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ABSTRACT
THE INTEGRATION OF STRUCTURES, CLIMATE DYNAMICS, AND OCCUPANT THERMAL
BEHAVIOR IN THE HIJAZI TRADITIONAL ARCHITECTURE OF SAUDI ARABIA.
Anwar Basunbul
William W. Braham

In response to the challenges posed by Jeddah's harsh hot-humid climate, this study delves into the
realm of traditional architecture. Its primary aim is to unravel the strategies historically employed by
occupants to achieve thermal comfort in the absence of modern air conditioning systems. Specifically,
this dissertation concentrates on investigating the thermal performance and environmental adaptability of
Hijazi traditional architecture. The well-preserved Baeshan House, nestled in Jeddah's historic town,
serves as the principal case study, providing a unique vantage point to explore the intricate interplay
between local climate, architectural form, and occupants' living patterns.
Employing a mixed-method approach, this study seamlessly combines qualitative ethnographic methods
with quantitative on-site monitoring to unveil the subtleties of these interactions. Key informant interviews
furnish invaluable insights into adaptive thermal behaviors and how occupants harnessed the potential of
the Hijazi traditional building. Simultaneously, on-field measurements are recorded and analyzed across
two distinct seasons to assess the efficacy of climate-responsiveness inherently embedded within Hijazi
architecture. Significantly, two ventilation strategiesd full-day and night-timed are tested, showcasing
their impact on indoor temperature regulation. The findings emphasize Hijazi architecture's inherent
thermal mass properties and Al-Mangabi stone, highlighting its remarkable resilience against outdoor
temperature fluctuations. Notably, the night-time ventilation strategy is crucial in reducing outside heat
and maintaining a cool indoor environment.
These empirical findings, presented through a comparative lens with quantified distinctions, feature the
efficacy of natural conditioning strategies in preserving thermal comfort within Hijazi traditional
architecture. This study not only discerns past occupants' adaptive behaviors but also charts a course for
a holistic approach to modern thermal comfort, illuminating the profound correlation between architectural
forms, climate, and o ¢ ¢ u p aehavisr$ in buildings and offering a sustainable blueprint for modern

architecture.
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CHAPTER 1: INTRODUCTION
Motivation
The COVID-19 pandemic and climate change have altered the way we design buildings for a safer future
(Organization for Economic Co-operation and Development [OECD], 2020). This investigation seeks to
change attitudes to the history of resilient architecture, including its technological innovations.
Architecture is uniquely positioned to provide solutions and push the transition to creating living and
working spaces that use less energy. Through this evolution, we can place climate, occupant thermal
comfort, and energy efficiency at the center of practice, drive discussion and explore designs, and create

pleasurable thermal experiences in the context of carbon emissions and global warming (Figure 1).

Occupant
[ ]

)

Figure 1: the interlocking relations between climate, architecture, and the occupant.

Source: Author.

Perceiving occupants as active agents within the indoor environment reinforces the connection
between humans, the outdoor climate and the building (Candido and de Dear, 2012). Designers started to
shift their attention in 1950s towards the wide range of opportunities available in a building to provide
thermal comfort to the residents. The trend in contemporary architecture to regulate the indoor temperature

and humidity in very small rangesd thermal comfort zoned is causing overdependence on purchased
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energy (Brager and Baker, 2009). These dynamic effects must be better understood to create thermal

pleasure and to develop solutions that excite the thermal sense and overcome thermal boredom (Figure 2).

The lack of climate-r e s ponsi ve design and the neglect of humanséd

when designing buildings drives the concern for this research.

4 T.
Build Lﬂg Peop le

(Climate Responsive) (Thermal Behaviors)

Figure 2: Thermal Adaptation in the Built Environment.

Source: Author.

In this regard, learning from vernacular architecture can result in practical lessons for the design of
buildings with minimum energy that maximizes occupant comfort. Studying vernacular architecture as a
prototype for sustainable design has been the focus of many studies in the literature (Singh et al., 2009;
Tawayha et al., 2019). Nevertheless, people, noy buildings, consume energy, , which makes the occupant

and their energy-use behavior critical (Janda, 2011; Paone and Bacher, 2018). A substantial body of

literature reveals the significance of occupant behaviori n bui |l di ngsé energy wusage

etal., 2017; Zhang et al., 2018). However, not enough has been done to investigate the occupant behavior
in vernacular buildings; even though vernacular architecture is widely considered an effective model for
sustainable architecture, the interrelationship between the building and occupant lifestyle has often been
overlooked.

The primary function of the building is to create shelter and mitigate the impacts of climate. Thus, we
can look at the traditional House as a modifier between the exterior and interior temperatures, and at the
response of occupants to the modified environment, which is of the greatest interest to this research. The
development of specific mitigation strategies has shaped vernacular buildings differently from region to

region. Culture, human adaptation, and interaction with passive solutions affect the overall building
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performance (Fernandes et al., 2017). Their forms reflect the lifestyle and culture of their inhabitants and

the understanding of comfort within the natural means available in the environment. This dissertation

examines the dynamics of this interrelationship through a case study of traditional Hijazi house in Jeddah,

Saudi Arabia. The setting affords a rare opportunity to analyze the environmental performance of the form

of the House and how it was operated by its residents. This dissertation examines the inherent potential of

vernacular architecture, determining occupant s 6 andhoatlinma bioclimadia pt i v e
strategies in response to the harsh hot-humid climate. The study helps in examine the integration of
bioclimatic strategies into the design of contemporar
adaptation process, which becomes even more critical in addressing the present world scenario of

environmental collapse.

Problem statement

Understanding thermal comfort is essential to architecture. In the modern era, we have seen a trend
toward uniform, consistent spaces where the temperature is regulated in a small range called the thermal
comfort zone (Albatayneh et al., 2018). This method casts the building occupants as passive recipients of
thermal applications, leading to thermal comfort standards requiring energy-intensive environmental control
strategies (Langevin et al., 2016). This overlooks essential factors like cultural, climatic, and contextual
factors of comfort (de Dear et al., 1998; He et al., 2020). We pursue an environment where the body feels
comfortable holistically, not despite its setting but because of architectural design decisions and the
opportunities they produce (Parkinson and de Dear, 2015). The goal is to restore pleasure in diversity
concerning the body and temperature within a space. To create spaces that allow seasonal movements,
migration, and different thermal practices. To create spaces that achieve equilibrium in the heat exchange
occurring via convection between the body and the surrounding air. Architecture should provide thermal
diversity and let users choose their spaces based on thermal preference. Architecture can be where
acclimatization happens, and designers can ask how to deal with discomfort rather than building in a way

that requires defense against heat or cold involving mechanical systems (Figure 3).
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Figure 3: Thermal Adaptation of People.

Source: Author.

The shift in the construction of the built environment toward sustainability is vital to mitigate the effects
of climate change. Climate-responsive architecture can assist this shift (Khan, 2020). Analyzing the climate
is essential to building design; when a structure is responsive to the local climate, its thermal efficiency is
put first, leading to the use of less energy, and thus creating fewer carbon emissions. Awareness of the
utilization of climate allows for the design of buildings to be optimized and adapted to their environments,
with systems that make the most of the | ocationdés reso
with climate data and creates buildings uniquely suited to their location by responding directly to their
surrounding environment. The climate responsive design makes buildings that harvest energy from climate
resources achieve low energy comfort by forming this link, where the building becomes an intermediary in

its energy housekeeping (Figure 4).
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Figure 4: Thermal Adaptation of Buildings.

Source: Author.

Environmental trends are increasing demands for cooling the indoor temperature, particularly in cities
with urban heat island effects. Increasing extreme temperatures are changing global thermal comfort
requirements and increasing GHG emissions, both leading drivers that influence the future trajectory of
cooling (U.S. Environmental Protection Agency [EPA] 2014). As the economies and populations of the
hottest parts of the world expand, the demand for cooling has the potential to further increase in energy
and greenhouse gas emissions (Abel et al., 2018). The energy needed for space cooling is expected to
triple between 2016 and 2050. Approximately 70% of this growth will come from residential buildings, mostly
in emerging economies. Global sales of air conditioning systems have been growing steadily. Since 1990,
annual air conditioning sales have nearly quadrupled to 135 million units (International Energy Agency [IEA]
2018, 2019). This trend will remain and intensify, especially in hot and humid populations, following elevated
demand for new housing and infrastructure, driven by global population growth, and increasing incomes. A
climate-responsive building design can significantly increase thermal comfort and reduce or even avoid the
energy demand for space cooling.

Natural cooling provides the low carbon design-based solution required for the future; it is fundamental

to the emerging research in healthy buildings. Most individuals spend most of their time indoors, and
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research shows a connection between the built environment and the physical/mental health and well-being.
Natural cooling is likely to improve thermal comfort in buildings. COVID-19 and its subsequent lockdowns
have further emphasized the importance of healthy buildings. Moreover, some natural cooling-related

solutions, such as increased airflow, are being promoted to mitigate virus transmission.

The transition away from a mechanically driven approach to thermal comfort towards a more
comprehensive and adaptable architectural design paradigm constitutes a pivotal strategy in addressing
contemporary challenges. The objective is to build an environment that accommodates the intricacies of
human experiences, cultural differences, and climatic dynamics, which emerges not solely as a matter of
comfort, but for fostering sustainability and shifting climatic patterns. By transcending the restrictions of
standardized thermal zones and exploring the interplay between architecture and climate, an opportunity
arises to unlock the potential for environments that seamlessly integrate with and respond to their
surroundings. The present study aims to uncover the intricate relationships between various elements, such
as indigenous knowledge, innovative design concepts, and environmental awareness. Through this
investigation, the objective is to redefine the interaction between occupants and their surroundings and to
establish a fresh collaboration between architectural creativity and the natural environment (Figure 5). This
partnership strives to ensure comfort, well-being, and a sustainable future deeply rooted in the harmonious

integration of natural processes.

sbe
."‘.

Climate

Dynamic p
Interrelationship P~

Occupant

Figure 5: The dynamic interrelationship between climate, building and occupant behavior.
Source: Author.
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Dissertation structure

The dissertation systematically investigates the dynamics of climate-responsive architectural design
and its interaction with thermal comfort, focusing on Hijazi traditional architecture.

Chapter 2 delves into the complexity of thermal comfort, tracing its historical evolution within the built
environment. Examining existing thermal comfort models. It further explains the multi-faceted aspects of

thermal comfort beyond temperature and humidity, shedding light on the concept of thermal pleasure.

Chapter 3 is focused on the principles of natural conditioning in buildings, particularly in hot-humid
climates. Exploring heat transfer dynamics, the chapter elucidates key terminologies and distinguishes
between natural ventilation, natural conditioning, and mechanical conditioning. Through a comprehensive
survey of existing literature and case studies, it highlights the mechanisms and applications of natural
conditioning, with a specific emphasis on hot-humid climate scenarios.

Chapter 4 delves into vernacular architecture, spotlighting its historical significance and adaptation to
thermal conditions before the advent of air-conditioning. The chapter explores climate-specific low-energy
features inherent in vernacular architecture, investigating its relationship with adaptive thermal comfort and

occupant behavior through existing literature and case studies.

Chapter 5 presents an in-depth case study of Hijazi traditional architecture in Saudi Arabia. This
analysis employs qualitative and quantitative approaches to uncover the climate-responsive design
strategies embedded within traditional architecture. By exploring selected case studies, the chapter
unravels the impact of natural conditioning on the indoor thermal environment. The findings are
systematically compared, evaluated, and quantified, shedding light on lessons derived from the interplay

between thermal behaviors, architectural design, and climate.

Finally, Chapter 6 offers a conclusion synthesizing the cumulative knowledge assembled throughout
the study. This section encapsulates the core insights of the research and features the contributions made
to the field of climate-responsive architectural design and its resonance within the context of Hijazi

vernacular architecture.
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CHAPTER 2: THE COMPLEXITY OF THERMAL COMFORT: THE CONDITION OF MIND VS.
ENVIRONMENT

This chapter reviews the history of thermal comfort in the built environment, tracing its changes over
time. The existing knowledge of thermal comfort models is also overviewed, along with exploring the
concept of thermal comfort under natural conditioning schemes. This chapter aims to define thermal comfort
that emerges from the human experience of the ther mal

sensations.

History of thermal comfort models and how they changed through time.

Buildings are crafted to serve as protective barriers between humans and their surroundings, offering
security. They are constructed to establish a stable environment that enhances their living conditions. The
concept of comfort is deeply subjective, inffluenced by an individual 6s physiolo
preferences. The arrival of mechanical systems has given us the capability to regulate indoor conditions,
regardless of external environmental factors. Understanding thermal comfort's complexities is a pivotal
factor of architectural knowledge. In contemporary times, a noticeable trend has emerged towards creating
uniform and consistent spaces, carefully controlling temperatures within a narrow range known as the
thermal comfort zone. This approach tends to portray occupants of buildings as passive receivers of thermal
adjustments, leading to the formulation of energy-intensive strategies for environmental control.

The study by Huntington (1924) has significantly affected research concerning optimal environmental
conditions for industrial effectiveness. However, in the realm of thermal comfort investigations, the concepts
by the study have gone unnoticed. A groundbreaking effort to explore the connections among climate, well-
being, and output is documented by Ryan (2012). The study contended that early misinterpretations arose
from the aspiration to establish the credibility of an emerging discipline intertwined with the prevailing

colonialist imperatives of that era (Ryan, 2012).

The findings of Huntington (1924) about optimal climate for societal development had a significant

impact on physiologists who, in the years between the two World Wars, supported the enhancement of
11



environmental circumstances within industrial settings and educational institutions. Drawing from
Huntingtonds research, they found validation fo
efforts to a wider public. The work by Huntington (1924) relied on credibility to assertions that
comprehending and managing temperature was significant. This, in turn, reinforced their steadfast belief
that their contributions served as a foundation for advancing their community (Ryan, 2012).

In the early 1920s, the exploration of the interplay between climate and comfort emerged, primarily
attributed to geographers like Ellsworth Huntington, as outlined by Ackermann (2010). Huntington (1924)

contended that the level of human productivity directly correlated with specific climatic patterns, asserting

that individuals inhabiting hotter or more humid

their progress along the path of civilization compared to those in milder zones (Huntington, 1924). As per
Acker mann (2010) , Huntingtonods framewor k carri

preconceived notions about the connection among race, warmth, and advancement. Furthermore,

r t hei i
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Ackermann elaborates on how these arguments servedas t he fAscientifico underpinn

facilitate the expansion of air-conditioning, both within the United States and on a global scale.

Architects and urban planners have employed biological-climate models to fine-tune guidelines
according to the anticipated demands of city areas. While these models do account for climatic differences,
they assume uniform human needs. Since the 1970s, architectural literature has mirrored evolving
considerations and perspectives concerning how buildings contribute to the environment and their
connections to the local cultures and surroundings they are situated in (Heschong, 1979). Concepts from
anthropology have also been incorporated to formulate more comprehensive or all-encompassing theories
that view the constructed environment as both a haven of protection and a vessel of symbolic significance,
cultural, and communal importance. This viewpoint challenges the conventional notion that comfort must
be characterized solely as a state of thermal neutrality. Heschong (1979) vividly portrayed distinct social
and cul tur al met hods of attaining fAther mal d e Ind
relocating to foothills during summer) and the vast array of heating and cooling systems involved (like fires,
saunas, gardens). Heschong (1979) suggested that it is important not to eliminate strategies and systems

for controlling temperature, even in pursuit of a thermally balanced environment. However, passive design
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methods address thermal requirements while reviving approaches to managing and perceiving
temperature. By doing so, these strategies introduce novel aspects of architectural encounters, ultimately
contributing to the attainment of comfort (Heschong, 1979).
The inception of thermal comfort modeling can be traced back to Yaglou and Houghton in (1920s),
who introduced a mathematical equation that encapsulated the physiological aspects of thermal comfort.
Subsequently, this method was embraced by comfort regulations, including ISO 7730 (1984) and ASHRAE
55-1992. These standards provided a means for engineers, architects, policymakers, and other
stakeholders involved in creating, utilizing, supervising, and regulating the built environment to ensure
optimal thermal comfort within structures (de Dear et al., 2013).
Ther mal comfort is defined as fAthe mental state that
(American Society of Heating, Refrigerating and Air-Conditioning Engineers, 2004). Although the phrasing
of this definition is uncomplicated, it encapsulates an intricate collection of physical factors articulated
t hrough mat hemat i cal formul as. Fanger 6s model establ
temperature, radiant temperature, humidity, and air velocity. These parameters define the thermal state of
the surroundings, while an individual 6s metabolic heat
variables. These six key parameters define human thermal experience (Jones, 2002). The thermal
environment itself encompasses the attributes of the surroundings that impact the heat exchange between
a personé6és body and their surroundings ( A-@anditioitngn Soci e

Engineers, 2004).

Overview of Thermal comfort

The perception of thermalcomfortpr i mar i |y depends on achieving equil i/
generation, the heat and radiation absorbed by the body, and the heat dissipated from the body into the
surroundings through processes like radiation, evaporation, convection, and conduction (Figure 6).
Maintaining this equilibrium stands as a crucial prerequisite for attaining thermal comfort. Elements such
as activities, clothing, human adaptations, and cultural norms contribute significantly to how individuals

perceive thermal comfort. Notably, personal adaptive strategies and specific circumstances can lead to
13



varying interpretations of thermal comfort among individuals. The factors influencing this thermal balance
can be categorized into two groups: environmental and personal determinants (American Society of

Heating, Refrigerating and Air-Conditioning Engineers, 2004).

Deep body
temperature

Heat Loss ) Heat Produced
37

36°
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Radiation m
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Conduction
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Figure 6: Heat Balance of the Human Body.
Source: Author.

Environmental Factors

Thermal comfort is intricately influenced by a range of environmental determinants. The dry bulb
temperature emerges as a significant factor, exercising dominance due to its role in dictating convective
heat dissipation, determined by the contrast in temperature between the skin and the surrounding air
(ASHRAE, 2004). Relative humidity is equally pivotal, governing the pace of evaporation; excessively low
or high relative humidity levels can lead to discomfort (American Society of Heating, Refrigerating and Air-
Conditioning Engineers, 2004). The movement of air also holds sway, expediting convection and facilitating

skin evaporation, thereby inducing a cooling impact. However, the influence of air velocity on comfort is

14



contingent on variables such as surface temperature and wind speed (American Society of Heating,
Refrigerating and Air-Conditioning Engineers, 2004). Another crucial parameter is the mean radiant
temperature, which governs the extent of heat gained or lost by the body through processes of radiation

(American Society of Heating, Refrigerating and Air-Conditioning Engineers, 2004) (Figure 7).
Personal Factors

Individual factors also exert significant influence on thermal comfort. Activity level dictates the speed
at which the body transforms food into heat, known as the metabolic rate. This rate varies in accordance

with an individual és activity, qguantified by the HAmet.

basketball to 0.7 while sleeping, and these specific values are detailed in Appendix A of ASHRAE 55
(American Society of Heating, Refrigerating and Air-Conditioning Engineers, 2004). Clothing acts as a
thermal insulator for the body, allowing adjustment to varying air temperatures. It functions as an adaptive

mechani sm, of fering insulation against col der or war me

clothing insulation and varies from 0.1 for shorts to a range between 3 and 4 for a polar weather suit.

Specific values for the ficlodo can be found in Appendi

Refrigerating and Air-Conditioning Engineers, 2004) (Figure 7).

Thermal
Comfort

Indoor Air
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Figure 7: Factors affecting thermal comfort.

Source: Author.
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Thermal comfort models

For more than six decades, thermal comfort models tailored to the human body have existed,
stemming from significant endeavors during the 1960s and preceding years to formulate these models
primarily for military and aerospace contexts (Cheng et al., 2012). These models can be categorized based
on factors such as static versus dynamic approaches, whole-body versus segmented considerations, and
the differentiation between physical and empirical methods (de Dear et al., 2013). Within ASHRAE Standard
55-2010, two principal thermal comfort models take prominence (Jones, 2002); Predicted mean vote (PMV)

and the predicted percentage dissatisfied (PPD), and Adaptive thermal comfort models.

Predicted mean vote (PMV) and the predicted percentage dissatisfied (PPD) models

PMV and PPD were formulated by Fanger (1972), drawing insights from research conducted at both
Kansas State University and the Technical University
equation was underpinned by an extensive and meticulous analysis of experimental data related to thermal
comfort. The equations encompass various factors, including air temperature, mean radiant temperature,
air movement, humidity, clothing, and activity level. PMV serves as an indicator that anticipates the average
evaluation of a gvheo aspeéssg theo safistactian withimm & givien environment (Fanger,
1972). PMV quantifies the thermal stress through a balance of heat transfer between the body and the
surroundings in a steady-state scenario, and it assigns a comfort rating to this degree of stress, as depicted
by the subsequent equation (Ekici, 2013).

00w ™naw 8 @i c P

PMV has the capability to forecast the collective thermal perception of a group within a specific thermal
setting. Yet, acknowledging the substantial individual disparities in thermal perception, the statistical PPD
was introduced to estimate the proportion of individuals who would find discomfort in a given surroundings.
Typically, there exists a measurable correlation between PMV and PPD, as established in prior research
(Ekici, 2013):

00 0pnnmwAIPOD I OO
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Where;
¢» = 0.03353;
¢ =0.2179
The PMV scale delineates thermal conditions ranging from Cold to Hot, with the point of optimal

comfort situated at zero (Figure 8). Figure 9 displays the association between PPD and PMV.

Thermal Sensation Scale

Scale Comments

3 hot intolerably warm

2 warm too warm

1 slightly warm tolerably uncomfortable, warm
o neutral comfortable

-1 slightly cool tolerably uncomfortable, cool
-2 cool too cool
= cold intolerably cool

Figure 8: Thermal sensation scale (Ekici, 2013).

PPD (Predicted Percentage of Dissatisfied)

o 05 1 1.5 2 2.5
PMV (Predicted Mean Vote)

~
o

Figure 9: Association between PPD and PMV (Ekici, 2013).
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Validity and Application

Various investigations have been carried out to assess the credibility of thermal comfort models, both
in controlled laboratory settings and real-world field measurements, following the inception of the PMV-
model (Van Hoof, 2008). In a study conducted by Tse et al. (2005) within air-conditioned office buildings,
the researchers determined that the PMV model remains valid and effectively mirrors the collective thermal
perception of the occupants (Tse et al., 2005). Furthermore, Nasrollahi et al. (2008) conducted a separate

study and established that the PMV index holds validity for air-conditioned buildings in the Iranian context.

The main concern is centered on evaluating the accuracy of the PMV model, with some also raising
concerns about its applicability and geographical constraints, particularly its adaptability to various building
types (Van Hoof, 2008). Critiques have arisen from studies that compared the outcomes of the PMV model
against the thermal sensation assessments provided by occupants. Notably, differences as substantial as

1.3 ASHRAE-scale units were identified in climate chamber studies (Van Hoof, 2008).

Ther mal comfort encompasses physiological and cul tu
important to note that the PMV model was originally crafted based on controlled climate chambers and
laboratory investigations without accounting for specific building types or the influence of psychological and
environmental aspects. Despite this, the model is employed globally across various building categories. De
Dear and Brager have argued that the PMV-model lacks suitability for naturally ventilated structures due to
its partial consideration of the occupan(DesDearatdlapti ve r
1998). Their assessment stemmed from a comprehensive evaluation of field studies examining both
naturally ventilated and air-conditioned buildings (Brager and De Dear, 1998). Predominantly emerging
within naturally ventilated setups, outcomes indicating either overestimation or underestimation
discrepancies between the PMV model and observed comfort levels led to the evolution of adaptive thermal

comfort models.

Adaptive thermal comfort models
In order to attain comfort, occupants make various behavioral adaptations to regulate their thermal
surroundings. The core notion of the adaptive approach, as outlined by Nicol and Humphreys (2002), is

18



that individuals respond to discomfort by taking actions that restore their comfort levels. This approach

posits that the time-b ased t her mal attributes of the environment

anticipations to ensure their contentment with the indoor thermal conditions (Yau and Chew, 2014).

Compared to the PMV model, the adaptive thermal comfort model gained recognition relatively later
(De Dear et al., 2013). Charles Webb initially introduced this concept during the 1960s. Subsequently, in
the 1970s, Humphreys (1978), Nicol (1974), and Auliciems and De Dear (1998) further refined and
expanded uponthei dea. They emphasized that occupantsbd
factor can significantly impact the perception of thermal comfort. Empirical investigations have revealed
that PMV often predicts warmer thermal sensations than occupants experience (Humphreys and Nicol,
2002). The adaptive process encompasses three distinct aspects: psychological, physiological, and
behavioral adaptations. The study by Auliciems (1981) highlighted a statistical correlation indicating that
outdoor temperature variations influence indoor air temperature. From the standpoint of the adaptive model,
it can be deduced that the perception of a comfortable temperature is intricately linked to outdoor
temperature conditions.

As the concept of adaptive thermal comfort evolves and data-gathering methods advance, a range of
models has been formulated to offer direction for the planning and management of relevant structures,
particularly emphasizing naturally ventilated buildings:

Humphreys (1978) introduced a pair of models to determine the neutral temperature, expressed

through the subsequent equations:
Yh  C® T YYD

Yi p@ ™ OV

Nicol (1974) proposed utilizing the model described by the subsequent equation:
Yioopx @ QY
Auliciems and de Dear (1998) formulated relationships to forecast group neutral points, relying on

average indoor and outdoor temperatures. The subsequent equations outline these relationships:

Yi uv8 p T’ O
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These were integrated by ASHRAE as the equation of comfort temperature by de Dear and Brager

(1998) in free-running buildings as indicated below:

YopR T Y

The second assessment used to determine the comfort temperature is through the Equation of Nicol

and Humphreys (2002) as described below:
Y p@ T tY
Where;
Tc = comfort temperature;
To = outdoor air temperature;
Ti =mean indoor air temperature;
Tn,i = neutral temperature based on mean indoor air temperature;

Tn,o0 = neutral temperature based on mean outdoor air temperature.

Validity and Application

Practical research outcomes have indicated that the perceived neutral temperature in naturally
ventilated structures differs from that observed in air-conditioned buildings within the same climatic region
(De Dear et al.,, 1998). The assessment of thermal surroundings in buildings with natural ventilation
revealed a tendency for higher perceptions of warmth in hotter climates and, conversely, lowered
perceptions in colder climates. This phenomenon was analyzed in a comprehensive study by van Hoof
(2008), whic h encompassed diverse contexts and cli mat

conditioned buildings exhibit greater sensitivity to fluctuations in temperature due to their more restricted
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comfort range. This characteristic arises from their reduced adaptability and higher expectations for cooler

environments (Yao et al., 2009).

To conclude, while the PMV model remains widely recognized, a number of investigations have

presented data derived fromreallwor | d assessments of occupantsd® ther mal

revealing deviations from the PMV-PPD model (Yao et al., 2009). The adaptive approach to thermal comfort
diverges from PMV-PPD by aiming to encapsulate the dynamic interactions between occupants and their
environments. Additionally, it highlights the intricate interplay between indoor thermal comfort and external
climatic conditions. The fundamental distinction between these two approaches lies in the adaptive thermal
comfort framework being rooted in on-site surveys of thermal comfort experiences. These models contend
that a significantly broader temperature range is deemed comfortable by users of naturally ventilated
structures, as they can adapt to varying external conditions (Nicol et al., 2002). In contrast, the PMV model
presumes that thermal comfort is achieved within a narrow band of body temperature. These alternative
models have been devised through tightly controlled laboratory experiments (Nicol et al., 2002).
Conversely, the premise of adaptive thermal c¢omf
thermal history shape their thermal expectations and preferences (De Dear et al., 1998). For instance,
individuals residing in warmer climate regions might seek higher indoor temperatures compared to those in
colder climate zones, thus diverging from the assumptions that underpin comfort standards established

upon the PMV-model.

Visualization of thermal comfort

The realm of thermal comfort has experienced significant development in terms of index research and
visualization techniques since the introduction of Ol gy ay 6 6 Olcdywa ¥yt , 2015) and
chart (Givoni, 1969) (Error! Reference source not found. and Error! Reference source not found.). On
e of the noteworthy visualization tools in this field is the psychometric chart, which plays a crucial role in the
design and operation of building systems. Its origins trace back to 1911 when Willis Carrier crafted the first
psychrometric chart (Error! Reference source not found.) (Teitelbaum et al., 2020). The psychometric

chart remains widely employed in the domain of building systems design and operations. Its purpose is to
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elucidate the properties of air and aid in the formulation of design strategies that enhance comfort in

alignment with the distinctive climatic conditions of a particular region (Hyndman, 2020).
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PSYCHROMETRIC CHART
NORMAL TEMPERATURES
$1 METRIC UNITS
Barometric Pressure 101,325 kPa
SEA LEVEL

Reproduced by permimion of Cariar Corperanon

Figure 12: Psychrometric chart invented by Willis Carrier, Nemali (2022).

Teitelbaum (2020) pointed out that the Center
et al., 2020) holds particular popularity. The augmented psychrometric chart, which incorporates radiation
and convection dimensions as developed by Teitelbaum et al. (2020), constituted a thermal comfort
assessment tool featuring an innovative shading technique. This enhanced representation encompasses a
broader spectrum of potential comfort zones along with integration of additional comfort parameters. These

supplementary dimensions encompass metabolic rate, mean radiant temperature, air movement, skin

or

t

h

sensitivity, and occupantsdé transitional behavior (Teitel baum

adaptability in accommodating several pivotal variables and introducing them as fresh dimensions to the

conventional 2-dimensional psychometric axes (Figure 13) . The t ool 6s significance

facilitate dynamic experimentation with diverse inputs, enabling a visual exploration of the dynamic interplay
among the supplementary parameters in comparison to the conventional 2-dimensional psychrometric

chart.

This approach offers a contextualized understanding by providing a more complex perspective on the
trade-offs between air temperature, mean radiant temperature, and airspeed than conventional adaptive
comfort diagrams (Teitelbaum et al., 2020). The authors have made their Python code accessible through

a GitHub repository (Building and Urban Data Science (BUDS) Group, 2020), serving as a valuable
23



resource for conducting research-oriented inquiries. Furthermore, this code can be used online based on

specific investigative needs.

The realm of studying thermal comfort within buildings involves a blend of both concrete

measurements and highly personal viewpoints. The original approach to objectively measure thermal

comfort emerged during a period when energy-intensive mechanical systems were being widely integrated

(Cole et al., 2008). Consequently, the transition from a subjectively determined understanding of thermal

comfort to an objective assessment of this aspect in building design occurred. This shift involved a transfer

of responsibility from architects, who were initially concerned with thermal comfort design, to engineers.

Additionally, control over the indoor environment ev ol v ed

from being

shaped

perceptions to being driven by the precise objectivity of technological tools such as thermostats (Cole et

al., 2008). Within this framework, the concept of comfort underwent a transformation from subjectivity to

objectivity.
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Figure 13: Expanded and annotated psychrometric chart (Teitelbaum et al., 2020).
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Conclusion: Thermal Pleasure in the built environment, more than temperature and

humidity.

In architectural design, the search for thermal pleasure in the built environment has taken on a new
dimension, one driven by the urgent need to address the environmental crisis posed by climate change.
The concept of thermal pleasure encompasses more than just achieving a static state of comfort; it
embraces the dynamic and context-dependent nature of human comfort perception. This perspective aligns
with the concept of alliesthesia, where comfort is not experienced as a fixed, unchanging state but rather
as a response to the variations in the surrounding environment. Alliesthesia recognizes that the perception
of comfort is inherently influenced by shifts in temperature, humidity, and other environmental factors (De
Dear, 2011). In this paradigm, architects are challenging conventional notions of comfort, and seeking

innovative ways to create spaces that promote both thermal pleasure and environmentally responsible.

Furthermore, the perspectives held by society at large play a pivotal role in shaping an individual
occupantds outlook on comfort, emphasizing the intrinsi
of indoor environments. Heschong (1979) thoroughly explores this socio-cultural dimension of "person-
centered thermal conditioning" in her work "Thermal Delight in Architecture," dissecting the concept across
different civilizations and cultures to reveal the intricate relationship between occupant involvement and
influence in thermal conditioning within the framework of design, as well as its profound spiritual implications
for engagement with the constructed surroundings. This perspective gains further depth through the
examination of alliesthesia, delving into the intricate interplay between physiological responses and the
experience of pleasure (de Dear, 2011). Cultural perspectives significantly influence people's affinity for
nature, often favoring the "natural" over the "artificial" (Brager and de Dear, 2003). Wright (1954), in his
work "The Natural House," explores the relationship with outdoor environments compared to the
constructed artificial spaces we inhabit. He points out that the human body possesses inherent adaptability,
adjusting itself in response to varying conditions. Air conditioning has conditioned our bodies to reject heat
by creating artificially cold environments amid diverse surroundings. However, overindulgence in such

extremes can lead to a paradoxical effect: when indoors are too cool, the external heat seems more
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intolerable, intensifying our perception of it. Thus, the interplay between experiences in natural and artificial
environments can have intricate effects on comfort perception and responses to temperature variations.

The excessive emphasis on creating overly controlled indoor comfort in buildings is neither practical
nor desirable. A significant amount of energy and resources are dedicated to maintaining consistently ideal
indoor temperatures throughout the year. However, continual exposure to unvarying and comfortable indoor
climates can have adverse effects on well-being, potentially weakening the ability to cope with temperature
variations (Pallubinsky et al., 2023). Therefore, venturing outside the comfort zone can actually strengthen
the overall capacity to regulate body temperature, enhance ability to handle thermal challenges, and lead
to improvements in metabolic and cardiovascular health.

As society grapples with the imperative to address climate change, adopting a 'discomfort-driven'
design approach becomes pivotal. Architecture plays a pivotal role in reshaping how occupants perceive
and embrace discomfort. This shift is crucial as the traditional notion of comfort adapts to the climate crisis
(Brager and de Dear, 2003). The integration of cultural and socio-cultural perspectives further enriches this
narrative, highlighting the intricate interplay between occupant involvement, culture, and design. Ultimately,
thermal pleasure signifies a transformative era in design, where architects wield the power to create spaces

that harmonize with nature, promote ecological harmony, and provide comfort in an ever-changing climate.
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CHAPTER 3: NATURAL CONDITIONING PRINCIPLES IN BUILDINGS: HOT-HUMID
CLIMATE.

As we delve deeper into the realm of building design and environmental comfort, it becomes imperative
to understand the fundamental principles governing heat transfer. This knowledge forms the cornerstone
of creating spaces that offer shelter and maintain a thermally comfortable environment. This chapter
explores the core natural ventilation principles underpinning building design, focusing on natural
conditioning in hot-humid climates. Through a comprehensive survey of existing literature and case studies,
we unravel the mechanisms and applications of natural conditioning within the context of hot-humid

climates.

Heat gain in buildings Natural conditioning relies on minimizing heat gain and encouraging heat loss
when designing a building. Effective natural conditioning strategies require identifying all heat gain
sources within the building and microclimate and effectively attempting to minimize each component of
heat gain and their effects using integrated systems. The various categories of heat gains transmitting

into a building (Figure 14), can be listed into the following components (Fung and Yang, 2008):

Heat gains by solar radiation include two components: 1) solar heat gain through windows'

glazing (Q solar windows) @nd reducing it can be achieved by solar shading and minimizing the
glazing area. 2) solar heat gains through opaque surfaces such as walls and roofs (Q solar wallsiroof).

Reducing it can be achieved by using low absorbance materials.

Heat gain by transmission: through the building envelope due to difference in temperature

between outside and inside air (Q ransmission) @and reducing it can be achieved by minimizing heat
transmission through the building envelope surfaces. This requires reducing the U value, which
can be achieved by increasing the thicknesses of different envelope components and/or reducing

their thermal conductivities.

Internal heat gains: generated by building equipment (Q equipment), by lighting fixtures (Q iight), and

by internal heat gain generated by building occupants (Q people). Reducing it can be achieved by
more conscious use of the equipment and considering energy-efficient lighting fixtures. Internal

heat gain can be dissipated using natural cooling techniques, in which heat from inner spaces is
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reduced. Accordingly, airflow and natural ventilation are essential factors in passive cooling.
These factors are related to the wind force and some techniques like cross-ventilation,

evaporative cooling, and stack ventilation.

The total heat gain of a building is the sum of all these heat gains:
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Figure 14: Heat Gains in a Building by author.

Source: Author.

Fundamentals of Airflow: A Comparative Perspective and Key Terms

Natural ventilation harnesses environmental dynamics, utilizing wind forces and temperature
differentials, known as the "buoyancy effect" or "stack effect," to facilitate the exchange of indoor and
outdoor air (Simmonds and McConahey, 2021). It relies on convection principles and well-designed
openings like windows and vents, making use of cross-ventilation and the stack effect for effective airflow

control.

Natural conditioning extends beyond ventilation, incorporating passive design strategies to mitigate
heat gain and promote cooling. These strategies include strategically positioned shading devices, thermal
mass materials for heat absorption, and night purging to dissipate accumulated heat. In contrast,
mechanical conditioning relies on active systems such as air conditioning units and fans to regulate indoor

environments. While effective, these systems consume significant energy and contribute to environmental
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degradation. Natural conditioning, on the other hand, leverages the inherent properties of the built

environment and climate, requiring fewer resources and minimizing ecological impact.
Natural Ventilation

Natural ventilation relies on the principles of convection to facilitate the exchange of indoor and outdoor
air. Well-designed openings, such as windows and vents, harness prevailing winds and temperature

differentials to maintain comfortable indoor conditions.

Cross-ventilation is a key strategy, utilizing openings on opposing sides of a building to encourage air

movement. This can be optimized through careful site orientation and architectural features.

Stack effect capitalizes on the natural buoyancy of warm air, allowing it to rise and escape through

high-level openings, creating a negative pressure zone that draws in cooler air from below.
Natural Conditioning

Natural conditioning extends beyond ventilation to include passive design strategies that mitigate heat

gain and promote cooling. These strategies encompass:

Shading devices are strategically positioned to limit direct solar radiation, reducing heat gain within a
space.

Thermal mass in the form of materials like stone or concrete, which absorb and store heat, stabilizing

indoor temperatures.

Night purging allows cooler nighttime air to flow through a space, dissipating accumulated heat.

Mechanical Conditioning

Mechanical conditioning employs active systems, such as air conditioning units and fans, to regulate
indoor environments. While effective, they consume significant energy and contribute to environmental
degradation.

Natural conditioning, on the other hand, capitalizes on the inherent properties of the built environment

and climate, requiring fewer resources and minimizing ecological impact.
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Potential and limitations of natural ventilation

Determining the viability of implementing natural ventilation within a specific building in a particular
climatic zone is a complex task that holds significance. Though intricate, this assessment is an essential
preliminary step i nThdrehegist five mvptal factodssthatiwariant coasidération while
evaluating the suitability of the external environment
prevailing wind patterns (or wind behavior), historical meteorological records, and projections for future
climate shiftsd (Simmonds and McConahey 2021).

During the initial phases of de s ifgmfuraltvantdationhirgésu at i on
on the unique attributes of the local weather conditions. Various investigations have delved into the facets
essential for gauging the viability of natural ventilation across diverse climates. An illustrative case is the
study by Chen et al. (2017), wherein they endeavored to assess the potential for natural ventilation across
1,854 global locations. This estimation was achieved through the calculation of natural ventilation hours.
The research further explored the energy-cons er vat i on prospects of the worl dbés

the Building Energy Modeling (BEM) software as a tool.

Further instances of such scholarly exploration involve the creation of uncomplicated predictive models
to gauge the potential for natural ventilation in residential structures within China. In this context, the metric
of pressure difference in Pascal hours (PDPH) was established as a predictive tool for natural ventilation
potential (Yao et al., 2009). Meanwhile, in Denmark, an investigative endeavor to estimate natural
ventilation potential exhibited compelling outcomes. It revealed that a substantial reduction, encompassing
90% of hours previously reliant on mechanical ventilation, could be achieved by adopting natural ventilation
during summer (Oropeza-Perez and Jstergaard, 2014).

Furthermore, an in-house boundary layer meteorology model was conceived by Tong et al. (2017) to
dissect the influence of atmospheric stability on the vertical framework of natural ventilation potential for tall
buildings. This model facilitated the assessment of natural ventilation potential for high-rise structures

across multiple climate zones within the United States.
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Examination of Natural ventilation methods in buildings

A comprehensive view of the techniques employed for quantifying and simulating natural ventilation in
architectural constructions is presented. These methodologies serve to delineate the airflow patterns within
the structure, providing valuable guidance to designers in their pursuit of refining ventilation objectives. The
examination of building ventilation encompasses a range of methodologies, encompassing experiments
conducted at both small and full scales, empirical and analytical models, and computational simulations.
Each of these approaches carries unique cost considerations, necessitates distinct expertise, and presents

varying levels of intricacy.
Full-Scale Measurement

In the realm of design, the endeavor to construct a life-sized replica of a building or room holds
significant merit. Employing full-scale models for such purposes can yield reliable insights into the airflow
dynamics and ventilation rates within the structure. While comprehensive experiments conducted at full
scale might not be the norm, there exist specific experimental methods pertinent to building ventilation. For
instance, the tracer-gas and anemometer techniques stand out as effective means to gauge airflow

pathways and air velocity (Hitchin and Wilson, 1967).

Field measurements present an additional resource that is often underutilized, despite existing
research affirming their significance due to their potential in establishing valuable relationships.
Nonetheless, the incorporation of on-site measurements into data collection procedures remains infrequent,
primarily owing to their susceptibility to errors. A notable factor contributing to this is the potential
disturbance to airflow patterns caused by the deployment of probes or other intrusive tools. Illustrating the
practical application of this measurement approach, Katayama et al. (1992) presented a noteworthy
example wherein they extensively utilized data collection to investigate cross-ventilation within an existing
apartment complex. Over a span of three weeks, wind measurements were diligently acquired during the
summer and subsequently compared with results obtained from a reduced-scale model subjected to wind
tunnel experiments. These wind tunnel trials encompassed two distinct inquiries aimed at elucidating the
potential for cross-ventilation: firstly, the investigation into the airflow patterns surrounding the apartment

complex, and secondly, the analysis of wind-induced pressures acting upon the building surfaces. The
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research highlighted a substantial concordance between the measurements derived from both full-scale
and reduced-scale investigations. However, a minor level of divergence was acknowledged, attributed to

the turbulence inherent in real-world wind-building interactions (Katayama et al.,1992).

Another research conducted by Fernandez and Bailey (1992) investigated the realm of natural
ventilation within a greenhouse by conducting field measurements focused on quantifying leakage rates.
The primary goal was to assess the impact of wind speedanddi r ecti on on the gr-r
dynamics. The findings of the study demonstrated a robust correlation between wind speed and both
leakage rates and overall ventilation efficiency. This underscores the significant role played by wind speed
in shaping the ventilation process within the greenhouse setting (Ferndndez and Bailey 1992).

While the utilization of full-scale models and on-site measurements, as indicated in existing literature,
may demand substantial time, financial resources, and a rigorously controlled setting to mitigate potential
errors, their significance lies in their potential to pave the way for the creation of simplified models. These
models, in turn, offer the capacity to generate estimations for ventilation dynamics and enhance the
understanding of the intricate interplay of air movement and airflow rates within buildings subjected to
ventilation.

Small-Scale Measurement

The concept of fAscale modelingodo pertains to t
a reduced-scale model within a controlled laboratory environment to infer the values applicable to full-scale
conditions (Etheridge, 2011). Utilizing small-scale models presents an alternative to developing life-sized
counterparts. These models can span scales ranging from 1/10th to 1/100th of the actual dimensions, or
potentially even smaller (Passe and Battaglia, 2015). Typically, wind tunnel experiments serve as the
testing grounds for these diminished replicas, effectively recreating the building in an environment where

factors like wind speed and direction are meticulously regulated.

For instance, in the study by Sacht et al. (2016), the focus rested upon scrutinizing the impact of
ventilation module grid placement and type within a facade system. The insights gleaned from such

experiments, conducted in accordance with established industry norms like those prescribed by the
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American Society of Civil Engineers (2022), hold a pivotal role in unlocking the potential of wind load
manipulation for enhancing building ventilation strategies.

It is important to acknowledge the complexities and potential inaccuracies linked with wind data within
the controlled environments, when small-scale models employed in the wing tunnel experiments are more
prevalent than full-scale considering their cost-effectives. The pressure probes attached to the architecture
of the building given precise measurement that are associate with the upstream air flow pressure for
evaluating coefficient of pressure for a particular group of conditions. The challenge of replicating turbulent
scales and addressing turbulence in wind tunnel constitutes a notable source of error, alongside the
potential disruption of airflow patterns due to measurement tools like the probes (Passe and Battaglia,
2015).

Empirical and Analytical Models

I n the assessment of a buildingds ventilation effect
such as empirical and analytical models, holds crucial significance. Distinct in their approach to processing
simplified equations, these models are built on differing principles despite apparent similarities. Analytical
models, for instance, are typically constructed by applying mass and energy conservation equations to a
given configuration. This approach often gains validation through experimental confirmation (Passe and
Battaglia, 2015). On the contrary, empirical models rely solely on experimental data, presenting a constraint
on their applicability. Nevertheless, these models still retain utility due to their functional structures
comprising constants and exponents tailored to specific experimental contexts (Zhai et al., 2015).

In a comprehensive assessment conducted by Zhai et al. (2015), a comprehensive evaluation of
empirical and analytical models was presented. This scrutiny highlighted a notable advantage of these
mathematical constructs: their minimal demand for computational resources. Nonetheless, it is important
to note that these models exhibit limitations in many scenarios owing to their dependency on experimental
data as a foundational basis (Zhai et al., 2015).

Computational Models

Utilizing computer-based models is valuable for investigating the intricate dynamics of airflow and

ventilation efficacy within a building. This realm encompasses three foundational types of computer models:
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zonal models, multi-zonal models, and computational fluid dynamics (Passe and Battaglia, 2015). While all
these models serve the common goal of assessing ventilation scenarios, the most widely embraced among
them is CFD. Its preeminence lies in its holistic capabilities that encompass tracking alterations in
temperature, airflow patterns, and pressure dynamics. Moreover, it boasts the added advantage of offering

visual representations of these factors.

Computational Fluid Dynamics (CFD) software possesses the capability to portray various
interconnected aspects of ventil ationds physics, i ncl
(Etheridge, 2011). Moreover, CFD simulations can mirror real-world scenarios by incorporating time-
dependent flow fields that account for pressure, velocity, and temperature variations. This multifaceted
approach has found applications across di vmplogedtodomai ns
decipher both internal and external airflow patterns o
its capacity to visually represent air motion in correlation with heat transfer configurations within buildings
through three-dimensional data representation (Ford et al., 2020).

An instance highlighting CFDbd6s indoor application is
of the Viipuri library. In this case, CFD simulations were harnessed to evaluate passive design strategies
(Figure 15). This involved visualizing the building's air layering and thermal-driven airflow patterns (Stoakes
etal., 2011). Particularly within urban contexts, this simulation methodology proves invaluable for examining
wind patterns and directions at distinct points on structures, without resorting to costly and potentially flawed

physical models (Figure 16).
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Figure 15: lllustrating indoor CFD simulation (Passe and Battaglia, 2015).
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Figure 16: lllustrating outdoor CFD simulation (Ford et al., 2020).

These software tools come with their set of constraints, mainly revolving around the proficiency of the
user, the challenge of precisely inputting extensive three-dimensional modeling data, and the computational
capabilities required for conducting simulati o n's and generating val uabl e out
noteworthy that the issue of computing power is expected to diminish over the approaching years as
technological advancements lead to faster and more efficient methods for handling extensive datasets. The

predominant modeling methodology embraced within the industry is CFD, with small-scale experiments
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emerging as the subsequent frequently utilized technique. Conversely, conducting full-scale experiments
proves to be the most financially demanding, necessitating substantial resources. Analytical and empirical
models, although grounded in conservation equations, rely on assumptions to streamline complexity. Each
of the discussed modeling techniques possesses distinct merits, collectively offering a deeper
understanding of the intricate interplay between airflow dynamics and thermal influences within the context
of natural building ventilation. The integration of these tools assists designers in making informed decisions
regarding ventilation strategies, tailoring them to align optimally with the specific requisites of each unique

project.

Complexity of a hot-humid climate

Understanding Heat and Moisture in Hot-Humid Climates: Heat Transfer Mechanisms

Heat transfer, the process of exchanging thermal energy between physical systems, is central to
understanding building thermal performance. Three primary modes govern this exchange: conduction,
convection, and radiation. Conduction involves the direct transfer of heat through a material without any
movement of the material itself (Figure 17). In building design, insulation materials play a pivotal role in
minimizing heat transfer via conduction, thereby ensuring the maintenance of comfortable indoor
temperatures. Convection pertains to the transfer of heat through the movement of fluids (either liquid or
gas). Understanding natural convection currents aids in designing spaces that encourage the flow of cooler
air and the removal of warmer air. Radiation encompasses the transfer of heat through electromagnetic
waves. In architectural terms, this involves designing surfaces that reflect or absorb radiant energy, thus

influencing the thermal comfort of a space.

In hot-humid climates, understanding the intricacies of heat transfer mechanisms is paramount for
effective building design. Conduction, convection, radiation, and evaporation play a pivotal role in
determining comfort levels within space. In this context, conduction becomes particularly significant as it
influences the transfer of heat through building materials. Given the high ambient temperatures, materials
with low thermal conductivity are essential to prevent excessive heat gain. Convection, on the other hand,

is vital in facilitating airflow within a building. Harnessing natural convection currents can promote the
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exchange of warm indoor air with cooler outside air, aiding in maintaining comfortable conditions.
Additionally, radiation comes into play with the direct impact of solar radiation on surfaces. Properly
designed shading devices and reflective coatings can mitigate radiant heat, creating a more pleasant indoor

environment in hot-humid climates.

H
Indoors Envelope E Outdoors
assembly |
s
3 \\ Short wave
Convection i 3 ) / radiation
Long wave Long wave
radiation Radiation

T Convection

Figure 17: Modes of heat transfer through the building envelope.

Source: Author.
Humidity Challenges in Building Design
The combination of high temperatures and prolonged humidity brings about a range of challenges,
resulting in discomfort, health concerns, and structural issues within buildings. This interplay creates a
noticeable sense of unease in the built environment. Importantly, this discomfort extends beyond mere
physical discomfort and includes significant health implications. Dealing with both high heat and humidity

calls for thoughtful design strategies to effectively counter their substantial impact.

Within the context of hot and humid climates, the threat of condensation emerges as a silent enemy.
In such environments, an excess of moisture poses a twofold threat, endangering both the structural
integrity and well-being of inhabitants. In this situation, it creates the perfect conditions for mold to grow,
which can be dangerous for occupants. Zhao et al. (2010) emphasize the urgency of embracing design
paradigms that holistically tackle the intricacies of hot and humid environments. Effective architectural
planning must skillfully address comfort, prevent condensation, and hinder conditions that promote mold
growth. The smooth integration of architectural expertise and engineering know-how forms the foundation
of an approach aimed at understanding the complex interactions of these climate factors. Designing in hot
and humid climates requires more than surface-level aesthetics; it demands a thorough grasp of how
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temperature and humidity affect both the human body and the structure. Crafting environments that offer
sanctuary from discomfort and act as bulwarks against health perils demand the synergistic embrace of
climate-conscious design and the wealth of insights culled from scholarly investigations (Zhao et al. 2010).

Pursuing energy-efficient and thermally pleasant architectural designs while ensuring superior indoor
air quality emerges as a formidable challenge within hot and humid regions. In such contexts, the endeavor
to maintain optimal comfort within built structures is undoubtedly a complex undertaking. The unique
dynamics of hot and humid climates introduce a compelling dimension to the equation, where the perception
of air temperature can significantly deviate, sometimes by a notable 11°F degrees higher than the actual
reading (Sudhakar et al., 2019). This perceptual distortion is intricately intertwined with the elevated
humidity levels that characterize these regions, thereby amplifying the sensation of discomfort (Sudhakar
et al., 2019).

In response to this intricate interplay of temperature and humidity, conventional practices often withess
a reduction in thermostat settings for air conditioning systems. This deliberate adjustment aims to
counteract the fAmuggi ndHowe vielhat ipdsvadeortaetaitro. not e
a guaranteed solution for ensuring thermal comfort or effectively reducing relative humidity. The
multifaceted nature of thermal comfort within hot-humid climates necessitates a more nuanced and
comprehensive strategy that extends beyond simple thermostat adjustments.

In building design, humidity presents several hurdles, including (Khan and Alghafari, 2018; Dehwah

and Asif, 2019):

1 Comfort Concerns: High humidity levels can make occupants uncomfortable by disrupting the

body's natural cooling mechanisms, causing them to feel warmer than the actual temperature.

1 Mold and Mildew Growth: Excess humidity creates ideal conditions for the growth of mold and
mildew, leading to health issues and structural damage. This can result in the degradation of
building elements like insulation, roofing, and walls, ultimately causing rot, decay, and material
corrosion, especially in wood and metal components.

1 Condensation and Material Deterioration: When warm, moist air meets a cold surface,
condensation can occur leading to problems like water damage, mold growth, and a decrease in
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structural integrity over time. High humidity levels can harm building materials, such as wood,

causing warping, rot, and decay.

1 Energy Efficiency and HVAC System Performance: Consistent humidity levels can strain HVAC
systems and reduce their lifespan. Inadequate humidity control, especially excessive humidity, can

lead to excessive use of air conditioning systems and higher energy consumption.

1 Indoor Air Quality and Occupant Health: Poor humidity control can impact indoor air quality,
potentially causing health problems for building occupants. High humidity can support the growth
of dust mites and bacteria, exacerbating respiratory issues and allergies.

To address these challenges, building engineers and designers must consider proper ventilation,

insulation, and HVAC system design to maintain optimal indoor humidity levels for both occupant comfort
and building durability.

Humidity, Wet Bulb Temperature, and Human Comfort and survival

Humidity's impact on thermal comfort and human survival is profound. In climate science, a wet-bulb
temperature of 308 K (35 2C, 95 zF) serves as a critical threshold for human survivability, marking the
equilibrium temperature of a wetted thermometer in high winds. This temperature is pivotal in predicting
heat stress and underlines the intricate relationship between temperature, humidity, and their effects on
the body. Evaporative heat loss from the skin is primarily influenced by humidity, along with factors such
as air velocity and skin wettedness. High humidity, although not immediately perceptible at temperatures
below the sweating threshold, can induce a feeling of sultriness as individuals struggle to increase activity
without sweating, leading to heightened skin wettedness. However, air movement across the skin can
enhance heat and moisture loss, potentially allowing acceptable comfort levels at higher humidities for a
given sweat rate. Conversely, extremely low humidity might induce warmth but relative comfort, whereas
elevated humidity levels can trigger extreme discomfort, influencing actions like adjusting cooling devices.
Understanding these complex interactions between humidity, thermal comfort, and human behavior
necessitates both quantitative field measurements and qualitative surveys for comprehensive

assessments (Lu and David, 2023).
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Wet bulb temperature, influenced by temperature and humidity, serves as a critical gauge for
survivability in extreme heat conditions. Once this temperature surpasses approximately 35°C (95°F),
human survival becomes significantly compromised. Climate change exacerbates this challenge by
escalating global temperatures, intensifying heatwaves, and concurrently elevating humidity levels, thus
raising wet bulb temperatures. This combination impairs the body's ability to regulate temperature through
sweating and evaporation, heightening the risks of heat-related illnesses and fatalities. Vulnerable
populations, such as the elderly, children, and individuals with pre-existing health conditions, face
amplified dangers. Addressing these escalating temperatures requires a multifaceted approach, including
early warning systems, cooling centers, urban planning adaptations, and healthcare strategies. However,
addressing climate change remains fundamental in mitigating the exacerbation of wet bulb temperatures.
By globally reducing greenhouse gas emissions and embracing sustainable practices, concerted efforts
aim to curb rising temperatures and humidity, safeguarding human survivability amidst the escalating

threats posed by climate change-driven increases in wet bulb temperatures (Amaripadath et al, 2023).

Conclusion: Redefining Comfort in Hot and Humid Climates

The predominant focus of research on energy-efficient, comfortable, and health-promoting building
designs has traditionally been centered within advanced countries located in temperate regions. However,
as we venture beyond the confines of these temperate realms, it becomes unequivocally clear that
addressing comfort entails grappling with a tapestry woven from both climatic and socio-cultural distinctions.
This realization gains resonance when navigating the complexities of comfort within geographies
encompassing hot and humid climates.

This intrinsic attunement to the environment highlights a pivotal consideration for designers: the
imperative to strive towards human thermal comfort thresholds without perpetuating an unwarranted
reliance on conventional air-conditioning systems.

Central to the discourse of comfort within these climatic niches is the notion of solar heat gain. Within
the overall equation of building envelope heat gain determination and cooling requisites, solar heat gain

exerts an undeniable dominion, particularly withinhot-h umi d c¢c |l i mat es . I'tds notewort hy
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heritage of traditional structures within these regions stands as a testament to ingenious strategies that
foster comfort without the aid of electricity. The embodiment of this wisdom lies in features such as
expansive roof overhangs, strategically placed exterior shading elements, and thoughtfully designed
courtyards - all of which conspire to offer respite in the form of shade, curbing solar heat gain.
Nevertheless, the emergence and proliferation of air conditioning represents more than a mere
convenience. This transformative technology has wielded a formidable influence in shaping the trajectory
of building design. The contrast between how buildings are currently designed and how they ideally should
be designed becomes strikingl v apparent when viewed through the | en:
impact. The living approach towards sustainable, harmonious, and occupant-centric architectural marvels
within hot and humid climates indicates combination of innovative design paradigms, socio-cultural insights,

and a profound understanding of thermal dynamics.
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CHAPTER 4: THERMODYNAMICS PROTOTYPES: VERNACULAR ARCHITECTURE

A T.
Build Lﬂg Peop ]_e

(Climate Responsive) (Thermal Behaviors)

Figure 18:t her mal adaptati on of buildings and residenceds

Source: Author.

This chapter talks about the thermal adaptation of buildings and people (Figure 18). As is well-known,
vernacular buildings being directly responsive to their climate and context. Vernacular architecture emerges
from centuries of refinement aimed at crafting a refuge in a specific climate using locally accessible
resources and established construction techniques without mechanical interventions. This chapter will
emphasi ze t he significance of vernacul ar traditions
environmental efficacy of vernacular architecture climate responsiveness through existing literature and

case studies.

Thermal adaptation of buildings: Vernacular Architecture and Climate responsivity

Vernacular architecture represents a form of architectural expression that emerges from collaborative
community responses to cultural values, religious convictions, locally available building resources, and a
culmination of empirical experiments (Oliver, 2006; Weber and Yannas, 2014). Rooted in the practical
wisdom of indigenous populations, it successfully thrived in challenging climates even before the advent of
air conditioning. In this context, the significance of vernacular architecture is heightened in a world where
technology pervades every aspect of life. These vernacular structures deserve recognition as remarkably
innovative. Viewing vernacular architecture as culturally unique alters how we approach the lessons it offers

for modern construction endeavors.
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Vernacular architecture endures as a valuable paradigm for rediscovering the equilibrium between
human functionality, socio-cultural norms, and individual comfort. Each distinct context and requirement
prompt a purpose-driven approach that yields specifico ut ¢ o me s . The term fAvernacul ar
the Latin word fivernaculus, o signifying Adomesticodo or 7
prototypes with a sense of novelty and ingenuity in terms of their impact on thermal conditions. To
reintegrate the thermal dynamics embedded in these vernacular models, it becomes imperative to redefine
the conventional perception of what constitutes progress versus primitiveness in the consciousness of
contemporary building occupants.
Singh (2019) assessed the architectural structures of Rajputana Havelis, particularly their grand
structures, aiming to draw insights from the antiquated architectural methods and their passive solar
attributes. The core claim of the study centered around the remarkable resilience of Rajputana Havelis in
the face of extreme heat and arid climates (Singh 2019). The construction of these Havelis intricately
intertwined an adaptive fagade with nuanced solar geometry alterations, all arranged to harmonize with the
ever-shifting environmental conditions. The study unveiled the profound impact of kinetic facade design in
upholding thermal and visual comfort. The case study of Rajputana Havelis underscores the remarkable
resilience of these structures in extreme climates, showcasing the effectiveness of adaptive facades and
solar geometry alterations in maintaining both thermal and visual comfort (Figure 19). Embracing the
lessons of vernacular architecture is essential in redefining our approach to building design, emphasizing

a holistic balance between human functionality, cultural norms, and individual comfort.
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Figure 19: Impact of kinetic fagade design in upholding thermal and visual comfort (Hosseini et al., 2019).

Thermal Adaptability of People: Vernacular Architecture and Occupant Behavior

Buildings are a product of societal dynamics and bear the influence of regional assets, climate
conditions, and customary practices (Cole and Lorch, 2008). Historically, individuals have navigated
discomfort in extreme climates by adjusting their spatial practices, engaging in seasonal migrations, and
modifying clothing choices. Paradoxically, despite vernacular architecture being frequently lauded in
academic discourse as a viable blueprint for sustainable construction, the very traditions and practices
rooted in vernacular construction are undergoing a decline. The once-prevailing environmental stewardship
and sustainable lifestyle tied to vernacular edifices have yielded to the dominance of contemporary
technology (Woods and Hyde, 2013). A substantial body of literature reveals the significance of occupant
behavior in building energy usage (Zhang et al., 2018), and studying vernacular architecture as a prototype
for sustainable design has been the focus of many studies in the literature (Tawayha et al., 2019). However,
not enough has been done to investigate the occupant behavior in vernacular buildings, even though

vernacular architecture is widely accepted as an effective model for sustainable architecture.
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Candido and de Dear (2012) underlined that the progression in modern architectural trends has given
paramount importance to both occupant thermal well-being and energy efficiency. This shift has magnified
the role of occupants as the central agents in shaping a pleasant indoor thermal milieu. The exploration of
the environmental dimensions of vernacular architecture is driven by the intent to establish its capability to
furnish comfortable thermal conditions without heavy reliance on fossil fuels or, at the very least, by
significantly curbing such dependency. As indicated by existing literature, this architectural approach
seamlessly aligns with prevailing climatic conditions and has the potential to deliver thermal comfort
(Bodach et al ., 2014) . Notabl vy, itdéds been high
responsiveness to diverse climatic scenarios (Gou et al., 2015), enabling it to harness context-specific

solutions for regulating indoor environments.

In a study conducted by Gautam et al. (2019), the efficacy of the clothing cooling approach was

lighted

explored within the <cont ext duwifg thN eviptarlséason. Therreseacchu | a r bui

outcomes indicated that the clothing cooling strategy w

sub-tropical region. Similarly, Xiong et al. (2020) delved into the microclimatic conditions and levels of

thermal comfort e x peri enced within Chinaés <c¢classical gardens a

investigation revealed that the thermal comfort within the classical gardens could be adjusted and elevated

through a strategic reconfiguration of trees, water features, and architectural elements.

Architects possess the capacity to translate this dynamic interaction between occupants and

architectur al el ements into a design thatodos adaptable

fluidity, can be achieved by integrating bioclimatic tactics within contemporary architectural endeavors. It

should embrace an understanding of usersd adaptive pr

societal, ecological, and economic landscapes.

Summary of case studies

The t diverse case studies in traditional architecture from Saudi Arabia, Greece, and China collectively
highlight the extraordinary capacity of vernacular design to respond to and thrive in challenging climates.

Traditional Najdi architecture in Najd, Saudi Arabia, showcases the ingenious use of mud-brick walls and
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wind-catching towers to combat scorching temperatures. The Cave Dwellings in Greece, hewn into volcanic
rock, exemplify a seamless blend of human design with nature, providing cool, temperate spaces in a hot
Mediterranean climate. The Siheyuan courtyard houses in China demonstrate an exceptional ability to
adapt to the climatic fluctuations of northern China through thoughtful layout, materials, and architectural

elements.

The case studies shed light on the profound relationship between vernacular architecture and thermal
adaptive behaviors, highlighting the remarkable adaptability of human ingenuity in addressing diverse and
challenging climatic conditions. In Turpan, China, the Uyghur dwellings illustrate how occupants skillfully
navigate indoor and outdoor spaces, making strategic use of architectural design and personal behavior to
combat extreme weather. Meanwhile, in Yazd, Iran, the traditional dwellings exemplify a seamless fusion
of occupant movement and architectural design, showcasing the complex interplay of environmental, social,
and psychological factors in achieving thermal comfort. These case studies underscore the harmonious
integration of architectural design and occupant behavior, resulting in improved indoor thermal comfort and
enhancing the overall living experience for residents in these diverse and challenging environments.

In this context, case studies of traditional buildings in extreme climates are presented, demonstrating
the climate-responsive nature of vernacular architecture (Table 1):

Table 1: Case studies: Climate Responsive strategies in Vernacular Architecture

Building Occupant
Case study CIim.ati.c climatic therm.al Image
description response behavior
strategy response
The Uyghur Turpan, Uyghur strategic
dwellings in China homes face timing of
Turpan, China | experiences south to outdoor
(Jiang et al., an arid optimize activities for
2013). climate with sunlight milder
scorching exposure in temperatures;
summers colder maximizing
where months and indoor rest
temperatures | minimize during
can exceed direct midday. the
40°C (104°F) sunlight in use of electric
and extremely | summers. fans,
cold winters They adjusting
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dropping incorporate | clothing Figure 20: Uyghur dwellings in Turpan, China located along
below inner based on the Tuyugou Valley
freezing, courtyards, comfort, Source: Alamay. https://www.alamy.com/located-along-
demanding ensuring consuming the-tuyugou-valley-and-part-of-the-turpan-depression-
architectural | privacy and | hot or cold area-the-tuyug-village-is-one-of-the-best-preserved-
designsthat | actingasa | beverages, uyghur-villages-of-xinjiang-image331569222. htm
regulate buffer taking
temperature against showers,
fluctuations extreme employing
effectively. temperatures | handheld
. Additionally, | fans, and
these homes | modifying
integrate doors and
indoor, semi- | windows for
open, and optimal
open spaces, | ventilation.
providing
adaptability
and comfort
in varying
climatic
conditions.
The traditional Hot and arid Passive Adaptation to
dwellings in climate with cooling hot climate,
Yazd, Iran high techniques use of
(Saljoughineja | temperatures | such aswind | lightweight
d and Siavash, | and low catchers, clothing,
2015). humidity thick adobe siestas during
walls, and hottest hours,
narrow and reliance
streets to on
promote architectural
shade, design for
traditional natural
courtyards cooling,
for strategic
ventilation. movement
within
dwellings . o . =
Figure 21: Two floors interior with courtyard divided
based on

environmental
, social, and
psychological
factors,

leveraging

into two different zones in Iran courtyard houses.

Source: Saljoughinejad and Siavash (2015).

53




diverse
microclimates
within the

house.

Traditional Hot desert Use of thick Adaptation to = 3 i
Mud-brick climate with mud-brick hot climate, T e
Houses in high walls and use of T:‘ :“T*“ v
Najd (Mortada, | temperatures | small lightweight i ; Il e
2016). and low windows to clothing, _ o : ![ )
humidity insulate from | siestas during “Roof plan 1
heat; wind hottest hours, =i o
towers for and reliance T T
passive on 4
cooling; architectural - ;:- _ ! _
reliance on design for = =T
locally natural - e Qo
sourced cooling; [l =0
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Figure 24: Interior of Traditional Siheyuan.

Source: Huang et al. (2019).
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screens,
deep eaves,
and
overhanging
roofs for
shading;
incorporation
of "pang"
shaded
walkways for
reduced

solar heat

gain.

Indoor Environment Control: A Paradigm Shift in Design

The foundational step toward reinstating the interactive cycle involves offering occupants the chance
to manage and influence their indoor surroundings actively. Nonetheless, even when such an opportunity
is extended, the occupants must be inclined to embrace it. The notion of human agency over indoor
environment control is frequently perceived as a potential hazard to building systems. In certain instances,
it is even characterized as a force with destructive potential (Cole et al., 2008). This perspective
underscores the necessity for a paradigm shift in the education of designers and builders. It is imperative
to cultivate a perspective where human agencies in managing the indoor built environment is regarded as
a positive force.

The evolution and modification of human behavior are closely intertwined with social and cultural
frameworks. Sociocultural transformations unfold gradually and are often driven by pivotal instances that
illuminate novel avenues of interest. In the realm of the sociology of human agency, the theory of
communicative action posits that modern society encounters a diminishing rate of constructive evolution,
and in some instances, even a regression. This phenomenon is attributed to an elevated degree of

structural rigidity, curtailing opportunities for human innovation (Habermas, 1984).

Li kewi se, it has been affirmed that o6l mprovi s
responses6 (Holland et al ., 1988) . Consequently

and anticipations but necessitates temporal and spatial dimensions. Transforming the landscape of design
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demands a shift in perception, where architects grasp their responsibility in furnishing adaptable control
avenues within the architectural framework. This approach mandates affording occupants the necessary
time and space to opt for these opportunities, enabling them to address evolving circumstances and

demands through the process of Oi mprovisation6.

With the advent of the industrial revolution and the evolution of contemporary structures, new
challenges emerged, including the urge to regulate indoor environments while concealing the once-
observable control mechanisms (Roodman and Lenssen, 1995). A pivotal step towards revitalizing the
symbiotic relationship between occupants and their surroundings involves resurfacing the concealed

aspects. In the context of vernacular architecture, environmental management harmonizes with the

buil dingds structure and composition. This alignment

through adaptive processes akin to those intrinsic to vernacular edifices. This approach contrasts with the
modern practice of concealing such functions within overhead ducts, prompting a renewed emphasis on

user interaction and environmental responsiveness.

Integrating adaptive possibilities and limitations is intrinsically linked to the architectural design,
particularly the building envelope. Architects should undergo training that equips them to conceptualize
designs with a focus on harnessing opportunities, particularly in terms of window placement and
functionality. This encompasses strategies such as effectively manipulating solar radiation and controlled
airflow through mechanisms like shading devices. A wealth of research underscores the positive outcomes
of affording o ¢ ¢ u p @amttokoder their indoor environment. This empowerment reduces health-related
complaints and augments comfort levels and overall occupant productivity (Candido and de Dear, 2012).
Hence, it is prudent to include provisions for individualized indoor climate control within future thermal
comfort standards. An insightful remark by van Hoof etal. (2008) echoes this senti
one of us could freely adjust the air temperature and air velocity and his/her activity level or clothing, there

would be no thermal discomfort in buildings to
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Conclusion: Transcending Convention in Vernacular Architecture Research

The predominant research on vernacular architecture primarily delves into historical narratives of
architectural forms or the technical intricacies of embedded environmental strategies. To effectively
reintegrate the thermal behaviors inherent in the environmental strategies of vernacular architecture for
indoor climate control, it is imperative to grasp the reasons behind their abandonment and their intricate
connections to specific contexts. A thorough examination encompassing a blend of cultural and
environmental variables, and their interplay within a given local backdrop, is essential to uncover the
underlying motivations guiding the preservation or forsaking of particular traditions. This entails adopting
an integrated methodology that converges the exploration of both the significance and the environmental
efficacy of vernacular architecture i two aspects often dissected by distinct scholars from disparate fields.
Such an all-encompassing approach transcends the narrow confines of conventional vernacular
architecture research, aiming to illuminate the dynamic and intricate intersections of environmental,

technical, social, cultural, and economic dimensions.

The environmental control in vernacular buildings rested not just on mechanical solutions but on the
assimilated adaptive thermal behaviors ingrained in the prevailing culture and context. Relying solely on
technological innovations for achieving low-energy environmental control in contemporary buildings may

prove inadequate. To bring about successful change, conventional design norms and prevailing beliefs

about occupant engagement mu st be chall enged. The

embrace fresh concepts of comfort and actively participate in dynamic environmental control strategies.
Within the realm of research and scholarly rigor, there arises a necessity for an interdisciplinary approach
to topics like comfort and building environmental management. Such an approach would usher in a
comprehensive research agenda, del vi ng fionst azcupartye
patterns, and responses to the constructed environment. Of paramount importance is the adoption of a
discerning lens when examining distinct demographics, contexts, and cultures. Dismissing the notion of a
universal panacea, andinstead,deconstructing the term Aoccupanto
By doing so, the notion of individuality can be enriched through a nuanced appreciation of uniqueness
inherent to each locality.
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CHAPTER 5: FORM FOLLOWS CLIMATE: UNRAVELING THE CLIMATE-DRIVEN
EVOLUTION OF HIJAZI ARCHITECTURE- A CASE STUDY

Ty

Traditional Hijazi Occupant
Architecture Behavior

Figure 25: Research area: Climate-driven evolution of Hijazi architecture.

Source: Author

This chapter of the dissertation aims to reveal the distinct attributes of Hijazi traditional architecture as
a response to the challenging hot and humid climate (Figure 25). The objective is to gain insights into
vernacular architecture's intrinsic potential in shaping the building design and occupants' thermal adaptive
behaviors in response to the climate. The chosen case study delves into the impact of natural conditioning
on the indoor thermal environment within the traditional residential structures of Hijaz. The study will be
executed through qualitative and quantitative methodsd interviews with key informants and On-site
investigations conducted over a designated period focused on thermal monitoring. The outcomes are
outlined comparatively and assessed quantitatively, thereby furnishing valuable insights into climate-

responsive design strategies of the Hijazi region.
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Background

Architecture is a pivotal achievement in human history, forming the bedrock of material culture (Ferrari
2020). Unlike the architecture of the 21st century, vernacular architecture is climate-responsive and reflects
the culture of the times as well as architectural practices for the achievement of thermal comfort. Therefore,
these infrastructures can be used as a knowledge bank and prototype to develop state-of-the-art designs.
In this instance, traditional Hijazi buildings of Jeddah are famous for their natural conditioning and adaptive
thermal comfort mechanisms. However, within the realm of material culture studies, the inventive
approaches to achieving thermal comfort within architectural designs have often been overshadowed, as
noted by Ingold (2013).

In a study presented by Xu et al. (2018), an adaptive comfort model was developed to interpret the
fluctuations in the thermal comfort perception influenced by both the season and the architectural layout.
The investigation carried out by Hosseini et al. (2019) took place in China, where they highlighted the
prevalence of traditional constructions featuring internal and external ventilation, a departure from the
contemporary HVAC-driven methods. Their examination, situated in Nanjing and spanning winter and
summer, unveiled the adaptability of the occupants residing in traditional residential buildings. Notably,
these occupants demonstrated a greater tolerance threshold. Moreover, the study exhibited an elevated

threshold in summer and a lowered threshold in winter compared to modern buildings (Xu et al. 2018).

Modern architectural approaches do not inherently guarantee optimal thermal comfort. This was
exemplified by instances wherein, despite incorporating green building standards, 23% of occupants
reported encountering symptoms associated with sick building syndrome (Gawande et al. (2020). A study
by Gawande et al. (2020) compared indoor air quality (IAQ) in green buildings with that of conventional
buildings. The prevalence of the 'sick building syndrome' (SBS) was also investigated in both types of
buildings. The results depicted that both types of buildings had similar IAQ; however, green buildings had
statistically lower mean levels of temperature, CO2, and formaldehyde. The prevalence of SBS was found
to be 38.1% in green buildings and 53.1% in conventional buildings. Therefore, it is suggested that poorly
maintained green buildings do not necessarily offer any additional advantage in preventing the occurrence

of SBS compared to conventional buildings.
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In a broader context, the intersections of Covid-19 and climate change have initiated a profound
reconsideration of architectural design with a view toward natural ventilation. Cheshmehzangi (2021)
presented that the lockdowns due to the COVID-19 pandemic have amplified the urgency for establishing
indoor environments that are not only comfortable but also advantageous to the overall health of occupants,
especially given the prolonged periods they spend indoors. Alonso et al. (2021) highlighted that the
pandemic has stimulated researchers and stakeholders to evaluate and enhance indoor thermal comfort,
air quality, and overall comfort conditions. Aviv et al. (2021) while reaching over heating, ventilation and air
conditioning (HVAC) discovered that in different climates cumulating outdoor air in standard systems can
raise cooling costs, while increasing natural ventilation with radiant systems can reduce the costs to half of

the actual price.

It is important to note that the excessive energy consumption aimed at securing thermal comfort

primarily <caters to the occupantsd needs presantnhpar

significant area of investigation (Paone and Bacher 2018). Contemporary architectural practice often
maintains spaces at uniform temperatures (Albatayneh et al. 2018). Nonetheless, this approach relegates
building occupants to passive roles subject to energy-intensive thermal behaviors (Langevin et al., 2016).
The concern here is that such an approach tends to disregard the broader contextual factors encompassing
climate, culture, and more (He et al. 2020). Furthermore, Fernandes et al. (2017) recognized the historical
utilization of traditional residences in regulating temperatures and adapting the environment to meet the
needs of occupants. In stark contrast, modern architectural paradigms often establish thermal comfort
zones by standardizing and homogenizing building spaces (Albatayneh et al., 2018). However, He et al.
(2020) argued that this approach fails to account for the diverse cultural, climatic, and contextual variations
t hat i mpact individual s6 comfort experiences.
multifaceted considerations.

The necessity arises to introduce greater diversity in thermal experiences and eliminate the monotony
associated with thermal conditions. The current study features the importance of drawing insights from
vernacular constructions renowned for their energy efficiency and capacity to deliver both thermal comfort

and a range of sensations for their occupants. This study aligns with the trajectory of numerous researchers
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who employed vernacular architecture as a benchmark for sustainable design approaches (Singh et al.,

2009; Tawayha et al., 2019; Olukoya et al ., 2020; Jaf fq
Vernacular architecture has consistently served as a cornerstone within the architectural realm,

offering a wellspring of inspiration that can be repurposed and reimagined to align with various regions'

specific demands and cultural contexts. In their exploration of vernacular architecture Philokyprou and

Michael (2021) employed a combination of quantitative and qualitative analyses. Their investigation

unveiled the climate-responsive nature of vernacular dwellings, but it also underscored the necessity for

augmenting these designs to align with contemporary sustainability norms and construction standards.

Similarly, the study by Tawayha et al. (2019) emphasized one of the most promising attributes of vernacular

architecture: its innate ability to strike a balance between sustainability and architectural design. Through a

comparative synthesis and qualitative analysis, the authors delved into the distinctions between vernacular

and modern architectural approaches within Nablus city. The findings of their study illuminated a significant

misaignment between the cityds modern constructions and t

as a compelling call to ensure that architectural endeavors draw inspiration from vernacular wisdom while

striving to adhere to modern sustainability benchmarks.

A primary focal point within sustainable architecture revolves around addressing the pressing issues
of global warming and the depletion of rapidly diminishing natural resources, intensified by the growing
global population and increasing carbon emissions. Given that approximately 90% of the urban population
spends their time within buildings, a heightened urgency exists to craft structures that prioritize comfort and
are adaptable to prevailing climatic conditions. Unfortunately, the thermal comfort offered by contemporary
architectural designs frequently falls short of expectations. Consequently, there is an imperative to shift
greater attention towards enhancing thermal conditions, particularly in hot and humid regions, by embracing
natural ventilation strategies (Philokyprou and Michael 2021).

The central argument of this study delves into the mechanisms by which thermal comfort was
historically achieved. This involved facilitating diurnal and seasonal migrations and embracing adaptive
thermal strategies within the architectural layout. The design of spaces was meticulously orchestrated to

optimize the exchange of heat through evaporation and convection, in line with a schedule that harmonized
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with occupantsd patterns. Rat her than relying

harnessed the building itself as a tool to preempt discomfort and ensure an environment conducive to well-
being. This present study suggests that the spatial design inherent in traditional Hijazi residences was
closely associated with the pursuit of achieving thermal comfort. This highlights the notion that by
harnessing architectural principles and embracing effective, thermal adaptive behaviors, the goal of

ensuring thermal comfort remains attainable within the framework of modern architectural design.

Climate responsive lessons from Hijazi vernacular architecture: A case study of the

interaction of thermal behaviors, architecture, and climate

Integrating bioclimatic strategies into contemporary building design with an awareness of the user's
adaptation process becomes even more critical for addressing the current scenario of environmental
collapse. The architectural heritage of Hijaz is an admirable illustration of a local response to cope with
such a challenge. The western region of Saudi Arabia is called "Hijaz." It is a vast geographical area in the

Arabian Peninsula (Figure 26).

LEBANON SYA o 3 ‘F"’ ?‘%-}'— ] o
o, O mse
S 2 Y SN
ISRARL RAQ
\
'Ara( . 4
*Sakakah hoize
gk ‘e Knati* %,
Duba y Jubally, %
Buraydah Damman® <A
ke . Oota Gyl
EGYF ﬁr;/ """ agdina = Hofuf *oaran i ‘ol Gutrer
'{; ya,ﬂbu Riyadh VA
oA *, SAUDI ARABIA
‘Iw“'? .N:CCCJ i
A\ Taif
~\sI"
owv
Abha,
Jizan,
o M
Arabian Sea
ETHIOPIA g DIBOUN
250 750 HEJAZ REGION
Kéometres 2 SOMALIA
.

Figure 26: Location of Hijaz region in Saudi Arabia (Bagader, 2017).
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Overview of Vernacular Architecture in Saudi Arabia Climate Zones

The architectural heritage of a nation is a profound reflection of its cultural values, religious beliefs,
and the complex interplay of influences that shape its society. In the case of Saudi Arabia, this legacy is
deeply intertwined with the broader architectural traditions of the Arabian Peninsula (Dwidar, 2020). Saudi
architecture, therefore, emerges as a synthesis of natural elements and human ingenuity, profoundly
influenced by the diverse factors that define its unique context. The architecture had to be preserved due
to its cultural value and the infrastructure were designed in this manner out of necessity. This architectural
style is rooted in an environmental ethos, demonstrating a remarkable sensitivity to the region's climate
and surroundings (Dwidar, 2020), while also bearing the lasting effects of human interactions within the
socio-economic fabric. The transformation of Saudi Arabia since the 1950s has been marked by
significant shifts in its social, economic, and physical landscapes. This evolution has been chiefly driven
by the substantial growth in national income resulting from the development of the oil industry. In less
than half a century, Saudi society has undergone a remarkable transition from predominantly nomadic
and rural lifestyles to modern urban living. Vernacular architecture in Saudi Arabia reflects the deep-
seated knowledge and adaptation to the diverse climate zones present in the country (Figure 27). Most
researchers (Babsail and Qawasmi, 2014; Azougah et al., 2021) have classified the country into six
climatic zones; given the fact that the Empty Quarter is an uninhabited region, the other regions are
represented by five main cities: Dhahran, Guriat, Riyadh, Jeddah and Khamis Mushait. These climatic
zones divide Saudi Arabia into four regions that differ in their architecture style, construction techniques,

and materials. These regions are:
1. The Western (Hijaz) region, a hot humid coastal plain along the Red Sea.
2. The Central and northern (Najd) region, mainly a vast hot dry plateau in the center of the country.
3. The Eastern region, a hot humid region along the Arabian Gulf.

4. The Southern (Asir) region, a high mountainous province to the southwest side.
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Figure 27: Saudi Arabia Climate Zones (Alrashed et al., 2017).

The Central and northern (Najd) region

In the Central and northern (Najd) region of Saudi Arabia, vernacular architecture is ingeniously
tailored to the harsh, arid climate. Thick walls, crafted from local materials like mud-brick or stone, provide
essential insulation against intense heat (Mortada, 2016). To minimize direct sunlight, windows are
intentionally kept small, while courtyards play a pivotal role, offering shaded areas and facilitating natural
ventilation. Houses in the central Najd region typically adopt an introverted design, encircling one or more
courtyards, often taking the form of a pure geometric shape, such as a square or a rectangle. These
courtyards serve dual functions: as microclimate regulators and guardians of family privacy. Functioning
as microclimate regulators, ensuring a comfortable environment for residents, particularly crucial as the
temperature fluctuation between day and night can range from 10°C to 20°C. Shared sidewalls
(sometimes from three sides) provide mutual shading, effectively reducing solar heat gain and glare.
Small openings in the exterior walls allow for air circulation to the courtyard while maintaining privacy
(Mortada, 2016). The traditional construction material in the Najd region predominantly consists of earth

in the form of sun-dried mud bricks (Figure 28).
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Figure 28: The Central and northern (Najd) region (Babsail and Al-Qawasmi, 2014).

The Eastern region

The eastern coastal region, Along the Arabian Gulf, the coastal areas experience extreme weather,

particularly during the summer months, characterized by persistent high heat and humidity. Buildings are

often raised on platforms to safeguard against moisture and potential flooding. The main building material

in this region consists of coral aggregates sourced from the Gulf, with walls typically plastered and

painted white. The use of porous materials helps prevent the accumulation of excess humidity within the

structure (Babsail and Al-Qawasmi, 2014).

Traditional house designs often incorporate a courtyard style, with rooms opening onto it, and

arcaded verandahs encircling it. What sets the buildings in this region apart from those in other parts of

Saudi Arabia is the fine gypsum decoration influenced by the architectural styles of neighboring Gulf

countries and Iran.

The structures in this area generally range from one to three stories in height, with houses closely

clustered together to create narrow passages. Thick walls are employed to enhance heat resistance, and

a layered roofing system utilizes wooden beams and palm trunks covered with palm leaves. Furthermore,

the installation of wind catchers (Badgeers) serves to facilitate natural ventilation, contributing to the

overall climate-responsive design of the Eastern region's vernacular architecture (Figure 29).
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Figure 29: The Eastern region (Babsail and Al-Qawasmi, 2014).

The Southern (Asir) region

In the mountainous regions of Saudi Arabia, the architecture ingeniously incorporates locally
available materials like stone and mud-brick. These materials provide effective insulation against the
cooler temperatures and occasional rainfall experienced in these higher altitudes (Abu-Ghazzeh, 2001).
Mud is the dominant material used in Asir houses, often complemented with local stone. The mud walls,
ranging from 50 to 90 cm in depth, exhibit high ther mal
releasing it during cooler nights. The relatively small openings, dictated by the wall bearing construction
system, play a crucial role in controlling the penetration of solar radiation and prevailing winds.

However, this building technique necessitates a high level of maintenance, as mud is brittle and
susceptible to water damage. Additionally, the intense summer heat can lead to fissures in the exterior
walls, requiring periodic repairs. To address these challenges, each layer of mud is separated by
horizontal bands of projecting stone slates (Figure 30). These slates serve to divert rain away from the
vulnerable clay and prevent erosion. Their orientation also aids in blocking direct solar rays in the summer

while maximizing absorption in the winter, ensuring comfortable interior temperatures in both seasons.
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In all these zones, there is a common thread of utilizing local materials and construction techniques.
This not only makes the buildings more sustainable but also ensures that they are well-suited to the
specific climatic challenges of their respective regions. Additionally, architectural elements like courtyards,
wind towers, and elevated platforms are strategically integrated to promote natural ventilation, regulate
temperature, and protect against the elements. Mortada (2016) considered the sustainable essence of
the traditional architecture found in the hot and arid landscapes of the najd region which revealed multiple
dimensions, examining the environmental, social, and technical aspects of this time-honored architectural
tradition. By doing so, it endeavors to shed light on the enduring relevance and potential applicability of
these age-old building practices to the needs and aspirations of today's Saudi society. Overall, Saudi
Arabian vernacular architecture stands as a testament to the intimate connection between culture,
climate, and the built environment.

The Western (Hijaz) region

Since the case study is in the Hijaz region, we will delve into more details about the Western (Hijaz)

region, which is a hot and humid coastal plain along the Red Sea (Figure 31).
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Figure 31: The Western (Hijazi) region (Babsail and Al-Qawasmi, 2014).

Urban context

The old town of Jeddah's urban context reflected the climate and culture in many ways. To summarize,
the urban context of old Jeddah can be described and interpreted based on studies documented by Alharbi
(1989) and Al-Lyaly (1990). The old town layout contoured the waterfront and oriented most street patterns
towards the north-west, benefiting from the prevailing north-north-west winds and sea breeze. The houses
were grouped in blocks of three or more with narrow streets and alleyways between them that channel
breezes, reducing the volume in which the air travels, and thus increasing its velocity. This created low and
high-pressure areas depending on the different widths of the streets and open spaces. The street layout
induces air movement and creates airflow that influences the quality of ventilation in the buildings. The air
within the alleys still moves when no breeze blows because of a convection air system. Due to the
proportionally significant height of the buildings, the large amount of shade and the exposed open areas to
the sun cause a temperature difference within the alley system. In contrast to when the breeze blows,
causing low pressure in the open areas, the open areas are now depressurized by rising hot air caused by
the sun's radiation. As a result, air from the shaded alleys moves to open areas and causes air circulation
(Figure 32).

The houses were clustered (semi-detached, back-to-back, or side-to-back); the clustering of the
houses minimized the heat gain from direct solar radiation. On the other hand, the deep alleys reduce the

amount of glare on the ground level. Also, the projected Masrhibyah cast additional shading over the
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streets. Lawrence (1935) described the streets of the old town of Jeddah as: "It is winding, even streets
were floored with damp sand solidified by time é The st
but elsewhere open to the sky in the little gap between the top of the lofty, white-walled house". These
gualities of shading and lighting, plus the behavior of damping the sand and spraying it with water, lowered

the air temperature of the streets due to the evaporative cooling effect and consequently contributed to the

indoor micro-climate of the houses (Figure 32 and 33).
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Figure 32: Dynamic air circulation between building blocks (Al-Lyaly, 1990).

The Marketplace. JEDDAH.

Le Bazar.

Figure 33: The Marketplace in Jeddah, Saudi Arabia, June 1945. Photograph by Wilfred Thesiger (Pitt River Museum).
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Traditional Hijazi House

Many of the leading houses in Jeddah Al-Balad share common spatial and form characteristics, they
can be grouped into a single building type called the "Roshan tower House". This design features a tower
skeleton form, with a rectilinear shape for a flexible, easy construction and a higher density form. A
noteworthy hallmark of the traditional houses in Jeddah was the vertical distribution of rooms around a
stairwell or airshaft. The house is designed to accommodate the influx of occupants and flexibility, a
multistory building (4-5 stories) with a division of functions by level.

The house's ground floor served a semi-public purpose, often allocated for commercial endeavors.
There were usually two entrances to the house at the ground level, one for the male visitors, the other for
the family. The staircase was mainly situated at the back or the center of the house near the rear entrance.
The front entrance led immediately into al-dahleez, a spacious entrance hall where male guests were
received. It was paved with stones and furnished with long wooden benches that ran each wall's length
(Figure 34). The floor was usually sprinkled with water to keep it clean and create a cool environment. On
either side of al-dahleez and toward the main facade, there were always 'sitting' rooms, called maga'id
which the master of the house used for day-to-day reception of male visitors and transacting business. The
ground level of al-mag'ad was sometimes raised by approximately 1.2 meters above the street level in order

to provide an adequate height for the windowsill to avoid a clear view into al-mag'ad from the street.

Moving upwards, the subsequent floors served as the residential spaces for the family. These upper
floors followed a consistent and repetitive floor plan. Each floor features a majlis for daily activities and
receiving family guests and opens onto the street through the front facade. Each floor included one large
family living room, al-majlis usually located towards the main facade. It was furnished with long wooden
benches running all around and appointed with mattresses covered with rugs and cushions.

Adjacent to al-majlis at the front, another family living-room was called al-suffah. It was usually
furnished with floor mattresses along the walls, and rugged cushions for the back with armrests arranged
to denote separate seats. A small room, khazanah, adjoining al-suffah, served as storage for mattresses,

cushions, and pillows during the day. In addition to the habitable rooms, each floor included one or two
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bathrooms (taharat) and a kitchen (mirakkab) located at the rear of the house to keep the living-rooms free
of odors (Figure 35).

On the uppermost floor level, usually the third or fourth, the floor area diminished to provide the
necessary kharjat (terraces). It included family living rooms, called al-mabit often with two or three sides
built of paneled woodwork with movable louvres, in addition to mirakkab, small storage rooms, taharat, and
a laundry room. The terraces (kharjat) were private open spaces with high parapet walls. They provided a
direct horizontal extension of the adjacent interior space and served as family gatherings after sunset in
summer. The traditional house had no rooms which were used solely for one purpose. The entire family

quarter served as a multi-functional living space with rooms for living, sitting, eating, and sleeping areas.

Figure 34: Al-dahleez, a spacious entrance hall.

Source: Taken by the author.

Section

Figure 35: Section through Bayt Nassif, Jeddah, Saudi Arabia

Source: The Historic Jeddah Municipal Branch
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The Case study location

For this investigation, the Baeshen House has been chosen as the focal case study. Situated between
the continents of Africa and Asia, Saudi Arabia spans a latitude range of 18° south to 28° north, bordered
by the Red Sea to the west. Jeddah, positioned at a latitude of 21° 300, stands as a significant port city

along the Red Sea, having been shaped by diverse cultural influences.

Case study climate i Jeddah, KSA.

The Hijazi vernacular architecture is climate-responsive. To understand the interaction between this

type of responsive architecture and its climate context, it is essential to understand the local climate

parameters and environmental contr ol stwaadcoedgciee sy .

examining climate data spanning a specific time frame, a yearly data set with Typical Meteorological Year
(TMY) standards from the Climate Consultant was used for analysis, sourced from the Jeddah Regional

Climate Centre under the aegis of the Presidency of Meteorology and Environment.

Temperature

High temperatures are characteristic of Jeddah's Climate, especially in the summer months when the
mean maximum dry bulb temperature can reach as high as 38°C in July and August while the mean
minimum temperature is between 24°C and 27°C, which indicates a diurnal difference of up to 14°C. The
winter is mild, and January is the coldest month with a mean minimum temperature of 18°C. Generally, the
annual average temperature is 28°C which shows that the climate is predominantly hot (Figure 36).
Concluding from the graphs below Jeddah has a cooling-dominated based climate. Currently, all buildings
in Jeddah are mechanically ventilated and cooled throughout the year. Temperatures typically reach
uninhabitable conditions. Designers should aim to reduce the cooling load within the building. Minimizing

heat gains and maximizing heat loss is a prime consideration especially in the warmer seasons.
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Figure 36: lllustrating diurnal temperature changes in Climate Consultant by the author.

Studying the diurnal temperature is important to understand when looking at passive cooling strategies
like night ventilation. The (Figure 37) below shows the average diurnal temperature swings in July and
August (particularly chosen because the highest mean temperature occurs in July and August). Itillustrates
that the lowest average daily temperature is around 27°C and this occurs between 04:00 and 06:00, while
the highest average daily temperature being 39° between 14:00 and 16:00, thus giving a diurnal range of
12°C. Jeddah Climate is characterized by these diurnal temperature swings. In all months this rapid rise in
temperature takes occurs in the first seven hours of the day and after reaching the maximum between 14:00
and 16:00, the temperature falls again slowly through the late afternoon and night. However, even with a
sufficient relatively large diurnal swing in air temperature in summer, the minimum nighttime temperature

drops to 27°C.

78



CUSTOMPLOT

LOCATION:

Data Source:

Jeddah Abdulaziz Intl AP, MK, SAU
Latitude/Longitude: 21.68° North, 39 157° Easi, Time Zone from Greenwicld
ISD-TMYx 410240 WMO Station Number, Elevation14 m

LEGEND

LEFT AXIS: {degrees C)
Dry Bulb Temp
— Hourly Average

degrees C
50

46

42

38

34

30 F———

26

22

8

9

10

" 12 13
Jul (Hours)

14

15

16

17

18

19

20

21

22

23

Figure 37: Diurnal temperature variations during July and August in Climate Consultant by the author.

Relative Humidity

Jeddah is located on the coast of the Red Sea, which is a major influence on Jeddah climate. Jeddah

suffers from high relative humidity most days of the year with an annual average relative humidity of 60%,

which is made worse when coupled with the high air temperature. The relative humidity is generally higher

at the end of the summer (late August to early October). The relative humidity is lowest in the afternoon

and early evening hours (between 14:00 and 16:00) during all months. The lowest it gets is in the summer

months of June and July when the mean minimum relative humidity reaches below 40% (Figure 38). Given
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Figure 38: Relative humidity levels in Climate Consultant by the author.

As mentioned by Ford et al., (2010, p. 34) "The upper limit for the application of direct evaporative

cooling has been suggested by Givoni to be a wet bulb temperature of 24°C". the average wet bulb

temperature (WBT) monthly recorded in Jeddah rise above 24°C in the hot months starting from the

beginning of July to the end of October (Figure 39) along with wet bulb depression less than 8°C

throughout the year except for some exceptions (figure 40). The system indicates the excessive humidity

that will not allow the use of evaporation strategies directly. Such extreme humid cases require proper

ventilation to expand evaporation capacity and eventually in reducing sweating by the efficient cooling

(Givoni, 1976, p.66). To summarize the issue stated above it can be developed that nature ventilation

must be primarily considered (Konya, 1980).
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Figure 39: Graph comparing the monthly average dry bulb temperature DBT and wet bulb temperature WBT in Jeddah.

Source: Author

Temperature (C)

Figure 40: Graph illustrating the wet bulb depression throughout the year.

Source: Author
Wind
The wind rose reveals that most wind is coming from the north, and north-west direction, and the wind
speed is mostly light to moderate throughout the year (41). The prevailing north and north-west winds are
considered most desirable for natural ventilation and cooling effect. In the hot humid Climate of Jeddah,

natural ventilation can be considered as the optimum passive cooling strategy.
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In regard to diurnal variation of the wind speed, Al-Lyaly (1990) found that the wind is generally
weakest early in the morning (06:00 to 07:00), then it strengthens as the air temperature rises until it reaches
its maximum at 15:00 after which it falls steadily to its minimum near sunrise. Evening and late-night winds
are usually light with an approximate speed of 1.5 to 3.5 m/s. Thus, the wind speed in Jeddah is

considerably sufficient at supplying air flow to the occupied areas of the houses (Figure 41).
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Figure 41: Wind velocity simulated in LadyBug by the author.

In conclusion, Jeddah's climate presents a challenge for building designers and occupants,
characterized by high temperatures, particularly during the summer months, and consistently high relative
humidity levels. These conditions result in a cooling-dominated climate, necessitating year-round
mechanical ventilation and cooling in most buildings to maintain comfortable indoor conditions. The diurnal
temperature swings, although significant, still leave nighttime temperatures relatively warm. Moreover, the
prevailing north and north-west winds, coupled with the influence of sea and land breezes, offer
opportunities for effective natural ventilation and cooling strategies. Given the climatic variations,
incorporating passive cooling techniques and efficient natural ventilation becomes imperative to alleviate

the cooling load and enhance thermal comfort.
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The Case Study Description

This dissertation examines the spatial and environmental aspects in the context of the traditional Hijazi
Architecture within Jeddah, Saudi Arabia. The study will focus on a well-preserved traditional house
(Baeshen House) in the old town of Jeddah (Al-Balad), which contains the typical architectural features of
the Hijazi Architecture. This study investigates the thermal environments in the chosen building, designed
and constructed, based on accumulated knowledge and past experiences to provide thermal comfort to the

occupants.

The selected building for the case study is Baeshen House (Figure 42). The case study is located
among the traditional buildings in the heart of historic Jeddah. The building is listed in UNESCO recorded
as a World Heritage Site. The house is one of the oldest and most famous buildings in the historic Jeddah.
It was established in the Ottoman era about 200 years ago by 'Mohammed Saleh Ali Abdullah Baeshen.'
Now the current legal guardian of the house is sheikh 'Oboud Abu-Bakr Abdullah Baeshen'. The building
was selected as a case study based on several criteria: validity, and condition of Mashrabiyas, availability
of drawings, the possibility of experiments, and access to the building.

Comprising of two interconnected structures, the house is divided into a main building with four floors
and an adjacent one with five. The first building was built during the Ottomans' reign in the late 1800s. The
north-western part of the house was built about 155 years ago. The building was structured from the load-
bearing wall by using coral stones and covered by white plaster. The load-bearing walls were constructed
approximately 60i 80 cm thick, thicker on the first floor, then less thickness on the upper floors supported

by vertical wooden horizontal members spaced about one meter vertically.

83



Figure 42: The building from outside taken by the author.

The Study Objective

This research aims to investigate and understand the nature of the interaction between the Climate of
Jeddah, the traditional Hijazi house form, and the occupants' living patterns. This study hypothesizes that
the space in the traditional Hijazi house of Jeddah was closely related to a need to achieve thermal comfort.
The drivers of achieving thermal comfort before introducing air conditions resulted in regional-specific
architectural elements and living patterns. The seasonal migratory living pattern and adaptive thermal

behaviors (spraying water) characterize these traditional dwellings.

The study research question is: How did the Hijazi architecture and their occupants respond to the
climate to create indoor thermal comfort? The results and Conclusion from this study will create a better
understanding of past occupants' living patterns and habits to fulfill seasonal needs and thermal comfort
and architecture response to the harsh hot-humid climate of the region. These findings will be helpful to the
architectural designers working in the field of environmental design; the architecture climate
responsiveness of these buildings and their occupant's living patterns can potentially be re-interpreted and
applied in modern designs. Associating bioclimatic design with traditional architecture may indicate design

recommendations, which can be replicated not only as a gesture of respect towards tradition but also for
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its essential value of providing the region with buildings that are also energy efficient by being climatically

responsive.

Data collection methodology

This study employs a mixed-methodological approach to its investigation. Qualitative methods are

applied for an exploratory analysis, aimed at gathering contextual insights from real-world scenarios. This

approach delves into the behaviors, social dynamics, and collective beliefs that underlie notions of

thermal comfort and adaptive practices among occupants within the study area. The rationale for

adopting this mixed approach stems from the dual nature of the research objectives. Firstly, it aims to

art

icul ate the primary

envi r on mefom Simultanegudycittseeksdor i si ng

ascertain the occupant behaviors crucial in maintaining comfort levels. These objectives are addressed

through qualitative analysis, revealing valuable insights. Additionally, quantitative methods are employed,

which involve field measurements and Computational Fluid Dynamics (CFD) simulations. These

guantitative methods serve to validate the effectiveness of strategies related to environmental impacts

and occupant comfort maintenance. CFD simulations, in particular, offer a detailed examination of airflow

patterns, contributing to a comprehensive evaluation of natural ventilation. This integrated approach

allows for a holistic assessment of the building's performance and its interaction with occupant behavior,

offering a more complete understanding of the research objectives. To fulfill these comprehensive

requirements, the research harnessed the following methodologies (Figure 43):

Data Resources

¢ In-depth Interviews with the key
informants.

* Field survey/observation around and
within the case studies Historic area.

* Field measurements from the case
study (Baeshen House).

Primary < Qualitative =

* Published literature.
* Archival documents.

Secondary < Quantitative <

Data Collection Methods

= Ethnography:

* Oral History

* Field survey/observation

= Archival data investigation

» Analysis of Published Literature

» Descriptive Field measurements

(Temp + Humidity + Surface Temp).

» Experimental Field measurements

(Temp + Humidity + Surface Temp).

= CFD Simulation (DesignBuilder)

Qualitative =

Quantitative =<

-

Figure 43: Data Collection and Analysis Methodology.
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+ Identify general themes by
systematically categorizing and
classifying this data and validating its
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» Temp and Humidity for indoor vs.
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Qualitative Ethnography methods
In the realm of qualitative inquiry, various methodologies are harnessed to extract rich insights:

Oral History: In-depth semi-structured interviews were conducted with former residents in the historical

area of Jeddah, Saudi Arabia. These interviews, lasting between 30 to 60 minutes, were conducted either

in person or via telephone. These dialogues delved into

The interactions were documented through audio recordings, ensuring the accurate preservation of the

data.

Field Survey and Observation: The examinatonof t he naturalistic contexts

conserved traditional sites was attained through field surveys and observations. Visual recordings and

thorough note-taking facilitated capturing significant details intrinsic to these settings.

Archival Data Investigation: An analysis of related documents was undertaken, encompassing
materials related to building proprietors, occupants, and tangible artifacts. This archival exploration added
historical depth to the research, anchoring it in the context of the past.

Published Literature Review: The existing body of literature that pertains to Hijazi traditional
architecture and thermal comfort levels were reviewed. This involved a comprehensive exploration of

published works, contributing valuable contextual information to the study.

Collectively, these methodologies unite to provide a multi-dimensional perspective, enriched by both
primary interactions, and informed by established knowledge.

Quantitative methods

A comprehensive approach to data collection involves a series of field measurements. The
measurements of the case study took place on-site, encompassing a thorough analysis of natural
conditioning strategies in their unaltered state. This approach aimed to gain an understanding of the
buildingbés inherent characteristics, contextual
interplay.

Sensors were installed inside the case study house to measure the temperature and humidity levels.

Thermocouples were used to measure the building envelope's exterior and interior surface temperatures.
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Additionally, a weather station was used on the roof of the building. The structuring of all the floors with the

s e n s eatioss (ground, first, second, third, fourth, and fifth) is illustrated in Index (Index 1-9).

To begin, on-site monitoring of the case study house was conducted to analyze the natural conditioning
strategies without intervening. The previously obtained understanding of the general characteristics of the
building form and context concerning the local climate and culture supported this. In the experimental
phase, on-site monitoring of the case study house was conducted to evaluate natural conditioning strategies
by systematically intervening in a process and measuring the outcome of natural ventilation and evaporative
cooling as a natural conditioning strategy. This method was adopted to study and establish a cause-and-
effect relationship by examining opening the windows in set patterns for specific natural ventilation
scenarios (night ventilation vs all-day ventilation), and spraying water (roof, main entrance). The on-site
winter monitoring occurred for 20 days from 23 December 2021 to 10 January 2022. The on-site summer
monitoring occurred for 30 days from July 22 to 20 August 2022. During these time periods, indoor air
temperatures, outdoor air temperatures, surface temperature, relative humidity (RH), wind speed, and wind
direction readings were recorded. Table 2 is organized into distinct sections that provide insights into the

ventilation s ¢ e n a applied@sd their corresponding dates, location, and parameters.

Table 2: Timeline of the Onsite- Monitoring and Ventilation Scenarios.

Season Ventilation Scenario Dates Locations Parameters
Summer All-day ventilation July 26-28, 2022 Indoor (2nd, 3rd) Indoor & outdoor air
temperature
Summer Night ventilation August 16-18, 2022 Indoor (2nd, 3rd) Indoor & outdoor air
temperature
Winter All-day ventilation January 1-3, 2022 Indoor (2nd, 3rd) Indoor & outdoor air
temperature
Winter Night ventilation December 25-27, 2021 Indoor (2nd, 3rd) Indoor & outdoor air
temperature

Table 3 and 4 illustrate the timeline of the onsite monitoring activities and ventilation scenarios carried

out in different seasons. During the summer period, a three-day sample of all-day ventilation was conducted
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from July 26 to 28, 2022. The indoor and outdoor air temperatures were recorded on the second and third
floors of the building during this period. Similarly, a three-day sample of night ventilation was examined
from August 16 to 18, 2022, capturing temperature data for the same indoor locations and outdoor

conditions.

In the winter season, the monitoring continued with a three-day sample of all-day ventilation on
January 1 to 3, 2022. Again, indoor and outdoor air temperatures were assessed on the second and third
floors. Lastly, the study involved a three-day sample of night ventilation from December 25 to 27, 2021,

focusing on the same indoor locations and outdoor air conditions.
The chosen timelines and scenarios provide valuable insights into the thermal dynamics of the building
across varying seasons and ventilation patterns, contributing to a comprehensive understanding of the

indoor environmentand occupant s d sttategies.ma | comfort
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Table 3: Summer Scenarios for Natural Ventilation and Evaporative Cooling.

Cooling Strategy Date Ventilation Pattern Evaporative Cooling Pattern
Setup 22/07 6:30 am 7:30 pm
Full-Day 23/07 i 02/08 6:30 ami 7:30 pm
Full-Day + Evaporation 28/07 i 02/08 6:30 ami 7:30 pm
No Ventilation 03/08 - 05/08 X
Night Ventilation 06/087 13/08 7:30 pm
Night + Evaporation 14/08 i 18/08 7:30 pm
No Ventilation 19/08 i 20/08
Disassemble 20/08

Table 4: Winter Scenarios for Natural Ventilation and Evaporative Cooling.

Cooling Strategy Date Day Ventilation Night Ventilation No Ventilation
For Reference 22/127 24/12 X X
Night Ventilation 24/12 7 28/12 X
No Ventilation 28/127 30/12 X X
Full-Day Ventilation 30/121 03/01 X
No Ventilation 03/017 05/01 X X
Daytime Ventilation 05/011 09/01 X X X
No Ventilation 09/017 11/01 X X
Night Ventilation 11/017 12/01 X X

CFD Simulation

CFD, or Computational Fluid Dynamics, is a powerful tool for studying fluid dynamics, particularly for
analyzing airflow patterns within buildings. This study employed the CFD package in DesignBuilder
software to thoroughly analyze airflow distribution, temperature, and age of air within the selected
building. DesignBuilder has been widely used for its validated accuracy for building thermal behavior and

and CFD calculations, the adequacy of the DesignBuilder software has been demonstrated in various
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previous studies (Zhang, 2014; Eisabegloo et al., 2016; Fathalian and Kargarsharif, 2020). The CFD
analysis focused on typical summer and winter days selected from the on-site monitoring data.

The DesignBuilder CFD package seamlessly integrates Computational Fluid Dynamics (CFD)
simulations with the comprehensive building energy modeling capabilities of the DesignBuilder software by
One-Way Coupling: In this approach, information flows in one direction only, typically from the design
software to the CFD simulation tool. The process begins with creating a 3D model of the building,
incorporating architectural features, HVAC systems, and internal structures. Thermal data from the
EnergyPlus simulation provides information about both air and surface temperatures, heat flows, and other
thermal properties of building elements. This data sets the initial conditions for the CFD simulation. Users
then define boundary conditions, specifying air intake and exhaust points, environmental settings, and
mechanical systems affecting airflow. DesignBuilder automatically generates a computational grid, enabling
the CFD solver to perform calculations using the Navier-Stokes equations and turbulence models. These

equations encompass momentum, temperature, turbulence kinetic energy, and dissipation rate, particularly

when employingthe k-U t ur bul ence model ( Wies domputer sniodel ofetlie hause.

original dimensions, orientation, geometry, location of glazing and construction of the thermal envelope

(Figure 44 and Table 5).

Project flat roof

Project extemal door

[ Pr | floor

[|Project external glazing
Project interal glazing

Figure 44: The building model in DesignBuilder by the author.
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Table 5: Baeshen House Construction Characteristics in DesignBuilder.

Building component Thickness (cm) Thermal conductivity Thermal resistance U value (w/m2-k)
(w/m-k) (m2-k/w)
External wall
Gypsum plastering 25 0.4 1.125 0.791
Almangabi stone 60 0.6
Gypsum plastering 25 0.4
Window glazing
Generic PYR B 0.003 0.9 1.96
CLEAR 3MM
AIR 13MM 0.013 0.9
Generic PYR B 0.003 0.9
CLEAR 3MM
Total Solar
Transmission: 0.691
Direct Solar
Transmission: 0.624
Light Transmission 0.02 3.633
Wooden Window
Frame

Frame absorptivity = 0.75; frame air permeability = 100.00 m3/h-m2.

It's important to note that EnergyPlus serves as the energy simulation engine employed by
DesignBuilder, conducting hourly simulations of energy models. In terms of CFD boundary conditions, the
temperatures of all surfaces and sub-surfaces, along with airflow in and out of external and internal
windows, were exported to accurately depict the environmental conditions at a precise hour on a chosen
day for CFD analysis. With regard to boundary conditions, comprehensive information concerning
parameters such as temperature conditions and airflow conditions can be found within the project-specific

documentation, provided in the form of screenshots in the appendix (10-19).
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Data analysis methods

Qualitative Data Analysis: Exploring Adaptive Behaviors through Ethnographic Research

The qualitative data that had been collected underwent a comprehensive analysis, focusing on
identifying the overarching themes that emerged from the interview records. A systematic approach was
employed to categorize and classify the interview data, ensuring their reliability, adequacy, and consistency.
Drawing inspiration from the field of cultural anthropology and social science, ethnography was utilized as
a pivotal methodology within the realm of qualitative research. This approach enriched the comprehension
of the utilization of vernacular structures and the dynamics between occupants and their surroundings. By
employing ethnographic methods in the field of architecture, designers were empowered to grasp the spatial
and cultural dimensions inherent in the occupant-environment interaction. This encompassed not only daily

and seasonal adaptive processes but also the behaviors undertaken to attain optimal thermal comfort.

In a study by Wilson and Chaddha (2009), the significance of ethnographic research was emphasized,
highlighting its role in both discovery and validation processes that contribute to generating unique insights.
This methodology involves subjecting thematic content to rigorous testing within the realm of ethnographic
data, culminating in the integration of this data with new empirical findings. As such, ethnographic studies
serve as a means of gathering factual information that substantiates theoretical arguments. In the context

of this particular research, data was sourced from audiotapes recorded during open-ended interviews.

The core ethnographic approach employed in this study encompassed semi-structured interviews with
key informants, all of whom were previous residents of the historic region of Jeddah (Al-Balad) and were
raised within the context of Hijazi traditional buildings. This methodological choice facilitated the systematic
documentation of t hes do-daydehaviors and ¢iveduexpenencesd Thel iatgrviews

aimed to capture the profound meanings and values interwoven with their activities and lifestyles within

these traditi o n a | structures. The study 6s -sfructaredeénterviews wiihav ol ved

cohort of ten former residents hailing from the case study locale. Through these dialogues, participants
engaged in conversations delving into their lives during the period when they resided in traditional houses
devoid of air conditioning. The interviewees were encouraged to reflect on their lifestyles and daily routines,

with a specific focus on unveiling recurring patterns within the various dwellings. The analysis extended to
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understanding individual sd perceptions of their intern
had developed to regulate it. The research developed an interview protocol that encompassed a range of
general inquiries, effectively serving as a means to systematically record and document the gathered data.
Prior to beginning the study, permission and approval were obtained from the Institutional Review
Board of the University of Pennsylvania, as is recommended in the established guidelines regarding ethical
interactions with one's human participants when conducting research, including studies that involve

interviews (World Medical Association, 2013).

The snowball technique was adopted as a recruitment strategy for respondents. This technique,
acknowledged by Creswell (2008), proved beneficial for qualitative research, wherein a few individuals in
the target population are informed of the study objectives and these people recruit others with the shared
experienced in this case that of residing in a traditional Hijazi buildingd who might also be suitable
participants. As a result, the population from which to obtain interviewees "snowballed" or grew in number
(Creswell, 2009). Through this process, the ten participants desired for the study who possessed the shared
experience under investigation were identified based on their perceived and real expertise regarding the
study topic. The final group of interviewees are all people in their 80s who had lived in the houses as
children; two women and eight men were interviewed. The interviews were 3071 60 min long and were
conducted in-person (n = 4) or by phone (n = 6). With the participants' permission, each interview was audio
recorded; notes were also taken during the interviews. The interviews allowed for the systematic
documentation of the former occupants' daily practices and experiences, capturing the meaning and value

related to the activities and practices within the traditional buildings.

Table6s hows that the interview protocol comprises two m
section, respondents were briefly prompted to provide background information such as their name,
birthplace, upbringing, past and current places of residence,and pr of essi onal history. T
Behaviorso section delved into more detailed inquiries
their previous and traditional dwellings. Questions encompassed topics like daily routines, resting habits,
attire, meals, interior descriptions, sleeping and gathering spots, thermal comfort preferences, methods of

adjusting indoor temperatures, and ventilation practices. The protocol allowed for comprehensive
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exploration of the participantsé experiences, preferen
comfort within these spaces.

Table 6: Interview Protocol for Former Residents.

Section Questions Time Range
A. Biographical 1. What is your name? 3 min
Questions 2. Where and when were you born?

3. Where did you grow up?
4. Where have you lived? Where do you live now?

5. What jobs have you had? What do you do for a living now?

B. Lifestyle and 6. Can you describe a typical daily routine in your house/work? How did your daily 10 min - 15

Behaviors routine change when living here vs the traditional house? min
7. Did you rest during the day? When and where?
8. Who used to live in the house? What did you wear inside the house vs outside
the house? What did you eat, and what time during the day?
9. Can you describe the interior of the house? What was furniture like?
10. Where did you sleep? Where did you sit for family gatherings? Where did these
activities happen (cooking, eating, washing, playing as children)?
11. Can you describe which part of the day you usually felt the most thermally
comfortable? The least thermally comfortable?

12. What was your main method for adjusting the indoor thermal environment in
summer? In winter? In your opinion, what is the single most effective thing that you
use to do to feel cooler in summer inside the house? Warmer in the winter?

13. How did you ventilate the house? When and for how long were the windows

open or closed?

Quantitative Data Analysis

The analysis of quantitative data encompasses several key aspects. Information pertaining to the
characterization of the thermal environment will be subjected to examination through a comparison of the

recorded air temperatures and relative humidity levels between indoor and outdoor settings. An additional
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parameter to analyze is the dew point temperature. The dew point temperature can be calculated using the
air temperature and the relative humidity. The formula (Lawrence, 2005):

pmtmtYO
v

YQ Y

where Td is dew point temperature (in degrees Celsius), T is observed temperature (in degrees
Celsius), and RH is relative humidity (in percent). Apparently this relationship is fairly accurate for relative
humidity values above 50%.

An analytical approach involves the utilization of the Temperature Difference Ratio (TDR) equation, as

introduced by La Roche and Givoni (2002), and applied according to the formula presented below:

t0Y

The Temperature Difference Ratio (TDR) is calculated as the ratio between the disparity of the
maximum outdoor air temperature Y~ and the maximum indoor temperature Y, divided by the
fluctuation magnitude of the outdoor temperature "Y ~ . A higher value of TDR indicates a more
significant temperature difference between indoors and outdoors and thus a more efficient cooling strategy.
The highest possible value of TDR is 1, and this can also be expressed as a percentage. This metric serves
as a quantitative measure to gauge the efficacy of the cooling strategy implemented within the studied
spaces.

The time lag is calculated as an average value for the period under study for each ventilation strategy
and for each case of night ventilation examined in the current study. The factor of time lag is evaluated

using the Equation from Asan (2006):

e« DY Y
Where;
0Y = time of peak temperature of the inner wall surface.
0Y = time of peak temperature of the external wall surface for a specific day.
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CFD simulation analysis

The Baeshen House provides an excellent subject for studying airflow dynamics. Its unique layout,
with interconnected rooms and Mashribyah bay windows designed for cross ventilation on the north and
west facades, can significantly impact air movement. Additionally, utilizing the staircase as an airshaft
introduces another dimension. Occupant behavior, particularly the operation of windows (open or closed),
plays a crucial role in regulating airflow patterns. Practices like using fans and applying water spraying on
the staircase floor for cooling introduce additional variables affecting airflow. By integrating these elements
into the CFD model, we established a framework for analysis, yielding findings regarding natural ventilation
and occupant thermal behavior in this specific traditional house. The key parameters under examination
are air velocity, temperature, and age of air, collectively offering insights into the effectiveness of natural

ventilation in traditional buildings in this region.
Tools and monitoring plan

The devices used for monitoring the experiment are detailed in Table 7. During the entire investigation

period, each instrument was placed in a particular position as shown in the plans.

Instrument 1, represented as the HOBO U30 USB Weather Station Starter Kit #U30-NRC-SYS-C, is
a versatile weather station that comprehensively monitors various meteorological facets. This includes air
temperature, relative humidity, wind speed, wind direction, and solar radiation, courtesy of the integrated
silicon pyranometer, enhancing the depth of weather data collected. In conjunction with this, Instrument 1
also embodies the Solar Radiation (Silicon Pyranometer) Smart Sensor #S-LIB-M003, which discerns solar
radiation levels. This additional data acquisition layer further enriches the understanding of solar energy
influx. Instrument 1 extends to encompass the Onset Products-Air Velocity sensor 100 to 2,000 fpm #T-
DCI-F300-1B3, contributing air velocity insights that map airflow patterns and circulation. Lastly, Instrument
4 involves the deployment of Thermocouples dedicated to the measurement of surface temperatures.
These sensors facilitate a nuanced comprehension of thermal distribution across distinct surfaces. For
temperature measurement, a comprehensive network of sensors was installed both internally and

externally within the building. Table 7, Figure 45, Figure 46, and Figure 47 along with the detailed

96



information provided in index (1-9), vividly illustrate the precise positioning and strategies employed for
sensor placement throughout the building. This arrangement of sensors enabled the close monitoring of

the experiment during both the summer and winter seasons.

97



Table 7: Instrument Details for Experiment Monitoring.

Instrument # Purpose Legend Parameters/Range Accuracy/Resolution
HOBO Analog/Temp/RH/Light 15 | Air temperature 120°Cto 70 °C + 0.20 °C from 0 °C to 50
Data Logger X °C
Relative (14 AF t
#MX1104 Humidity (+ 0.36 °F from 32 °F to
122 °F)
HOBO U30 USB Weather 1 Outdoor 0 to 1280 W/m2 + 10 W/m? or + 5%
Station Starter Kit weather station: ><
Air temperature,
#U30-NRC-SYS-C Relative
Humidity, Wind
speed, and
+
Wind direction.
Solar Radiation (Silicon 1
Pyranometer) Smart *
Sensor
Solar Radiation.
#S-LIB-M003
Onset Products-Air Velocity 1 Air Velocity 0.5to 10 m/s 0.15to 1.0 m/s (30 to 200

sensor 100 to 2,000 fpm

#T-DCI-F300-1B3

fpm): £ (1% of reading +

0.05 m/s [10 fpm])

0.5 to 10 m/s (100 to 2,000
fpm): £ (4% of reading +

0.10 m/s [20 fpm])

1.0 to 20 m/s (200 to 4,000
fpm): £ (5% of reading +

0.15 m/s [30 fpm])
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Instrument Purpose Legend Parameters/Range Accuracy/Resolution
Thermocouples Surface D Jtype: 0 °Ci 750 °C (32 | Jtype: +2.5 °C or 0.5% of
temperature °Fi 1382 °F) reading, whichever is

K type: 0 °Ci 1250 °C

(32 °Fi 2282°F)

S type:ilm®d 0

°C (-58 °Fi 3200 °F)

T type: ilo®O0

AC (71 3218°FAF

Internal temperature: 0
°Ci 50 °C (32 °Fi 122

cF)

greater.

K type: 4.0 °C or 0.5% of
the reading, whichever is

greater.

S type: £6.0 °C or 0.5% of
reading, whichever is

greater.

T type: £1.5 °C (2.7 °F)

Internal temperature: +
0.35 °C (+ 0.63 °F),

see Plot A.

(All accuracies specified for

battery volta
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Figure 45: Location of Sensors on Ground Floor.

Source: Author
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Figure 46: Location of Sensors on Second Floor.

Source: Author
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Figure 47: Location of Sensors on Fourth Floor.

Source: Author
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Results and discussion

Qualitative Results

Building Architectural response to climate

The architectural design of structures in hot and humid climates has long embraced ingenious
techniques to harness natural ventilation, ensuring comfort and well-being for occupants. Within this
context, the traditional architecture of the Hijazi region provides a compelling example of how form and
structure are harmoniously orchestrated to promote effective natural ventilation. The building form was

designed to allow adequate natural ventilation to be achieved by the following strategies:
Airy Structure and Strategic Window Placement.

The building is a bearing wall structure built from coral stones and wood-framed floors and roofs,
allowing the building to be light and airy, facilitating air movement throughout the interior. The north, west,
and east elevations are pierced with many windows creating inlet windows facing the winds and breeze
directly or at an angle depending on the direction of the winds (Figure 48). Depending on wind direction,
these openings may either directly face the winds or be angled to optimize airflow. The structure is
characterized by an internal plan that gives each room cross-ventilation through access to external facades

and places sleeping and family rooms on upper floors to take advantage of on-shore and off-shore breezes.

e [
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Figure 48: Western facade (left) and a cross section of the building showing typical movement of airflow (right).

Source: Author
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Mashribyah - A Cross-Ventilation Marvel.

The facade is infilled with Mashribyah, which are wooden screens enclosing projected bay windows.
These decorative wood screens provide both cross-ventilation and privacy for family life. The openable
louvers of the Mashribyah serve a dual purpose: they regulate the velocity and amount of incoming wind,
while also contributing to a reduction in humidity. This occurs as external humid air moves through the
surface, particularly at night, during which the wooden surface absorbs some of the moisture molecules.
Additionally, in arid conditions, when solar rays fall on the surface, any previously retained moisture
evaporates, aiding in the cooling of the building's interior (Saranti, 2006). However, the process is
precisely made considering the extreme climactic conditions in the hot aid region and is not sustainable
for other region with stable tropical climate. From the perspective of temperature regulation and airflow,
the extended Mashribya allows for the capture of both north winds and west breezes that pass through

internal spaces. This extension provides an additional inlet in the air pressure zone (Figure 49).

‘\
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Figure 49: Mashribya allowing the north wind and west breeze.

Source: Author

104



Optimized Internal and vertical Layout.
Internal wooden screens and ventilating grills allow air penetration in the center of the house (Figure
50). Additionally, the placement of sleeping and family rooms on upper floors capitalizes on on-shore and

off-shore breezes, enhancing overall comfort (Figure 51).

Figure 50: Internal wooden screen and ventilating grills allow air penetration in the center of the house right by (Alharbi, 1989),
left by the author.
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Figure 51: The Vertical distribution of activities by (Al-lyaly 1990).

Stairwell as a Ventilation Channel

Positioning the stairs in the middle or back of the building acts as a chimney conducting the hot air
right out of the house (stack effect). The mouth of the airshaft is always open to the sky and has no openable
flaps to control the flow of air in the shaft. However, the top of the Stairwell has louvered openings that
allow the wind to flow through (Figure 52). Air flowing over the mouth of the airshaft or through the top of
the Stairwell creates a low-pressure area which tends to pull air into the house from higher pressures below

and through the Stairwell, thus adding to the stack effect (Figure 53).

Figure 52: The top of the Stairwell usually has louvered openings that allow the wind to flow through (Al-lyaly 1990).
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Figure 53: Stairwell Diagram of Thermal Buoyancy.

Source: Author.

Radiative cooling

Radiative cooling is commonly experienced on cloudless nights when heat is radiated into space from
the surface of the Earth or the skin of a human sleeping on the roof (Zhao et al. 2010). Jeddah cloud
coverage is characterized by being mostly clear (Figure 54). Traditional Hijazi building surfaces were
painted with white paint coatings with high emittances. Consequently, they radiated heat into the sky to
passively cool buildings at night. Sleeping on the roof to utilize the cool sky was practical because objects
facing a clear sky with no cover at night lose all their heat through radiation into the sky. This means the

person on the roof can become cooler than the air around it (Figure 55).
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Figure 54: Cloud Cover Categories in Jeddah.

Source: Bagader et al. (2020)

Figure 55: Sleeping on the roof open to the night sky.

Source: Omr ani a. A8 Features of Tlhites:/dmeaniamcam/iosigas8-feAtureshi t ect ur e of
vernacular-architecture-hejaz/

Thermal mass: shielding Against Heat Transfer

The thick coral stone walls act as an effective barrier to the passage of heat, limiting its infiltration into
the interior spaces. This thermal storage stems from the inherent properties of the material itself, which

significantly curtails heat to pass through the walls and keep the interior cool. Consequently, during
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scorching temperatures, the interior of the traditional house remains shielded from the external heat,
fostering a cool and comfortable ambiance for its occupants. This interplay between architecture and
climate is eloquently demonstrated in the design of the traditional house structure, where the properties

and strategic disposition of materials emerge as a pivotal factor.

The traditional building in Hijaz was characterized by thick external walls built from coral stones from
the Red Sea shore, which were known locally as Al-Mangabi stones (Figure 56). Al-Mangabi stones played
a significant role in Hejazi architecture due to their efficiency as a construction material and their insulating
effect. A study by Bagader and Mohamed (2020) confirmed the Al-Mangabi stone's effectiveness in terms
of thermal regulation. The high thermal mass dampens the large fluctuations of external temperature by
mitigating the high excursion of the summer temperature, thereby delaying the entrance of the heat flux
arising from the strong solar radiation (Figure 57). The strategic incorporation of coral stone walls into the
traditional house structure exemplifies a remarkable harmony between material properties and climatic
demands. By leveraging the innate thermal properties of coral stone, master builders crafted living spaces
that were not only aesthetically pleasing but also inherently adaptive to the challenging climate. This serves
as a timeless testament to the ingenuity embedded within traditional architecture, where the art of

construction coalesces with a profound understanding of local environmental nuances.

............................ Wood beams

.. Mud Mortar

----------- Coral Stones

- [— Lime Plaster

Figure 56: Cross section view of the exterior wall of Hijazi building (Bagasi and Calautit, 2020).
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Figure 57: Surface Temperatures for the Three Tested Case Studies at EDoB Lab, Effat University (Bagader and Mohamed,
2020).

In conclusion, the traditional Hijazi architecture, the convergence of these strategies showcases a
sophisticated understanding of environmental dynamics and the art of design. By seamlessly integrating
these elements, the architecture not only fosters natural ventilation but also underscores the wisdom of
harnessing local climatic conditions to ensure optimal living conditions for occupants.

In regions characterized by hot and humid climates, traditional architectural approaches have
ingeniously incorporated a multitude of strategies to combat excessive heat accumulation and capitalize on
the inherent cooling properties of the environment. These time-honored techniques, as evidenced in the
architectural traditions of the Hijazi region, serve as evidence of human ingenuity in creating built

environments that harmonize with their surroundings and promote comfort even in challenging conditions.

110



Cultural Norms and the occupant's Adaptive Behaviors

Cultural Norms

Multigenerational living was a cultural norm in Jeddah society, and the Hijazi traditional house satisfied
these social customs. The size of the house and its living arrangements mirrored the large size of the
extended family. Multigenerational living presents prospects to save energy, water, building materials, and
land (Liu and Easthope, 2016). These dwellings featured designated areas for the household's head and
provisions for the collective residence of extended family members. Despite separate living arrangements
for married sons, daily gatherings were customary, sustaining family bonds. Notably, domestic duties were
collaboratively managed by the female members of the household, reflecting the cooperative essence of

multigenerational living in these traditional structures (Figure 58).

Figure 58: Multigenerational living shaped the typology of Hijazi traditional housing.

Source: OReatares iofdhe Vérr@acular Architecture of the Hejaz. ldttps://omrania.com/insights/8-features-
vernacular-architecture-hejaz/

Traditional clothing played a significant role in gaining comfort in the built environment. The traditional
clothing of the Hijaz area often wore lightweight white cotton or linen cloths. Both of these fabrics used in
traditional clothing possess unique properties to enhance the feeling of coolness; they are permeable to air

and offer less convective and evaporative cooling resistance. Their clothing was loosely made, with
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massively wide sleeves. Open collars characterized the clothes to catch the breeze and allow evaporation

from the skin's surface (Figure 59 and Figure 60).
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Figure 59: The loose traditional gown.

Source: Al-Lyaly (1990)

Figure 60: Men wearing the traditional thobe in Jeddah, Saudi Arabia, 1945. Photograph by Wilfred Thesiger (Pitt River
Museum).
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An afternoon break or nap was crucial to the occupants of Jeddah. It was a traditional norm to sleep
during the hottest part of the day (Heschong 1979, 6), as the siesta in Spain. The house women would do
their domestic tasks, like sweeping or washing clothes, in the cool early morning while men went to work;
then, everything slowed down during the hottest part of the day (Figure 61). The afternoon between 2:00
p.m. and 4:00 p.m. was usually spent resting and sleeping. The afternoon siesta was a social norm that
contributed to the pursuit of comfort and regul ated peo

part of the day.

Sleeping on the Roof Time of the Siesta
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Figure 61: Typical Diurnal Temperature Swings in July in Jeddah (Ghabra and Ford, 2016).

Occupant Thermal Behaviors

Hand-fanning was one widespread behavior to cool down on a hot day (Figure 62). Waving a fan
increases the air velocity around you significantly and can double your heat loss. Fanning speeds
evaporation of perspiration, which in an hour can add another two degrees of heat loss when conditions

are right.
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Figure 62: Using the Palm Tree to Craft Handheld Fans.

Source: Naomi Al-Wazni, 2020.

The furniture in the traditional house of Jeddah was minimal, simple, and, most importantly, flexible
and multi-functional. The towalah is a cushion positioned around the room and used for sitting and sleeping
(Figure 63). The human dimension determines its size, which was approximately 180 cm x 70 cm (Akbar
1998). It is large enough to be comfortable for a sleeping person and small enough to carry and store. The
towalah could have been the most practical piece of furniture in the traditional house due to its portability
and multi-use.

Water spraying was an effective strategy for passive cooling. The front entrance floor (al-dahleez) was
paved with stones and often kept unfurnished because the floor was usually sprinkled with water to keep it
clean and create a cool environment. Washing the stairs was a daily activity to keep them clean and create
cooler airflow by the convection of air movement, the large openings piercing the stairs produced an
excellent environment on the stairs. The roof terrace was the airiest floor. Therefore, it was used for
sleeping. Before sunset, water was sprinkled on the roof terrace, and a tawaweel (plural of towalah) were

arranged for sleeping (Figure 64).
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towalah

Figure 63: Simple Furniture in the Traditional House of Jeddah (Akbar, 1998)

Figure 64: The Multi-Functionality of Tawaweel (Akbar, 1998).

The occupants of the traditional Hijazi house had daily and seasonal movement within the house. For
their seasonal migration, in the summer months, people of Jeddah travel to the city of Al Taif to enjoy the
weather, which is much cooler than that of Jeddah (Figure 65 and Figure 66). As for their daily migration,
they possessed specific spatial habits. In the early morning, they moved to the lower living quarters, often
on the first-floor level, where they spent the daytime, starting with the north-facing living space (al-majlis)
in the morning, moving to the west-facing living space (al-suffah) in the afternoon; the hours between 2:00
p.m. and 4:00 p.m. were usually spent resting and sleeping in al-suffah, and then again people would
relocate to the kharjat (terraces) in the late evening. In summer, they slept on the al-mabit, which is the roof
terrace. The top floors would stay cool during the daytime in the summer but would tend to warm up in late

night. On the other hand, the roof would be warm during the daytime but would cool down quickly at night,
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when it could be used for sleeping (Fathy 1986). It is hypothesized that the availability of desirable thermal
gualities determined these spatial habits, and occupants moved from one place to another to maximize

their thermal comfort (Figure 67 and Figure 68).

NEET March July September November

mTaif mJeddah

Figure 65: Comparison between Taif and Jeddah Daytime Temperatures.

Source: Meteodb. https://meteodb.com/taif/jeddah

NENE March July September November

mTaif mJeddah

Figure 66: Comparison between Taif and Jeddah Nighttime Temperatures.

Source: Meteodb. https://meteodb.com/taif/jeddah
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Figure 67: Use of Spaces Daily and Seasonally.

Source: Author

Figure 68: How the Roof Terrace Facilitates Airflow (Al-Lyaly, 1990).
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Oral History i Interview themes

The research engaged ten participants who had previously inhabited the traditional structures. These
participants recounted their days within the historic area (al-balad), expressing sentiments of nostalgia and
a unique experience which is difficult to describe in the modern era. According to the interviews, the
occupants perceived these buildings as enduring and protective due to their thermal characteristics. These
traditional structures were renowned for their thermal mass quality, attributed to the usage of Al Mangabi

stone for the foundational framework. Furthermore, wood was employed in constructing the roof structure

and Mashribyahbay wi ndows. Drawing from the participants

theme emerged: the design of the house played a pivotal role in ensuring thermal comfort. This
encompassed factors such as the cooling feeling emanating from Al-Mangabi stones and the air movement,
which were consistently featured by all of the participants.

According to the participantsod perspectives, t
circulation by opening windows on the western and northern sides of the building. The participants
emphasized that their primary practice was to facilitate air movement to achieve a cooler indoor
temperature. Their recollections of entering the house on scorching summer days revolved around the
sensation of coldness emanating from the Al Mangabi stone. As one ascended higher within the structure,
the experience was characterized by an increasing flow of air within the rooms, originating from the
expansive Mashrabiyah bay windows situated on the northern and western facades. One of the
participants, who was born and raised in the Baeshen house without AC, stated that they mainly practiced

allowing air movement to cool the temperature inside the house. The quote is as follows:

fi | remember the moments you enter the house
radiating from Al Mangabi stone, and then the more you go up, the more you feel the air just moving inside
the rooms coming for the large Mashribiy ah bay windows from the north
Interestingly, all the interviewees displayed a clear understanding of the three prevailing wind types in
Jeddah. The western wind, originating from the sea, was recognized as cool and humid, while the northern
wind was perceived as cold and dry. Conversely, the southern wind was characterized as hot.

Consequently, these traditional houses were carefully oriented with respect to wind direction, aiming to
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facilitate the entry of the refreshing west and north breezes, while simultaneously preventing the infiltration
of hot air. To achieve this, the rooms were strategically situated in the northern and western directions, and
the significant bay windows were strategically positioned on the northern and western sides to invite the

cooling currents. A participant notably emphasized the importance of keeping these bay windows open:

would be suicidal to shut off all the windows and not bring air inside; itwoul d be | i ke tryi

This reveals that relying on natural ventilation was vital by asserting that window opening was imperative.
Otherwise, the dwellers could suffocate inside the houses. This underscores the imperative nature of

window ventilation to avoid the risk of discomfort within the dwelling spaces.

The interviews unveiled the significance of adept window management in regulating indoor
environments within traditional dwellings. Strategic window positioning served as a crucial tool in
harnessing natural airflow, maintaining thermal comfort throughout the year. Residents adeptly manipulated
directional winds, especially the cooling breezes from the west and north, while keeping hot air out. They
highlighted the beneficial attributes of the Mashrabiya, which diffused harsh sunlight while allowing daylight
into rooms. When closed, it acted as a barrier against midday heat while still permitting ventilating airflow.
The rawshan, offering a well-ventilated yet shaded area, softened the intense glare of bright daylight.
Participants noted that while the interiors were less ornate compared to the exterior, it was due to practical
reasons related to the climate. Continuous window openings resulted in substantial dust entering the homes
daily, necessitating regular cleaning. However, conflicting descriptions emerged regarding window
management practices. Some recalled windows being open mostly except during harsh noon, while others
mentioned morning closures for cleaning, reopening when men returned post-sunset. Despite these
variations, meticulous window management facilitated optimal air circulation, ensuring a constant exchange
between indoor and outdoor environments, culminating in enhanced comfort within these traditional
households.

In addition to the common practice of regularly opening windows, the participants emphasized the use
of handheld fans as a means to mitigate their body temperatures. One informant explained that despite the
introduction of electric fans in the households at a later time, the residents continued to favor the use of

handheld fans. According to the participants, handheld fans were a fundamental aspect of their personal
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cooling methods, particularly during the hottest part of the day, notably around noon. The interviewees

recalled employing handheld fans even during si

described it as the preferred and most satisfying formofrestt The par ti ci pant sai d:

hand fan to keep fanning myself until falling asleep during the siesta, which was the hottest time of the day,
back them it was the nor m, and it thevpasicipants enanimmssly
acknowledged that while life in traditional houses was once cherished, the contemporary residential
l'ifestyles cannot be equated with those of the

comfortable and leisurely, in stark contrast to the inherent rhythms of life in traditional houses.

In terms of the interior ambiance of the houses, the participants observed that the design of the houses
ensured a well-ventilated environment, with the upper floors being even more breezy than the lower ones.
This was attributed to the utilization of the Mashrabiyah, a lightweight structure that facilitated a continuous
exchange of air between the indoors and the outdoors. However, this openness to the external environment
also brought about certain implications. The participants recounted instances where various scents and
outdoor sounds permeated the interiors while ventilating the spaces. A prominent informant vividly
described recollections of catching whiffs of diverse aromas during the noon hours, particularly when the

women of the households were preparing meals. A participant, who lived in one of the traditional houses

est a

il

kind

past .

0

until the age of 20, said, il r e mesuabyd am hot larel swedty aadm wal Ki r

when | enter the house, | remember the coldness of the house radiating from the Al mangabi stones, and

the different odors of the food from cooking luncho

having for lunch from the different odors coming from the windows. . Another participant describes the walk
back from school as hot and sweaty and full of odors from all the cooking inside the houses cooking lunch;
but he describes the interior of the house atmosphere as cold and comfortable, radiating from the al
Mangabi stone, and a stimulating comfortable environment compared to the outdoors. He al s o

remember in the afternoon, after waking up from the midday siesta, all the houses were making tea, and

he could hear the neighbor 6s adgreedtpabthe neiskes frem theeneighbors| |

and the streets were a common background when re-counting the environment inside the house from all
key informants. Also, lizard, spider, and buds infestation were common due to openness and continuous

outdoor connection. One key informant recalls his memories with the spiders, bugs, and lizards and said,
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iit was normal to share the spaces with the bugs.

have so many memories chasing lizards and spiders, sometimes befriending and naming them as part of
thef ami | ymarratohdesves as a testament to the houseséd
and immediate connection that existed between the interior and exterior environments.

The reminiscences of the participants echoed a recurring themed the pervasive sounds originating
from neighboring households and the streets. They shared how these ambient noises were an integral part

of their daily experiences inside the house, with instances of even being able to discern the sound of a

We | |

nher e

teapot whistling in the afternoon from a neighbords ho

aromas of various meals being prepared for lunch during midday became a distinctive feature. A participant

nostalgically recounted instances where they <coul

assortment of cooking scents wafting through the windows. Moreover, the openness of the traditional house
design and its constant connection to the outdoors invited challenges such as the presence of lizards,
spiders, and insects. Given the architecture's inherent ventilation, the participants acknowledged that these
intrusions were expected. One key informant, while reflecting on his experiences, fondly remembered
coexisting with spiders, bugs, and lizards, acknowledging that sharing living spaces with these creatures
was customary. As a child, he recollected many memories of chasing lizards and spiders, sometimes even
forming friendships with them and even considering them part of the household.

When discussing the customary daily routine, participants fondly recounted the early mornings they
embraced. After breakfast, the elder males would head out for work, while the children embarked on their
journey to school. House chores predominantly fell under the purview of the women. Notably, the entire city
would come to a standstill during the noon hours, a time revered for its sacred and indispensable midday
siestas. People would take this break to rest before resuming their activities later. To combat the heat of
summer nights, occupants often resorted to vertical migration within their homes or sought refuge on
rooftops and upper floors for reprieve. If available, larger bay windows became cozy retreats for parents.
Regardless of the choice, family members, particularly the elder males, sought the upper floors, allowing
the cooling embrace of the Mashribyah windows. Simultaneously, other family members and children would

find solace on the roof beneath protective mosquito nets. As described by respondents, this practice of
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rooftop slumberd accompanied by stargazing and relishing the refreshing breezed proved to be an
effective approach for attaining thermal comforti n Jeddah 6 s Bummer aimate. The rodftaps
were transformed additional living spaces. A participant nostalgically recollects his childhood memories of
rooftop sleep with the following sentiment:

Ailn the past, roofs were used for sl eeping at night,
and children slept in them and enjoyed the cool breeze
childhood memories are mostly reminiscences of falling asleep counting the stars and enjoying the cool
breeze. 0

In their pursuit of enhanced thermal comfort during sleep, women would don lightweight dresses, while
men opted for Afotaho skirts and shirts, which contri bt
was a rarity and often deemed uncomfortable. During days marked by high humidity, a common practice
involved laying out mats and allowing them to absorb moisture from the air, subsequently delivering a
cooling effect. On days when humidity was less pronounced, occupants would spritz the bedsheets and the
mosquito nets they set up, introducing an additional level of refreshment and relief from the heat. The mats
would swiftly dry in about 15 minutes due to the prevailing heat, offering an extra layer of comfort.

From the insights gathered through interviews, a captivating revelation emerged regarding the
childhood activities of the participants within the confines of their homes. When inclement weather
precluded outdoor play, especially in front of the house during intense heat, the dahleez, or house entrance
lobby, became the preferred indoor playground. Remarkably, participants described the dahleez as the
coolest spot within the house due to a regular sprinkling of water. This strategic cooling method not only
refreshed the dahleez but also extended its cooling effects to the adjoining corridors, stairs, and rooms
through screened wall openings. Additionally, the staircases served as an unexpected haven for indoor
play among the children, owing to their favorable thermal attributes. Beyond their functional role in
connecting different floors, the stairs offered dedicated spaces for youthful engagement and adult
conversations. The natural convection of air and the presence of sizable openings contributed to an optimal

environment on the stairs, enhancing their versatility beyond their conventional purpose.
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The practice of spraying water extended beyond the confines of the house, encompassing various
areas to counter the prevailing heat. This custom involved moistening not only the sleeping roof and the
entrance fidahl eezo but alssamdetemshops phis ateakexemplifiefl thesstnong of hous
sense of communal ties among neighbors and their shared use of outdoor spaces, effectively expanding
the residentsd realm. The unp acaeflly mdintaiped by, the @accupantesmon f e a
through regular sweeping and watering of the house fronts. One key i nformant said: i be
would spray water from a bucket in front of the house entrance, where there was an outdoor seating called
imerkazo, where all men gathered to socialize, so it w
informant described this activity by stating that spraying water before sunset and hot air would evaporate,
releasing the heat from the ground because the streets were made of sand and not asphalt. Then it would
create a pleasantly cool atmosphere after sunset. Although all the key informants alerted that the water
was scarce back then, that is why the café used dirty water to wash the cups by spraying it in front of the
café to cool down the hot afternoons.

As gleaned from interviews with key informants, the act of spraying water had a dual purpose: firstly,
in the early evening, water was sprayed in front of the house entrance, where an outdoor seating area
known as fmer kazo pr ovi dtesbciaizegrhid presunsenpeactiseminéd tofceate me n
a cooler ambiance for the forthcoming evening. Secondly, the method of spraying water before sunset
served a functional purpose. The act triggered evaporation, drawing heat from the sand-paved streets, as
they were unpaved. Consequently, post-sunset, the environment would transform into a pleasantly cool
setting. Despite the informantsdéd acknowledgment of wat
using non-potable water to cool the surroundings. This was achieved by spraying water in front of the cafes,

thereby alleviating the sweltering afternoons.

The physical setting of these traditional houses consistently provided an adaptive form that effectively
maintained a suitable micro-climate, making them practical and beneficial in the hot and humid climate of
the region. Consequently, the outdoor spaces were not only functional but also held cultural significance,
fostering a cool environment while nurturing the preservation of cultural values and strong interpersonal

relationships. According to the participants, the departure from these traditional houses was attributed to
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the advent of modernization, which introduced physical and emotional distances. Despite the transition, all
the interviewees reminisced about a simpler yet profoundly enriched life, marked by extensive outdoor
engagement. They fondlgdg daegyabl etdathetegokzednbyg simple p
outdoors with neighborhood friends, engaging in childhood adventures, and forming cherished memories.
Each informant highlighted the communal nature of their living arrangements, emphasizing the essence of
multi-generational households. Importantly, these family bonds extended beyond their immediate
household, encompassing neighbors and the broader community, which contributed to the strong sense of

empathy and interconnectedness.
Discussion

The gualitative investigation undertaken in this study revealed a fundamental link between the
architectural design of traditional Hijazi houses, the behaviors of their occupants, and the pursuit of
thermal comfort. Architectural elements such as the foundational use of Al Mangabi stone and the
incorporation of Mashrabiya bay windows were found to play pivotal roles in maintaining a cooler indoor
environment. When transitioning from the scorching outdoors into the interior of a traditional house, the
immediate sensation of cooling against the skin stems from a fundamental heat transfer mechanism
inherent in architectural design. The distinct coolness experienced when standing adjacent to a stone wall
within these dwellings is attributed to the phenomenon of thermal mass. The stone walls, often
constructed with materials like Al Mangabi stone, possess thermal properties that enable them to absorb
and store heat energy from the surroundings during the day. As the external temperatures rise, these
stone walls absorb this heat, gradually storing it within their structure. Upon entering the house from the
hot outdoors, the stone walls release this stored heat energy at a slower rate compared to the rapid
temperature changes outside. Consequently, these walls radiate a cooler sensation due to their slower
release of stored heat, offering an immediate contrast to the external environment. This phenomenon
showcases the role of thermal mass in moderating temperature changes, conveying a profound sense of

coolness to individuals stepping inside from the intense outdoor heat. (Figure 69).
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Figure 69: Photograph by Wilfred Thesiger (Pitt River Museum).

Integrated in the architectural fabric the occupants highlighted the importance of expertly managing
windows to facilitate natural airflow while preventing the entry of hot air, despite challenges like dust and
insects. This particular window management ensured a consistent exchange of air, contributing
significantly to overall comfort. These findings instigated further exploration, leading to quantitative
inquiries in the field measurement of the case study house into the thermal regulation effects of Al
Mangabi stone, computational simulations examining airflow patterns within the house, and an analysis of
adaptive thermal behaviors concerning ventilation throughout the day and night. Also, evidence from
archival images showcasing the windows shutter being shutter during the day to prevent heating indoors

(Figure 70).
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Figure 70: Jeddah, Saudi Arabia, 1945. Photograph by Wilfred Thesiger (Pitt River Museum).

Furthermore, the study unveiled distinctive daily and seasonal movements within these traditional
houses. The inhabitants demonstrated specific patterns of movement during the day, favoring lower living
areas in the morning and higher floors and rooftops in the evening. Seasonally, migrations to cooler
regions such as Al Taif during scorching summer months significantly altered activity between cities.
These migrations were adaptive responses to seek optimal thermal conditions, underscoring the close
interplay between architectural design and inhabitants' behaviors in adapting to varying thermal needs.
Consequently, the investigation expanded to scrutinize the thermal properties of diverse spaces
(northwest main rooms, roof, and staircase) within the houses, validating the correlation between

occupants' movement patterns and the thermal attributes of these areas.
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Prior to the introduction of air conditioning, vernacular houses relied on natural mechanisms to
sustain thermal comfort, often incorporating the body's natural cooling process, namely sweating. From
the interviews participants repeatedly described their thermal conditions as sweaty and uncomfortable.
Sweating, as a physiological response to heat, became integral within this context, influencing residents’
attire choices and daily activities to accommodate perspiration. The architectural principles
complemented the body's temperature regulation by promoting air circulation and reducing indoor heat
accumulation, fostering a more tolerable environment, especially in summer. Inhabitants adapted by
wearing lightweight clothing and utilizing spaces offering better airflow, optimizing their thermal comfort

within these traditional structures, and hand-fanning as repeated behavior to cool down.

In the hot and humid climate of Jeddah, the traditional Hijazi thobe exemplified an adaptive
response, leveraging sweating as the body's natural cooling mechanism. Crafted from cotton and linen,
these garments actively facilitated the body's cooling process by efficiently transferring away moisture,
enabling sweat to evaporate from the skin's surface. The loose and breathable nature of these fabrics
promoted enhanced air circulation, aiding in sweat evaporation and heat dissipation. Additionally, the
absorbent qualities of cotton and linen effectively managed moisture, preventing discomfort from
excessive perspiration and contributing to a more comfortable internal temperature. This understanding of
traditional clothing's role in optimizing thermal comfort emphasized the significance of these fabrics in
enabling individuals to navigate daily routines in the extreme climate of Jeddah with greater ease and
adaptability, below are figured from archival research with most people wearing these traditional clothes

(Figure 71).
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Figure 71: Traditional clothing in Jeddah with emphasizes on thermal comfort. Source?

The study's outcome emphasizes the potential for reducing reliance on air conditioning by integrating
both physical attributes and socio-cultural factors as a foundation for a climate-responsive architecture.
Behaviors such as spatial habits, clothing choices, and cultural norms showcase the active role of
occupants in achieving sustainable thermal comfort. The seasonal migratory living patterns and adaptive
thermal behaviors observed in traditional dwellings have given rise to regional-specific architectural
elements and a sustainable lifestyle, highlighting the efficacy of these methods before the advent of

mechanical air conditioning.

Quantitative Results

The quantitative results section constitutes the cornerstone of this study, offering a rigorous
examination of numerical data obtained through systematic analysis and empirical investigation. This
section presents a comprehensive overview of the key findings derived from the quantitative research

methods employed.

Summary of Outdoor Temperature and Relative Humidity Conditions

The outdoor climatic conditions experienced during the research period in the summer, from July 24th
to August 19th, were thoroughly examined through recorded data analysis. Throughout the summer period,

the average outdoor temperature stood at 35.13°C (with a minimum of 29°C and a maximum of 45°C),
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accompanied by a relative humidity (RH) of 61.25% (with a minimum of 17% and a maximum of 92%). A
parallel analysis was conducted for the winter season, spanning from December 23rd to January 10th. In
this period, the average outdoor temperature was measured at 25.72°C (ranging from 21.14°C to 34.6°C),
while the relative humidity was recorded as 55.17% (fluctuating between 26.16% and 75.79%). Throughout
the summer period, the average outdoor dewpoint temperature stood at 27.2°C (with a minimum of 25°C
and a maximum of 29°C. For the winter season, the average outdoor dewpoint temperature stood at 16.8°C
(with a minimum of 13.2°C and a maximum of 21°C. Wind patterns were also observed and depicted in
wind roses, illustrating the prevailing directions. The average wind speed ranged from 0.5 m/s to 1.5 m/s,
with the most common wind direction being southwest during summer and northwest during winter.

Figure 72 illustrates the outdoor thermal conditions experienced at Baeshen House throughout the

winter and summer observation phases.
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Figure 72: Summary of (a) Outdoor Temperature Trends in Summer; (b) Relative Humidity Outdoors during Summer; (c)
Summer Outdoor Wind Patterns; (d) Outdoor Temperature Trends in Winter; (e) Relative Humidity Outdoors during winter; (f) winter
Outdoor Wind Patterns; (g) Outdoor DewPoint Temperatures in Summer; (h) Outdoor Dewpoint Temperatures

Source: Author.
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Comprehensive Overview of Indoor and Outdoor Temperature Conditions (Thermal Mass)

The assessment of building performancer evol ves around the buil di
protection to occupants against severe outdoor conditions, thereby sustaining lower indoor temperatures
compared to outdoor conditions. Evaluating the indoor-outdoor temperature differential serves as a crucial
gauge for establishing thermal performance, contributing to the establishment of thermal comfort. This
involves analyzing the variance between outdoor and indoor air temperatures to comprehend the extent of
temperature moderation achieved within the building.

The analysis encompassed a comparison between the indoor and outdoor environments, conducted
throughout the summer and winter monitoring periods. The indoor temperature exhibited a similar trend to

the outdoor temperature, with both experiencing peak values at distinct times. The outdoor temperature

ng

0

reached i ts zenith bet ween 10 am and 11 am, attri

Conversely, indoor temperature peaked from 4 pm to 6 pm, a consequence of rooms facing the west being
directly exposed to sunlight during these hours. The indoor air temperature, notably more stable and cooler
than the outdoor environment, contrasted with the wavering trend of dewpoint temperatures akin to those
outdoors. This stability in indoor air temperature was attributed to the thermal mass of the stone walls, while
the indoor moisture content typically paralleled outdoor levels, except during the peak afternoon hours.

(Figure 73).
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Figure 73: Overview of (a) Indoor and Outdoor Temperature Conditions in Summer; (b) Indoor and Outdoor Relative Humidity
Conditions in Summer; (c) Indoor and Outdoor Temperature Conditions in Winter; (d) Indoor and Outdoor Relative Humidity
Conditions; (e) Indoor and Outdoor Dewpoint Temperature Conditions in Summer; (f) Indoor and Outdoor Dewpoint Temperature
Conditions in Winter.

Source: Author.
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Nonetheless, as depicted in Figure 74a, an evident positive correlation emerges between indoor and
outdoor temperatures during the summer duration. The trend line clearly indicates a direct connection:
when outdoor temperatures rise, indoor temperatures follow suit. Moreover, concerning relative humidity,

as portrayed in Figure 74b, a robust positive association is observed between indoor and outdoor

conditions.
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Figure 74: Regression Analysis of the (a) Indoor and Outdoor Air Temperature Relationship in the Summer Period; (b) Indoor
and Outdoor Relative Humidity Relationship in the Summer Period.

Source: Author

Building form Thermal mass (time lag)

The architecture of traditional buildings in the Hijaz region was characterized by the use of thick
external walls constructed from locally sourced Al-Mangabi stones.These stones held a notable significance
in Hejazi architecture due to their effective properties as building materials and their insulation capabilities.
The substantial thermal mass provided by Al-Mangabi stones played a crucial role in regulating temperature
fluctuations. By absorbing and storing heat, these stones helped mitigate the drastic temperature changes
associated with the external environment, particularly in the scorching summer months. This delayed the
penetration of heat generated by intense solar radiation (Figure 75). Notably, Table 8 shows the time lag

observed in the all-day winter scenario was notably greater compared to that of the summer period.
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Figure 75: Time Lag Analysis for the All-Day Ventilation Scenario: (a) Time lag assessment between outdoor surface
temperature and indoor surface temperature on the 3rd floor (specifically, the west wall) on July 26th, 27th, and 28th, 2022. (b) Time
lag assessment between outdoor surface temperature and indoor surface temperature on the 3rd floor for the all-day ventilation
scenario

Source: Author

Table 8: Average Time Lag (hours) demonstrated for the all-day ventilation approach.

Ventilation Strategy Date of Investigation Mean Time Lag (h)
Summer all-day 7126/22 1h23m
7127122 -
7128122 -
Winter all-day 1/1/22 4 h 50m
1/2/22 4 h53m
1/3/22 5h19m

Stairs as an air shaft

Positioning the staircase at the central or rear section of the building served a dual purpose akin to
that of a chimney, effectively channeling the elevated temperature air out of the dwelling, a phenomenon
known as the stack effect. The opening of the airshaft perpetually faced the open sky. The interaction
between the airflow over the airshaft aperture and the wind traversing the upper stairwell engendered a
region of decreased pressure, thus inducing the inflow of air into the abode from areas of higher pressure

beneath. This mechanism further augmented the stack effect.
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In relation to the temperature variations, the mean daily temperature at the uppermost landing
exhibited more pronounced fluctuations when compared to the intermediate and lower landings.
Intriguingly, the lowermost steps were identified as the coldest section. Conversely, only marginal variations

in relative humidity were discernible across the different sections of the staircase (Figure 76).
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Figure 76: Daily analysis comparing (a) the average temperatures among distinct sections of the staircase during the summer
season, and (b) the average relative humidity across various parts of the staircase in the summer.

Source: Author
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Responsive Thermal Adaptation (Window Ventilation)

Throughout the implementation of the comprehensive 24-hour ventilation approach, the indoor
ambient temperature closely mirrors the fluctuation pattern of outdoor temperatures, encompassing both
daytime and nighttime variations (Figure 77a). Notably, during the nighttime period, the external
temperature registers lower than that within the indoor environment. To delve further, a direct alignment
between the indoor thermal behavior and the outdoor conditions is evident when examining the interval
between the 26th and 28th of July, specifically on the 3rd floor (Figure 77b). Highlighting specific instances,
the outdoor temperature reached its peak at 42°C by 10 am, whereas the highest indoor temperature was
recorded at 37°C around 1 pm. Notably, the peak indoor temperature remains consistently 5 degrees
Celsius cooler than its outdoor counterpart. For the dewpoint, the outdoor dewpoint rises at night due to the
temperature humidity relationship where the moisture content remains relatively high even at night. The
continuous ventilation helps maintain a relatively stable indoor dew point. The indoor dewpoint remains
cooler than the outdoor.

The graphical representations vividly demonstrate thi
effect within the room, a phenomenon even apparent when the windows remain open throughout a
complete day. The inclusion of thermal mass within the structure introduces a remarkable time lag of 3
hours in the transfer of heat into the enclosed space. Notably, the outdoor relative humidity exhibits an
increase post 6 pm, peaking at a notable 85%. Conversely, the lowest point of relative humidity is registered
beyond 10 am. During the afternoon hours, a consistent trend emerges with relative humidity consistently
residing below the 45% threshold. Crucially, a noteworthy meteorological event occurred on the 27th of
July after 2:45 p.m., characterized by a shift to partly cloudy conditions. This change in weather pattern

contributed to an elevation in the relative humidity and a simultaneous decline in the outdoor temperature.
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Figure 77: Continuous Ventilation Scenario: (a) Indoor and outdoor air temperature and relative humidity for the 2nd and 3rd
floors; (b) Indoor air temperature for the 3rd floor and corresponding outdoor air temperature on July 26th, 27th, and 28th, 2022; (c)
Indoor Dewpoint temperature for the 2" and 3rd floor and corresponding outdoor air temperature on July 26th, 27th, and 28th, 2022.

Source: Author

When implementing the night ventilation approach, the indoor air temperatures closely paralleled the
corresponding outdoor temperatures. Subsequently, throughout the subsequent day, indoor air
temperatures consistently remained at notably cooler levels in comparison to the temperatures documented
while employing the comprehensive all-day ventilation strategy (Figure 78a). To be specific, on a particular
instance, the utmost outdoor temperature reading reached 41°C at 10 am, whereas the peak indoor
temperature touched 36°C around 5 pm. Evidently, the zenith of indoor temperature maintains a consistent
5-degree Celsius discrepancy from its outdoor counterpart (Figure 78b). The dewpoint temperature closely
follows the outdoor levels, except during the midday peak. This difference can be attributed to the lower

ventilation rates during the day.

Notably, this peak indoor temperature is registered approximately 6 hours after the peak outdoor

temperature of the corresponding day. The application of night ventilation exerts its influence by effectively

extracting heat energy from t he Thisiodctivé hegt dissipatienl op e 6 s

mechanism contributes to the creation of improved thermal conditions within the indoor environment for the

ensuing day.
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Figure 78: Night ventilation scenario: (a) Indoor air temperature, outdoor air temperature, and relative humidity for the 2nd and
3rd floors on August 16th, 17th, and 18th, 2022; (b) Indoor air temperature for the 3rd floor and corresponding outdoor air
temperature on August 16th, 17th, and 18th, 2022. (c) Indoor Dewpoint temperature for the 2" and 3rd floor and corresponding
outdoor dewpoint temperature on August 16th, 17th, and 18th, 2022.

Source: Author

Throughout the implementation of the complete 24-h o u r ventilation strategy,
temperature aligns closely with the outdoor temperature patterns, encompassing both daytime and
nighttime transitions (as depicted in Figure 79a). Notably, during the nighttime interval, the external
temperature consistently remained lower than that indoors. More intriguingly, this synchronization between
indoor and outdoor conditions is particularly noticeable on the 3rd floor, with the interval between the 1st
and 3rd of January serving as a prime example (Figure 79b). For the dewpoint, the outdoor dewpoint rises
at night due to the temperature humidity relationship where the moisture content remains relatively high
even at night. The relatively stable indoor dew point in the continuous ventilation indicates some degree of

moisture capture and release by the building contents and the stone of the walls. (Figure 79c).

The highest outdoor temperature reached a noon peak of 34°C, while the maximum indoor
temperature occurred at 2 pm, registering at 28°C. Evidently, the peak indoor temperature consistently
maintains a 6-degree Celsius offset from its outdoor counterpart. This observation reinforces the notion that
the building envelope effectively contributes to creating cooler indoor conditions, even when windows

remain open throughout the entire day. Furthermore, the graphical representations shed light on the outdoor
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relative humidity trends, exhibiting a crescendo post 6 pm, reaching a peak of 75%. In contrast, the nadir
of relative humidity is registered after 10 am. During the afternoon hours, the relative humidity typically
hovers below 35%, highlighting consistent patterns. Crucially, the presence of thermal mass within the
building envelope introduces a noteworthy effect by delaying the influx of heat into the indoor space,

effectively establishing a time lag of 2 hours.
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Figure 79: Continuous Ventilation Scenario: (a) Indoor air temperature, outdoor air temperature, and relative humidity for the
2nd and 3rd floors on January 1st, 2nd, and 3rd, 2022; (b) Indoor air temperature for the 3rd floor and corresponding outdoor air
temperature on January 1st, 2nd, and 3rd, 2022; (c) Dewpoint temperature for the 2™ and 3rd floor and corresponding outdoor air
temperature on January 1st, 2nd, and 3rd, 2022.

Source: Author

While employing the night ventilation approach, indoor air temperatures closely track the outdoor
temperatures. Subsequently, over the ensuing day, indoor air temperatures consistently remain at
noticeably cooler levels compared to the temperatures documented under the comprehensive all-day
ventilation strategy (Figure 80a). The highest outdoor temperature reached 33°C at 10 am, whereas the
peak indoor temperature was noted at 27°C around 3 pm. Notably, the zenith of indoor temperature
consistently remains 6 degrees Celsius lower than its outdoor counterpart (Figure 80b). Dew point
temperatures during winter often fall below the levels experienced in the summer. This lower dew point
reflects the drier and more comfortable conditions prevalent during the winter season.

Furthermore, this peak indoor temperature is logged approximately 5 hours following the peak outdoor
temperature for the respective day. The implementation of night ventilation contributes significantly by

effectively dissipating heat energy from the thermal mass within the building envelope. This proactive heat
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removal mechanism plays a pivotal role in establishing improved thermal conditions within the indoor

environment for the ensuing day.
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Figure 80: Night ventilation Setting: (a) Indoor air temperature, outdoor air temperature, and relative humidity for the 2nd and
3rd floors on December 25th, 26th, and 27th, 2021; (b) Indoor air temperature for the 3rd floor and corresponding outdoor air
temperature on December 25th, 26th, and 27th,2021 ; (c) Dewpoint temperature for the 2" and 3rd floor and corresponding outdoor
dewpoint temperature on December 25th, 26th, and 27th,2021.

Source: Author

Natural Cooling Performance

The Temperature Difference Ratio (TDR) serves as a metric to assess how well passive cooling
systems perform under distinct ventilation approaches. The TDR values for each ventilation strategy are
outlined in Table 9. As indicated in the tabulated data, the night ventilation strategy exhibits the most
remarkable cooling efficiency, with the highest TDR value of 53.5% compared to the two implemented
ventilation strategies. This substantial efficacy can be attributed to the notable decrease in peak indoor

temperatures, which fall notably below the corresponding peaks in outdoor air temperatures.

It is clearly shown that the utilization of the night ventilation strategy yields superior TDR values and
consequently, more effective cooling performance compared to the all-day ventilation strategy. The
efficiency of natural cooling, particularly during the night ventilation approach, is significantly influenced by
pronounced diurnal temperature shifts, which are notably more prevalent during the summer season (Table

9). The study presented here underscores that the night-time ventilation strategy, particularly in the summer
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months, capitalizes on the lower outdoor air temperatures observed during nocturnal hours. As a result,

this approach guarantees optimal thermal conditions within the indoor environment.

Table 9: Variation in Ratios Among Various Ventilation Approaches.

Ventilation scenario Date of Investigation Temperature Difference Ratio%

Summer-All-Day ventilation 7126/22 Average 50.5 %
7127122

7128122

Summer-Night Ventilation 8/7/22 Average 49.5 %
8/8/22

8/9/22

Summer-Night Ventilation 8/11/22 Average 53.5 %
8/12/22

8/13/22

Summer-Night Ventilation 8/16/22 Average 48.3 %
8/17/22

8/18/22

Winter i All-Day Ventilation 1/1/22 Average 32.7 %
1/2/22

1/3/22

Winter-Night Ventilation 12/25/21 Average 28 %
12/26/21

12/27/21

Adaptive thermal behavior response (Dahleez and Roof floor wetting)

This section delineates the observations encompassing outdoor and indoor air temperatures as well
as relative humidity spanning from August 14th to August 18th. Throughout this period, a technique

involving the wetting of the entrance in the afternoon along with the simultaneous opening of doors and
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employing a fan for ventilation was implemented. The process of wetting the entrance with water was

predominantly conducted in the late afternoon timeframe, roughly between 4 pm and 5 pm.

As evident from the graphical representation, the outdoor temperature consistently remained lower
than the indoor temperatures up until 8 am. A noticeable trend emerges as the outdoor humidity levels
decline around noon, subsequently leading to a steep rise in the outdoor temperature, ultimately culminating
in a peak value (43°C) at 12:30 pm. The nadir of air temperatures was recorded during the nocturnal period,

specifically at 3:30 am.

The impact of wetting the entrance becomes apparent

relative humidity and a slight reduction in air temperature during the window of 5 pm to 6 pm. These
observations are visually depicted in Figure 81 and Figure 82, highlighting the discernible effects of the

water wetting approach.
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Figure 81: Indoor and outdoor air temperature and relative humidity at the entrance from August 14th to August 18th, 2022.

Source: Author
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Figure 82: a) Interior and exterior surface temperature and relative humidity of the west wall at the entrance from August 14th
to August 18th, 2022; b) Comparison of roof surface temperature with and without water spraying from August 14th to August 18th,
2022.

Source: Author

Thermal Comfort Evaluation

The psychrometric chart for Jeddah demonstrates that natural ventilation can contribute significantly
to achieving thermal comfort, particularly during the summer months, accounting for over 30% of the

entire year (Figure 83a). However, the ASHRAE Handbook of Fundamentals Comfort Model (2005)
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specifies that in Jeddah, the ambient air temperature fits the comfort range (20-26.1°C) for only 16.1% of
the year as shown in Figure 83b. J e d d aibadiingatic chart complements these findings, depicting
temperature and humidity patterns across seasons. It highlights the annual temperature range,
emphasizing periods when the dry bulb temperature falls within the comfort zone of 20-27°C. This chart
effectively illustrates varying comfort levels throughout different months or seasons, offering insights into
when natural ventilafdn or other passive cooling methods are most effective in ensuring comfortable

indoor conditions.
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b) The Psychrometric Chart for Jeddah, according to the ASHRAE 2005 Comfort Model, Plotted with Climate Consultant.
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Figure 84: The bioclimaticchartof Jeddah, Saudi ArabigA. Al-Azri, 2016).

To assess indoor thermal conditions in naturally ventilated buildings, ASHRAE Standard 55 serves
as a key reference. However, it's important to note that ASHRAE 55 doesn't account for average external
temperatures below 10 °C or above 33.5 °C (Schiavon et al., 2014). Given that this study encountered an
average external temperature of 35.13°C in summer, beyond ASHRAE's range, the standard couldn't be
applied. As a result, alternative methods were employed. According to de Dear and Brager (2002),
individuals in naturally ventilated spaces, where windows can be opened, adapt to diverse thermal
conditions influenced by local daily and seasonal climate fluctuations. Their comfort perceptions and
tolerances often span a broader temperature spectrum than the confines of the outdated ASHRAE

Standard 55 comfort zone.

This study employed two distinct equations to calculate comfort temperatures, expressed as:

First, the equation of comfort temperature by de Dear and Brager (1998) in free-running buildings as

indicated below:

YopR T Y
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In this work, the mean of the outdoor temperature for all the period was 36.6 C. Hence based on the
equation, the calculated comfort temperature is 25.8 °C.
The second assessment used to determine the comfort temperature is through the Equation of Nicol

and Humphreys (2002) as described below:
Y p® ™ tY
Where;
Tc = comfort temperature;
To = outdoor air temperature;

Notabl, in this study, the comfort temperature was calculated to be 27.4 °C. This equation gives

more flexibility in extending the acceptable comfort level inside spaces to the outdoor temperatures.

It is clear from the figure 83-84, when comparing the recorded air temperatures for the case study
with the comfort range, it is evident that the internal air temperature is above the acceptable temperature

range during the summer season, but closer to the comfort range in winter.

Figures (851 88) show the 3 floor temperature and the estimated comfort temperature for each
ventilation scenario during summer and winter season based on the comfort temperature calculated from
the equations of de Dear and Nicol and Humphreys. The comfort temperature is equivalent to 25.8 °C
according to the equation of de Dear and equal to 27.4 °C according to the equation Nicol and
Humphreys. As can be seen in the graph, during the selected periods, the indoor temperatures did not
reach comfort level under both scenarios, however during the winter season the indoor temperatures was

closer to the comfort range but only within the comfort range for short periods in the afternoons.
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Figure 85: Comparing the Indoor and Outdoor Hourly Temperature with The Comfort Temperature in Summer.

Figure 86: Comparing the Indoor and Outdoor Hourly Temperature with The Comfort Temperature in Winter.
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