat island effect.
2.5.1.3 Water

It has been estimated that about 70% of the earth is covered with water. Consequently,
the entire climate is deeply affected by water in all forms. Most of what appears as
climate (rain, vapour, humidity, and snow) is highly dependent on water. This
phenomenon is called the hydrologic cycle and it is defined as the migration of water
particles from the earth’s surface to the atmosphere and back again. During this
process, the water frequently transforms between different states (solid, liquid, and
gas) and between different locations on earth (ocean, atmosphere, and land)
(Berlatsky, 2011). Water is a source of energy and it could be utilized to achieve a
sustainable built environment (Rendall, 2017). Water evaporates from ocean and land
surface into the stratosphere, where it is diverted across the earth’s surface in the form
of water vapour. Water vapour condensates to form clouds, rain, snow, or other forms
of precipitation that fall back to the ground. This precipitation falls on water bodies,
is taken up and transpired by plants all over the earth, and become surface runoff
and/or recharges groundwater. Groundwater infiltrates deep into the ground and some
parts combine with saline ground water in coastal areas. In this last stage, water returns
back to the ocean from where it will eventually evaporate again, finishing the
hydrologic cycle (Pagano & Sorooshian, 2002). Figures 2.21 illustrate the hydrologic

cycle phenomenon.
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Figure 2.21: Hydrologic cycle phenomenon.
(Source: Pagano & Sorooshian, 2002).

2.5.1.4 Precipitation and Evaporation

Precipitation is the term described in climate science as rainfall, snowfall, and any
other frozen or liquid falling from clouds. It differs from year to year and over decades,
and varies in quantity, intensity, occurrence, and types. It effects the environment and
people. Moderate rainfall is more beneficial because it penetrates into soil and
provides better irrigation to plants. Heavy rain that falls within short periods causes
floods and can cause soil erosion and damage to plants. Heavy rains can result in dry
soils after short periods (Trenberth, 2011). Precipitation is an important climate
element, which could be enhanced through appropriate landscaping (Collins &
Avissar, 1994).The characteristic of arid climates such as the city of Khartoum is, low
relative humidity and less rainfall, in this climate the ability of soil to absorb water is
significant. The city of Khartoum soil is characterized as being tenacious clay and has
the characteristics of supporting less trees and bushes than silts and finer sand soil
types with same rainfall quantities. Evaporation is high in the city of Khartoum
because of uninterrupted solar radiation, high wind movement, low relative humidity,

and high soil temperature (Oliver, 1965). Many studies were conducted since 1940s
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on the analysis of annual and daily rainfall for central Sudan. These studies utilized
various techniques in order to arrive at accurate outcomes. However, the obtained
results indicated that there was a decrease in the amount of rainfall resulting in the
existence of distinct wet and dry sequences (Elagib, 2010). The city of Khartoum,
Sudan, experiences an average of 10 hrs of sunshine per day, solar radiation of 3.05-
7.62 kWh/m2/day, and an average temperature of 32 to 40 °C. These climatic
conditions promote the evaporation phenomenon (Abdelmajeed et al., 2009).

2.5.1.5 Surface Water and Ground Water

Water surface temperature behaves the same as soil surface temperature and can vary
extremely according to daily and seasonal time scales and owing to atmospheric
conditions and hydrological factors (Bolduc, 2015). The thermal capacity of water is
higher than that of soil because solar radiation increases water temperature more
slowly and evaporation occurs on water surfaces which in turn reduce the air
temperature. These evaporative cooling effects can be utilized for cooling buildings

(Looman, 2017).

The incidents of global warming, which have become more profound than ever before,
necessitate utilization of renewable energy sources. Groundwater is viewed as a
sustainable energy source (Arola, 2015). The utilization of groundwater for heating
and cooling of buildings in China, North America, and Europe is well known in the
past (Banks, 2009; Ferguson and Woodbury, 2005; Banks, 2012; Arola, 2015). A
groundwater cooling system needs the presence of an aquifer from which water can
be removed through a borehole. As illustrated in figure 2.22, cold water is extracted
from the borehole at a temperature of 6-12°C and then piped through a heat exchanger

to cool the building. The subsequent heated water is discharged into the aquifer
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through a hot borehole. In areas where the water table is close to the earth’s surface,
the resultant hot water can be reused as gray water or discharged into the sewer (ADe

Saulles, 2004; Ampofo et al., 2006).
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Figure 2.22: Ground water for cooling
(Source: Ampofo et al, 2006)

2.5.1.6 Water in an Urban Context

Urban surface-water bodies have a great influence on the climate of the built
environment; therefore, they are considered very essential components of the urban
centre environment (Yang et al., 2018). In urban areas, water bodies greatly enhance
microclimates of the surroundings with appreciable cooling effects. They facilitate
evaporative cooling. Evaporative cooling is considered one of the most efficient
cooling strategies that can be used in hot/arid climates. Research has proved that water
bodies are one of the most significant methods of reducing a city’s temperature. Water
can reduce urban temperatures by approximately 2 to 6°C (Manteghi, et al., 2015). In
many cities, water plays a vital role in people’s daily lives, especially in cities situated
near rivers, seas, oceans, and lakes. Xu et al (2009) conducted research on the effect
of water on thermal comfort in cities that experienced summer-day temperatures of
more than 35C°. Their results demonstrated that water contributed heavily to cooling

cities. Concurrently, a modelling research work was done by Robitu et al (2006) that
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proposed that some small water ponds have appreciable cooling effects on their
surrounding environments. Moreover, research work on the cooling influence of water
holding pavement proved a temperature reduction of several degrees (Theeuwes et al.,

2013; Nakayma & Fujita, 2010; Manteghi, et al., 2015).

2.6 Climate-Responsive Building Design Considerations for Hot/Arid
Climatic Region

Climate change has become one of the main concerns of most building designers
nowadays due to the ethical issues associated with the concept of sustainability and
the need for providing uncompromised living facilities for the future generation. This
necessitates the need for adapting climate-responsive design strategies through
appropriate utilization of renewable technologies for passive cooling of buildings.
Certainly, building space cooling has intensely increased energy consumption and
creates a vicious cycle, being, at the same time, a reason for and an effect of the
anthropogenic overheating of the Earth (Ascione, 2017). In less developed countries
located in hot/arid climates, excessive heat events create problems in cities because of
buildings’ heat retention, especially in situations where building ventilation for
cooling at night is inappropriate (Weihe, 1984; Akande, 2010). Nowadays, many
designers are shifting their focus toward adapting sustainability in design and
construction through the use of passive and low energy strategies. The intention is to
achieve optimal thermal comfort especially in hot/arid climatic regions (Akande,

2010).

Approximately a quarter of the planet is estimated to be located in hot/arid areas
mostly between 50°N and 50°S, but mainly found in the 15-30° latitude in both the

southern and northern hemispheres. Daytime temperatures ranging between 40 and
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45°C are common. During the night, temperature may drop as low as the freezing
point. It should be noted that not all hot/arid zones are continuously hot. For instance,
the Gobi Desert located in central Asia experiences hot summers but has a very cold
winters with temperature as low as -30°C. Cold/arid zones exist in the polar climatic
region of the Arctic and Antarctic (Ashrafian et al., 2011). Variations in desert climatic
regions are independent of factors such as proximity to coast and geographical
location. However, there are a major difference in temperature, humidity, and wind
speed in summer and winter during the course of the day and season (Hausladen et al.,
2013). The amount of solar radiation received in hot/arid climates is considered to be
the highest. The quantity of solar radiation reaching the ground depends on the climate
of the lower layers of the atmosphere as well as the presence of clouds and earth
surface characteristics, such as albedo, emissivity, temperature, humidity and thermal
properties of the underlying soil (Santillan-Soto et al., 2015). In hot/arid climates such
as the city of Khartoum, high cooling load is required for building users to achieve
thermal comfort. Evaporation level is very high in hot/arid areas except for areas close
to coastal areas. In such areas, dehumidification is strongly recommended to achieve
thermal comfort.

2.6.1 Heat Loss Promotion Techniques

In order to design a climate-responsive building in hot/arid climates, the following
criteria should be adapted. Heat loss promotion techniques could be achieved through
evaporative cooling, natural ventilation, solar chimneys, and wind towers.

2.6.1.1 Evaporative Cooling

Cooling is highly required in hot/arid climatic zones to achieve thermal comfort,
especially in the summer. Evaporative cooling is one of the most favourable

sustainable cooling strategies, which have incredible advantages, such as easy to
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construct, low initial and maintenance costs, and high-energy efficiency. Evaporative
cooling serves as a basis for simple air-conditioning systems, and it is suitable in hot
regions characterized as having low humidity levels. Basically, evaporative cooling
can be divided into two types: direct and indirect. In both types, the minimum
temperature at which air can be cooled is the wet-bulb temperature of the inlet air
(Jain, 2008; Qureshi & Zubair, 2006). Building protection from excessive heat is one
of the most challenging processes in cooling strategies. It requires utilization of
evaporative cooling pads, misting, or fogging systems together with mechanical
ventilation. However, in hot/arid climatic regions such as that of the city of Khartoum,
Sudan, evaporative cooling is considered the best and most energy efficient and
economical strategy to use over conventional air-conditioning systems (Alodan & Al-
Faraj, 2005; Abbouda & Almuhanna, 2012).

2.6.1.1.1 Direct-Evaporative Cooling

Direct evaporative cooling is the process of converting sensible heat into latent heat.
The non-saturated air is cooled through heat and mass transfer with a fan that blows
air through a liquid’s surface. Some of the sensible heat is absorbed by the liquid and
becomes latent heat when some of the water evaporates. The latent heat flows with the
water vapour and is liberated into the air (Brown & Watt, 1997; Camargo et al., 2005).
Figure 2.23 shows a diagram on how direct evaporative cooling systems work. In
direct evaporative cooling, the heat and mass transferred between water and air
reduces the air-dry bulb temperature (DBT) and increases its humidity, keeping the

enthalpy level constant (Camargo et al., 2005).

67



water asgersion

fan onr
T S W A EE: Initial condition Last condition
| ====-=_ of the air of the air
! o, 0 DBT 4=._. . i
: evaporative 2 IF & : o -
hotair @ 5 %ad 3 COTAN AN AUX . WBT Lot i i
; oPTk =7 £14
+ ; ik Ideal
. HHH cooler

|-

|
lEl_nk . i i
Figure 2.23: Direct evaporative cooling (DEC).

(Source: Camargo et al, 2005).

2.6.1.1.2 Indirect Evaporative Cooling (IEC)

Alternatively, indirect evaporative cooling (IEC) is another sustainable cooling
method that has a bright future. It can provide a low cost and energy efficient cooling
system. The system comprises two separate air passages. In the primary passage, the
airflow from outside is sensibly cooled without adding water to it. Secondary air and
water flow concurrently together. The secondary passage surfaces are wetted with a
water sprayer, and in this way, the water film will evaporate into the secondary air,
making the passage surface temperatures drop. Cold surfaces extract the heat from the
outdoor air as it passes through the primary passage. Subsequently, the air leaving the
primary passages has lower WBT and DBT than it had when entering (Alonso et al.,
1998; Erens, 1993; Farmahini-Farahani et al., 2012). Figure 2.24 illustrates how

indirect evaporative cooling operates.
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Figure 2.24: Indirect evaporative cooler
Source: Alonso et al., 1998).
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2.6.1.1.3 Two-Stage Evaporative Cooling

Two-stage evaporative cooling, also known as indirect-direct evaporative cooling, is
introduced as an improvement over the previous direct and indirect evaporative
cooling. It has numerous advantages over the previously mentioned ones, most
especially in hot/arid climatic regions. Two-stage evaporative cooling comprises
indirect evaporative cooling in stage one, which provides pre-cooled air to the direct
evaporative cooling system in stage two (Sharag-Eldin, 1988). The ASHRAE
Standard revealed that two-stage evaporative cooling could use between 60% and 70%
less power than a normal air conditioning system. This makes two-stage evaporative
cooling an effective and sustainable energy efficient cooling strategy. The success of
this cooling strategy is influenced by the depression that occurs between wet bulb
temperature and dry bulb temperature (Ambade, 2015). Figure 2.25 shows how two-

stage evaporative cooling operates.
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Figure 2.25: Two-Stage Evaporative Cooling
(Source: Ambade, 2015).

Hot/arid climatic zones are characterized as having low relative humidity; therefore,
this cooling strategy is suitable for providing thermal comfort to building users. In
order for this cooling strategy to function appropriately, 100% external air movement

should be granted otherwise relative humidity may increase beyond the indoor comfort
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level. According to Sharag (1988), during the Hot Season, two-stage evaporative

cooling strategy may reduce dry bulb temperature to 29°C and increase relative

humidity to 60%, provided that the air entering the building blends with the air already

inside. The advantages of two-stage evaporative cooling are:

1.

It is energy and cost-efficient and more appropriate in areas where direct
evaporative cooling is insufficient.

It consumes half of the energy that an air conditioning system uses and its
construction cost is low.

It provides better comfort than compressor-based systems; hence it can replace
mechanical refrigeration cooling.

It provides 100% cooling with fresh air; therefore, internal air quality problems
do not arise in such cases. This cooling strategy is designed for 25 to 40 air
changes per hour which makes it similar to natural ventilation.

This cooling strategy uses refrigeration which makes it environmentally

friendly.

The disadvantages of two-stage evaporative cooling are:

1.

2.

It is inefficient in coastal areas where relative humidity is high.

There is a significant temperature variation in the cooled space year round
depending on the prevailing ambient dry and wet bulb temperatures (Ambade,
2015).

It requires frequent maintenance throughout the year.

The entire system fails in situations when there are water and power failures

which are common in hot dry areas.
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2.6.1.2 Natural Ventilation

Natural ventilation is the process of delivering fresh air to a building’s indoor space in
order to make comfortable and favourable indoor environment. This helps in saving
energy. Normally, a naturally ventilated building is approximately 40% less cost that
of an air-conditioned building (Guide, 1993; Castillo & Huelsz, 2017). Natural
ventilation is achieved as a result of air pressure difference around buildings. Pressure
differences promote air movement from higher-pressure zones to lower-pressure
zones. Pressure difference occurrence attributes to wind or buoyancy force that result
from the variation of air density at different temperatures. Ventilation uses outside or
inside the building air, and can result from a temperature difference, stack effect, a
solar chimney, wind towers, inside versus outside air movement, and cross ventilation
(Aboul Naga, 1990). In hot/arid climatic zones, night ventilation is found to be most
suitable cooling strategy for providing optimal thermal comfort conditions to building
occupants. Because of the large temperature swings in this climate, the night cooling
refreshes the building’s indoor spaces. But, for hot and humid climates, a whole day
of ventilation would be more efficient to stimulate indoor thermal comfort. Air
movement speeds up sweat evaporation, cooling the building’s occupants. That is why
it is necessary to evaluate the building indoor natural ventilation in relation to thermal

comfort of the users (Castillo & Huelsz, 2017).

In order to take maximum advantage of natural ventilation, designers are

recommended to consider the following precautions:
e The longer part of the building should be oriented to take benefit of prevailing
wind direction; the appropriate orientation is zero to 30 degrees, without losing

any benefits of the cool breeze.
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e Building orientation and opening sizes should be appropriately designed
according to climate type. Daytime ventilation is important in hot/humid
climates and nighttime ventilation is important in hot/dry climates which have
significant differences between day and night temperatures.

e Raising a building’s level exposes it to more winds.

e Hedges should be planted at distances of at least 8 meters from the building in
order for them not to prevent windows from utilizing prevailing winds.

e Cross-ventilation can be promoted by limiting building depth to enable inward
airflow from one facade and outward flow through another. Introducing
architectural elements such as wing walls and parapets can promote cross-
ventilation by creating negative and positive pressure zones.

e Large windows and doors can provide appropriate ventilation provided they
are well protected from solar radiation.

e For appropriate ventilation, it is recommended to use nearly equal inlet and
outlet openings.

e For rooms having only one wall exposed to the outside, it is more appropriate
to provide two windows than a single one.

e A single-sided opening provides ventilation to a depth of between 6 and 7
meters. While cross-ventilation can provide up to 15m depth. However, a
deeper space plan can be better ventilated with an atrium or chimney (Butera

et al, 2015).

The factors that determine the way in which the building ventilation works are building

form, building position, and location of openings. Building ventilation principles
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include single-sided ventilation, cross-ventilation, and stack effect ventilation
(Kleiven, 2003).

2.6.1.2.1 Single Sided Ventilation

Single-sided ventilation depends on airflow through openings on only one side of an
enclosed space. The air enters through one window and exits from the same window
or from another window in the same wall, as demonstrated in the figure 2.26. In a
situation where the room operates with a single-sided window ventilation principle,
wind turbulence will be the only driving force. Therefore lower ventilation rates are
created and the tendency of achieving efficient ventilation in the space is restricted.
Stack effect ventilation can be used to improve the space ventilation by using two
different windows at different heights. Stack effect ventilation can be further enhanced
by separating the two windows in the horizontal dimension. Because of wind pressure
differences created at the position of each window (URL.14), A single-sided corridor
is another natural ventilation principle that is usually used in hospital buildings. In this
system, the corridor is located on one side of the hospital ward figure 2.27. Airflow is
in one direction from corridor to ward or from ward to corridor, according to prevailing
wind direction. This ventilation system has the advantage of preventing cross-
infections. Therefore, designer should be careful with the window design, sizing, and
locations in order to address any cross-infection that might occur (Allard, 1998;

Chartier & Pessoa-Silva, 2009).
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Figure 2.26: Single sided ventilation
(Source: (Allard, 1998).
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Figure 2.27: Wind-driven natural ventilation
(Source: Chartier & Pessoa-Silva, 2009).

2.6.1.2.2 Cross-Ventilation

Air movement results from pressure difference between indoors and outdoors in
naturally ventilated buildings and the airflow is influenced by unstable parameters
such as wind velocity and direction, turbulence characteristics in the wind, heat
sources, solar radiation, and the form and location of windows (Liu et al., 2013). One
of the most vital types of ventilation is cross-ventilation; it is defined as the situation
whereby the air moves through two sides of the building facade because of wind-
induced pressure differences between the two sides of the facade. The air penetrates
and exits normally through windows or openings integrated in the building facades.
Ventilation operates as the air flows from the windward side to the leeward side.
Figure 2.28 is a typical cross-ventilation system where air moves through several
rooms passing through doors or overflow grills. Cross-ventilation is also achieved in
buildings when considering a single space where air penetrates from one side of the

space and exits from the opposite side as in figure 2.29. In this circumstance the
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ventilation principle can be called cross-ventilation or stack effect ventilation. When
the airflows across the space it picks up warm air. However, the effectiveness of this
system is limited, since as space depth increases the cross-ventilation effectiveness

decreases (Kleiven, 2003).

Figure 2.28: Typical cross-ventilation system.
(Source Liu et al., 2013).
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Figure 2.29: Cross-ventilation for a single space
(Sources: Kleiven, 2003)

2.6.1.2.3 Stack Effect Ventilation
The stack-effect ventilation occurs as the result of air density difference between

indoors and outdoors, which are caused by temperature fluctuations. The direction and
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velocity of prevailing winds have a great impact on the efficiency of this ventilation
principle. The most favourable circumstances in which this system operates efficiently
are when a light air flows in a way that the exhausted air is drawn out through the
outlets of ventilation openings or ducts. Fresh air moves through the inlet vents or
opening inside the rooms, which increases the rate of air movement. This ventilation
strategy is very suitable in hot/arid climatic zones where the humidity is low and the
temperature difference between day and night is relatively high compare to other
climatic zone (Gladyszewska & Gajewski, 2012). Figure 2.30 shows a diagram of

stack-effect ventilation in a building.
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Figure 2.30: Stack Effect in a Two Storey House
(Source: Wahab & Ismail, 2012).

Since stack effect ventilation performance efficiency depends on the temperature
difference between the indoor and outdoor environment, it is important for the building

designer to understand clearly the characteristics of the climatic zones of the design.
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For instance, hot/humid climates are characterized as having high temperature, high
solar radiation intensity, high humidity levels, and much rainfall throughout the whole
year. This necessitates insulating the indoors to provide adequate thermal comfort for
building users. This can be achieved by using proper building materials coupled with
good design. Maintaining lower building indoor temperatures compared to outdoor
temperatures can promote the stack ventilation principle in buildings (Wahab &
Ismail, 2012).

2.6.1.3 Wind Towers

Fossil fuel burning is one of the major sources of gas emissions. Active cooling
systems consume significant amounts of a building’s energy demand. The negative
impact on the environment can be significantly reduced by utilization of sustainable
and renewable ventilation and cooling strategies. Winds, being a renewable resource,
can be appropriately used to provide adequate cool fresh air through adoption of wind
towers, solar chimney, et cetera. Wind towers have been used for more than three
thousand years to provide thermal comfort in the Persian Gulf and Middle East regions
(Saadatian, Haw, Sopian, & Soulaiman, 2012; Abedini, 2014). Montazeri and Azizian
defined wind tower “as a device which facilitates the effective use of natural
ventilation in a wide range of buildings in order to increase the ventilation rates”
(Fathy, 1986; Montazeri, 2011; Hughes et al., 2012). Wind towers project from the top
of a building’s roof. They have openings placed towards prevailing wind direction in
order to catch warm air, cool it down, and pass it to a buildings indoor to provide
thermal comfort for building users. The air moves through the tower to the building is
as result of wind flowing or the temperature difference between indoor and outdoor.
The wind blow creates positive pressure on the windward side and negative pressure

on the other side of the wind tower. In windless areas the wind tower works as a
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chimney or stack effect; where by hot and less dense air rises and flows out from the
wind tower opening (Ahmadikia, Moradi, & Hojjati, 2012; Abedini, 2014). The left
part of figure 2.31 describe how wind towers work during the day and the right side
of the figure represents how it operates at night. During the daytime, the prevailing
wind is the driving engine of the entire system’s operation because it creates a pressure
difference between the inlet and outlet which promotes air movement between the
inside and outside of the building the wind tower operation methods at night the
outside, lower air temperature cools down the building’s thermal mass; this provides

additional cooling the next day (Hughes et al, 2012).

|

Figure 2.31. Left side represents day time operation and right side represents night
time operation. (Source: Hughes et al, 2012)

2.6.1.4 Wind tower Cooling Techniques

2.6.1.4.1 Using Evaporative Strategy for Wind Tower

Due to some problems associated with traditional wind towers such as insect
penetration and sand-dust storms, which have become more frequent than ever in
hot/arid regions, researchers have made improvements on the old ones. The world

trend of sustainable development also necessitated these improvements in order to
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save energy. Numerous scholars suggested new designs of wind towers for hot/arid
zones to enhance the performance of traditional wind towers (Bahadori, 1985;
Dehghani-Sanij et al., 2015; Khani et al., 2017). Bahadori presented two new models
of wind towers, named “wind tower with wetted columns” and “wind tower with
wetted surfaces.” These two new models have made tremendous improvements to the
traditional wind tower.

2.6.1.4.2 Wind Tower with Wetted Columns

Wind towers with wetted columns are a building cooling strategy that has thick
curtains or clay conduits installed inside the wind tower column. Water is sprayed on
the clay screen or conduit in order to moisten them. The water that is being sprayed is
collected at the bottom of the tower in a sink and recirculated by pumping it up. The
hot air from outside that flows through the wetted column is cooled by evaporative
cooling process. Ultimately, the cooled and moistened air with lowered temperature is
delivered indoors through the tower’s outlet (Bahadori et al., 2014; Bahadori, 1985;
Bahadori & Pakzad, 2002; Bahadori et al., 2008; Khani et al., 2017). This cooling
strategy is suitable in hot/arid climatic zones because the humidity level is very low
and the sand-dust storm problem is also well addressed. The fear of discomfort as a
result of high humidity and dust does not arise here. Figure 2.32 illustrates how wind

towers with wetted columns operate.
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Figure 2.32: Wind tower integrated with wetted column
(Source: Hughes et al, 2012).

2.6.1.4.3 Wind Tower with Wetted Surfaces

The operation system of wind towers with wetted surfaces is the same as that of wetted
columns. At the inlet opening of each wind tower, wetted cooling pads are placed so
that passing air induces evaporation. The pads can be rewetted intermittently or at
scheduled intervals by spraying water from an outlet at the top of the tower. This type
of cooling system is most efficient and predominantly employable in arid regions that
frequently have winds of sufficient speed. Figure 5.33 shows the wetted surface wind
tower operation system (Hughes et al., 2012). Bahadori (1994) conducted
experimental research on wind-wetted surface wind towers equipped with evaporative
cooling pads on the outside of the air inlet, the research revealed that the air entering
the living space through the wetted surface of the tower has a temperature much lower
than the air temperature exiting the traditional wind tower. This evaporative system is
more suitable in hot/arid climatic zones that have less wind or are practically windless

(Bahadori, 1994; Hughes et al., 2012).
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Figure 2.33: Cross-sectional view of a wind tower W|th wetted surfaces
(Source: Bahadori, 1988).

2.6.1.4.4 Solar Chimney Effects Ventilation
Solar chimney strategies have been used to promote the buoyancy effect in order to
achieve adequate air movement rates to acceptable thermal comfort levels for indoor

environments.

Numerous approaches have been suggested in the literature to boost the buoyancy
effect for attaining suitable airflow rates and a desired level of thermal comfort for a
building’s indoor spaces. Solar chimneys are a suitable example. They are designed to
take full advantage of the ventilation effect while maximizing solar gain (Bansal et al.,
1993; Khanal & Lei, 2011). In that way, adequate temperature differences will be
created between the indoor and outdoor of the building. It will be enough to derive
acceptable airflow rates. Generally, there is a temperature difference between the
indoors and outdoors of a building during a summer day. As a result of that, ordinary
chimneys operate by stack effect principle and do not provide acceptable air

movement. This necessitates the use of solar chimneys to maximize the solar gain.
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The combined radiation and convection in the solar chimney leads to air movement
effects that improve ventilation. Solar chimney is a suitable ventilation strategy in
windless climatic regions where stack effect ventilation is inadequate due to the
insufficient temperature difference between indoors and outdoors (Gan, 2006; Khanal
& Lei, 2011). Figure 2.34 shows a schematic of a solar chimney with vertical absorber
geometry and Figure 2.35 is a schematic of an inclined-roof solar chimney. Solar
chimneys can also be integrated into wind towers in hot/arid climatic regions in order
to enhance indoor and outdoor air movement. They are especially useful in areas with

very low wind speeds (Hughes et al., 2012). This strategy is illustrated in Figure 2.36.
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Figure 2.34 Schematic diagram of a solar chimney with vertical absorber geometry
(Source: Khanal &Lei, 2011).
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2.6.2 Heat Gain Prevention
When adopting this strategy, the first step to take is to prevent the penetration of any
unnecessary thermal load that might pass to the building interior. This includes:

1. External thermal loads resulted from direct, indirect solar radiation,

outside air infiltration, et cetera.
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2. Internal loads that emits from people’s body are a results of cooking,
and other activates, lighting, and appliances (Sharma et al., 2003). All
these problems can be addressed through the following climate-
responsive strategies.

2.6.2.1 Solar Control

Nowadays, various types of shading devices for the purpose of controlling solar
radiation have been proposed. The type of shading devices to use depends on building
orientation, location, and window type. Solar control strategy is one of the most
important design strategies in hot/arid climatic zones, shading devices contribute to a
greater extent to enhancing the building’s indoor thermal comfort if they are
appropriately designed and sized. Furthermore, if shading devices are not ideally
designed, they will worsen the indoor environment’s thermal comfort conditions and
therefore lead to increases in energy consumption (Bellia et al., 2014). Building
designers in hot/arid climates always compromise the adoption of natural light in their
design in order to avoid excessive heat penetration to the building’s interior. Instead,
shading devices and small windows are considered appropriate in this climatic region
to control excessive solar radiation that leads to heat gain and glare problems
(Edmonds & Greenup, 2002; Freewan, 2014). The function of a building’s openings
in hot/arid climatic regions is to promote thermal comfort during the summer season.
Good design and oriented window permit solar radiation admission to building indoor
when heating is required in winter season (Greenup & Edmonds, 2004; Bellia et al.,
2014). The hot/arid climate is characterized by clear sky conditions, giving a good
chance for utilization of daylighting and natural ventilation for a building’s interior.
This high level of solar radiation results from permitting direct solar radiation to

penetrate indoors, which in turn, results in overheating and occurrences of discomfort
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glare. To resolve this problem, solar screen shading could be used in the form of
external perforated panels fixed in front of the windows figures 2.37 and 2.38 (Sheriff
et al., 2012). South-facing facades are exposed to solar radiation in the winter season;
therefore, south windows should be protected from low altitude solar radiation in the
mornings and evenings. Solar radiation striking east and west facades at low angles

should be intercepted with adjustable slats.

Figure 2.37: Exterior detail, Mashrabeya bay window (Source: Alden and Willia,
1977).

—
-
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Figure 2.38: Interior photo of a house in oId Calro Eg-ﬁ '(Source Bugarin, 2005).
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For appropriate shading of buildings, the shading devices should depend on solar
movement of a particular building fagade. This could be achieved through monitoring
the sun’s movement throughout the day. It is appropriate to use simple overhangs to
shade the south fagade window-wall in summer when sun angles are high. This may
be adapted for hot/arid climate of the city of Khartoum, Sudan. Moreover, the same
horizontal shading elements are appropriate for intercepting low afternoon solar
radiation from penetrating the west fagade openings of a building during the peak heat-
gain period. The following are possible shading elements:

e Using landscape elements such as mature trees or hedge rows;

e Using exterior elements such as overhangs or vertical fins;

e Using horizontal reflecting surfaces for instance light shelves;

e Using low shading coefficient (SC) glass; and,

e Using interior glare control elements such as Venetian blinds or

adjustable louvers (URL.43). Figure 2.39 shows some shading

gl

techniques.

Flgure 2 39 Aluminium horlzontal sun control device
(Source: Source: Bugarin, 2005).

According to Donald Watson (1983) and Lava pour and Surat (2011), research work
entails monitoring solar radiation angles for different locations in hot/arid climates

between 30° and 50° latitudes. They disclosed that a horizontal overhang of 76cm
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located 40cm above the top of the opening can provide appropriate solar control for
south facade windows as in figure 2.58. However, in a situation where long windows
or glass doors are used then it is preferable to increase the overhang to offer more
shade (Donald Watson, 1983; Lavafpour & Surat, 2011). See figure 2.40 shows that

76/40 cm overhang is appropriate for south elevations in 30° to 50° latitude.

Summer Sun
Wnter Sun >

Latitude between 30°-50°

southern wall

Figure 2.40: Roof overhang for south facade shading
(Source: Donald Watson, 1983).

2.6.2.2 Thermal Mass Lacking

Thermal mass is a substantial characteristic of a material, and can be defined as the
ability of the material to absorb, store, and release heat when it is needed. High thermal
mass generally is considered having high thermal mass and could act to appropriately
regulate the temperature fluctuations in buildings. Thermal mass is considers to be
preferably suitable for hot/arid regions. For instance, in the summer, night coolness
can be stored in the building’s thermal mass and used during the daytime to stabilize
indoor thermal comfort. During winter, heat radiation from lower solar angle can be

stored in walls and floors and released during nighttime to improve indoor thermal
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comfort (Meir & Roaf, 2002; Ghoreishi, 2015). In such climate type and strategy of
storing energy is very beneficial in controlling and regulating the building’s indoor
environment and helps in reducing energy demand. As people’s living standards have
risen in recent decades and environmental challenges such as climate change demand
alternative means of enhancing indoor thermal comfort, high thermal capacity in a
well-shaded and insulated building could serve as an appropriate alternative. It has the
potential to reduce indoor energy demand by 35% to 45% (Givoni, 1994; Lavafpour
& Surat, 2011). Thermal mass in some circumstances may be the only cooling option,
particularly in most developing countries where power interruptions, because of
increase peak load, commonly occur. When such events happen, for example in
winter, the heat stored in the thermal mass can be utilized to enhance indoor thermal
comfort levels (Meir, 2000; Lavafpour & Surat, 2011). Thermal mass is applied in
design and construction to provide passive heating through direct solar gain or roof
pond strategies in the winter season. Through these strategies, the stored heat is
released at night in the wintertime to help provide acceptable indoor thermal comfort
the figure 2.41 demonstrates, direct gain systems utilization of thermal mass in
Hot/Arid climate zones. Trombe wall strategy is another good example. In this
strategy, the indirect solar gain technique is used to improve indoor thermal comfort
(Mazria, 1980; Ghoreishi, 2015). Figure 2.42 illustrates indirect gain - masonry
thermal storage utilization for enhancement of indoor thermal comfort in Hot/Arid

climate zones.
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[ haann

Figure 2.41: Masonry heat storage, direct gain systems
(Source: adapted from: Mazria, 1980).

Figure 2.42: Indirect gain - masonry thermal storage wall
(Source: Adopted from: (Mazria, 1980).

2.6.2.3 Building Form

Buildings located in hot climatic zones face a greater challenge of internal heat gain
because of high solar radiation intensity. The radiation penetrates the building directly
through openings or building envelope. This results in an increased demand for air
conditioning (AC) in summer to maintain indoor thermal comfort in warm and
temperate climatic zones (Caruso & Kampf, 2015). The building form plays an
important role in energy loss minimization (Catalina et al., 2011); therefore, it is
important for building designers to adapt the approaches optimising the form of the
building envelope to save energy. The problem of building form optimisation has been
analysed in various research articles (Caruso et al., 2013). Designing an energy
efficient building requires careful choosing of building’s form. The designer’s choice

for compact building form is invariably based on rules of thumb. The rule states that

89



when designing; consider passive solar building design strategies for the building form
and orientation. This is the most appropriate thermal performance of the building

(Hemsath & Bandhosseini, 2015).

Several scholars have deliberated on the issue of efficiency of building form for energy
saving (Olgyay, 2015). Vector Olgyay advocated the connectivity of building form
and orientation with the passive solar energy efficiency of buildings. This suggestion
helped in the construction of some passive solar buildings projects (Allen & lano,
1989). The 2004 ASHRAE Standard recommends that building form and glazing
should be oriented along an east-west direction to take advantage of natural ventilation
and lighting (Ross, 2009). Current research on building geometry’s effects on building
energy can be categorized into two indictors: The first indictor is the energy
performance of building, this include the shape coefficient and relative compactness.
The second indictor is analysing the impact of form typology, such as orientation,
plane and shape; configuration and layout, the window-to-wall ratio, and other
physical characteristics. The first category seeks to find a simple indictor or direct
correlation for the energy performance of the building (Liu et al., 2017). Numerous
efforts have been made to find the effect of building form on building energy
consumption. Ourghi et al. (2007) introduced a method for predicting the effect of the
shape of an air-conditioned office building on its annual total cooling load. He
simulated buildings from four different locations in different climatic zone including
Rome, Tunis, Cairo, and Gabes. The simulation’s result revealed a strong
interdependency between total annual cooling loads and various building parameters
such as building form, opening size, and glazing type (Ourghi et al., 2007; Pathirana

etal., 2019). Caruso and Kampf (2015), in their effort to find optimized building form,
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investigated the optimal three-dimensional form of buildings that minimise energy
consumption as a result of solar radiation using the evolutionary algorithm. The
research finding is that the optimal building form is the one that is compact and
oriented to a particular direction in the sky that depends on the site adapting self-

shading pattern (Caruso & Kampf, 2015; Pathirana et al., 2019).

The impact of form in hot/arid climates, for air-conditioned office buildings in Kuwait
was investigated by AlAnazi et al (2009). They analysed several building shape and
form types including rectangular, L shaped, U shaped, T shaped, cross-shaped, H
shaped, and cut shaped. The research revealed that buildings with less wall/window
ratio tends to consume less energy compared to the one with high wall/window ratio.
This indicates that compactness ratio is an influential factor in terms of energy
consumption in the tropical climate zones (AlAnzi et al., 2009; Pathirana et al., 2019).
This indicates that form has a great influence on the energy efficiency of buildings in
hot/arid zones; therefore, it is important to use compact and appropriately oriented,

sized, and positioned windows for buildings in Hot/Arid regions.

As in figure 2.43, a compact building form has a positive impact on reducing the
cooling load during the summer season in hot/arid climates. A reduced building
surface area to volume ratio, location of building on east-west axis, and away from
building self-shaded walls can help in reducing energy demand for cooling (Hausladen

et al., 2014).
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Figure 2.43: Utilization of compact buildings form, courtyards and self-shading to
reduce heat gain in Hot/Arid climate zones. (Source: Hausladen et al., 2014).

2.6.2.4 Thermal Insulation

Thermal insulation types are fibrous, particulate, film, and sheet, block open, or close
cell. Thermal insulation materials are generally used for building envelopes to protect
building interiors from thermal discomfort. If the appropriate type and size of thermal
insulation is used it will help in reducing energy consumption for air conditioning most
especially in hot/arid climate where cooling load is relatively large. Thermal insulation
equally increases the thermal comfort without dependence on conventional air-
conditioning system. The amount of saving that could be achieved when thermal
insulation is used depends on the building typology, climatic conditions where is
building located, type, thickness, and location of insulation material used (Al-
Homoud, 2004). It is generally recommended that in hot/arid climates, the building
envelope should be insulated with a continuous coating of thermal insulation. It is
important for building ducts and shafts to be within the vicinity of the insulated part
of the building for them not to create a thermal bridge. A continuous coating or layers
of thermal insulation reduces the tendency of thermal bridges (URL.15). Currently,

people’s awareness about the need for energy conservation has tremendously
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increased because of their realization of its long-term benefits. In the future, the trend
of using thermal insulation and other energy efficiency techniques may likely be more
enthusiastically followed for reducing buildings running cost (Abdelrahman and

Ahmad, 1991; Al-Homoud, 2004 & Hughes et al., 2012).

The Gulf Countries Council (GCC), which is located in hot/arid climatic zones, has
set building regulations for using thermal insulation in buildings. The minimum level
of thermal resistance specified for this region is R-values of 1.35m2K/W and
1.75m2K/W for walls and roofs, respectively. The choice of using insulation for
building envelopes relies on the application types and the desired insulation level for
the designated (Al-Homoud, 2004).

2.6.2.5 Building Orientation

The energy crisis of the 1970s motivated researchers’ interest in climate-responsive
design strategies. Nowadays, as most buildings are constructed with unsustainable
building materials which consume more energy to provide acceptable thermal comfort
level, the world researcher’s attention is shifting now towards sustainable architecture.
This principle of sustainability requires first a suitable building location and
orientation and then cooling and heating requirements. Moreover, building orientation
can maximize chances for passive solar heating and cooling when it is needed. The
building orientation dictates the quantity of solar radiation received (Bekkouche et al.,
2013). Building orientation depends invariably on the type of the climate where it is
located. The hot/arid climatic zone is located between latitudes 15° and 30° North and
South of the equator. In the summer season, temperature rapidly increases and reaches
its peak at noon; temperature may fall up to 20°C at night. In the winter season, the

mean maximum temperature might reach approximately 30°C and falls at night up to
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20°C and precipitation is very low. The relative humidity is very low in continental
climate zones and ranges from 10% to 55%. It might reach up to 90% in coastal areas
such as Dubai City together with the higher temperatures, makes the climate to be
uncomfortable. A building's orientation significantly influences the impact of the sun
and wind on the dwelling. In hot/arid climate orienting the longest part of the building
towards the north and south can significantly reduce a building's solar exposure. The
openings should face the prevailing winds; this in turn helps in maximizing cross-
ventilation of the rooms. Generally, the north and west directions of the house offer
the most breezes and ventilation. Appropriate orientation of a building will therefore
provide occupants comfortable living spaces for the whole year and even under
unfavorable weather conditions (Gut & Ckerknecht, 1993). Figure 2.44 shows the

building form and orientation in relation to sun movement in the hot/arid climate.

Figure 2.44: Orientation of aiﬁng in relation to sun movement
(Source: Gut & Ckerknecht, 1993).
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2.6.2.6 White Paint Roof

When the solar reflectance increase in cities, it will lead to the increase of short-wave
solar radiation, which in turn leads to reduced quantity of solar heat energy absorbed
by exterior building surfaces. Lower temperatures and reduced outflow of thermal
radiation into the atmosphere will be released. This strategy can help in mitigating
climate change effects. Similarly, cool roofs and cool pavements save energy in
buildings that are used for active cooling and enhances unconditioned buildings
(Akbari & Matthews, 2012; Akbari et al., 2009). Research has revealed that improving
roof thermal performance helps make major energy savings in buildings. For instance,
high reflective roof (cool roof) has been extensively adapted to increase roof thermal
performance by reducing cooling energy demand (Algarni & Nutter, 2015). Due to
low cost, considerable energy savings, and lack of aesthetics conflict, it is possible to
encourage building owners to adapt this strategy (Akbari & Matthews, 2012; Akbari
et al., 2009). Moreover, pavements and roof constitute more than 60% and roof
between 20-25% of urban surfaces. Applying reflective surface materials on
pavements and roof can increase albedo up to 0.25 and 0.15 respectively, leading to
an overall increase of 0.1 on the total net albedo for the entire city (Akbari et al., 2009).
Accumulation of sand-dust storms are one of the challenges in hot/arid climates zone
in the city of Khartoum, Sudan. It can drastically affect the performance of reflective
surfaces because of the increased frequency of its occurrence in recent decades (Ghazi
et al., 2014). This effect is illustrated in figure 2.45, which presents two types of roofs,

a fully dusted and an undusted one (Algarni & Nutter, 2015).
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Figure 2.45: Variation of absorbed solar radiation under clean (a) roof and (b) dusty
roof (Source: Algarni & Nutter, 2015).

2.6.2.7 Building’s Envelope Design

The building’s envelope is the principal climate mediator between the indoor and
outdoor environments, and it is exposed to environmental climate elements and
required to moderate air exchange, solar radiation, and sound in order to provide
healthy and comfortable living environments (Reid, 1988; Bahaj et al., 2008). The
building envelope may increase building costs for thermal insulation, highly efficient glass,
the need for triple glass, and measures to avoid thermal bridges (Hausladen et al., 2014).
Therefore, it is crucial for architects and engineers to make suitable selections of
envelope material in order to make use of renewable energy such as daylighting and
winds. Building function is the second most important factor in envelope design. In
situations where activity and equipment in the space generate heat, the thermal loads
may be primarily internal rather than external. However, this invariably affects the
level at which the building losses or gains heat. Furthermore, building form,
orientation and volume have a great impact on energy efficiency measures of the
building envelope. In hot/arid climates, the most appropriate design strategy is to reject

solar absorption through prevention of direct solar radiation penetration into the
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building’s indoor space while still permitting a reasonable quantity of daylighting for
visual efficiency. Heat loss reduction is a very important strategy in cold climates; this
however, helps in maintaining desired thermal comfort through accumulation of solar
radiation in the building envelope (Straube & Straaten, 2001; Bahaj et al., 2008). The
following criteria should be adapted for sustainable building envelopes:

1. Building envelopes should provide appropriate control of direct solar
radiation through self-shading strategies or shading devices to protect the
building interior from external heat gain.

2. Facades should be appropriately designed to control any heat gain that might
occur through infiltration through using well-sealed opaque facade
components.

3. Provide natural ventilation means to the building interior where deemed
necessary.

4. Provide adequate natural lighting while still minimizing any occurrence of
solar gain by using appropriate shading devices and light shelves (URL.16).

Building envelopes should incorporate filters that control sand-dust storms in
hot/arid climates. Because sand-dust storm events have become more frequent than

ever before. Figure 2.46 shows a concept of south facade in Hot/Arid climate.
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Figuré 2.46: South facade design of buildings in Hot/Arid climates zone size.(Source
: (Hausladen et al., 2014)

2.6.2.8 Glazing Facade Design Consideration

Glazing facades utilization in buildings have gained more attention in recently years
(De Graciaet al., 2013; lyi et al., 2014; Nasrollahi & Salehi, 2015). Its use has become
the most widely used facade system worldwide due to the increased demand for
building facade transparency and their good characteristics of acoustic and energy
efficiency (Fuliotto et al., 2010; Nasrollahi & Salehi, 2015). With good design and
appropriately selection glazing material, a considerable energy saving can be achieved
in HVAC systems in buildings by accepting solar energy in the winter season and
rejecting overheating in the summer (Shameri et al., 2011; Nasrollahi & Salehi, 2015).
In hot/arid climatic zones, which are characterized as harsh environments, using larger
glazing material increases the heat gain. Excessive penetration of direct solar radiation
is undesirable and may affect visual comfort of building users (Sadek & Mahrous,

2018). It is more beneficial to use double-glazed windows in hot/arid climate because
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it reduces cooling load in hot season where active cooling is needed (Banihashemi, et
al, 2015). Therefore it is appropriate to apply double glazed system in Khartoum since

active cooling is needed from June up to October in order to save energy.

Using thin ceramic film electrochromic glazing is more appropriate for desert climate
buildings. It can save considerable quantity of energy when used under clear or partly
cloudy sky conditions (Lee et al., 2006; Sherif et al., 2015). Using glazed facades has
become very common nowadays. It has its own advantages in terms of energy
efficiency and psychological benefits, which are summarized as follows:

1. Itis a lightweight, flexible, and fast construction system that has aesthetics
values and is suitable for high-rise buildings.

2. Visual connection between the inside and outside helps improve
occupants’ productivity rates. It also adds aesthetics value to the
surrounding environment during daytime by using optical properties of
glass such as reflection. At night the interior lighting could possibly
provide a beautiful night scene.

3. Provides appropriate daylighting, hence reducing artificial lighting.

In addition to glazing material’s transparent nature, it is imperative to raise designer’s
awareness about the implication of using glazing materials in desert climatic zones.
The most commonly addressed concerns are listed as:
1. Increasing building energy consumption as a result of increased overheating
hours.
2. Elevating thermal discomfort because of increased mean radiant temperature

(MRT) of the surrounding environment.
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3. Escalating infiltration rates due to air leakage are caused as a result of low level
of workmanship.

4. Excessive glare.

5. Dilapidation of furniture as a result of their exposure to the ultra-violet rays for
longer hours of the day.

6. A need for adapting to continuously maintain culture (Assem & Al-Mumin,

2010).

The type of glazing appropriate for hot/arid climates should contain sun protection
coating so as to control diffuse solar radiation, which causes excessive overheating
irrespective of glazing orientation. The g-value was defined by Hausladen et al
(2014) as “the permeability of the glazing to energy occasioned by solar radiation.”
It is one of the most important factors for choosing the appropriate type of glazing.
It is recommended that the g-value of glazing types should be adapted and should
not be less than 0.3 in all cases. Furthermore, any facade glazing should not be
more than 30% because of the high illumination level in the city of Khartoum’s

climate (Hausladen et al., 2013).
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Chapter 3

DEVELOPMENT OF ANEW METHODOLOGY FOR
THE CLIMATE-RESPONSIVE BUILDING DESIGN
STRATEGIES FOR THE CITY OF KHARTOUM,

SUDAN

3.1 Methodology

This research entails addressing the scientific knowledge gap in adaptation of climate-
responsive building design for hot/arid climatic zones in the case of the city of
Khartoum, Sudan. This research problem has been identified as a challenge because
most researchers in recent decades have neglected adapting climate into their designs.
Climate change is a serious issue facing the entirety of humanity in the 21st century.
It is expected to have serious consequences on the built environment globally (Parry,
2007). This research adapted a case study problem solving method in which accurate
energy plus weather files were created from the averages of Khartoum’s 1996 to 2015
weather data. The city’s climate for the years between 1981 and 2015 was analysed
through linear trend analysis to find climate change on the seasonal basis. All of the
achieved results are supported with outside references. Climate Consultant 6.0
software was used for analyzing contemporary thermal comfort and climate-
responsive building design strategies for the city of Khartoum. Moreover, this research

predicts future resilience, thermal comfort, and design strategies for the city of
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Khartoum in 2070 according to appropriate scenario. Figure 3.1 the Methodology

Adapted in the Research.
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Figure 3.1: Diagram of research methodology adapted in the research
Source: Developed by the Author.
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3.2 Data Accusation Methods

The data used for this research was acquired from the Khartoum Metrological Station
located at Khartoum International Airport in the capital city (latitude 15°36°N,
longitude 32°33’E, altitude 380m) (Elagib, 2011). Since this research focuses on
climate-responsive building design, it became essential to analyze the climatic data for
the years 1981 to 2015 to determine to what extent the city has witnessed climate
change during these period. The climatic data used in this research included minimum
and maxim monthly data for temperature, humidity, wind speed, and rainfall, in order
to know the extreme condition for cooling and heating requirement for buildings. This
analysis helped provide appropriate climate-responsive design strategies for
contemporary and near future buildings in the city of Khartoum. Additionally, due to
the lack of more detailed climatic data for this research, some missing but necessary

data was acquired from Meteonorm 7.2.

Meteonorm is a unique combination of reliable data sources and sophisticated
calculation tools. It provides access to typical years and historical time series.
Meteonorm generates accurate and representative typical years for any place on earth.
You can choose from more than 30 different weather parameters. The database
consists of more than 81000 weather stations, five geostationary satellites and a
globally calibrated aerosol climatology. On this basis, sophisticated interpolation
models, based on more than 30 years of experience, provide results with high accuracy
worldwide Meteonorm, 2018 ).All what the user need is to know the latitude and
longitude and elevation over sea level of the location for him to download the EPW

file. Figure 3.2 shows the software interface
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Figure 3.2: Meteonorm working environment
(Source: Meteonorm 7.2.1 software)

Meteonorm is well-known and reliable software. The software can provide full details
of climatic data for any location on Earth (Douvlou, 2004). The new software version
of Meteonorm 7.2.1 has improved accuracy and can provide more parameters than the
previous versions 6.0 version .It can also provide accurate future predictive weather
files up to 2100 (URL.17). For this research, a 2070 future predictive weather file was

calculated from this software.
3.3 The city of Khartoum Climate Classification

According to research, the city of Khartoum is characterized as a hot and arid climate

with Hot Season (March- May) with the maximum temperature may reach up to 45.4

104



OC at late afternoon and may drop up to 16.6 °C after midnight. Moreover, the
minimum humidity level is 10% in the afternoon to may reach its maximum value of
46% after mid night. The Dry Season (November- February) is cold and dry with
minimum temperature of 12.5 °C in early morning hours of January and can be as high
as 40 °C at noon. The humidity level ranges between 10% and 59%. Nadir and Martin
(2000) also classify the climate of central Sudan, in which the city of Khartoum is
located, as hot and arid. They further categorized the city’s climate as summer (Hot),
winter (Dry) and the autumn (Wet). The has approximately 95% of annual rainfall
received by the city of Khartoum and it includes the months of June, July, August,
September, and October. The month of August is the wettest month of the season. The
Hot season extend through March, April, and May when the city experiences the
highest temperatures. Finally, the Dry Season is in the months of November,
December, January, and February when the city of Khartoum experiences the lowest
temperature levels (Nadir & Martin, 2000). Generally, there is agreement between the
classifications by Képpen—Geiger, ASHRAE Standard, and Nadir and Martin (2000);
the climate of the city of Khartoum is considered hot and arid. For the purposes of this
study, the climatic seasons for the city of Khartoum will be adopted from the
categorization by Nadir and Martin (2000).

3.4 Analysis Methods

This research used three different analysis methods that rely on climate classification
and climatic data in order to arrive at climate-responsive building design strategies
that conform to the contemporary and future climate. The adapted analysis methods

are trend analysis, and thermal comfort design strategies analysis.

105



3.4.1 Trends Analysis

Time series analysis has a profound benefit when studying hydrology in previous
years. It has been used for numerous hydrological parameters such as rainfall and
temperature analysis (Mirza et al., 1998; Astel et al., 2004; Ahmed et al., 2014). A
trend is a substantial change that occurs to the time-series value of a parameter or
variable and is recognized through statistical parametric or non-parametric means.
Trend is normally represented as a decreasing or increasing (i.e. monotonous) data. In
previous years, many researchers have identified a climatic trend (Ahmed et al., 2014).
In this research about the city of Khartoum’s climate, linear trends is used to
hypothesis the variation effect of monthly average data of relative humidity,
temperature, wind speed, and rainfall in order to predict future forecast . Linear trends
for all climatic parameters considered in this study were drawn based on seasons of
the year of the mentioned parameters from 1981 to 2015.

3.4.2 Thermal Comfort and Design Strategies Analysis Used for the
Contemporary Climate of the city of Khartoum

The world population has witnessed tremendous growth combined with an increase in
urban densities which resulted into a substantial thermal stress and health hazards.
These conditions necessitate a need for developing a sustainable measure of thermal
comfort conditions. Such a measure can help a building’s designers provide
appropriate climate-responsive buildings in order to reduce the reliance on fossil fuel
(Hirashima et al., 2018). To evaluate thermal comfort in the city of Khartoum, Climate

Consultant 6.0 software was used.

Climate consultant is a free, easy-to-use, graphic-based computer program that

displays climate data in dozens of ways useful to architects, builders, contractors, and
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homeowners, including temperatures, humidity, wind velocity, sky cover, and solar
radiation in both 2-D and 3-D graphics for every hour of the year in either Metric or
Imperial units. Climate Consultant 6.0 also plots sun dials and sun shading charts
overlaid with the hours when solar heating is needed or when shading is required. The
psychrometric chart analysis shows the most appropriate passive design strategies in
each climate, while the new wind wheel integrates wind velocity and direction data
with concurrent temperatures and humilities and can be animated hourly, daily, or
monthly. Because energy codes require slightly different types of buildings in each
climate zones, it is important for people who are designing, constructing, or
maintaining these buildings to understand the unique attributes of their climate and
how it impacts their building’s energy consumption. Climate Consultant reads climate
data in the EPW format that the Department of Energy makes available at no cost (in
fact there are more than 1300 stations from around the world available in this format).
The psychrometric chart analysis leads to a rank ordered list of Design Guidelines
which in turn are supported by graphic illustration of the architectural implications.
An automatic link to the Architecture2030 Swatches is also provided (Energy design
tool, 2017). Figure 3.3 shows climatic 17 parameters included in Khartoum weather
file. Moreover, figure 3.4 demonstrates the ASHRAE Standard type which climate
consultant 6.0 should use in order to analyze thermal comfort and design strategies.
Once the suitable Standard is chosen, the software can give reliable thermal comfort

and design strategies of the location.
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Figure 3.3: Climatic parameters used in the climate analysis
(Source: Climate consultant 6.0)
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O California Energy Code Comfort Model, 2013 (DEFAULT)

For the purpose of sizing residential heating and cooling systems the indoor Dry Bulb Design Conditions should be between 68°F (20°C) to 75°F (23.9°C). No Humidity limits are
specified in the Code, so 80% Relative Humidity and 66°F (18.9°C) Wet Bulb is used for the upper limit and 27°F (-2.8°C) Dew Point is used for the lower limit (but these can be changed
on the Criteria screen).
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Thermal comfort is based on dry bulb temperature, clothing level (clo), metabolic activity (met), air velocity, humidity, and mean radiant temperature. Indoors it is assumed that mean
radiant temperature is close to dry bulb temperature. The zone in which most people are comfortable is calculated using the PMV (Predicted Mean Vote) model. In residential seftings
peaple adapt clothing to match the season and feel comfortable in higher air velocities and so have wider comfort range than in buildings with centralized HVAC systems

O ASHRAE Handbook of Fundamentals Comfort Model up through 2005
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In naturally ventilated spaces where occupants can open and close windows, their thermal response will depend in part on the outdoor climate, and may have a wider comfort range than in
buildings with centralized HVAC systems. This model assumes occupants adapt their clothing to thermal conditions, and are sedentary (1.0 to 1.3 met). There must be no mechanical
Cooling System, but this method does not apply if a Mechanical Heating System is in operation.
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Figure 3.4: ASHRAE Standard adapted for analysis
(Source: Climate consultant 6.0)

This computer software requires the energy plus weather (EPW) file for the city of
Khartoum. The weather file was calculated using the average climatic data for the city
between the years 1996 and 2015. Weather files are usually based on hourly values of

climatic parameters. The Khartoum Metrological Station has no records of hourly
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climatic data. Therefore the average data was imported to the Meteonorm 7.2 program
to obtain EPW file through the following procedure:

Meteonorm takes the long-term monthly averages of the parameters. With a
stochastical process (Markov Chains), daily and then hourly values are synthetically
generated. For the derived radiation parameters diffuse and direct irradiance, are
calculated using Perez model to split the global radiation value into the diffuse and
direct part (Meteonorm, 2018). In order to calculate thermal comfort zone for the city
of Khartoum two adaptive thermal comfort models are used in this research. They are
the adaptive comfort model and the ASHRAE Standard 55 with its current handbook
of fundamentals.

3.4.3 Thermal Comfort and Design Strategies Analysis Used for the Future
Climate of the city of Khartoum

Climate change’s effects on buildings have become one of the most prominently
deliberated issues; therefore, it is important that researchers of buildings and the built
environment consider the effects of climate change on long-term building
performance. Most building simulation programs need hourly-based meteorological
data to give information about the indoor thermal environment and total energy
consumption. However, the simulations in this research used regional and average
weather data of contemporary or past weather conditions. In order to design
sustainable, climate-responsive buildings that are adaptable to contemporary
conditions and resilient to the future climate, this simulation incorporates climate
change predictions (Guan, 2009; Kikumoto et al., 2015; Keller et al., 2016). The
Intergovernmental Panel for Climate Change (IPCC) has made tremendous effects to
create reliable weather files that can be used to predict the future resilient design

strategies for buildings worldwide. In line with this, IPCC has analyzed climate change
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using many possible alternative future emissions scenarios. These scenarios were
formed using various rates of greenhouse gas production following socio-economic
scenarios (Herrera et al., 2017). Future EPW file for predicting climate-change
scenarios for the city of Khartoum in the year 2070 is calculated through Meteonorm
Software .From the IPCC report 2007 ("AR4", Meehl et al, 2007) the average of all
18 models has been included in Meteonorm. Three different scenarios B1 (low), A1B
(mid) and A2 (high) are available. The anomalies of temperature, precipitation, global
radiation of the periods 2011-2030, 2046-2065, 2080-2099 were used for the
calculation of future time periods (Gregory et al, 2007 & Meteonorm, 2018).
Moreover, due to improvements in building and construction technologies, building
lifespans can extend from 80 up to 100 years or more. Therefore, predicting the next
55 years of climate-responsive building strategies is rationalized. Together with
Meteonorm Software results, these make it possible to calculate the 2070 weather file
for the city of Khartoum in order to evaluate how the future predicted climate-

responsive design strategies for the city of Khartoum would perform.
3.5 Summary of the Chapter

This chapter described the way this thesis work was carried out. The first step was data
accusation from the meteorological weather station in the city of Khartoum and
formulation of the energy plus weather (EPW) files for the city of Khartoum today
and for 2070. These helped in calculating contemporary and future thermal comfort
and design strategies. The second step was to identify climate classification criteria.
The third step included the data analysis methods for contemporary and future thermal
comfort and design strategies. This helped in predicting near-future climate-
responsive building design strategies that are resilient to both known and anticipated

climate change in the city of Khartoum.
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Chapter 4

ADAPTATION OF THE METHODOLOGY OF THE
CLIMATE RESPONSIVE BUILDING DESIGN
STRATEGIES FOR THE CITY OF KHARTOUM,

SUDAN

4.1 Case Study Area: the City of Khartoum, Sudan

The city of Khartoum, Sudan, was founded in 1820 CE and later became the capital
of this northeastern African country. The city’s name derives from its shape which
resembles an elephant trunk (Al Khartoum in Arabic). Its development is focused
around 15°33'06" N latitude, 32°31'56" E longitude and it averages 380 meters above
sea level. The city’s location in the center of the country coupled with its strategic
position at the confluence of the Blue and White Nile Rivers made it one of the most
important cities in the Sudan. (Shakurov et al., 2016; Awad and Hussein, 2006). The
Central Bureau of Statistics of Sudan (CBSS) estimated the city of Khartoum’s
population at 6.5 million in 2013 with a 2.7% rate of annual increase (URL.50).The

study area of the city of Khartoum shows in figure 4.1.
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Figure 4.1: Geographical location of the city of Khartoum Centre.
(Source: Map adapted from: Google Earth)

In the Kdppen classification system of climate, the city of Khartoum is located in a
hot arid desert zone. According to Elagib and Mansell (2000), the city of Khartoum’s
three seasons are winter (Dry Season covering November through February), summer
(Hot Season starting in March and extending to May), and autumn (Wet Season lasting
from June to October) (Elagib and Martin, 2000). A notable phenomenon of the city
of Khartoum’s climate is sand-dust storms which prevail throughout central Sudan.
These storms are categorized into three distinct types. A haboob is a dust storm
associated with clouds, as in figure 4.2 and is caused by winds moving from north-
northeast to south-southwest. They usually occur in desert regions of the northern
hemisphere between April and September, and reach maximum intensity during June.
Each haboob can last from 30 minutes to several hours. A second dust storm occurring
in the city of Khartoum involves steep pressure gradients caused by south-southwest
winds from intertropical fronts. These prevail from May to October. The city of
Khartoum’s third type of sand-dust storm is caused by north-northeast trade winds

crossing the greater desert between February and April. These winds are accompanied
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by fine particles (Bakr, 1988; Miller et al., 2008). Which create sincere design

challenges addressable through filtration of the air entering buildings.

Figure 4.2: Sand-dust-storm-Khartoum-Sudan
(Source: Osman & Sevinc, 2019)

Omondi et al., 2014) explain how environmental degradation attributed to climate
change has happened in the city of Khartoum, during the past decades. However, Omer
et al. (2015) also indicated that vegetative cover of the city of Khartoum was reduced
by human activity after climate-induced urban migrations starting in 1993 as a result
of drought in some areas in Sudan. Activities associated with urbanization and
reductions in vegetation include housing development and increases in seasonally-
fallow or nutrient-poor agricultural lands due to food-production pressures (Omer et
al., 2015). Secondly, trends analysis of the city of Khartoum rainfall data collected
from the city of Khartoum Meteorological Station between 1900 and 1980 shows a

significant decrease in rainfall, an indication of climate change (Altahir, 1988).
4.2 Climate Study

Climate data analysis, meant to formulate building design guidelines, often involves
presentation of the annual patterns of the main climatic factors affecting human

comfort and the thermal performance of buildings in various forms, such as graphical
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monthly patterns of the local temperatures, humidity, wind speed, cloudiness, etc., as
well as bioclimatic charts (Givoni,1992). Since the building life span may extends 50-
100 years, it is worthy to evaluate their energy performance relative to current weather
and throughout their life cycle with respect to the climate change (Beckett & Dan
Sudeyko, 2018). Climate-responsive design strategies take several factors into
account: seasonality, sun direction, solar position, readily available natural shading
via topographic features around the site, and climatic elements like prevailing winds,
rainfall, and humidity. Moreover, it is essential to analysis climate history of a place
and predict its future climate in order to achieve a sustainable design strategies.

4.2.1 Climatic Elements

Climate elements are the most significant factors that decide the characteristics of the
climate and impact the architectural typology which is adaptable in that climate. These
climate elements include solar radiation, air temperature, air humidity, precipitation,
and wind (Hausladen et al., 2013).

4.2.1.1 Solar Radiation

Hot climate areas like the city of Khartoum are characterized as having abundant solar
radiation. Solar radiation design and control has a great influence on building cooling
load calculations (Ahmed & Ahmed, 2011; Abed et al., 2018). The quantity of solar
radiation (R) falling on a surface can be categorized by three components; direct solar
radiation from the sun (DR); diffused radiation from the sky (DIFR), and reflected
radiation from the earth (REFR). Therefore R= DR+DIFr+REFr (Sharag-Eldin, 1989).
Figure 4.3 illustrates solar radiation rates. These include average hourly, maximum
hourly, and average daily respectively. The city of Khartoum climate reaches its
maximum solar radiation in the Hot Season (March, April, and May). It reaches its

minimum solar radiation during the Dry Season (November, December, and January)

114



due to the low solar angle. It is observed that the relative uniformity is similar for
average hourly, maximum hourly, and average daily global radiation over the whole

year.
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Figure 4.3: Global horizontal radiations for the city of Khartoum, Sudan
(Source: Data Source Meteonorm 7.2.1)

The diffused solar radiation distribution follows a different pattern because of cloud
cover and variations of sunshine throughout the day. As demonstrated in figure 4.4 the
diffuse radiation (average daily and maximum hourly) reaches its maximum value in
August 2985 Watt/h/square and minimum value of 1153 Watt/ h/meter square in
December , and average hourly reaches its highest values in July 226 watt/hour per
meter square. The diffuse radiation reaches its minimum value in January and

December which coincide with the Dry Season of the city of Khartoum.
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Figure 4.4: Diffuse solar radiation (Av hourly, max hourly and Avg daily)
(Source: Data source Meteonorm 7.2.1)
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The sun illumination of the city of Khartoum is affected by cloud cover and monthly
sun brightness duration doesn’t vary much in Sudan. The cloud cover is affected by
southeast trade winds, which are accompanied by moisture and cause rainfall in most
parts of central Sudan from June to September. The highest solar radiation received in
the city of Khartoum is in March and April, which coincides with the Hot Season in
which the city experiences the highest temperatures and lowest humidity as in the

figure 4.5.
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Figure 4.5: Global Horizontal lHlumination (Avg Hourly)
(Source: Data Source Meteonorm 7.2.1)
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For controlling the solar radiation, there is a need for architects and designers to
monitor the sun’s movement throughout the year and to provide appropriate shading
of windows (Sharag-Eldin, 1989). The quantity of solar radiation penetrating into a
building determines the energy demand for air-conditioning of the building (Inanici &
Demirbilek, 2000).

4.2.1.2 Temperature

The quantity of annual mean temperature of the city of Khartoum makes it one of the
hottest cities in the world (Tahir & Yousif, 2013), temperature normally exceed 40°C
during summer. The city of Khartoum’s average annual temperature is about 37.1°C.
Six months of the year average temperatures might exceed 38°C. Moreover, never in
the year does the city of Khartoum’s average temperature drop below 30°C. During
December and January (Dry Season), temperatures are moderate during the day while
at night they may be below 15°C .The average temperature data of the city of
Khartoum constitutes mean, high average, and low average temperatures between
1981 and 2015. Figure 4.6 demonstrates that the highest temperature recorded is in
May and coincides with the Hot Season. However, it has been mentioned in literature
that the city of Khartoum was one of the hottest cities in the world in 2009. The diurnal
temperature difference of the city of Khartoum is high in Hot Season exceeding 12°C
in the Hot Season, increasing the potential of night ventilation. The Dry Season
(November, December, January, and February) of the city of Khartoum has warm

daytimes and cool nights that may drop below comfort levels.
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Figure 4.6: Average temperature data of the city of Khartoum
(Source: Data source is Meteonorm 7.2.1)

4.2.1.3 Air Humidity

Air humidity can be measured by one of two methods: relative and absolute air
humidity. Absolute humidity of a place is affected by its proximity to large bodies of
water and precipitation levels. It is considered a very important factor for indoor and
outdoor airflow patterns. Relative humidity (RH) is a ratio of the percentage of water
vapor in the air to the air’s moisture saturation level at the same temperature and
pressure (Hausladen et al., 2013; Perry et al., 2015; Tahir & Yousif, 2013).
Furthermore, absolute air humidity changes as the day progresses and relative
humidity is affected by temperature. Minimum absolute humidity values are attained
on especially cold days, while maximum values occur when temperatures are highest
(Hausladen et al., 2013). The figure 4.7 is a graph representing the average humidity
data for the city of Khartoum which shows that humidity is very low during the Hot
Season (March-May). The average minimum humidity value can be as low as 9% in
April and the maximum average high value in this season is still below the comfort
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level. Furthermore, humidity in the Dry Season (November, December, January) is
still low, the same as in the Hot Season. This indicates that there is a good potential of
utilization of evaporative cooling for the city of Khartoum in these two seasons to
boost occupants’ thermal comfort. The highest achievable humidity is in the Wet
Season (June-October) and the month of August has the highest humidity level among

all Wet Season months.

Average Humidity data of Khartoum from
(1981-2015)
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Figure 4.7: Average Humidity data of the city of Khartoum (High Avg, Mean and
Low Avg).(Source: Data source is Meteonorm 7.2.1)

4.2.1.4 Wind

It is very important for an architect designer to know about regional wind directions.
Knowledge about prevailing wind movement helps to identify appropriate building
orientation. However, having the knowledge of wind speed patterns is also necessary
because in situations of high-speed winds, there is potential for destruction of various
parts of buildings. Therefore, knowledge about the wind speed distribution patterns
are important for designer to know. (Zareaian & Zadeh, 2013). As the wind flows
through urban areas it is influenced by many factors that may force it to change its

speed and direction such as building form, sizes, and other local obstructions such as
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trees. Wind flow patterns around a building invariably affect the building’s interior
and environmental quality. Therefore, adapting aerodynamically efficient building’s
form with rounded corner helps in controlling and suppressing wind’s load or reducing

wind turbulence (Krautheim et al., 2014).

Monthly average wind data of the city of Khartoum is plotted as in the figure 4.8
illustrates the wind speed behaviour throughout the year and indicates that the wind
attains its peak high average in three seasons of the year in the city of Khartoum. In
the Dry Season (November, December, January, and February) wind speed average is
high in all months of the season, and it is more than 6 meters per second. This attributes
to the prevalence of the north and north eastern trade winds crossing from the Sahara
Desert and carrying dust (sometimes via sand storms). It modifies daytime
temperatures. For the Hot Season (March, April, and May) the average maximum high
wind speed is more than 6 meters per second in March and April. It reduces in May
but is usually accompanied by dust storms. When considering the Wet Season (June,
July, August, September, October), the highest wind speed is in July and August,
which are the rainiest months of the season. The southwestern wind is accompanied

by moisture and causes rainfall.

Averaﬁe wind speed data of khartoum(1981-2015)
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Figure 4.8: Average Monthly Wind speed Data of the city of Khartoum
(Source: Data Source is Khartoum Metrological Station)
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Figure 4.9 shows the average hourly wind speed of November, April, and August
along with the approximately constant wind speed during the night hours. In the period
between 8am to 10 am, the wind speed shows a sharp increase reaching an absolute
maximum around 2pm. In the period between 7 pm and 9 pm the wind speed shows a

sharp decrease to about 0.8 m/h.
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Figure 4.9: Average Hourly Wind speed of April, August and November for the city
of Khartoum (Source: Data source Meteonorm 7.2.1)

4.2.1.5 Rainfall

Rainfall in Central Sudan, where the city of Khartoum is located, is caused the
domination of dry northern and northeastern winds and humid southwestern winds.
The rainfall increases from the northern part of the country to south which is
considered dry to the sub-humid south of the country (Mohammed et al., 2014).The
Wet Season of the city of Khartoum is between June and October, with the month of
August considered the wettest month of the season. More than 80% of the annual
rainfall is received between July and September with August averaging 50% of the
rainfall received in the 2000s. Although climate warming causes rapid evaporation,
the city of Khartoum has experienced frequent rainstorms during the last two decades.

These rainstorms resulted in a series of floods in 2003, 2007, and 2009 (Mahmoud et
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al., 2014, Elagib, 2009; Elagib & Elhag, 2011; Davies & Walsh, 1997; Tschakert et
al., 2010). Average rainfall data of the city of Khartoum is plotted in figure 4.10 there
are incidences of rainfall in the Dry and Hot Seasons, these are attributed to climate

change (Mahmoud et al., 2014).
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Figure 4.10: Average rainfall in the city of Khartoum
(Source: Data source is Meteonorm 7.2.1)

4.2.1.6 Sand-dust Storm

A dust storm is defined by the World Meteorological Organization (WMO) as “ the
result of surface winds raising large quantities of dust into the air and reducing
visibility at eye level (1.8 m) to less than 1000 m ” (McTainsh & Pitblado, 1987;
Middleton & Kang, 2017). Sand and dust storms are common climatic hazards in
desert and semi-desert regions their occurrence have become a normal phenomenon
in recent years in the city of Khartoum. It has been estimated that approximately 40%
of aerosols in the troposphere are dust particles from wind erosion. The arid regions
in North Africa, the Arabian Peninsula, Central Asia, and China are the main supplier
of dust particles in the world. Relatedly, Australia, America, and South Africa make

slight contributions .Sand-dust storms generate numerous risks for human society
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(Goudie & Middleton, 2006; Middleton & Sternberg, 2013; Middleton, 2017). Sand-
dust from these storms accumulates on building roofs, imposing a negative impact on
the roof’s thermal performance in hot/arid climates region. Many researches have been
done on the impact of dust on roofs’ thermal performance over long time intervals.
Suehrcke et al. (2008), examined the impact of weathering on building solar
absorbance for a time span of eight years. They found that weathered white paint with
a low initial absorbency of 0.2 exhibited an increase of 15% (Berdahl et al., 2008;
Algarni & Nutter, 2015). According to Osman and Seving (2019), Sudan is among
countries that have been witnessing sand-dust storms. The occurrences of sand-dust
storms in recent decades are more frequent than ever (Osman & Seving, 2019).
Statistics show that more than 0.5% of the time visibility is less than 1km in the north,
west, and central regions of Sudan because of sand- dust storms (Ghobrial et al., 1985).
4.2.2 Climate Data Analysis of the city of Khartoum, Sudan

For climate parameters from 1981 to 2015, linear trend analysis was evaluated in order
to observe variations which occur in trend equations of climate parameters on a
seasonal basis. Monthly averages of the relative humidity, temperature, wind speed,

and rainfall were considered and the results are shown in (table 4. 1).
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Table 4.1: Trends Equation for Relative Humidity, Temperature, Wind Speed &
Rainfall for the City of Khartoum from 1981 to 2015

Parameter Season Equation Comment
Humldlty Dry y =-0.0163x + 57.349 Decrease
(%) Hot y = -0.0669x + 149.86 Decrease
Wet y = 0.1792x - 320.14 Increase
Temperature Dry y = 0.0619x - 96.268 Increase
(°C) Hot y = 0.005x + 23.999 Increase
Wet y =0.0094x + 11.418 Increase
Wind speed Dry y = 0.0023x - 0.106 Increase
(mis) Hot y = -0.0094x + 23.08 Decrease
Wet y = -0.0018x + 7.6367 Decrease
Rain Fall Dry y = 0.002x - 3.999 Increase
(mm) Hot y = 0.0079x - 13.873 Increase
Wet y = -0.0041x + 30.474 Decrease

4.2.2.1 Season-based Trends Analysis

In this section linear trend analysis is being analyzed for average monthly humidity,
temperature, wind speed and rain fall on seasonal basis for Khartoum city of Sudan.
4.2.2.1.1 Dry Season (Nov, Dec, Jan and Feb)

The winter (Dry Season) in the city of Khartoum is characterized as being war at day
time, cool from midnight to early hours of the morning with a very low relative
humidity (RH); RH minimum values between 8% and 10% are common. The trend
analysis indicates that RH has been decreasing annually by 0.02% and temperatures
during the Dry Season exhibit an annual increase of 0.1 °C. Reductions in plant cover,
as revealed by Mohamed and Babiker (2015), account for both the decrease in RH and
the seemingly contradictory increase in rainfall (Omer et al., 2015). Rainfall’s annual
increase during the Dry Season is not a normal phenomenon for the city of Khartoum

and therefore invariably a sign of climate change.

Variations in climate parameter’s for the Dry Season are shown in table 4. 1. Trend

analysis of the city of Khartoum climate data from 1981 to 2015 shows that climate
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change has occurred. While the in the city of Khartoum is historically characterized
by northern winds which pass through the greater desert and are accompanied with
dust and sand storms, proven climate change will also make the occurrence of dust
and sand storms more frequent than ever before.

4.2.2.1.2 Hot Season (March, April and May)

The hot summer season in the city of Khartoum has low relative humidity with the
minimum temperatures value of 16.6 °C after midnight and maximum is often above
40 °C at afternoon .Trend analysis of climate parameters displays an annual decrease
of RH by 0.07%, an annual increase of temperature by 0.010°C, an annual decrease of
wind speed by 0.002 meters per second, and an annual increase of rainfall by 0.01 mm.
These results reveal climate changes during the 1981 to 2015 s and projections mean
more extreme temperatures and lower RH and wind speeds in the city of Khartoum’s
future s. Relatedly, Yousif and Hashim (2013) disclosed that the city of Khartoum was
the hottest city in the world during 2009. Moreover, Sayed and Abdala, (2010) have
already revealed that Khartoum city temperature has witnessed an increase between
1901 and 2009.

4.2.2.1.3 Wet Season (June, Jul, Aug, Sept and Oct)

Khartoum’s autumn (Wet Season) is characterized as being hot and maximum
temperature is above 40 °C at noon and can reduce up to 12.5 °C after midnight. This
could provide appropriate condition for the operation of night ventilation. Among Wet
Season months August is wettest month. Trend analysis of Wet Season parameters
from 1981 to 2015 provides four findings. Even though there was an annual reduction
of rainfall by 0.004 mm during this season, the city witnessed severe flooding due to
extreme rainfall events in 1988, 2003, 2007, and 2009. Despite the reduction in

rainfall, an annual increase of RH by 0.2% was observed. These alone could be
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considered as sign of climate change but the city of Khartoum also experienced an
annual increase in temperature of 0.02°C and an annual reduction in wind speed by
0.002 meters per second. The trend analysis’ decrease in wind speed, increase in
temperature, and decrease in rainfall shows that climate change has happened during
the period from 1981 to 2015. This is in line with the work done by Althir (1988) and
Yousif and Hashim (2013) (Altahir, 1988; Tahir, Abdala and Sayed, 2010 & Yousif

et al., 2013).
4.3 Climate-Responsive Building-Design Strategies Adapted

4.3.1 Comfort Model

The adaptive comfort model used in this study assumes that buildings are naturally
ventilated and occupants can close and open windows according to their thermal
desires. Hence, building users’ thermal response will depend in part on the outdoor
climate and may have a wider comfort range than those in buildings with centralized
heating ventilation and air-conditioning (HVAC) systems. For the ASHRAE Standard
55 model, there must not be any mechanical cooling system nor does this method apply
if a mechanical heating system is in operation (Rubio et al., 2015). Furthermore, the
model assumes that occupants can adapt their clothing according to expected thermal

conditions.

This comfort model is suitable for application in the hot and arid climate of the city of
Khartoum, Sudan. Comfort zone plotting in a psychometric chart is a well-known
design tool used to plan in the early design stages for optimum thermal comfort of
building occupants. Numerous researchers in the field of building and sustainable
environment have undertaken these issues (Nguyen and Reiter, 2014). Meteonorm

Company calculated climatic hourly weather files for 1996 to 2015 from average
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climatic data of the city of Khartoum. Subsequently, the files were processed through
Climatic Consultant 6.0. ASHRAE Standard 55 model was selected in order to
calculate contemporary thermal comfort for the city of Khartoum. When ASHRAE
Standard 55-2010 adapted for natural ventilation in the city of Khartoum, annual
thermal comfort is achieved in (2119 hours) out of the total hours of the year which is
( 8760 hours) and these constitute (24.2% )of the year as in the table 4.2. Based on
monthly thermal comfort values, it was observed that it is most difficult to achieve
thermal comfort using this model during the city of Khartoum’s Hot Season. In the
month of May the minimum temperature is about 23.5 ° C after midnight and reach its
peak value of 45.5 at afternoon and the minimum relative humidity at noon is 10%
and after reach its highest value at midnight 40%, this drastically reduce thermal
comfort to 6.3% (47 hours), however, since the diurnal temperature is above 20 °C
then night ventilation could be utilized. Moreover, in June which coincide with Hot
season temperature ranges from 43.9 to 24.3 and the relative humidity is between 53%
to 12% and it is not possible to achieve thermal comfort without using active cooling
. The highest thermal comfort from natural ventilation is achieved in the dry winter
season with November having the highest thermal comfort 32.9% (237 hours) of all

Dry Season months.
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Table 4.2: Adaptive Comfort Model in ASHRAE Standard 55—2010 applied in the
city of Khartoum, Sudan for the year 2015

Months Comfort Comfort (Hours)  Total Hours
Jan 28.4% 211 744
Feb 27.8% 187 672
March 28.1% 209 744
Apr 26.4% 190 720
May 6.3% 47 744
June 0% 0 720
Jul 18.1% 135 744
Aug 33.2% 247 744
Sept 30.8% 222 720
Oct 30% 223 744
Nov 32.9% 237 720
Dec 28.4% 211 744
Annual 24.2% 2119 8760

4.3.2 ASHRAE Standard 55 and Current Handbook of Fundamental Model

The adaptive comfort model used in this study is based on American Society of
Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) Standard 55 and
its current handbook of thermal comfort. This model considers dry bulb temperature,
clothing level (clo), metabolic activity (met), air velocity, humidity, and mean radiant
temperature (MRT). It is assumed that MRT and dry bulb temperature are similar. The
zone in which most people are comfortable is calculated using the Predicted Mean
Vote (PMV) model. Moreover the adaptive comfort model reflects that in residential
buildings, which are predominantly naturally ventilated and people adapt clothing in
a way to match seasonal conditions and feel comfortable in higher air velocities. So,
they have wider comfort ranges than those in buildings using central air-conditioning

systems (Altahir et al., 2013).

In accordance with these specifications, solar control is one of the most valuable

strategies in modifying thermal comfort in climates like the city of Khartoum’s.
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Sudanese vernacular architecture provides excellent techniques for managing solar
heat gain: the design of a roof to shade itself; and rotational use of space where open
and semi-open spaces are used for instance for relaxation and sleeping during different
periods. Besides the mentioned strategies, other commonly adapted design strategies
are two-stage evaporative cooling, natural ventilation, humidification, and active
cooling. It is not possible to achieve 100% thermal comfort without using mechanical
cooling systems which increase thermal comfort by 27.1% of the total comfort.
Through combination of these thermal-comfort strategies with a mechanical cooling
system 72.9% (6385 hours out of 8760 hours) of thermal comfort can be achieved, see
figure 4.11. The comfort range without using any design strategies is reduced to 21.3%
and 24.2% thermal comfort is achieved by using the adaptive comfort model. The little
variations achieved through this research contributed to global horizontal solar
radiation control and relative humidity modification with adoption into the thermal
comfort model. Reduction in relative humidity as a result of plant cover reduction in

the city in recent decades may also be influential factor.

PSYCHROMETRIC CHART LOCATION: Khartoum, -, -
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Figure 4.11: Psychometric chart with climate responsive Design strategies applied in
the city of Khartoum. (Source: Climate Consultant tool 6.0. (Source; Author)
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When appropriate shading of windows is applied it increases thermal comfort by
33.9% (zone 2). The strategies of internal heat gain (zone 9), active cooling (zone 15),
and natural ventilation (zone 7) improve thermal comfort by 6.2%, 27.1%, and 11.7%
respectively. Although two-stage evaporative cooling has no direct impact on thermal
comfort and it contributes up to 43.9% and it is suitable in all seasons of the year and
its efficiency is reduced only in Wet Season. If evaporative cooling is not used, it
would increase active cooling rate from 27.1% to 59.5%. In otherward two- stage
evaporative cooling should be adapted to reduce any discomfort that may occur and to
reduce active cooling load. The combined use of both active cooling and two-stage
evaporative cooling (Indirect-Direct evaporative cooling) is valuable in the city of

Khartoum because together they can improve thermal comfort up to 59.5%.

A classification of design strategies for each season is shown in table 4.3. A thermal
comfort of 41.7% can be achieved in the Dry Season, 22.9% in the Hot Season and

4.3% Wet Season.

Table 4.3: Classification of design strategies on seasonal basis for the city of
Khartoum, Sudan for the year 2015

Design Strategies Dry Season Hot Season Wet Season
Comfort 41.7 % 22.9% 4.3%
(1200 hrs) (506 hrs) (159 hrs)
Sun shading 30.1% 35.9% 35.8%
(867 hrs) (792 hrs) (1313 hrs)
2 stage evaporative cooling  40.9% (1179 hrs) 72.8% 28.8%
(1608 hrs) (1056 hrs)
Internal heat gain 17.3% (498 hrs) - -
Active cooling - - 63.3%
(2324hrs)
Natural Ventilation - - 7.7%(282 hrs)
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In the Dry Season, two-stage evaporative cooling is the most influential strategy. It
has directs impacts on thermal comfort and contributes about 40.9% (1179 hours out
of 8760 hours). Window shading is most important from 10:30 AM to 3:00 PM during
this season. Using thermal mass could enhance indoor thermal comfort when outdoor

temperature is below comfort level after midnight.

In the Hot Season about 22.9% thermal comfort can be achieved without adapting any
design strategies, and this constitute 506 hours out of 8760 hours of the whole year.
To achieve optimal thermal comfort, window shading from 9:00 AM to 5:00 PM is
needed to protect building interiors from overheating. A combination of active cooling
and two-stage evaporative cooling is better even though two-stage evaporative cooling
contributes 72.8% (1608 hours out of 8760 hours) because it doesn’t have direct effect
on thermal comfort in this season. If not used it would increase active cooling demand
from 2.1% (47 hours) to 75% (1655 hours). Moreover internal heat gain is another
strategy that should not be neglected because it help in enhancing indoor thermal
comfort in Dry season from midnight to 6am it can contribute to up to 41.4% (348

hours) comfort.

The Wet Season is one of the hottest seasons in the city of Khartoum, the minimum
temperature is 12.5 °C and the maximum temperature can reach up to 43.9 °C; as a
result a thermal comfort of only 4.3% can be achieved without using any strategy.
Window shading is most advantageous from 8:30 AM to 5:00 PM to avoid
overheating. Active cooling is the most important strategies to achieve thermal
comfort during the Wet Season; they constitute 63.3% (2324 hours) and directly affect
thermal comfort. It should be used congruently with two-stage evaporative cooling. If

two- stage evaporative cooling is not used, the cooling demand would increase from
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63.3% (2324 hours) to 85% (3122 hours). Dehumidification only contributes about
3% to thermal comfort in the Wet Season but directly affects thermal comfort. Natural

ventilation is an applicable design strategy only in the Wet Season.

Finally, precautions should be taken to control sand-dust storms which occur at
different times of day throughout the year. Miller et al. (2014), after observing Haboob
in the city of Khartoum’s central district for eight years, found that dust-storm wall
height could exceed one kilometer and each storm could last from 30 minutes to
several hours. Moreover, these storms occurred 50% of the days between May and
June and 70% of days from July to September during these period of time the
maximum temperature is often above 40 °C at noon and may drop after mid-night till
20 °C (Miller et al., 2008). For these reasons, when air is admitted into buildings it
should pass through a series of filters. This can be done at the urban scale by planting
trees in a buffer surrounding the city, and at building scale by installing a series of
filters in air inlet locations.

4.3.3 Passive Cooling Strategies Adaptable in the city of Khartoum, Sudan
Adapting passive cooling measures in building design and construction denotes
utilizing any design techniques or feature that help in providing optimum living
condition for building dwellers without the need for using energy (Taleb, 2014).
Passive strategies using in building has become more popular after 1970s energy
crisis. In order for the passive cooling strategies to operate effectively climate should
critically be analyzed. The board strategies that are to be discussed in this research are

heat-loss promotion and heat removal strategies.
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4.3.3.1 Heat-loss Promotion Strategies

Heat loss-promotion can provide optimal thermal comfort for buildings occupants if
properly applied. For this strategy to function best, the industry needs more developed
techniques related to heat dissipation. Heat dissipation utilizes naturally-existing air
pressure and the pressure differences between inside and outside a building to move
hot air away when outside air is cooler than outside. This technique can be broadly
categorized into; natural ventilation and natural cooling.

4.3.3.1.1 Evaporative Cooling

Evaporative cooling is a heat and mass transfer process that uses water evaporation
for air cooling. In this process a large amount of heat is transferred from air to water
and consequently the air temperature decreases. The three types of evaporative coolers
are direct evaporative coolers, in which the working fluids (water and air) are in direct
contact; indirect evaporative coolers, where a surface/plate separates the working
fluids; and a combined system of direct and indirect evaporative coolers with or
without other cooling cycles. Evaporative cooling, as the name implies, depends on
climatic conditions more than active cooling. By their very nature, Evaporative
Cooling Systems are more dependent on climatic conditions than mechanically cooled
systems that is why to study the characteristics and performance of ECSs, local climate
analysis is very important (El-Refaie and Kaseb, 2009).

4.3.3.1.1.1 Wet Bulb Depression (WBD)

Wet Bulb Depression (WBD) is one of the most influential parameters determining
the efficiency of evaporative cooling. It is defined as the difference between Dry Bulb
Temperature (DBT) and Wet Bulb Temperature (WBT). As WBD increases, the

efficiency of evaporative cooling increases (Hui and Cheung, 2009).
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4.3.3.1.1.2 Major Properties of Wet Bulb Depression in the city of Khartoum,
Sudan

Analysis of average monthly Wet Bulb Depression of the city of Khartoum data
(plotted in figure 4.12 shows that wet bulb depression (WBD) is highest in the months
of April and May thus evaporative cooling is a very effective strategy during these
months. The month of August has the lowest WBD paired with low efficiency of
evaporative cooling strategies, therefore active cooling is the more effective strategy

recommended by Climate Consultant 6.0 for August.
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Figure 4.12: Average Monthly Wet Bulb Depression (WBD) in the city of Khartoum
(Source: Meteonorm)

Furthermore, by comparing evaporative cooling efficiency of 2015 and 2070 (plotted
in figure.4.13) and table 4.4 show that there might be a decrease of 5.57% in the
efficiency of evaporative cooling in the Dry Season of 2070 compared to 2015, while
efficiency in Hot Season of 2070 is projected to be slightly higher than 2015 by 0.3%.
Pertaining Wet Season, evaporative cooling efficiency will be more efficient in 2070

than 2015 by 3.5%. Increased efficiency of evaporative cooling in Wet Season in 2070
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indicates the weather of Khartoum in Wet Season is projected to be dryer that it used
to be, therefore this an indication of climate change. Moreover, comparing the annual

efficiency for 2015 and 2070 show that there is 0.64% decrease in 2070 compared to

2015.
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Figure 4.13: Average Monthly Wet Bulb Depression (WBD) in the city of
Khartoum, Sudan (Source: Meteonorm)

135



Table 4.4: Comparison between WBD in 2015 and 2070

Season  Months 2015 Average 2070 Average Change
°c °C Seasonally ~ Seasonally
Seasonally %

Dry NOV 12.98 12.2 12 11.52 -5.57
DEC 11.37 10.9
JAN 11.07 10.6
FEB 13.38 12.6

Hot MAR 14.65 15.98 15 16.03 +0.31
APR 16.64 16.3
MAY 16.67 16.8

Wet AUG 14.46 10.79 14.2 11.12 +3.05
SEP 10.04 10.1
OCT 7.28 8
NOV 8.85 9.8
DEC 13.33 13.5

Annual Average 12.56 12.48 -0.64

Also in figure 4.14 the analysis of hourly Wet Bulb Depression for the month of May,
which is one of the hottest months and it can reach maximum of 45.4 °C at afternoon.
However, this indicate that WBD changes over the course of the day and is higher
between 8:00 am and midnight (14.7°C). As such, evaporative cooling works more

efficiently during these times of the day.
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Figure 4.14: Average Hourly Wet Bulb Depression (WBD) for the city of Khartoum
for Month of May (Meteonorm).
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By comparing the efficiency of 2015 and 2070 as in figure 4.15 below, there is general
decrease of 1.5 and 1.4 °C in the WBD at 3 pm and 9 pm respectively for 2015 year
series compared to 2070. This give indication that active cooling is highly needed in

2070 compared to 2015.
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Figure 4.15: Comparison between Hourly Wet Bulb Depression (WBD) for the city
of Khartoum for the Month of May 2015 and 2070. (Source: Data acquired from
Meteonorm)

4.3.3.1.1.3 Two-stage Evaporative Cooling

Several suitable passive and active cooling strategies can be applied to buildings in
the city of Khartoum. Based on Climate Consultant 6.0 analysis, two-stage evaporative
cooling seems the most suitable cooling strategy for the city of Khartoum in both Dry
and Hoy Seasons of the year. Two-stage evaporative cooling comprises indirect
evaporative cooling in stage one which provides precooled air to the direct evaporative
cooling system in stage two (Sharag-Eldin, 1988). ASHRAE makes it known that two-
stage evaporative cooling can use 60% to 70% less power than a normal air-
conditioning system. This makes two-stage evaporative cooling an effective,
sustainable, and energy-efficient cooling strategy. The success of this cooling strategy

is dependent on the WBD that occurs between wet bulb temperature and dry bulb
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temperature (Ambade, 2015). The way two-stage evaporative cooling systems operate

shows in figure.4.16
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Figure 4.16: Two-stage Evaporative Cooling System
(Source adapted from Al-Juwayhel, et al. (2004)

As noted before, the city of Khartoum’s climate is characterized as having low relative
humidity; consequently, this cooling strategy can provide thermal comfort for building
users. In order for this cooling strategy to function best, 100% external air movement
should be guaranteed. Without external air movement, indoor relative humidity would
increase beyond the comfort level of building users. According to Sharag-Edin (1988),
during the Hot Season of the year in the city of Khartoum when used in afternoon,
two-stage evaporative cooling can reduce dry bulb temperature from 43.9 °C up to 29
OC and increase relative humidity for the same period of the day from 10% up to 60%
provided outside air blends with inside air upon entry. Furthermore, two-stage

evaporative cooling is an appropriate design strategy in the city of Khartoum during
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its Dry Season. When building envelopes are insulated, it increases thermal comfort

by 17.3% (498 hours). See matrix table 4.6

During the Hot Season, buildings with appropriate thermal insulation may improve
comfort zones by 2.1% (47 hours) reducing the demand for active cooling (Table
matrix 4.6). The Wet Season has the least efficient use of two-stage evaporative
cooling among the seasons due to relatively high humidity; natural ventilation is the
best strategy for increasing the comfort zone during this season (Table matrix 4.6).

4.3.3.1.1.4 Advantages of Two-stage Evaporative Cooling

There are five advantages of two-stage evaporative cooling. It is energy and cost
efficient and more appropriate in areas where direct evaporative cooling is insufficient.
It consumes half as much energy as air-conditioning systems use and its construction
is more cost efficient. It provides better thermal comfort than compressor-based
systems and can replace mechanically-refrigerated cooling systems. It provides 100%
cooling and internal air quality is improved through the insertion of fresh air; 25 to 40
air changes per hour makes it similar to natural ventilation. This cooling strategy uses

evaporation which makes it environmentally friendly.

4.3.3.1.1.5 Disadvantages of Two-stage Evaporative Cooling

There are four disadvantages of two-stage evaporative cooling. It is inefficient in
coastal areas where relative humidity is high. There are significant temperature
variations in the cooled space throughout the year depending on the prevailing ambient
dry and wet bulb temperatures (Ambade, 2015). It requires frequent maintenance. The
entire system may fail in situations when there are water shortages and power failures

such as are common in hot dry areas like the city of Khartoum (Ambade, 2015).
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4.3.3.1.2 Natural Ventilation

Natural ventilation is one of sustainable cooling strategies relied upon to achieve
thermal comfort. In hot and dry climates when outside temperature is beyond tolerable
levels, it is more appropriate to close windows until temperatures decrease to more
acceptable levels (Aynsley, 2014). The potentiality for using natural ventilation
strategies depends significantly on the local climate (Chen et al., 2017). Natural
ventilation is not a best practice for all seasons in Khartoum but is appropriate during
the Wet Season. In hot-arid climates, however, natural ventilation should be avoided
during the day, and night ventilation should be favoured for cooling the structure. The
most efficient way to optimise these contrasting needs is provided by adapting
courtyard system (Butera and Adhikari, 2015). Night ventilation strategies function
well with appropriate building thermal mass in the city of Khartoum. Night coolness
occurs as a result of increased wind movement and humidity rising from the Nile

River. Figure 4.17 illustrates night ventilation.
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Figure 4.17: Night Ventilation in the city of Khartoum City
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Natural ventilation in the city of Khartoum is utilized in the daytime during Dry
Seasons and during the night. However, the best season to use natural ventilation is
the Wet Season. The best time of the day to employ natural ventilation in the Wet
Season is from midnight until 6:00 AM because of increased humidity and wind speed.
Natural ventilation is also efficient though less so from 6:00 AM until noon as

illustrated in table 4.3.

Building form and position and size of windows dictate operational efficiency of
natural ventilation. Single-sided ventilation, cross-ventilation, and stack ventilation
are the most common ventilation principles providing thermal comfort for the city of
Khartoum’s building users (Kleiven, 2003). Furthermore, Shakurov et al. (2016) on
his research on Khartoum city climate promoted simultaneous exposure of
microclimate effects of natural ventilation on temperature, humidity and wind speed.
The temperature difference between 8:00 AM and 5:00 PM in green areas of sandy-
soil regions minimum temperature ranges from 15°C to 20°C while those in loamy-
soil and asphalt regions can reach maximum temperature of 45°C (Shakurov et al.,
2016). Appropriate architectural and urban design strategies help improve
microclimate conditions of the city. Finally, for natural ventilation, Sudan is blessed
with abundant renewable energy sources in the forms of wind, solar, and water. When
adequately utilized, these provide prime cooling solutions for buildings. However, in
order to achieve maximum benefit from natural ventilation there are various building
design elements such as solar chimneys, wind towers that stimulate air movement

(Brager and de Dear, 2000).
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4.3.3.1.3 Solar Chimneys

Utilization of passive-solar strategies in building design is a sustainable solution
capable of reducing energy usage as much as 25% (Godoy-Vaca et al., 2017). Solar
chimneys are one passive-solar strategy that exploits renewable energy to improve a
buildings’ interior air quality (Mehani and Settou, 2012). It uses a combination of solar
stack-assisted and wind-driven ventilation. The solar chimney is most appropriate for
low-rise buildings which include about 80% of buildings in the city of Khartoum.
Double-skin facade are a more appropriate solar strategy for high-rise buildings. In
both cases, air inside the chimney or gap expands as a result of solar heating and
become less dense. The lighter, hotter air rises out of the top vent dragging cooler
breezes from the bottom through windows. These strategies can be complemented
further by outside wind pressure, by pressure differences between the interior and
exterior air temperature, and by inducing greater pressure difference via temperature
differences and increased stack height (Tan and Wong). These strategies are
appropriate in almost all season of the year if located and designed in accordance with

location and direction of solar radiation.

The following figure 4.18 illustrates how the solar-chimney strategy when used for
cooling can be enhanced when used in combination with trombe walls. Together they
can encourage hot air removal from indoor spaces and promote air exchange between
the built-up, hot indoor air and the cool outdoor air at night. This strategy operates as
the cool air flows in to buildings through tunnels located within the floor or foundation.
The double-layer floors together with double-layer walls form a thermal-siphon
Diurnal temperatures differences in the city of Khartoum are large enough that cool,

night air can be stored in the floor and wall cavities and as building interior spaces
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warm up during the day, the siphoning effect can draw the cooled air into the interior
spaces without the need for mechanical cooling systems. This strategy may perform
better in the city of Khartoum if the building’s interior spaces are well protected from
direct solar radiation and the fenestrations are designed and positioned to take
advantage of cool outdoor air which cooled by underground pipes and landscaped
patio with sun protection sails and shading trees. Furthermore, the manner in which
the architect adjusts the exterior landscape, courtyards, and building’s interior space

determines the extent of this strategy’s success.
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Figure 4.18: Solar chimneys with Trombe walls for natural ventilation promotion

4.3.3.1.4 Wind Towers

Wind towers have been used to provide cooling effects on building interiors in hot,
arid regions for centuries. Wind towers face challenges when used in dense urban areas
where local airflow is invariably affected by the arrangement of buildings. In desert
regions, wind towers face dust-sand storm phenomenon and their heights should be
adjusted to rise above the level where winds carry most of the sand and dust. With the

latter adaptations, construction and maintenance costs increase (Calautit et al., 2013).
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Wind towers shows in figure 4.19 operate in three ways. First, they direct prevailing
winds downward from up high and toward building-interior spaces. The efficiency of
enhancing building air quality with this strategy depends on exterior airflow rate and
temperature. Second, wind-assisted temperature gradient strategy connects an
underground tunnel to a tower with an opening facing away from the prevailing wind
direction. When the tower is open, air is sucked upward and downwind by stack effect.
The efficiency of wind-assisted temperature gradient strategy can be enhanced with
evaporation cooling. Third, wind towers can work like solar chimneys when heated
air in the tower rises through the opening encouraging cool air to move into building
interiors from other fenestrations or vents (Ahmadikia et al., 2012). However, in
situations where by there is high diurnal temperature difference, wind towers of mud-

brick are cooled by radiation and convection (Ahmadikia et al., 2012).
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Figure 4.19: Wind Tower in Sudan according to prevailing wind direction.

Wind towers operate well in Sudan’s Hot Season when temperatures exceed 40°C and
wind movement in the city is from south to southwest. Filtration of airborne particles
should be controlled then because hot-season winds carry fine dust. Wind speeds
increase during the night and help cool the air. In the Wet Season, the wind movement

is from southwest to north-northeast, probability of sand-dust storms is higher, and
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thermal comfort is least achievable. For this season, wind towers can offer adequate
cooling from late evening to the early-morning hours.

4.3.3.1.5 Sudanese Adapted Wind Tower

The type of wind tower traditionally used in Sudan is the one open-side type that has
challenges associated with sand-dust storm and insect penetration. These challenges
have been addressed in the adapted-Sudanese wind tower. This wind tower adaptation
is employed on the Emergency NGO Pediatric Clinic, a low-rise building in the city
of Nyala in western Sudan. The wind tower operates by capturing air from an 8-meter
high tower, as in figure 4.20, and channeling air into the basement through a labyrinth.
The labyrinth helps reduce air speed, the air is further cooled through the earth’s
thermal mass, and airborne sand and dust are deposited as the air slows. Finally, before
entering the building’s interior spaces, the air is treated by an industrial cooler
dimension of (1.2x1.2.1.2) meter as in figure 4.21. This cooling strategy helps reduce
air temperature by 10°C and reduces usage of conventional air-conditioning by 70%.
This cooling strategy could also be utilized in the city of Khartoum in low-rise
residential buildings except that it is not cost efficient for use in the center of the city
where land prices are high; it can be better used away from the city center.
Furthermore, wind towers could be enhanced for future buildings of the city of
Khartoum by adding evaporative cooling effect and using filters to control sand-dust

storm, this way a reduction in cooling load could be achieved.
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Figure 4. 20: Sudanese tower at Nyala clinic Sudan
(Adapted from studio tamassociati)
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Figure 4.21: Air treatment by an industrial cooler
Source: (courtesy of studio tamassociati)
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4.3.3.2 Heat-gain Minimizing Strategies

4.3.3.2.1 Solar Control

Khartoum, Sudan is located in a region characterized by high solar-radiation intensity
during its Hot and Wet Seasons (Elagib and Martin, 2000). These characteristics
should be considered in order to control sun exposure and avoid uncomfortable
building-interiors during its eight-month-long hottest period. The city of Khartoum
has average monthly solar radiation of 27.55MJ/m?; it is considered to be the highest
in the world (Omer, 1997). In the city of Khartoum, horizontal surfaces receive
maximum solar radiation in the months of March, April, and May, coinciding with the
Hot Season in which temperature exceed 40°C during most of the time. During the
Dry Season, the city receives less solar radiation (Sharag-Eldin, 1989). According to
Onsa (2015) and others, when building penetration of solar radiation is reduced by
20% to 40%, it leads to reductions in building thermal running costs by the same
percentage (Onsa et al., 2015). Consistent with Sharag-Eldin (1989) and supported by
Climate Consultant’s sun shading calculator figure 4.22 the city of Khartoum
buildings need appropriate shading from 9:00 AM to 5:00 PM during the Hot and Wet
Sesons. While in the Dry Season, shading from 10:30 AM to 3:00 PM is adequate

(Sharag Eldin, 1989).

Table 4.5: Solar Angles for the city of Khartoum on Monthly basis (Source: Climate
consultant 6.0)

Month Jan Feb March Apr May Jun Jul Aug Sept Oct Nov Dec

Solar 58 66 74 82 90 98 90 82 74 66 58 50
angle in

degrees
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LOCATION: Khartoum, -, -
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Figure 4.22: Solar radiation component ranges for the city of Khartoum, Sudan
Source: Climate consultant 6.0

Based on the shading calculator analysis and the city of Khartoum seasonal solar angle
shows in table 4.5 south-facing windows receive direct solar radiation from August to
April. Therefore, horizontal shading devices are required to obstruct inclined radiation
at angle 51% Furthermore, there is a need to obstruct inclined radiation through vertical
fins from East and West at angle 43 °and 45° respectively during morning and hot
afternoon. Because of the city of Khartoum’s location at 16° north, it receives solar
radiation from the north between May and July; a little effort is encouraged to shade
northern windows with roof overhangs. East and west side facade windows can be
shaded with vertical, moveable fins. To address high solar intensity, a combination of
both vertical and horizontal (egg-crate) shading patterns is most appropriate. Again,
the Emergency NGO Pediatric Clinic in Nyala exhibits good examples of solar control
strategy. South facade window are design to be small and recessed to intersect morning
and afternoon hot inclined solar radiation to avoid overheating as figure 4.23.
Automated or smart shading devices can more efficiently respond to solar angle.
Unfortunately, though functionally better at reducing solar gain, these technological

shading devices are not cost efficient. To conclude solar control as the most important
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strategy in the city of Khartoum, windows should be appropriately sized and designed

to achieve optimal thermal comfort.

Figure 4.23: Vernacular solar control system.
Source: (courtesy of studio tamassociati)

4.3.3.2.2 Thermal Mass as Time Lack

Thermal mass moderates diurnal temperature differences between day and night as a
suitable cooling strategy in arid regions (Meir and Roaf, 2002). The efficiency of
thermal mass to enhance building-interior thermal comfort depends on the material’s
ability to store energy and release it when needed. This process is governed by the
properties of the materials which include its specific heat capacity, density, thickness,
and conductivity (Ghattas et al., 2013). Usually, massive-wall construction succeeds
in maintaining building interior temperature, reducing cooling load. However, the
thermal mass achieved from brick, concrete block, and stone, etcetera also have the
ability to hold and transmit heat gained from exterior surroundings to indoor spaces.
For thermal mass to function properly, effective ventilation strategies need to remove
deposited heat from the building and stimulate the mass for further thermal moderation
(Brambilla et al., 2018). The city of Khartoum experiences Dry Season temperatures

lower than comfort levels especially from 6:00 PM to 6:00 AM. Using high thermal
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mass could increase comfort levels (see matrix table 4.6). Furthermore, nowadays with
the advancement in building construction technology innovative light weight phase
change materials could be adapted for future buildings of the city of Khartoum to
enhance thermal mass without a need to add extra load on buildings. The benefits of
using high thermal mass includes reduction in annual energy demand, adequate indoor
quality, good acoustic and insulation properties , enhancing fire resistance of
buildings, reducing insulation costs and reducing maintenance cost respectively
(Ahmed et al, 2014).

4.3.3.2.3 Use of Thermal Insulation

Thermal insulation systems are used on building to reduce heat flow through buildings
fabric. The performance of thermal insulation material is measured through thermal
conductivity and thermal transmittance of the material also known as U value. For the
material to serve as a thermal insulation its conductivity should be lower than 0.07
W/mK (Asdrubali et al, 2015). The introduction of sustainability notions in recent
decades necessitates utilization of thermal insulation as building envelope accounts
for 40-45% of the building total heating loads (Mujeebu, 2016; Hasan et al., 2014).
Using thermal insulation for walls and roofs helps reduce heat gain through the
building envelope (Bhikhoo et al., 2017). According to Sharag-Edin (1989), using 5
cm thickness of expanded Polystyrene thermal insulation on exterior walls in the city
of Khartoum helps reduce radiated heat transfer between the two lines of brick wall.
A great reduction in total heat flow can be achieved this way.The following figure
4.24 shows a typical exterior insulated brick wall. The city of Khartoum buildings
receive intense solar radiation between April and September and the greater part of
the radiation falls on horizontal surfaces. For this reason it is very important to use

thermal insulation on roofs to reduce cooling load. East- and west-facing vertical walls
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also receive a substantial portion of radiation therefore exterior thermal insulation

should be used on exterior walls as well.

5 cm thick Glass wool thermgl insulation
Cement sand plaster _ > _

23 cm brick wall _ |

5 cm thermal insulation

15cm brick cover

Figure 4.24: Typical brick wall in the city of Khartoum
Adapted from Sharg-Edin (1989)

There is not much research about thermal insulation in Sudan; the only known
application shows thermal insulation as in figure 4.25 used at the Slam Center for
Cardiac Surgery in the city of Khartoum This building is a renowned climate-
responsive, low-rise building. Most of high-rise buildings are designed and
constructed without accounting for thermal insulation, therefore, air conditioning is

frequently required to achieve thermal comfort.

5 cm thermal insulation

thermal insulation

Exterior air film

25 cm concrete block

birck 1.5 inches dry wall
channel

air space 1 1.5 inches drywall

Figure 4.25: Thermal insulation adapted in Slam Center for Cardiac Surgery, the city
of Khartoum. Source: (courtesy of studio tamassociati)
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4.3.3.2.4 White Roof

The use of high —albedo materials on major urban surfaces is one of the ways to
mitigate urban heat island in cities. High-albedo materials can save cooling energy use
by directly reducing the heat gain through a building's envelope (direct effect) and also
by lowering the urban air temperature in the neighborhood of the building (indirect
effect) (Taha et al, 1992). In many urban centers, roofs constitute form 20% to 25%
of the total urban area. If appropriately utilized can increase the net urban albedo up
to 0.1(Akbari et al, 2007). These coatings for buildings represent easy and cost
effective solutions and may be applied to horizontal or vertical surfaces though rooftop
application is most common. This strategy is most appropriate for low-rise buildings
of the city of Khartoum which receive maximum solar radiation on their horizontal
surface from March to November. Santamouris et al. (2007) advocated use of this
strategy in the city of Khartoum’s residential buildings to save 25.4% of the cooling
load (Santamouris et al., 2007). Urban areas tend to reduce the overall effective albedo
through two mechanisms. The first one is as a result of larger absorption on darker
building and urban surfaces whereas the second results from the effects of multiple
reflections inside urban canyons producing significantly lower effective albedos

(Aida, 1982).

Although highly-reflective roof coatings reduce interior cooling loads, they bring the
disadvantages of increased heating demand in the cooler, drier winter season; and
reflectivity on low-rise buildings can cause visual discomfort (glare) for occupants of
adjacent high-rise buildings (Dabaieh, 2014; Hosseini, 2014; Taleghani et al., 2014).
In the case of the city of Khartoum, the cool-season disadvantage is minimized due to

the fact that the dry (winter) season is relatively short. Furthermore, these strategy
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could be innovatively used for the city of Khartoum high rise and low rise building’s
roof and walls to reduce cooling load.

4.3.3.3 Sustainable Active-cooling Systems

Dabaieh et al. (2015) calculated that about half of power usage is for air conditioning
to meet cooling demand in hot and arid regions and Tong et al. (2014) pointed out that
power consumption for air-conditioning reaches its maximum load during the summer
period. These researchers and others acknowledge the fact that decreasing demand for

air-conditioning is one of the greatest means of saving energy (Dabaieh et al., 2015).

Besides the use of passive-design strategies to reduce demand, it is expected that
sustainable active-cooling systems will continue to increase their energy and cost
efficiency until 2070 while simultaneously reducing their carbon footprint. Because
Sudan has abundant solar energy potential with average daily sunshine lasting 8.5 to
more than 11 hours, sustainable active-cooling systems using renewable energy are a
viable option (EI- Zein, 2017). Such systems may have desiccant solar assisted cooling
and heat pumps appropriate for the city of Khartoum’s hot (summer) season.
Conventional air conditioning requires steady and large quantities of power and should
be paired with clean energy sources for sustainability. While Sudan’s solar energy
supply can adequately meet cooling demands using conventional systems during its
11-plus hour summer days, Magzoub and Osman (1998) conducted research in the
city of Khartoum demonstrating more efficient power usage for solar cooling of a brick
building using solar simulation programs. Their finding shows it is possible to achieve

up to 65% cooling of the brick building (Magzoub, 1998).
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4.3.3.3.1 Desiccant Air Conditioning

Desiccant air conditioning can be used as a substitute for conventional vapor
compression air-conditioning systems. Desiccant-system advantages over the later
include its accessibility, cost effectiveness, and sustainability. This cooling system can
be powered by solar energy, such that appreciable operating costs will be achieved
(Concina and Sadineni, 2011). Research conducted on solar-powered desiccant
cooling utilization proves savings in all climate types (Daou et al., 2006). A research
done by Abdalla and Osman (2017) on desiccant air conditioning powered by solar
energy from evacuated-tube solar collectors can provide cooling load demand for the
building for about 10 hours (Abdalla and Osman, 2017). However, as in table 4.7,
active cooling is also demanded in the city of Khartoum’s Wet Season to achieve
optimal thermal comfort. Figure 2.26 is a diagram of desiccant air conditioning

powered by solar energy.
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Figure 4.26 : Solar liquid desiccant air conditioning system.
(Source: Alizadeh, 2008)
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4.3.3.3.2 Heat Pumps

Heat pumps can be used to provide heating, cooling and hot water for domestic use in
all types of buildings. As well, they can be used in all climates because they take on
earth’s constant temperature for operation. There is a need to control and minimize
refrigerant leakage through appropriate installation for environmental and appliance-
maintenance purposes (Greening and Azapagic, 2012). The efficiency of heat pumps
is expressed as the Energy Efficiency Ratio (EER) (Manzella, 2017). Besides the
efficiency of the appliance, heat pumps depend on other factors which greatly
contribute to the overall system efficiency. These factors include temperature level of
the heat source and heat dissipation, and appropriate design and installation in

accordance with the unique conditions of the area (Forsén, 2005).

Heat pumps can be divided into ground-source heat pumps (GSHP), groundwater-
source heat pumps (GSWHP), and air-source heat pumps (ASHP) (URL.18). A
ground-source heat pump (GSHP) is an adequate solution for heating and cooling
residential and commercial buildings due to its energy efficiency compared with
conventional air-conditioning systems (Jiang, 2017). These systems are refrigeration
machines that provide cooling and heating using stable underground or water
temperatures (El sheikh, 2011). GSHPs shown in figure 4.27 can be divided into four

systems.
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Ground-coupled heat pumps Surface water heat pumps Groundwater heat pumps

a) Horizontal close loop ¢) Close loop ¢) Surface discharge

b) Vertical close loop d) Open loop ) Aquifer injection

Figure 4.27 : Ground source heat pumps (GSHP) and their ground heat exchangers
(Source:Wright and Colvin ,1993)

4.3.3.3.2.1 Close loop

This system uses a buried loop containing water or a glycol solution to transfer the
coolness to heat pumps and then to the building in hot areas (Valizadeh, 2013; Goetzler
et al., 2009).

4.3.3.3.2.2 Vertical loop

This system involves bore-hole drilling to reach cool groundwater and transfer the
coolness to the surface heat pump for distribution throughout a building. Vertical loop
systems may be expensive in the city of Khartoum due to the deep level of the water
table (Valizadeh, 2013; Goetzler et al., 2009). Horizontal loop: This system is less
expensive because installation occurs only four to five feet below ground. Major
disadvantages of this system are that it requires much land than the others, and it is
more affected by seasonal temperature fluctuations (Valizadeh, 2013; Goetzler et al.,
2009). This system may not be appropriate for the city of Khartoum’s climate.
4.3.3.3.2.3 Hybrid System

This system is normally used in large buildings where cooling load is more than the

heating load. In this system, the ground heat exchanger is replaced by a conventional
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cooling tower to cope with peak cooling load. This system has a reduced initial capital
cost.

4.3.3.3.2.4 Groundwater-Source Heat Pumps (GWSHP)

Groundwater-source heat pumps (GWSHP) are considered environmentally friendly
and economically wise to use for heating and cooling buildings, and consequently have
great potential to moderate greenhouse gas emissions (Kim and Nam, 2015). This
system exchanges groundwater coolness by draining heat from the pumps into the
aquifer. This cooling system is efficient where groundwater is reliable and available
without interruption throughout the year (Liu, 2017). This cooling system is very
effective for the city of Khartoum because of availability and reliability of
groundwater. The only disadvantage is the initial capital cost is relatively high. See

figure 4.28 shows different types of GWSHPs.
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Figure 4.28 :Water source heat pump (Source: Water Source Heat Pump)

4.3.3.3.2.5 Air-Source Heat Pumps (ASHP)
Air-source heat pumps (ASHP) are categorized based on their placement outside the
heat exchanger by air to air and air to water (Staffell et al., 2012). An air-source heat

pump pull its heat indoors from the outdoor air in the winter as it functions as a heater
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and pushes indoor air out in the summer as a cooling system (URL. 19). ASHP
technology has witnessed tremendous growth in recent years due to efficiency and
reliability of pumps being used in the refrigeration cycle. Air-to-water heat pumps are
efficient and environmentally friendly in reducing global warming. Air-to-air heat
pumps are efficient in compact urban areas (Lukanov, 2019). But their efficiency is

less than ground-source and groundwater-source heat pumps (Ross, C, 2008).
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Figure 4.29: Air source heat pumps (ASHP) works
Source: (Staffell et al., 2012)

Figure 4.29 above shows ASHPs. Table 4.6 shows the advantages and disadvantages
of heat pump types’. Heat-pump technology is a promising and sustainable
technology, and if appropriately utilized would reduce the need for conventional air-
conditioning systems which damage the environment. This technology is not
introduced in Sudan yet, and there are not enough experienced with its installation or
use in the city of Khartoum. From a literature survey on this subject matter, a reduction
in capital cost can be achieved with hybrid and groundwater-source heat pump systems

compared to ground-source heat pumps systems.

158



Table 4.6: The advantages and disadvantages of heat pumps types

Heat pump type Advantages Disadvantages
Ground source heat  -Energy efficient - lack of confidence in the technology
pumps -Cost effective with pay back of 2-10 years - inadequate information about it
(GSHP) -have no visible sense -lack of adequate supply and services
-silent make no noise -uncertainty about actual average efficiency

and published confidence of performance
-low maintenance cost
-pipes lasted for 40-50 years
-adaptable in all climates
-fire resistant
-few moving part

-more expensive than (GWSHP) &(ASHP
but more efficient than them[URLQ].

-has better seasonal efficiency than

(ASHP) [URLQ)].
Wiater source heat pumps  -Suitable in all climates -depend on ground water temperature
(GWSHP) -cost effective -more power used for pumping
-environmentally friendly -local legislation
-if properly designed can reduce cost -lack of knowledge

-consumes less power if ground and water  -can effectively be used only where ground
temperature remain constant throughout the ~ water is grantee [Kim & Nam, 2015].

year [Kim & Nam, 2015].

-few moving part

Air source heat pumps -energy efficient - need highly trained expert for installation

(ASHP) -economically wise -any leakage of refrigeration system hazard to
the environment and can also damage the
entire system

-easy to retrofit in to existing buildings -Less efficient than (GSHP) & (GWSHP)
-does not need much external land for

installation

-appropriate in high dense urban areas

-good for heating, cooling and water

heating

-long life span

-easy maintenance

4.3.3.4 Feasibility Study of the Selected Design Strategies for the city of
Khartoum Buildings

For this research to be more valuable for building designer it is imperative to provide
a cost analysis (feasibility) of the selected strategies for a simple residential building

on the basis of thermal comfort matrix table 4.7
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Table 4.7: Thermal comfort matrix

Seasons Time Temperature Humidity | Thermal Thermal comfort dueto Design Strategies
(months) schedule (min-max °C) (min- com fort oo
max %a) before applving z - B
design strategies = Z . B £ -2 )
(hours/ year. %) = = | 2 z E = E
7] IS =1 Ao = =z = O = a,
Drv Gam- 12.7-385 18 -36 43 5% 48% 36.6% 20.7%
(November to | 12noon 403 hr 299 hr. 175 hr
February) 12 noon 192 - 406 10 - 39 15.7% 69% 84%
6pm s80hr | 706 hr.
Gpm-12 135-363 10 - 34 526 39 4%
midnight 331 hr.
12 125-303 13- 47 53.8% 4.5% 41 4%
midnight- 38 hr. 348 hr
Gam
Hot fam- 17433 17 - 46 23 4% 65 4% 70.2
(March to 12noon 421hr 452 hr.
May) 12 noon 202 -454 10-43 0.2% 714 % 97.5%
6pm 628 hr
6pm-12 202-412 10-20 13.7° 84 5%
midnight 5436 hr
12 16.6 -35.1 11-34 53.9% 39 6%
midnight- 255 hr
Gam
Wet Gatm- 227-439 20-99 4 6% 70.1% 28 7% 63.1% 7 4%
(June to 12noon 655 hr 307 hr. 676 hr. 79 hr.
December) 12 noon 263439 12-93 0% 713% 29.8% 70.1%
6pm 764 hr. 319hr 751 hr.
Gpm-12 249 -439 11- 88 1.1% 29 8% 66.7% 4.9%
midnight 852 hr 725 hr. 33 hr.
12 215-424 18 - 84 13.2% 25.6% 31.3% 17 7%%% §.6%%
midnight- 274 hr. 549 hr. 190 hr. 92 hr.
tam
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4.3.3.4.1 The Application of the Design Strategies in an Exemplified Building in
Khartoum City as Case Study

The study is to show how the architectural design can be affected by implementing
some of the passive cooling strategies discussed in the previous chapters. The example
house is a one - bed room flat meant to accommodate a small family, the built area is
78 m2, ceiling height of 3.25 m and raised 0.6 m above ground level. The structural
system is loadbearing wall of one and half exterior brick wall with 30 cm thickness.
The roof is reinforced concrete slab of 15 cm thickness. Figure 4.30 see the building
plan.

4.3.3.4.2 The Use of Passive Cooling as Design Strategy

1-The ratio of length to width is 1:1.3 by which minimum heat gain is maintained as
suggested in Section 2.6.2.5

2-West orientation is avoided for bedroom and cross ventilation has been provided.
3-The walls project beyond building corners to provide shading against low early
morning and late afternoon sun angles

4- Window on East direction is designed as high level window and shaded with roof
overhang to avoid any overheating at morning time.

5- The walls project beyond building corners to provide shading against low early
morning and late afternoon sun angles.

6- White paint was used for roof top because the city received high solar radiation
because horizontal surfaces received maximum solar radiation as mentioned in section
43321

7- Night ventilation can be of benefit at night in Wet Season through the use of thermal

mass
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8- Passive solar heating in Dry Season constitute 41% of thermal comfort from

midnight till 6 am this can be achieved in this building through using walls and floors.
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Figure 4.30: Floor Plan of a one-bedroom flat in Khartoum city

9- Cross ventilation is used in this building, according to matrix table natural
ventilation is suitable in Wet Season (June- October). Building height is important for
creating indoor environment that is thermally comfortable. The following precaution
have been considered in the design as in figure 4.31,;
(1) Floor to ceiling height is 3.2 meter and a trap for hot air under the ceiling. When
this air layer gets thick it flows to the chimney without mixing with cooler air at
the living area.
(i) Building is elevated up to 0.6 meter above ground level this protect the building
floor from both soil movement and serve as a thermal insulation
(iii) Daylight was appropriately controlled to avoid any visual discomfort that

might occur as a result of Khartoum high solar radiation.
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Figure 4.31: Section A-A of a one-bedroom flat showing natural ventilation potential

10- Shading devices: The shading analysis in Section 4.3.3.2.1 suggested horizontal
shading devices for south window and vertical fins to obstruct early morning and late
afternoon solar radiation at angle 43° east and 45° west, see figure 4.32. As a result of
the city location near Equator roof overhang can control north window, see figure 4.33.

There are no windows on east and west side

indoor
= - —
West Fast
45° 43 °
outdoor

Figure 4.32: South window shading proposed configuration
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Figure 4.33 Cantilever or roof overhang used for shading of north facing window in
Khartoum City

11- Thermal insulation: From the research conducted in chapter four, using thermal
insulation on roof is a reasonable to reduce heat gain. However, wall insulation is
added to the architectural details to minimize the heat gain and to decrease the radiant
heat flow from the internal surfaces. This enhance thermal comfort because the effect
of the mean radiant temperature is more sensed than air temperature (4.3.3.2.3).
Moreover, painting roof and wall with white colour could also be an alternative in case
of the increased cost of thermal insulation. But one of the disadvantages of white paint
is they tend to loss their efficiency as dust accumulate on roof since Khartoum city is
nowadays is subjected to more frequent sand-dust storm than ever(Section 4.3.3.2.4)
4.3.3.4.3 Cost Analysis of the Selected Cooling Strategy

Cost analysis for cooling strategies for Khartoum city building as in table 4.8 gives
the following results:

1- Shading devices is the most cost efficient strategies since it is needed in all seasons.
2- Roof insulation and white painting are more cost efficient than wall insulation since
roof received more solar radiation it best to apply. However for insulating west facade
only could be of benefit since it receives radiation more than the other facades

3- Applying evaporative cooling through water evaporative cooler are adequate even
though their initial cost is relatively high, but they are energy efficient and their spar

part are few and easily replaceable.
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4- The best way to achieve optimum thermal comfort is by appropriately design
shading devices with well insulated roof and west fagade, and the use of water
evaporative coolers in Hot and Wet Seasons.

5- According to the cost analysis, these design strategies are more expensive than
shading devices windows and white paint roof. For this reason, Hot and Wet season
need these design strategies, which is not very cost efficient. Alternatively, thermal
insulation material (polystyrene glass wool) can be replaced by sheep wool, which is
affordable. Active cooling (water evaporative cooling) cannot be replaced by natural

ventilation only.

Table 4.8: Cost analysis for selected Design Strategies in Khartoum City

Strategy Material cost Labour Cost Economic
(m) Efficiency
High  Medium Low
Shading devices Reinforced concrete 100 SDG +

shading devices per metre
square 300 Sudanese pound

(SDG)
Windows for Standard size (1.2x1.2) 900 +
natural ventilation material SDG
3000 SDG
Thermal Glass wool for roof 50 SDG +
insulation for roof insulation
350 SDG
Thermal 500 SDG 350 SDG +
insulation for wall
Painting roof White paint application for 40 SDG +
white roof
60 SDG
Active cooling Water evaporative cooler 2000 +
unit price
15000 SDG

The exchange rate is 1 USD = 65 SDG
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4.3.3.5 Dust-sand Storm Treatment for the city of Khartoum’s Buildings

Air filtration issues have become more pronounced than ever before due to concerns
about respiratory health. Air filters are designed to remove dust concentrated in air
where dust content of air does not exceed 2 mg (up to 0.2 mg) per cubic meter of air
before entering HVAC systems (URL.20). The most common filter type used today is
fibrous and is characterized as being 80 to 90% porous material with low resistance to
air movement (Podgorski et al., 2006).

4.3.3.5.1 Artificial Air Filters

According to Ahn et al. (2006), air filters can be categorized according filtration
particulate efficiency as pre-filter, medium filter, high-efficiency particulate air
(HEPA) and ultra-low particulate air (ULPA)( Ahn et al., 2006). Pre-filters capture
larger sand particles. Medium filters have an efficiency of 60 to 90%. HEPA filters
are most sought after for air filtration in the building industry because of their 99.99%
efficiency and their ability to trap air impurities of different diameter sizes. This filter
type is appropriate for use in most public buildings like theatres and hospitals (Brincat
et al., 2016). ULPA filters have 99.999% efficiency (Ahn, Brincat et al., 2016). These
days, as air pollution rates increase, researchers are developing innovative new non-
woven nano-fiber material that can perform even better in instances where the air
contains smaller particle sizes (Wang et al., 2013). Glass fiber is another excellent air
filter which has efficiency of 99% (John and Reischl, 1978). A trombe wall filter,
shown in figure 4.34, is an efficient filter and can provide qualitatively healthy
ventilation for building interiors, especially in dense and contaminated urban centers

like that of the city of Khartoum (Imbabi, 2006).
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r SJibre—based insulation

Figure 4.34: Modular breathing panels in framed construction. (Source: Imbabi,
2006)

4.3.3.5.2 Natural Air Filters

An active living wall (ALW) is a technology appropriate for buildings in which
mechanical and natural ventilation is incorporated as in figure 4.35. The system
operates by forcing air to pass through the ALW, taking on the benefits of the AWL’s

biological capacity to cool, purify, and humidify air (Podgérski et al., 2016; Liu et al.,

2017).
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Figure 4.35 : Schematic of indoor biofiltration system.
(Source from:Soreanu et al. (2013)
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Bio fagades in figure 4. 36 is a new, innovative filtration strategy. This filtration
system could pave the way to more sustainable and environmentally friendly cites.
According to Antony Wood et al. (2014), bio fagades have numerous advantages at

both the city and the building scale which are listed in (table 4.9) (Wood et al., 2014).

tracamitted rad st on

conventional wall Green Facade

Figure 4.36: Bio facade used as innovative filtration strategy.(Source: Suleiman,
2013)

Table 4.9: Advantages of bio facade system both at city and building scale

Source: (Wood et al. 2014).Uban Seale Building Scale

Reduction of the Urban Heat Island Effect Improvement of Buildng Energy Efficiency

Improvement of Building Energy Efficiency Internal Air Quality. Air Filtration and Oxygenation

Sequestering of Carbon Health Benefits

Aesthetic Appeal Envelop Protection

Psychological Impact on Urban Dwellers Interior Noise Reduction

Providing Biodiversity and Creating Natural Animal ~ Agricultural Benefits

Habitats

Sound Deadening Increasing Property Value Sustamability Rating
System Credits

4.3.3.5.3 Contemporary Control Systems for Dust and Sand Control in Sudan

Currently, only two methods are used to control dust or sand from storms in Sudan’s
buildings. First, an adaptation to wind towers is derived from Iranian vernacular
architecture where sand and dust fall out of the air when air shifts direction in the
system. Here, fine particles are captured by the spraying of water. Second, air is

allowed to pass through long underground tunnels constructed in labyrinthine ways to
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reduce airspeed and allow large particles to settle out of the air. Later, sprays of water
control fine dust particles and cool down the air.After review of these dust-control
strategies, the following results are obtained. Non-fibrous filters (HEPAs and ULPAS)
are valuable for their high efficiency but their disadvantage is high initial cost. Trombe
walls, active living walls, and bio-fagade filtration systems are good for their
numerous advantages and adaptable for the city of Khartoum buildings. Wind towers
and underground tunnel systems have high initial cost and their construction requires

additional land therefore they are not an economical choice for the city of Khartoum.

4.3.4 Future Scenario of Building Climate-Responsive Design Strategies for the
city of Khartoum in the Year 2070

Climate change is one of the greatest challenges facing humanity currently. It is widely
accepted that the effects of greenhouse gas emissions on global climate indicate that
energy consumption in buildings should be reduced and building should be able to
resist climate change effects for a long time. However, this requires contemporary and
future buildings to cooperatively function under extreme changing weather conditions
(Guan, 2009). Future projections of climate are inevitable and beneficial to achieving
sustainable development for the current and future buildings.

4.3.4.1 Comfort Model as Applied in the Year 2070

Climate change poses a significant challenge to human existence especially in hot, arid
regions. It is imperative for architects to know about predicted future thermal
performance of buildings; however, there is scarcity of climate data in most
developing countries that is suited for prediction models (Jentsch et al., 2010). This
data scarcity was resolved through the use of building energy simulation (BES)
program (Jentsch et al., 2008; Khalfan and Steve, 2016). The program uses hourly

weather file data to calculate thermal comfort and thermal performance of buildings
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(Remund et al., 2010). The most common weather file format is the Energy Plus
Weather (EPW) file which can be either freely downloaded or obtained from
Meteonorm Company. Future weather files can be obtained from weather generator

software such as Meteonorm (Remund, 1999).

Future climate-change scenarios for the city of Khartoum in the year 2070 is chosen
on the basis of appropriate scenario. Due to improvements in building and construction
technologies, building lifespans can extend to 80 and 100 years or more. So, predicting
the next 55 years of climate-responsive building strategies is rationalized. Meteonorm
7.2.1 software was used to create weather files for the city of Khartoum’s 2070.
Together, these make it possible to calculate the 2070 weather file for the city of
Khartoum in order to evaluate how the future forecasted climate-responsive design
strategies for the city would perform .See figure 4.37 gives the rate of thermal comfort
in the city of Khartoum for the year 2070. ASHRAE Standard 55-2010 is again used
for this research work. The result achieved for annual thermal comfort of the city of
Khartoum buildings without using any design strategies is 11.7% or 1023 hours out of

8760.

With monthly thermal comfort values in mind and using ASHRAE 55-2010 as in
table 4.10, the city of Khartoum’s has the highest thermal comfort with December
having the highest value of 30.6%. For the Hot Season, March has the highest thermal
comfort with remaining months reaching 0%. The Wet Season is considered to be the
hottest, and the highest thermal comfort that could be achieved is only 1.1% in
October. Again the remaining months of this season have 0% thermal comfort. Based
on these statistics, it will difficult to achieve thermal comfort in the Hot and Wet

Seasons without using design strategies in the year 2070.

170



PSYCHROMETRIC CHART

ASHRAE Standard §5-2004 using PMV

LOCATION: Khartoum, KHARTOUM CITY, -
Latitude/Longitude: 15 55° North, 32 53 East. Time Zone from Greenwich 2
Data Source: MN7 0 WO Staton Number. Elevation 380 m

LEGEND

COMFORT NDOORS
100% [l COMFORTABLE

o5 [INOT COMFORTABLE

RELATIVE MUMIDITY

100% 0%

DESKGN STRATEGIES: JANUARY the ough DECEMBER
[159% 1 Condort(1391 hes)
338% 2 Sun Shading of Windows(2961 hes)

% Drect Evaporative Coolng(0 hes)
40.0% 6 Two Stage Evaporative Coolng(3504 his)
B8% 7 Natural Vertiation Cooling(768 hs)

40.2% 15 Cooling. add Dohurmidfication I needed( 1520 hes)
16 Hoating. add Humsdification i needed( bes)

100.0% Comfortable Hour's using Selected Str stegies
(8759 out of 0760 hes)

Comtert Zonws show:
Summemes clothng on rght S
Wiettes chottng on left. PRt Cei— s il

0 % n
ORY.BULD TEMPERATURE, DEG. C

Figu’r‘e 4.37 : Psychometric chart with climate responsive Design strategies applied
in the city of Khartoum for the year 2070. (Source;Author)

Table 4.10: Adaptive Comfort Model in ASHRAE Standard 55—2010 applied to the

city of Khartoum City Sudan for the monthly thermal comfort for the year 2070

Month Comfort Comfort Comfort
(%) (%) (Hours)
Annual 11.7% 1023 8760
January 27.7% 206 744
February 28.3% 190 672
March 25.3% 188 744
April 0% 0 720
May 0% 0 744
June 0% 0 720
July 0% 0 744
August 0% 0 744
September 0% 0 720
October 1.1% 8 744
November 28.2% 203 720
December 30.6% 228 744
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4.3.4.2 ASHRAE Standard 55 and Current Handbook of Fundamental Model

When ASHRAE Standard 55 and current Handbook of Fundamental Model is applied
for the future climate of the city of Khartoum, the maximum thermal comfort that can
be achieved is 15.9% compared to 11.7% which was obtained when only the ASHRAE
55-2010 model was used. This variation may be attributed to the fact that this model
used global horizontal radiation and relative humidity which is likely affected by the

phenomenon of climate change as justified in this research.

Classifying climate-responsive strategies on a seasonal basis table 4.11, to represent
the future climate of the city of Khartoum in 2070, indicates that 36.6% thermal
comfort can be achieved in the Dry Season, 13.7% in the Hot Season , and 0.9% in the
Wet Season . The weather in the Dry Season is the most pleasant among all the city of
Khartoum’s seasons. It is easy to achieve thermal comfort for building users by
adjusting their clothing, and employing the most influential design strategies: internal
heat-gain design strategies, dehumidification only and active cooling strategies. All
these strategies have a direct effect on thermal comfort and they constitute 10.5 %
(301 hours), 0.2% (6 hours), and 4% (116 hours) respectively. Two-stage evaporative
cooling constitutes 48.5% (1396 hours) and if not used would increase active cooling
from 4% (116 hours) to 37.4% (1076 hours). Natural ventilation has little direct effect

on thermal comfort and contributes only about 15.4% (443 hours).
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Table 4.11: Design strategies for seasonal thermal comfort for the city of Khartoum
of Sudan for the year 2070 using ASHRAE Comfort model 55

Design strategies Dry Season Hot Season  Wet Season
Comfort 36.6% 13.7% 0.9%

Sun shading 30.6% 36.3% 34.8%
Two-stage evaporative cooling 48.5% 74.9% 12.4%
Internal heat gain 10.5% - -

Active cooling 4% 11.1% 86.1%

In the Hot Season, it might be difficult to achieve optimal thermal comfort without
adapting active cooling; this strategy directly affects thermal comfort with an 11.1%
(246 hours) improvement in thermal comfort. Also, the internal heat gain contributes
about 0.2% (5 hours) to improve thermal comfort. Although two-stage evaporative
cooling does not directly affect thermal comfort, if not applied, the need for active
cooling will increase from 11.1% to 86.1%. Therefore it is recommended that all these
strategies should be incorporated in the future design of the city of Khartoum’s Wet

Season buildings in order to avoid any excessive overheating that might occur.

The city of Khartoum’s Wet Season has the lowest thermal comfort without using
other design strategies. Compared to the other seasons, thermal comfort conditions are
only met 0.9% (33 hours) in a year. In this season, cooling and dehumidification
(active cooling) and dehumidification only, have direct effects on thermal comfort of
86.1% (3160 hours) and 0.7% (24 hours) respectively. Two-stage evaporative cooling

has no direct effect on thermal comfort but if not used would increase the need for
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active cooling from 86.1% to 98.4%; therefore, it should be incorporated as an

essential design strategy.

From the seasonal analysis of the 2070 hourly weather file, difficulty in achieving
optimal thermal comfort for building users of the city of Khartoum in the future is
conclusive. Therefore there is a need for adaptation of sustainable active-cooling in all
seasons of the year. The Wet Season is projected to have the lowest thermal comfort
level while the Dry Season will have the highest thermal comfort compared to other
seasons. Maximizing passive-design strategies is essential for all the city of
Khartoum’s buildings and should be taken as a principle design strategy. Designers
should start figuring out agreeable and sustainable solutions for energy-efficient
active-cooling systems in order to save costs and reduce cooling load during the long,
hot months in the city of Khartoum. With maximal passive-design techniques and
utilization of Sudan’s abundant renewable energy sources then reduced usage of
conventional active cooling systems may be observed. For example, two-stage
evaporative cooling with solar cooling, heat pumps, and desiccant cooling assisted by
solar energy optimal thermal comfort may be achievable in the city of Khartoum,

Sudan in the year 2070.
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Chapter 5

RESULT DISCUSSION & CONCLUSION

5.1 Results Discussion

Climate has had a great influence on architecture since antiquity. Building form,
building orientation, and building materials were rational consequences of local
conditions. This resulted in the generation of many architectural styles and patterns;
each is different from the other because of local climate peculiarities. Good examples
of climate-specific architectural elements are wind towers in the Middle East, steep
roof styles in cold climates, and flat roofs in hot climatic zones. All these, could be
considered an intelligent solution for controlling climate effects. For a designer to
successfully design, he or she should have comprehensive knowledge of the climate
of the region being designed for, and how various climate-related architectural
elements could be altered in order to provide optimal thermal comfort. Unfortunately,
most designers do not pay enough attention to local climate and materials; instead,
they follow international trends that use concrete and glass. With current trends toward
sustainability, it is imperative for architects to readapt climate-responsive design
strategies, which are considered the only solution to save energy. This thesis is an
effort to provide climate-responsive building design strategies for the contemporary
and future climate of Khartoum. In line with this, this research has paid particular
attention to climate, classification, analysis, and trends analysis for the historical
climate data of the city of Khartoum. Moreover, this research predicts the future

resilience of climate-responsive design strategies if applied in the city of Khartoum.
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The climate classification system of this research is as follows. Képpen-Geiger and
ASHRAE Standard indicate the city of Khartoum has a hot/arid climate. The seasons
are Hot (summer) from March to May, Wet (autumn) from June to October, and Dry
(winter) from November to February. The city of Khartoum’s climate is characterized
by large temperature differences between day and night. Sometimes the difference can
approach 20°C the Hot Season is relatively long with temperatures above 40°C and
low relative humidity, which can go as low as 8%. Together, these Hot Season
conditions make indoor thermal comfort levels unbearable. The Wet season is
exaggerated during the month of August as it is considered the rainiest month of the
season. During the Dry Season, the city experiences temperature drops most especially
during the early hours of the day. Sand-dust storm occurrence is more frequent in this
season than the other. The greater Sahara Desert is the main source of sand-dust storms
because of pressure differences resulting from temperature fluctuations between day

and night.

As mentioned in the reviewed sources, climate change has become obvious in the city
of Khartoum with citizens witnessing tremendous effects. Therefore, to design a
sustainable building it is essential to consider climate change analysis in building and
environment design. Trends analysis of the city of Khartoum’s climate data from 1981
to 2015 was conducted on a seasonal basis. The studied parameters were monthly
relative humidity, average monthly temperature, average monthly wind speed, and
average monthly rainfall. The climate analysis produced the following results:

. Relative humidity has been decreasing during the Dry and Hot Seasons

while increasing during the Wet season.
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Temperatures have been increasing for all the three seasons of the city of
Khartoum’s year.

Wind speeds have increased in the Dry season but have decreased in the
Hot and Wet Seasons.

Rainfall’s shifts seem counterintuitive to the shifts in relative humidity
since precipitation has been increasing during the Dry and Hot Seasons and

decreasing during the Wet Season.

These shifts between 1981 and 2015 are proof that climate change has occurred in the

city of Khartoum. Moreover, climatic shifts are expected to continue as the city of

Khartoum approaches 2070:

The already Dry and Hot Seasons will continue to exhibit decreases in
humidity while the already wet season will increase in humidity.
Temperatures will continue to rise throughout the year.

Unfortunately, wind speeds will continue to decrease in the Hot and Wet
Seasons when natural ventilation would be most desired. Likewise,
continued increases in wind speed during the Dry Seasons contribute to
sand-dust storms.

Finally, due to shifts in rainfall, Wet Seasons will continue to become drier

and historically Dry and Hot Seasons will receive more rain.

Table 5.1 gives comparison of Khartoum’s 2015and projected 2070 design strategies,

the following results were observed:
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Thermal comfort for April through September of 2070 will be zero percent.
A comfort level of zero indicates that it is impossible to achieve thermal
comfort without using any design strategies.

Annual average thermal comfort will decrease from 24.2% for 2015 to
11.7% for 2070. This decrease by more than half indicates that significant
climate change effects are expected for the city of Khartoum in 2070.

In both 2015°s and 2070’s Dry Seasons, building users experience better
thermal comfort than in any other seasons while Wet season months for
both years have the worst thermal comfort.

Except for March, all other Hot Season months will have 0% thermal
comfort in 2070.

Thermal comfort in all months except December of 2070 will be lower than
in 2015. December, as part of the Dry Season and having warmer

temperatures in 2070 implies improved thermal comfort.
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Table 5.1: Comparison between 2015 and 2070 Design Strategies

2015 design strategies

2070 design strategies

1

2

10

Thermal Comfort without using
strategy is 24.2%

Zero percent thermal comfort is
achieved only in June

All monthly thermal comfort are
higher than 2070 except December

Wet season have the lowest thermal
comfort

Shading required in all season
2-stage  evaporative  cooling
efficiency is lower in Hot and Wet
Season than 2070

Internal heat-gain strategy is Dry
Seasons from 17.3%

Active cooling is essential in Hot
and Wet Seasons

Dry season have the most
favourable thermal comfort level
Natural ventilation and

dehumidification are applicable in
Wet season, while passive heating
is required after midnight in Dry
season

Thermal Comfort without using is 11.7%

Thermal comfort for April to September
are zero percent.

December is the only month in 2070 that
have higher thermal comfort than 2015
months

Wet season have the
comfort

Shading same as 2015
Efficiency is same as 2070 is Lower in
Dry and Hot Season and higher in Wet
Season compared to 2015

Internal heat gain reduced Dry Season
2070 to 10.7%

Active cooling is needed in all seasons

lowest thermal

Dry season have the most favourable
thermal comfort level

Natural  ventilation, heating, and
dehumidification are no  longer
applicable
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Figure 5.1: Shows comparison of design strategies of 2015 and 2070 for Khartoum
city, Sudan.

1= Thermal Comfort.

2= Sun shading.

3=2 stage evaporative cooling.

4= Internal heat gain.

5= Heating, Add Humidification.

6= Cooling Add dehumidification.

7= Dehumidification only.

8= Natural Ventilation

100.00% X Axsis Represents Design Strategies

90.00% Y Axsis Represents Strategis in Percentage

2015

80.00%

70.00%
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Figure 5.1: Comparison between design strategies of 2015 and 2070 for Khartoum
city, Sudan.
There are ten observations resulting from the comparison of design strategies utilized

in 2015 to those projected for optimal thermal comfort in 2070 they are:

1- As of 2015, the lowest thermal comfort level (4.3%) was obtained during the wet
season in the city of Khartoum. Likewise, the lowest thermal comfort level (0.9%) for
2070 also will be reached during the wet season and active cooling will remain

essential.
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2- Designs that shade windows from direct solar gain is an important strategy for both
contemporary and future buildings.

3-Though active cooling was only needed during 2015’s Hot and Wet Seasons in the
city of Khartoum, it will be essential during all seasons to achieve optimal thermal
comfort in the projected climatic conditions of 2070. To reduce overall energy
consumption, sustainable cooling systems need to replace conventional air-
conditioned cooling.

4-For the city of Khartoum’s projected climate in 2070, three currently used strategies
will no longer be applicable: natural ventilation, heating, and dehumidification.
5-Demand on internal heat-gain strategy is reduced in the Dry Seasons from 17.3% in
2015 to 10.7% in 2070 and should be avoided in Hot and Wet Seasons in the city of
Khartoum’s future.

6-As in 2015, two-stage evaporative cooling will be useful in all seasons of 2070. Its
use will be partially substituted by sustainable active-cooling systems during 2070’s
Wet season.

7-Design strategies will adapt to have more active cooling in all seasons of 2070
except the Dry Season in which it can be minimized. In addition, design strategies will
include appropriate solar control to avoid overheating when solar heating is not
desired.

8-Conventional air-conditioning systems, which require a great deal of Sudan’s energy
supply, alongside other effects of climate change could be reduced in the city of
Khartoum’s future by maximizing passive-design strategies such as evaporative
cooling, natural ventilation, wind towers, solar chimneys, and sustainable active

cooling like desiccant and heat pump systems.
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9-Because sand-dust storms have become increasingly frequent and a greater source
of discomfort and health problems for building occupants, this research sought
solutions to remedy both the causes and the symptoms for users in 2070.
10-Symptoms of both sand-dust storms and other facade-dependent issues may be
better controlled for 2070 users by introducing bio-facades and living wall systems.
As well, these systems will provide evaporative cooling.

5.2 Conclusion

This study examined Khartoum’s 1981 to 2015 climate data through an extensive
statistics analysis of trends on a seasonal basis. The findings proved that there has been
change in Khartoum’s climate. Relative humidity has decreased in dry and hot
seasons, and increased in wet seasons. Temperature increased throughout the seasons
of the year. Wind speed increased in dry seasons and decreased in hot and wet season.

Rainfall increased in dry and hot seasons and decreased in wet seasons.

Analysis of the contemporary hourly weather file of Khartoum is calculated by
Meteonorm 7.2.1 from the average climate data obtained from Khartoum
Meteorological station for the years 1996 to 2015. The weather file obtained is then
run in computer software called Climate Consultant 6.0. From these, contemporary
design strategies are obtained. Finally, these strategies are elaborated and their

adaptation criteria in Khartoum buildings are explained.

Comparison of design strategies obtained from the two time series (2015 and 2070)
shows that there is need to maximize passive-cooling design strategies. However,

sustainable renewable energy resources in Sudan should be appropriately utilized to
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provide sustainable active-cooling in order to achieve optimal thermal comfort in the

future.

Two-stage evaporative cooling should be used in all seasons together with sustainable
active-cooling strategies assisted by solar energy such as (desiccant cooling, and heat
pumps) in order to reduce the demand on conventional air-conditioning systems. Even
though natural ventilation may only be applicable to some extent in the wet season, it
should be enhanced through stimulating winds through a combination of wind towers
and solar chimney strategies to save energy. Window shading is also a very crucial
matter in Khartoum climate in all seasons of the year. Filtration of sand and dust from
storms is a very important strategy in all seasons since it occurs in all months of the
year in Khartoum. This research work analyzed different alternative solutions and
concluded that facade-based filtration such as active living walls and bio-fagades

might be a solution to control sand and dust for Khartoum’s buildings.
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Appendix A: Khartoum Meteorological Station Climate Data

Station-Khartoum. Elevation 380 metre Monthly Average Relative Humidity (%)
Period 1981-2015

YE |JAN |FEB | MA | APR| MA |JUN | JUL | AU |SEP | OC | NO | DE
AR R Y G T \Y C

1981 | 19 17 15 13 18 25 47 41 42 26 22 30

1982 | 25 18 12 13 14 20 31 48 41 29 22 24

1983 | 23 17 13 11 14 29 37 38 31 18 21 28

1984 | 25 22 14 10 20 17 24 26 29 20 22 27

1985 | 25 17 15 13 25 30 41 39 37 23 23 31

1986 | 24 16 13 12 12 27 42 42 41 28 24 24

1987 | 25 17 13 11 30 30 34 49 32 29 26 31

1988 | 29 27 21 15 19 30 47 59 51 27 25 29

1989 | 24 19 14 14 24 27 36 44 44 25 23 25

1990 | 25 19 13 13 13 18 36 25 31 25 24 30

1991 | 23 18 15 18 26 21 37 47 35 31 30 32

1992 | 33 26 21 19 19 28 41 56 42 31 27 30

1993 | 30 25 15 16 25 24 36 45 37 31 31 32

1994 | 32 27 22 20 25 32 49 55 51 37 29 30

1995 | 23 27 20 15 21 30 52 52 45 26 24 22

1996 | 25 22 14 16 29 29 37 51 52 32 26 27

1997 | 29 20 20 21 22 29 48 50 36 28 38 30

1998 | 24 20 15 14 22 21 43 58 58 37 26 30

1999 | 27 21 16 13 20 21 49 57 46 40 26 30

2000 | 25 19 14 15 21 23 37 43 42 30 23 30

2001 | 27 19 15 12 17 22 42 55 42 29 23 27

2002 | 28 27 18 20 22 24 32 52 65 31 25 35

2003 | 24 15 12 13 17 30 49 58 43 29 28 31

2004 | 25 24 16 13 16 33 42 54 43 31 28 33

2005 | 27 20 13 13 21 29 57 60 48 30 25 35

2006 | 20 18 14 11 26 31 43 63 61 39 22 30

2007 | 24 18 15 15 14 33 69 72 80 29 30 36

2008 | 31 25 14 23 17 30 44 59 53 33 23 25

2009 | 22 23 22 17 14 21 43 49 39 23 23 23

2010 | 25 19 15 11 13 25 44 51 41 26 22 25

2011 | 24 15 12 9 19 17 33 49 39 30 24 30

2012 | 23 21 11 8 14 26 44 54 34 24 19 25

2013 | 24 17 10 8 11 22 28 56 33 19 22 28

2014 | 25 21 14 16 17 21 45 54 45 27 21 29

2015 | 25 16 14 9 15 20 27 41 37 27 21 23
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MINISTRY OF ENVIRONMENT, FORESTRY AND PHYSICAL
DEVELOPMENT

METEOROLOGICAL AUTHORITY
WEATHER-CLIMATE DATA
Station-Khartoum. Elevation 380 metre
Monthly Average Temperature (°C)
Period 1981-2015

Mont | 1981 | 1982 | 1983 | 1984 | 1985 | 1986 | 1987 | 1988 | 1989 | 1990
h

JAN 25.03 | 215 20.8 243 251 23.9 22.6 21.7 22.2 23.0

FEB 22.2 22.0 240 21.6 24.9 26.8 25.7 23.0 21.8 24.9

MAR | 27.9 26.8 28.2 30.1 30.8 29.2 29.2 28.3 26.7 27.1

APR | 315 30.73 | 315 31.9 31.0 31.1 32.2 321 325 33.2

MAY | 33.7 34.2 34.7 34.3 33.9 32.7 34.9 34.7 355 35.3

JUN 34.3 33.8 34.3 33.8 33.8 33.8 34.3 35.3 34.9 35.3

JUL 331 32.9 33.9 324 31.9 32.9 32.7 32.8 33.7 331

AUG | 315 325 33.6 33.4 32.8 31.9 30.2 31.4 335 33.2

SEP 30.7 33.6 33.6 33.5 324 33.8 32.9 32.8 33.5 34.0

OCT | 322 32.8 32.8 33.0 32.8 324 32.1 32.7 32.9 33.9

NOV | 25.8 27.4 27.8 27.5 28.3 28.7 28.4 28.8 29.7 29.7

DEC | 234 24.2 25.1 24.3 23.8 22.9 25.3 24.7 25.8 25.7

Mont | 1991 | 1992 | 1993 | 1994 | 1995 | 1996 | 1997 | 1998 | 1999 | 2000

JAN 21.8 21.7 241 25.7 24.0 23.2 24 21.9 251 23.7

FEB 22.6 22.2 23.9 24.0 25.6 26.5 22.2 24.2 29.9 25.2

MAR | 28.2 28.9 27.6 27.8 29.5 30 27.9 27.9 28 27.5

APR | 335 32.5 33.0 32.3 31.7 32 32.7 33.5 32.2 32.9

MAY | 355 34.4 34.3 34.2 34.2 34.5 34 35.9 36 35.3

JUN 35.2 35.1 34.3 34.9 34.3 33.9 34.7 35.8 35 34.9

JUL 32.9 33.4 32.5 314 32.1 33.4 34 33.6 31.4 32.8

AUG | 31.2 31.8 31.2 30.9 30.8 31.2 34.7 30.6 30.4 32.7

SEP 33.0 32.0 32.3 32.0 31.2 31 31.9 311 31.8 32.5

OCT | 331 33.1 32.9 33.5 33.2 32.7 31.7 32.7 31.5 30.9

NOV | 285 28.7 28.6 27.5 27.6 27.6 34.7 30.2 28.7 28.1

DEC | 227 24.4 24.4 23.4 24.7 25.3 32.5 26.5 25.7 23.7
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Month | 200 | 2002 | 2003 | 2004 | 2005 | 2006 | 2007 | 2008 | 2009 | 2010
1

JAN 225 |21 24.9 245 22.2 24.7 215 24.2 25.9 26.2

FEB 245 | 27.7 26.1 24.7 29.3 24.6 25.2 25.3 28.2 28

MAR 29.3 | 28.9 28.4 29 29.6 24.9 29.4 30.4 29.1 29.6

APR 33.1 | 32.6 32.9 32.7 33.1 27 32.8 31.4 34.5 33.6

MAY 35 32.8 34.7 35.8 33.2 315 35.9 31.3 34.7 35.9

JUN 341 | 35.1 34.6 34.6 355 34.9 34.9 31.5 36 35.8

JUL 32.1 | 33.9 31.6 33.8 324 34.7 31.1 30.3 32.3 32.3

AUG 30.5 | 31.3 30.3 324 32 37.8 30.4 28.4 32.8 31.8

SEP 32.2 | 33.2 325 33.7 334 345 325 27.9 34.5 33

OoCT 32.9 | 334 33.8 33.2 33.3 30.4 33.9 29.1 33.7 34.6

NOV 29.1 | 30.3 29.8 294 28.6 275 30.4 28.6 28.5 31.4

DEC 25.6 | 24.2 254 24.6 275 23.7 26.7 27.6 24.4 26.4

Month 2011 2012 2013 2014 2015

JAN 25 225 25.8 245 23

FEB 27.8 27.8 28.3 24.9 28.3

MAR 26 285 30.9 30.3 31.4

APR 325 324 324 34.2 31

MAY 344 35.9 35.6 34.7 355

JUN 36 351 354 335 355

JUL 34.2 32.7 30.2 315 34.8

AUG 32.3 31 33.4 30.1 32.3

SEP 33.3 33.9 31.6 31.8 33.3

OCT 33.7 33.7 31.6 32.3 34.8

NOV 26.4 29.7 28.2 28.4 28.8

DEC 254 25 251 26.3 22.6
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MINISTRY OF ENVIRONMENT, FORESTRY AND PHYSICAL DEVELOPMENT

Station-Khartoum. Elevation 380 metre

METEOROLOGICAL AUTHORITY
WEATHER-CLIMATE DATA

Monthly Average wind speed (m/sec)

Period 1981-2015

YEA | JAN | FEB | MA | APR | MA |JUN |JUL | AU | SEP | OCT | NO | DEC
R R Y G \Y

1981 | 5 5.5 5 5 4 45 4.5 4.5 4 35 5 3
1982 | 3 4 4 3.5 3 45 4.5 4 3 4 4 4
1983 | 7.5 8 8 6.5 5 6.5 8 55 8.5 6.5 6 7.5
1984 | 5.5 5.5 45 5 3.5 4 3 35 35 3 3 4.5
1985 | 5 5.5 4 5 4 45 5 55 5 3 4 4.5
1986 | 2.5 2.5 3 3 45 4 4 35 35 4 4.5 4.5
1987 | 3.5 5 45 45 45 3.5 4.5 55 5 5 35 4
1988 | 4 15 5 3 25 4 4 3 3.5 1.5 4.5 3.5
1989 | 6.5 5 3.5 3.5 3.5 3.5 4 4 4 35 4 3.5
1990 | 4.5 4 3.5 25 5 3.5 4 3 35 3 5 0.5
1991 | 35 4 5.5 3.5 4.5 4.5 4.5 4 3 2.5 55 3.5
1992 | 3.5 3.5 4.5 4.5 4 55 6 6 35 3 35 3.5
1993 | 45 4 5.5 5 4 5 6 5 5 35 4 3.5
1994 | 4 5.5 5 5.5 5 4 6 55 4 35 6 6
1995 | 55 6 5.5 5 5 5 5 5 35 35 55 55
1996 | 4 4 5 4.5 3.5 3.5 4.5 5 4 35 4 4
1997 | 4 5 4.5 3.5 3.5 4 4.5 4 2.5 2 3 3.5
1998 | 3.5 4 4 3.5 4 3.5 5 45 3 2 35 4
1999 | 5 5.5 55 5 3.5 3 5 3 3 2.5 4 4
2000 | 4.5 45 5 25 25 25 4.5 45 2.5 3 3 4
2001 | 3 4 25 4 35 2 3 3 2 2.5 2.5 2.5
2002 | 3.5 3.5 35 3 3 35 4.5 45 2.5 3 3 3
2003 | 3 4.5 4.5 4 35 35 5 5 4 35 4.5 5
2004 | 4.5 5.5 5 4 4 4.5 5 5 4 35 4.5 4.5
2005 | 5 5.5 4.5 5 4 5 5 5 4 35 5 4
2006 | 5.5 4.5 4.5 4.5 35 4 4 4.5 4 35 5 6
2007 | 5 4.5 5 4.5 4 4.5 55 5 4 3 4 4.5
2008 | 5 5.5 4.5 4.5 4 4.5 4.5 55 35 3 4 4
2009 | 4.5 4.5 4.5 4 5 4 5 4.5 4 35 4.5 4
2010 | 4.5 4 35 4.5 4 4.5 4.5 5 4 3 4 4.5
2011 | 4.5 5.5 55 5 4.5 4 5 4.5 4 35 4.5 4.5
2012 | 5 55 55 4 4.5 4.5 5 5 4 3 4 4.5
2013 | 45 4.5 4.5 3.5 3 3.5 4.5 4 4.5 4 4 4.5
2014 | 45 4.5 5 4.5 4 3 5 4.5 4 4 4.5 4
2015 | 5 4.5 5 55 4 3.5 4 5 3.5 4 4.5 5.5
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MINISTRY OF ENVIRONMENT, FORESTRY AND PHYSICAL DEVELOPMENT

Station-Khartoum. Elevation 380 metre

METEOROLOGICAL AUTHORITY

WEATHER-CLIMATE DATA

Period 1981-2015

Monthly Average Rainfall (mm)

YEA | JAN | FEB | MA | AP MA JUN | JUL | AUG | SEP | OC NO DE
R R R Y T Vv C
1981 0 0 14 0 1.2 1.7 86.9 | 30.7 | 129 | 6.3 0 0
1982 | 0 0 1.6 0 5 0 94 | 469 |[398 |0 0 0
1983 |06 | O 0 0 11 465 | 23.2 | 6.8 5.8 0 0 0
1984 | 0 0 0 0 14 0 0 0 3.3 0 0 0
1985 | 0 0 0 0 9.1 31 |16.4 |03 9.9 0 0 0
1986 | 0O 0 0 0 0 0 91 | 219 |163 |104 |0 0
1987 | O 0 0 0 21.1 | 23 22 489 |0 0.6 0 0
1988 | O 0 0 0 0 0 65.9 | 301. | 46.3 | 1.9 0 0
4
1989 | 0 0 0 0 5.8 13 |0 24.7 | 48 0 0 0
1990 | O 0 0 0 0 0 2 0 2.4 0 0 0
1991 | O 0 0 0 2.3 0 43 | 377 |0 0.6 0 0
1992 | 0O 0 0.6 0 108 | 4 6.9 |89 386 |0 0 0
1993 | O 0 0 0 3.8 0 1 334 |0 1.6 0 0
1994 | 0 0 0 0 127 |0 51.3 | 48 101. | 194 | 0 0
2
1995 | 0 0 0 0 0 03 |839 529 |465 |114 |0 0
1996 | O 0 0 0 195 |04 |32 55 919 |05 0 0
1997 | O 0 0 0 0 3.1 | 509 |35 9.2 428 | 0 0
1998 | O 0 0 0 0 0 0 21.3 |84 |4 0 0
1999 | 0 0 0 0 0 19 | 269|473 | 255 |29 0 0
2000 |0 0 0 0 0 0 14 |85 153 | 348 | 0 0
2001 | O 0 0 0 0 0 374 | 73.7 | 135 | 3.2 0 0
2002 |0 0 0 0 0 0 7.7 |826 | 137 |35 0 0
2003 |0 0 0 0 235 443 272|394 |11 8.4 7.6 0
2004 | O 0 0 0 0 03 |6 88.8 | 9.6 5 0 0
2005 |0 0 0 0 328 |0 776 1303 |0 0 0 0
2006 |0 0 0 0 8 18 |15 |372 |82 |0 0 0
2007 |0 0 0 21 |0 0.8 | 258 |145. | 05 5.8 0 0
9
2008 |0 0 0 13 0 81 |84 |423 |74 3 0 0
2009 |0 0 0 0 0 0 345 | 101. | 4.8 0.5 0 0
2
2010 | O 0 0 0 0.2 14 |0 34.2 | 18 1 0 0
2011 | O 0 0 0 5.6 0 22 20 0 2.3 0 0
2012 |0 0 0 0 0 0 209 1629 |0 0 0 0
2013 0 0 0 0 15 1.3 144 | 61.3 | 3.2 0 0 0
2014 0 0 0 0 4 0.6 78.3 | 52.3 |1 294 |16 0 0
2015 0 0 0 0 8.5 0 0.4 329 | 139 293 |0 0
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Appendix B: Data Acquired from Meteonorm Company

WEATHER DATA

MONTHLY MEANS JAN FEB
Global Horizontal Radiation(Av Hourly) 502
Direct Normal Radiation (Av Hourly) 665
Diffuse Radiation (Av Hourly) 105
Global Horizontal Radiation (Max Hourly 96
Direct Normal Radiation | Max Hourly) 1024
Diffuse Radiation ( Max Hourly) 388
Global horizontal Radiation (Average dai 5614
Direct Normal Radiation (Av Daily) 7445
Diffuse Radiation (Av Daily) 1184
Global Horiz. illumination (Av Hourly) 53680
Direct Normal lllumination (Av Hourly) 64976
Dry Bulb Temperature (Av Monthly) 24
Dew Point Temperature (Av Monthly) 3
Relative Humidity (Av Monthly) 28
Wind Direction (Monthly Mode) 90
Wind Speed (Avg Monthly) 4
Ground Temperature {Avg Monthly of 11 29

539
605
135
996
1014
405
6188
6945
1554
58055
59511
26

2

21

50

4

29

MAR

555
529
175
1030
985
a3
6623
6311
2094
59857
51916
2

18
80

29

APR

567
538
181
1058

494
7017

2246
57634
51993

MAY

533
462
200
1037
890
475
6800
5897
2552
53405
44264
34
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JUN

492
EIE]
218
990
782
506
6354
4824
2823
53247
34988
34

12

27

20

3

30

LOCATION: KHARTOUM SUDAN
15°33'6.37"N, 32°31'656.68"E
Elevation: 380 m

AUG SEP ocT NOV DEC UNIT
438 500 513 500 495 483 Wh/sgq.m
353 346 433 483 619 650 Wh/sg.m
226 238 199 182 124 104 Wh/sg.m
974 971 999 963 942 877 Wh/sgq.m
745 708 870 969 1016 1001 Wh/sg.m
513 488 475 456 452 338 Wh/sgq.m
6265 6258 6201 5820 5589 5360 Wh/sg.m
4537 4324 5238 5630 6977 7216 Wh/sg.m
2905 2985 2414 2116 1405 1153 Wh/sg.m

54549 55831 54225 53181 51905 Lux
31701 29620 39743 45399 59505 63071 Lux
32 31 32 32 28 25 Degree C
18 21 20 12 5 5 Degree C
44 57 49 30 25 29 Percent
30 10 0 60 60 70 degrees
4 4 4 3 4 4mfs
31 31 31 31 31 30 Degree C





