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Quantification of heat
vulnerability using system
dynamics

Norhan Bayomi* and John E. Fernandez

Environmnental Solutions Initiative, Massachusetts Institute of Technology, School of Architecture and
Planning, Cambridge, MA, United States

One of the major climate threats is extreme heat events, as they pose significant
risks to public health that are well documented in the epidemiologic literature. The
effects of extreme heat events have been evident over the past years by several
extreme heat events worldwide. With the growing concerns of future heat
exposure, numerous studies in the literature have developed heat vulnerability
indices based on determinants that have heat-related impacts. However, there has
been limited guidance on heat vulnerability assessment that accounts for the
impacts of the characteristics of the built environment and changes in population
dynamics over time. This paper focuses on developing the methodology for heat
vulnerability assessment in urban areas using System Dynamics (SD) based on
integrating three levels of the physical urban environment: the urban level, the
building level, and the human adaptive capacity to heat exposure. We examine the
viability of using SD modeling as an approach to examine the key drivers in heat
vulnerability assessment in urban areas. Thus, the paper assesses the dynamic
relationship between heat vulnerability components, namely, Susceptibility,
Exposure, Coping Capacity, and Adaptive Capacity, and their effect on
increased or decreased vulnerability under extreme heat events. The paper
concludes with an applied case study in Cairo, Egypt, to test the use of the SD
approach in assessing heat vulnerability in urban settings. Results from the
proposed SD model confirm the underlying hypothesis that vulnerability from
heat exposure is dynamically linked to the coping and adaptive capacity of the
surrounding built environment with the urban population’s socioeconomic
characteristics. The main contribution of this approach is that it allows for
parallel examination of the effect of the human system that simulation models
cannot include and the performance of the built environment system that
epidemic heat vulnerability studies cannot capture.

KEYWORDS

heat vulnerability, system dynamics modelling, extreme heat events, building simulation
(BS), heat adaptation

1 Introduction

The IPCC Working Group II Assessment report outlined the first synthesis of
vulnerability as a function of susceptibility, exposure, and adaptive capacity (Fiissel and
Klein, 2006). Between 2007 and 2014, the perspective on vulnerability has altered to define
exposure as a spatial concept tied to the surrounding physical space (Jurgilevich et al., 2017).
In climate change science, vulnerability is used to indicate the impact of a climate hazard that
depends on the rate and magnitude, duration of exposure, the system’s susceptibility, and
adaptive capacity (Clark W et al., 2000). Accordingly, studies have attempted to develop a
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FIGURE 1

Relationship between exposure, susceptibility, and adaptive capacity in formulating vulnerability.

framework for vulnerability assessment that considers vulnerability
as a function of Susceptibility (S), Exposure (E), and adaptive
capacity (AC).
combined to capture the vulnerability of a climate hazard
(UNECCC, 2016).
considered a function of an urban area’s susceptibility (S) to heat

These four components are assessed and

In this paper context, vulnerability is

exposure and its coping capacity (CC) to account for short-term
effects from heat exposure, and the adaptive capacity (AC) to adapt
with heat exposure on the long-term, where vulnerability is
calculated using Equation 1 as follows:

1

(1)

V represents vulnerability, S is the susceptibility, CC is coping
capacity, AC is the adaptative capacity, and n is the number of
indicators used. This notion of vulnerability is consistent with the
Third National Climate Assessment of vulnerability: “Vulnerability
is a function of the character, magnitude, and rate of climate
variations to which a system is exposed, its sensitivity and
adaptive capacity” (Groffman et al, 2014). In the urban context,
vulnerability is denoted as context-specific, determined by the urban
system’s physical characteristics, and by an individual’s behavior to
adapt to heat exposure. Based on this definition, vulnerability is an
endogenous characteristic of the urban systems and is determined by
its adaptive capacity and susceptibility. The relationship between
exposure, susceptibility, and adaptive capacity that determine
vulnerability is illustrated in Figure 1.

Hazard represents the potential occurrence of natural or
human-induced climate events or impacts that may cause
damage to the system, loss of life, loss of property, infrastructure,
or limit the provision of essential services (Intergovernmental Panel
on Climate Change (IPCC), 2013). This paper considers heatwave
events as the climate-related hazard affecting the urban system.
represents the presence of wurban population,
infrastructure, economic activities, or physical assets in settings

Exposure

that heat exposure can adversely affect (Sharma et al., 2016).
Susceptibility depicts two main components: a) the urban
system’s physical ability to withstand exposure and related
impacts, including access to adaptation means that can influence
an individual’s ability to cope with heat exposure, and b)
physiological and socioeconomic characteristics of the urban
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population that increase individuals’ risk under heat exposure
(Kuras et al.,, 2017). Susceptibility represents the urban system’s
specific properties that need to be considered during the
development of adaptation strategies.

Adaptive capacity and coping capacity generally include both
long-term and short-term capacity to cope and adapt to heat
exposure. Coping capacity is defined as “the ability of people,
organizations, and systems, using available skills and resources to
face and manage adverse conditions emergencies or disasters which
can contribute to the reduction of disaster risks.” (UNISDR, 2009).
On the other hand, adaptive capacity is “the ability of a system to
adjust to climate change to moderate potential damages, to take
advantage of opportunities or to cope with the consequences.”
(Intergovernmental Panel on Climate Change (IPCC), 2013). In
this sense, an urban area’s adaptive capacity is determined by the
ability to adjust to heat exposure in the long term. In contrast, coping
capacity is represented by the available urban services (at the
building scale or the urban scale) that enable populations to
manage and overcome extreme conditions in the short-term
range. This implies that after heat exposure brings changes to the
urban system in the form of susceptibility, it will try to adjust to such
changes to reduce potential damage using available resources
represented as the adaptive capacity. Adaptive capacity is similar
to susceptibility as it is a characteristic feature of the urban system.
For instance, availability of heat-relief amenities, health services, and
availability of open space depict the urban system’s adaptive
capacity.

Studies on heat vulnerability assessment have relied significantly
on large-scale quantitative information that does not fully capture
the complexity of urban conditions or vulnerable populations
(Brown and Walker, 2008). For example, a study by Romero
et al. (Romero-lankao et al., 2012) has identified 13 factors in the
relationship between urban vulnerability and temperature exposure.
The study included human factors such as population density, age,
income level, race, education, medical condition, social support, heat
acclimatization, adaptation-related parameters such as access to
cooling amenities and air conditioning units, and exposure
magnitude represented as temperature level. However, there has
been limited research on the empirical relationship between urban
population susceptibility, heat exposure, and the effects of the
surrounding physical environment (Arbuthnott et al, 2016).
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Thus, this paper examines SD’s applicability in examining the
dynamic relationship between heat exposure, urban population,
and the built environment. The purpose is to understand the key
drivers behind increased or decreased vulnerability in a given urban
setting and how these drivers can play a role in identifying suitable
adaptation strategies. The proposed approach is an exploratory
concept to assess how SD can be integrated into heat
vulnerability assessment to allow for parallel examination of
various complex parameters.

This paper reviews components of heat vulnerability and their
indicators in an urban setting and how they can be implemented in a
system dynamics modeling approach to examine heat vulnerability
in an urban setting. The first section will describe the main
indicators for susceptibility, coping, and adaptive capacity to
develop a system dynamics model to estimate heat vulnerability
in an urban setting. The second section discusses the proposed
system dynamic model’s applicability in examining heat
vulnerability in urban areas through an applied case study in
Cairo, Egypt. The objective is to identify the main factors critical
in assessing heat vulnerability in urban settings in the short and

long term.

2 Components of heat vulnerability

The temperature conditions under which heat stress can become
risky to human health vary depending on the climate, the physical
built environment, and population groups. Therefore, defining heat
vulnerability would need to capture different conditions and
dynamic relationships between climatic conditions, population,
and physical urban space to develop and implement effective
heat management strategies (Loughnan et al., 2010). This section
outlines indicators of susceptibility, exposure, and adaptive capacity
under extreme heat exposure in the urban context that is critical for
heat vulnerability assessment.

2.1 Exposure

Environmental conditions that pose threats to human health can
occur both at the building level, indoors, and at the urban scale,
outdoors (McGregor and Vanos, 2018). Numerous indices have
been developed in the literature to assess heat stress for outdoor
environmental factors and the human body (Havenith and Fiala,
2016). One of the most utilized indices is the universal Thermal
Climate Index (UTCI). UTCI is a bioclimatic index that describes
heat stress conditions exposed to the human body by accounting for
a combination of meteorological factors, physiological parameters,
and clothing requirements (Jendritzky et al., 2012). A study by
Pappernberger et al. (Di Napoli et al., 2019) found that UTCI has
proven helpful in forecasting and detecting potential heat stress up
to 10 days in advance. UTCI is divided into ten classes ranging from
extreme heat stress to extreme cold stress (Young, 2021). This paper
considers UTCI as an indicator of outdoor heat exposure. We
consider the number of consecutive hours spent outdoors where
UTCI is above the comfort range (>32°C) as an indicator of outdoor
exposure that can limit an individual’s ability to perform outdoor
activities or go outside when indoor conditions exceed thermal
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comfort levels. We chose a threshold of 32°C based on a study by
Pantavou et al. (Pantavou et al., 2018) that examined the range of
thermal indices across warm climates and found that a range
between 32°C-45°C is the range of UTCI that represents strong
heat stress.

Various heat stress indices have been developed for indoor heat
exposure to assess heat stress and thermal comfort. Sen and Nag
(Sen and Nag, 2019) have evaluated the majority of heat stress
indices developed throughout the literature to identify which indices
are most suitable to assess indoor conditions for potential health
risks. The study outlines that rational indices such as Standard
Effective Temperature (SET) and Esk (Evaporation Through skin)
are useful indicators for heat stress as they account for
SET has
developed as a metric to identify livable temperatures in

environmental and behavioral factors. also been
buildings in case of power loss or limited access to the air-
conditioning system (Wilson, 2006). This paper considers SET as
an indicator of heat exposure indoors. Given its prominent use as a
heat threshold as part of passive survivability assessment in
buildings, we consider hours where SET above 30°C an indicator
of heat exposure indoors as part of heat vulnerability assessment.
The threshold of 30°C
uncomfortable conditions where the human body temperature

is considered as the threshold of

starts to fluctuate between 36.5-36.6 causing sweating (Auliciems
and Szokolay, 2014).

2.2 Susceptibility

To identify factors that contribute to the high susceptibility of an
urban environment to heat, we consider a set of indicators of
susceptibility that can be divided into three classes: 1) individual
factors, 2) health factors, and 3) socioeconomic factors that would
limit an individual’s ability to cope with heat exposure.

2.2.1 Individual factors

The literature on the individual factors linked to heat
vulnerability identified numerous factors strongly linked to
increased heat risk. These factors specify characteristics of
individuals such as age, gender, race, and social isolation

(Minson et al., 1998; Schladera et al., 2017; Engelland et al., 2020).

A) Age: Around 84 studies covering the period between 1970 and
2008 have consistently reported increased heat-related mortality
with age during extreme heat events (Bark, 1998; Stafoggia et al.,
2006). For example, during the 2003 European heatwave, heat-
related mortality increased by 40%-100% in adults older than
65, compared to 20%-30% in middle-aged adults between
35 and 64 years (Fouillet et al., 2006; Robine et al., 2008).
Children under 5years have also been found to be more
vulnerable to heat exposure, mainly due to their cognitive
and immune immaturity compared to adults (American
Public Health Association (APHA), 2016). In this sense, we
have considered age as one of the primary indicators of human
susceptibility to heat exposure, especially for populations older
than 65 or younger than 5. We present age susceptibility as a
normalized range between 0 and 1, where 0 indicates not
susceptible, and one refers to being susceptible based on age.
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B)

®)

Genders: The literature on the relationship between heat
vulnerability and mortality has consistently shown that
elderly populations are at higher risk than their younger
counterparts (Gover, 1938; Minson et al., 1998; Schlader
et al, 2015; Engelland et al, 2020). Around 84 studies
covering the period between 1970 and 2008 have consistently
reported increased heat-related mortality with age during
extreme heat events (Bark, 1998; Stafoggia et al, 2006).
Recent studies have shown that age plays a significant role in
human susceptibility to heat exposure (Mayrhuber et al., 2018;
Haines and Ebi, 2019; Watts et al.,, 2019). Early evidence was
confirmed during the 2003 European heatwave with a toll of
around 70,000 heat-related deaths. In France, heat-related
mortality increased by 40%-100% in adults older than 65,
compared to 20%-30% in middle-aged adults between 35 and
64 years (Fouillet et al., 2006; Robine et al., 2008). Research by
Kenny et al. (Kenny et al., 2010; Kenny et al., 2017) has identified
that increased heat vulnerability with aging is mainly explained
by body thermoregulation impairment and failure to maintain
stable blood pressure under extreme heat exposure. There are
also findings of increased death rates and dehydration risks
among infants during extreme heat exposure (Tourneux et al.,
2009; WHO, 2011). This is linked to their immature
thermoregulation capacity, small blood volume, and body
mass. Children under 5 years have also been more vulnerable
to heat exposure, mainly due to their cognitive and immune-
system immaturity compared to adults (American Public Health
Association (APHA), 2016). In this sense, we have considered
age one of the primary indicators for human susceptibility to
heat exposure, especially for populations older than 65 or
younger than 5 years. We represented age susceptibility as a
normalized range between 0 and 1, where 0 indicates not
susceptible, and one refers to being susceptible based on age.

Race: Ethnic identity and race are often linked to increased heat-
related vulnerability and morbidity (Ebi, 2004; Gosling et al.,
2009; Ye et al,, 2012; Zanobetti et al., 2013). For instance, a study
conducted in New York City found that a population of color
has an increased heat vulnerability (Klein Rosenthal et al., 2014).
During the Chicago heatwave in 1995, Klinenberg (Klinenberg,
2003) reported that most heat-related deaths were from people
of color. Another study has examined the Asian population and
has found a relatively lower heat vulnerability (Basu et al., 2012).
On the contrary, other studies have not found a relationship
between ethnicity and heat vulnerability (Anderson and Bell,
2009). Other related factors in driving the relationship between
ethnicity and heat vulnerability, such as community racial
composition and neighborhood social structure represented
in community groups or individual residents leading social
and climatic efforts at the neighbourhood level, are reported
in other studies as factors associated with heat-related (Uejio
etal., 2011). Several studies in the United States found that racial
differences in heat exposure tolerance were attributable to distal
characteristics related to income level, poor nutrition, or limited
physical health (Taylor, 2006; Yardley et al., 2011; Hansen et al.,
2013). Other related parameters are also associated with the
surrounding built environment, such as poor building thermal
performance, sparse vegetation, or limited access to air
conditioning units (Harlan et al, 2006; Ruiz et al, 2013).
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identified a
relationship between ethnicity and increased heat-related

Although numerous studies have strong
vulnerability, race should be considered a proxy for cultural
isolation. For example, ethnicity can drive reluctance to
commute to a cooling community center due to a lack of
standard social norms or cultural background similarities
(Schwartz, 2005; Sampson et al., 2013). Therefore, we
consider race as a factor for heat vulnerability assessment for
available social community structure, where race without
surrounding social structure is represented as one for
susceptible and race with support from surrounding social
systems as 0, indicating not susceptible.

Social isolation: In several heat vulnerability studies, social
isolation was linked to increased health effects during
heatwaves (Klinenberg, 2003). Literature has reported that
individuals living alone, single, unmarried, or widowed were
at higher risk of extreme temperature exposure (Fouillet et al.,
2006; Hansen et al., 2011; Bouchama et al., 2012; Mayrhuber
et al,, 2018). Klinenberg (Klinenberg, 2003) has also reported
increased death among residents living alone during the
2005 Chicago heat. Social isolation is also linked to increased
heat vulnerability due to the direct effect on cognitive, physical,
or mental impairment. Therefore, we consider social isolation as
a factor in increased susceptibility, where any family size less
than two residents indicate isolation and thus is represented by
one for susceptible.

2.2.2 Health factors

Several studies have identified an association between specific

health characteristics and increased heat risk (Basu, 2009; Gosling
et al.,, 2009; Oudin Astrom et al., 2011; Turner et al., 2012; Ye et al.,
2012; Kravchenko et al.,, 2013; Yardley et al., 2013). Health factors
related to increased susceptibility to heat exposure include medical

condition, physical disability, drug or alcohol abuse, and mental

health. Thus, we consider any pre-existing health condition, drug or

alcohol abuse, and mental health as one to reflect being susceptible

to heat exposure.

A)

B)

Medical condition: Studies have found that cardiovascular
diabetes,
contributed to the increased risk from heat exposure
(Bouchama et al, 2012; Nitschke et al., 2013; Tran et al,
2013; Zanobetti et al., 2013; Zhang et al., 2013). Other studies
have confirmed the relationship between pre-existing conditions

problems, and respiratory disorders have

and hospital visits during extreme heat events (Foroni et al.,
2007; Pillai et al., 2014). Therefore, we consider pre-existing
medical conditions as one of the primary human susceptibility
to heat exposure (Gronlund, 2014).

Physical disability: Multiple inequalities increase climate change
vulnerability in populations with disabilities (Gaskin et al.,
2017). Research findings have shown that people with
disabilities
extreme temperatures (Field et al., 2012). These people are

experience greater pain and fatigue during

more vulnerable due to their limited access to adaptation and
mitigation responses, reducing their resilience to extreme heat.
Several studies have also identified sensory and physical
impairment as contributing factors to increasing vulnerability
to heat exposure (Baker, 2002; Maltais et al., 2004). Finally,

frontiersin.org


https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://doi.org/10.3389/fbuil.2023.1025480

Bayomi and Fernandez

that increased

vulnerability in population with sensory impairments or

limited evidence was found associates
intellectual disability; however, these populations are still
considered susceptible compared to healthy individuals in the
sense of not comprehending the surrounding risks or acting to
adapt (Gosling et al., 2009; Lazrus et al.,, 2012; Christensen,
2013).

C) Drug or alcohol abuse: Studies have found a relationship
between heat exposure risk and alcohol consumption [(Trang
et al., 2016)]. The increased use of alcohol was found to affect
thermoregulation under high temperatures and, consequently,
increase heat vulnerability. In addition, recent studies have
shown increased use of alcohol consumption and drug abuse
during heatwave events, driving higher susceptibility for people
with alcoholism or drug abuse history (Hansen et al., 2008;
Cusack et al., 2011).

D) Mental health: Exposure to high temperatures may affect the
body’s thermoregulation threshold due to acute reactions such
as stress hormone release due to excessive exposure (Simister
and Cooper, 2005). A recent study (Xu et al., 2020) reported a

and heat

vulnerability, specifically for people suffering from mental

strong relationship between mental health
diseases such as stress, depression, anxiety, dementia, and
schizophrenia. Additionally, people with poor mental health
are generally less able to take adaptive or protective measures
under high temperatures (Lee et al., 2018). Also, evidence from
other studies (Hansen et al., 2008; Nitschke et al., 2013) showed
that sensory perception of heat is strongly affected by mental
conditions, thereby increasing heat vulnerability (Martin-Latry
et al.,, 2007; Nordon et al., 2009; Hajat et al., 2010; Hansen et al.,
2011; Martinez et al., 2020).

2.2.3 Socioeconomic factors

Studies on heat risk assessment in the United States have found
poverty and income level are related to heat-associated risks at the
neighborhood level (Vescovi et al., 2005; Bell et al., 2008; Henderson
et al., 2013). Individual affordability primarily drives the association
between income level and heat vulnerability to pay for high
electricity bills due to increased use of AC or transportation cost
to go to a cooling shelter (Sheridan, 2007; Hansen et al., 2011;
Banwell et al., 2012; Sampson et al., 2013). Other related risk drivers
can be associated with limited individual access to adequate
healthcare during a heatwave event, which is strongly tied to
income level (Bouchama et al., 2012). Previous studies have
found a relationship between hospital visits during heatwaves
and lack of access to private health insurance, increasing
vulnerability to heat exposure (Zhang et al., 2013).

During the Chicago heatwave in 1995, access to a community
support system was found to be one of the significant drivers of heat
adaptation and reduced heat-related morbidity (Klinenberg, 2003).
Community support is critical in promoting coping and adaptation
actions such as cooling behaviors, communicating concerns during
heatwaves, or supporting socially isolated populations. Studies in the
United States (O’Neill et al., 2005) and Europe (Michelozzi et al.,
2005; Borrell et al., 2006) found a relationship between heat-related
morbidity and education level. Like race and ethnicity, education
attainment is relatively linked to other heat-related vulnerability
drivers such as income level and occupation. High-educated
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populations are more likely to understand the types of protective
measures needed under extreme heat exposure. Therefore, we
that the related to heat
susceptibility to healthcare

socioeconomic factors
level,
(represented as access to health insurance), community support
(represented as the available

consider

include income access

communication resources on
heatwaves risks, and community support for socially isolated
populations), and educational level (represented by completing
high school degree).

2.3 Coping capacity

Coping capacity denotes the population’s ability to cope,
manage and adapt to heat risk in the short term. In the urban
context, coping capacity can be represented by urban and
building-scale resources contributing to an individual’s ability
to cope with heat exposure and overcome potential risks. Heat
vulnerability studies have identified that commuting to cooler
places, such as cooling shelters during high-temperature
exposure, can act as a cooling resource, especially during
heatwaves (Bouchama et al.,, 2012; Sampson et al., 2013). In
this paper, we consider access to cooling shelters within walking
distance of 500 m as an indicator of the population’s coping
capacity at the urban level. Heatwaves significantly threaten the
reliability and stability of power supply systems in cities.
Increased temperature directly affects electricity demand with
the increased use of air conditioners to cope with indoor
overheating, leading to generation disruption and blackouts at
high costs for human health and economies (Prezant et al., 2005;
Gotanda et al., 2015). During heat exposure, vulnerable adults
who rely on the power supply are even more challenged beyond
just access to air conditioning units. The elderly population is
more vulnerable to blackouts, especially those who use power for
medical needs or those with limited mobility (Behr and Diaz,
2013; Gamble et al., 2013). Air conditioning and ventilation play
a significant role in providing comfortable environmental
conditions under heat exposure; thus, we focus on access to
mechanical cooling means, the number of hours where natural
ventilation can be utilized, and access to backup power during
blackouts as indicators of urban population coping capacity at
the building level. Access to backup power can help maintain
access to mechanical cooling means such as fans or air
conditioning units and limit the risks related to medical
support for vulnerable elderly residents.

2.4 Adaptive capacity

Understanding existing access to resources to cope with heat

exposure is vital in heat vulnerability assessment and

identification of heat adaptation strategies. Studies on heat
vulnerability in the United States reported that health services
and travel distance’s geographical location play a significant role
in increased heat-related morbidity (Anggraini et al., 2019). In an
urban context, vegetation can help reduce heat-related risks by
providing shading and reducing

temperature  through

evapotranspiration. Also, green spaces can help people adapt to
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Classification of thermal comfort indices based on

SIMULATION DEVICE FOR INTEGRAL
MEASUREMENT
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SINGLE-SENSOR (SINGLE-PARAMETER)
INDEX

(Air Temperature (Ta), Devpoint Temperature, Physical
saturation deficit, saturation deficit, Wet Bulb
Temperature (Twh)

ALGEBRAIC OR STATISTICAL MODE
(Apparent temperature, discomfort index, humidex
WBGT, WBDT, Relative Humidity Dry Temperature
(RHOT)

PROXY THERMAL STRAIN INDEX

(Cold Strain Index. Physiological Heat Exposure Limit
(PHED. Physiological Index of Strain (PSD, Skin
Temperature (SKT)

effects of heat acclimatization (PEHA), Weather Stress
Index (WS, Weather Climate Contrasts (WCC))

SPECIAL PURPOSE INDEX
(Adaptation Strain Index (ASD, Acclimatization Thermal
Strain Index (ATSD, Draught Risk Index (DRD, Predicted

PROXY THERMAL STRESS INDEX
(Corrected Effective Temperature (CET), Fffective
Temperature (ET), Thermal Sensation Index (TSND),
Wind Effect Index (WED)

ENERGY BALANCE STRAIN INDEX

(Heat Stress Index, Predicted Heat Strain (PHS),
Reference Index (RD, Relative Heat Strain (RHS),
Thermal Discomfort (DISC), Thermal Strain Index
(TSI), Required sweat rate (Req SR, Thermal Work
Limit TWL)

ENERGY BALANCE STRESS INDEX
(Apparent Temperature (AT), Heat Index (HD, Clothing
Insulation (Ic), Heat Stress Index (HSl,), Outdoor
Apparent Temperature (OAT), Outdoor Thermal
Environment Index (OTED, Perceived Temperature
(PT), Predicted Mean Vote (PMV), Predicted Mean
Vote outdoor (PMV"), Predicted percentage
dissatisfied (PPD), Total Thermal Stress (TTS),
Thermal insulation of Clothing (TIC5), Universal
Thermal Climate Index (UTCD, Thermal Sensation
(TSGIV), Standard Effective Temperature (EST),
Standard Operative Temperature (To), Standard
Effective Temperature outdoor (SET*))
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assessment in buildings

INDICGES BASED ON THE GALCULATION OF
THE HEAT BALANGE OF THE HUMAN BODY-
INTEGRATES:

Physiological parameters: Skin Wetness, Mean Skin
Temperature

Behavioral Parameters: Metabolic rate, clothing insulation
Thermal environment parameters: Dry Bulb air
temperature, mean radiant temperature, relative humidity,
vind spegd.

INDICES BASED ON PHYSIOLOGICAL
STRAIN

based on multiple regression equations which correlates
between wide range of environmental conditions
(Effective Temperature, Corrected Effective Temperature,
The Equatorial Comfort Index. Index of Physiological
ffect, Predicted Four-Hour Sweat Rate, The Thermal
Strain Index)

INDICES BASED ON MEASUREMENT OF
PHYSICAL PARAMETERS

derived from direct measurements of physical parameters
describing the thermal environmental that are generally
related though linear regression analysis. (Equivalent
temperature, the Globe Thermometer Temperature,
Operative Temperature).

COMFORT MODEL-BASED INDICES
Percentage indices (Percentage of time
outside the PMV range)

b

di

INDIGES APPLICABLE ONLY TO
SUMMER

Per ge indices (Percentage of

ive indices (PPD weig!
Risk Indices (Dverheating Risk) - introduced by
Nicol et al. [15] which deives from statistical
analysis of the measured data and sensation
surveys collected in free-running buildings during
the SCATs Project [16].
Averaging indices (Aveiage Predicted
Percentage of Dissatisfaction (PPD))

CATEGORY-DEPENDENT INDICES
Percentage indices Percentage of time
outside the PMV range)

Cumulative indices (PPD weighted Criterion)
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Different Heat stress indices and their classification (developed by the author based on (Brake and Bates, 2002; Blazejczyk et al., 2012; Auliciems and
Szokolay, 2014; Urban and Kysely, 2014; Holmes et al., 2016; Sen and Nag, 2019)

extreme heat due to their ability to reduce the surrounding
temperature and provide access to drinking fountains (Onder
and Akay, 2014; Maragno et al., 2020). We consider proximity to a
healthcare service, open spaces, cooling shelters, and parks within
walking distance of 12 miles (1.6 km) as three key indicators for
adaptive capacity.

2.5 Heat indices

Various heat stress indices have been developed to assess heat stress
and thermal comfort. These indices guide both building design and
operation to provide comfort. Auliciems and Szokolay (Auliciems and
Szokolay, 2014) reviewed and evaluated 11 heat indices commonly used
to assess heat stress. Over the past few decades, various indices have been
developed based on environmental factors; others are based on
environmental and human factors (Brake and Bates, 2002). A review
by Bethea and Parsons (Bethea and Parsons, 2002) has grouped thermal
comfort indices into three main categories: 1) rational indices (heat
balance), 2) empirical indices (physiological), and 3) direct indices
(environmental). Figure 2 summarizes indices included in this study
and other studies examined in the literature review to assess heat stress in
indoor environments.

Frontiers in Built Environment

3 Dynamics of heat vulnerability: A
system dynamics approach

The dynamic relationship between exposure components in the
built environment and associated vulnerability has received only
modest attention in the existing literature (Hallegatte and Corfee-
Morlot, 2011; Slobodan and Simonovi¢, 2012; Dilling et al., 2015).
The relationship between heat vulnerability and urban development
manifests feedback relationships between heat exposure, available
urban resources for adaptation, social system characteristics, and the
surrounding built environment. We use system dynamics as a
modeling approach to examine and outline the structure of these
governing relationships. System dynamics (SD) is an operative
approach utilized mainly to reveal relationships of complex
systems for their non-linearity, time delay, and structure (Bala
et al.,, 2018). SD describes both quantitive and qualitative causal
relationships between the system’s variables. These relationships can
either be positive when variables proportionally change or negative
when they change inversely (Slobodan and Simonovi¢, 2012).

The evaluation of urban community vulnerability to heat is a
multidimensional dynamic problem. Thus, the model presented in
this paper examines this problem by capturing the environmental,
social, and behavioral dimensions subject to vulnerability induced
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Causal loop diagram between heat exposure, susceptibility, and adaptive capacity in heat vulnerability assessment.

by heat exposure. Furthermore, the model expands the feedback
system between exposure, susceptibility, coping capacity, adaptive
capacity, and associated vulnerability within the neighborhood as
the system’s boundary. The purpose of the developed model is to: a)
extend the field of system dynamic analysis to explore urban and
building performance and heat vulnerability by examining the
interactions between the physical urban system and the human
system in response to heat exposure, and b) demonstrate the
structural relationship between heat exposure sub-components
and their influences on different factors of susceptibility in
driving or reducing vulnerability within the urban boundary.

The core foundation of the proposed model’s mechanism in
capturing the relationship between heat vulnerability, exposure, and
adaptive capacity is presented through a causal loop diagram shown
in Figure 3. The causal loop diagram’s left side indicates the impact
of global climate variability on increased heat exposure. The right
part represents impacts on the urban system vulnerability defined in
susceptibility and adaptive capacity. Thus, the upper right part of the
diagram represents the urban response to heat exposure (urban
performance) as the ability of an urban system to adapt to extreme
heat through the provision of health services, heat-relief amenities,
and quality of housing stock. The lower right side depicts the human
system response to heat exposure as a function of population
characteristics that drive susceptibility. Urban performance also
affects susceptibility, as poor infrastructure and an old building
stock can increase susceptibility. In contrast, susceptibility can be
reduced by improving the urban adaptive capacity through
improving urban performance. This

dynamic relationship

Frontiers in Built Environment

between susceptibility and adaptive capacity governs the
vulnerability level. Risk arises from the potential impact of future

climate hazards, which is a future heatwave in this context.

3.1 Model structure

The model expands the feedback system between exposure,
susceptibility, adaptive capacity, and associated vulnerability
within the neighborhood as the system’s boundary. For example,
as heat exposure increases, pre-existing health conditions can
exacerbate due to heat stress, leading to increased susceptibility
in a reinforcing pattering. This relationship is balanced by providing
cooling options represented by the adaptive capacity. The model
development is comprised of three main phases.

o Structuring phase: aims to identify main variables and their

sub-components. The objective is to understand the

vulnerability of who and caused by what;

Scenario analysis: the purpose of scenario analysis is first to
examine the validity of the hypothesized feedback loops and to
identify any critical factors shaping the development of the
model;
o System perspective: offers a representation of the system
dynamic behavior and feedback mechanisms exhibited in
The
addresses simulation outputs and outlines feedback loops

the scenario analysis. system perspective phase

driving the results to clarify knowledge and understanding
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TABLE 1 System variables and their indicators.

10.3389/fbuil.2023.1025480

Variable Indicator

Exposure Indoor exposure No. of consecutive hours where SET is above 30°C
Outdoor Exposure No. of consecutive hours where UTCI is above 32°C
Susceptibility Building Susceptibility Limited access to mechanical cooling/backup power

Urban Susceptibility
distance

Availability of Cooling shelters/Open spaces/parks and measured by proximity to these amenities within 500 m of walking

Human Susceptibility
Community Support
Coping Capacity Building Coping Capacity
Adaptive Capacity = Cooling shelters

Outdoor cooling potential

Health service

Medical Condition—Access to Health Insurance—Drug or alcohol Abuse- Age- Income level —Social Isolation- Access to

Availability of active cooling/availability of backup power
Cooling shelter available within a walking distance of 200 m
Hours where the outdoor air temperature is cooler than the indoor temperature

Health amenities available from a distance of 1 km

Potential Impact

Increase in outdoor exposure under future climate scenario

of the system and outline policies that will improve system

behavior.
The proposed model consists of various vulnerability
dimensions aggregated under exposure, susceptibility, coping
capacity, and adaptive capacity. Each component is divided into
subcomponents based on the specificity of vulnerability assessment
in urban contexts. The multidimensionality of heat vulnerability is
quantified using sets of indicators as proxies combined into a
composite index reflecting the overall vulnerability score. Table 1
outlines the main components of vulnerability and related sub-
components used as inputs for the heat vulnerability model.

The model’s structure is based on integrating two types of data
sets as model inputs: 1) primary data from households to construct
susceptibility and associated sub-components, and 2) hourly
simulation for indoor and outdoor climatic conditions using
energy simulation models. By using energy simulation models,
we account for the impacts of the physical characteristics of the
surrounding urban environment that can either increase or lessen
the magnitude of potential heat exposure and refrain the depending
only on climate models that do not account for exposure at the
micro-scale. Vulnerability assessment revolves around four primary
dimensions, namely, Exposure (E), Susceptibility (S), Coping
Capacity (CC), and Adaptive Capacity (AC).
dynamically interconnected and system-specific as follows:

These are

Vulnerability = F(Exposure; Susceptibility; Coping Capacity;
Adaptive capacity).

The relationship between all four vulnerability components is
governed by the local characteristics represented in the urban system
(surrounding built environment and urban population) at the
neighborhood level. The details of each element and its direct
and indirect relationship to overall vulnerability are outlined in
Table 2.

Heat exposure is considered in the model as a function of indoor
and outdoor exposure that occurs when people go outside for a
cooling outlet if it gets too warm inside. In assessing exposure, we
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Increase in indoor heat exposure under future climate scenario

consider the number of consecutive hours based on findings in the
literature on how prolonged exposure can drive heat-related health
impacts using SET for indoor exposure and UTCI for outdoor
exposure, discussed in Section 2 in this paper (Pyrgou et al,
2017; Kenny et al, 2019a). Susceptibility comprises three main
components: a) building susceptibility, b) urban susceptibility,
and ¢) human susceptibility. The mathematical foundation of the
model’s key components is described in depth in the Supplementary
materials. Figure 4 describes the cause-effect relationship and the
system structure between the various elements of heat vulnerability
and related sub-components. The dynamic hypothesis is that when
exposure increase, increases in both urban susceptibility and human
susceptibility will contribute to an increase in vulnerability. These
effects can only be balanced by improving coping capacity (either
reducing exposure to changes in the physical urban space or
increasing access to behavioral adaptation measures) at the
building scale and the urban scale. The mathematical formulation
of the model is explained in depth in the Supplementary material
section 3 and Supplementary Table A-S2.

The proposed SD model will provide a unique advantage in
assessing vulnerability by extending the model boundary to address
any additional questions or problems. The model is based on the
following assumptions:

1. For simplicity, access to backup power has no restrictions;

2. The relevant time horizon is the warmest week in the summer;
3. Changes in coping and adaptive capacity are immediate, with
no impact from policy delay or availability of funding resources.

3.2 Case study: Al darb alahmar
neighborhood

A multi-family building in a low-income neighborhood in Cairo,
Egypt, is examined in the SD model described above. We chose a
low-income neighborhood in Cairo, Egypt, called AlDarb Al Ahmar.
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TABLE 2 Description of major and sub-components of heat vulnerability Assessment model.

Category Proxy variable

Proxy for

10.3389/fbuil.2023.1025480

Functional relationship

Exposure/Urban
Susceptibility

Building Level Indoor exposure

(SET > 30 C)

Renovation Date

Construction Date

Construction Materials

Window-to-wall Ratio

Orientation

Housing Type (Attached/

Detached)

Urban Level Outdoor Exposure

(UTCI > 32 C)
Vegetation coverage
Human

Susceptibility Age

Building Thermal Performance

Heat Gain from Envelope

Potential for outdoor heat stress
exposure

Potential for outdoor heat relief

Physiological capacity

No. of consecutive hours > 30C + indoor heat exposure

Recent Renovation date - indoor heat exposure - Building
Susceptibility

Old Construction - Building Quality + Building susceptibility

Poor construction material—Building Insulation
Performance

Window-to-wall Ratio + Heat Gain indoors + Building
exposure

Building area in alignment to the sun + Heat Gain indoors +
Building exposure

Attached Housing + Heat Gain indoors + Building
susceptibility

No. of consecutive hours > 32C + Exposure increases + Urban
Susceptibility

Vegetation coverage- Urban Susceptibility

Age + Susceptibility

Susceptibility
Gender

Response to heat exposure

Females are more susceptible to heatstroke than males

Social Isolation

Medical Condition

Drug/Alcohol Abuse

Mental Health

Income Level

Access to Healthcare

Access to Community
Support

Education Level

Hours for Natural
Ventilation

Coping Capacity

Access to Back up Power

Access to mechanical
cooling

Adaptive Capacity Proximity to Cooling
Shelter

Proximity to Park- Open
Space

Proximity to Hospital

Short-term response to heat

Long-term response to heat

Social isolation + Susceptibility

Medical Condition + Susceptibility

Drug/Alcohol Abuse + Susceptibility

Mental Health + Susceptibility

Low income + Susceptibility

Access to Healthcare—Susceptibility

Access to Community Support- Social Isolation -
Susceptibility

Low Education Level + Susceptibility

Hours for Natural Ventilation + Building Coping Capacity
exposure

Access to Back up Power + Building Coping Capacity

Access to AC/mechanical Cooling + Building Coping
Capacity

Proximity to Cooling Shelter + Urban Adaptive Capacity
exposure

Proximity to Park + Urban Adaptive Capacity

Proximity to Hospital + Urban Adaptive Capacity

The italics values are the sub components of each main parameter of the SD model.

The area has three archetypes: i) historical buildings from the 1700s,
ii) buildings from the late 20th century and iii) buildings from the
period between 2010 and 2014. The total studied area is 2.8 acres,
and specifically selected for its unique architectural character,
diversity of building types, and economic challenges. Living
standards are primarily considered low-income, where air
conditioning units are not common and rarely installed. Ceiling
fans and portable fans are the most common apparatus used for

Frontiers in Built Environment

ventilation. Historical buildings represent around 72% of the
existing building stock in Al Darb AlAhmar. Therefore, we
choose a multi-family historical building of three floors as a
representative model of the building stock in the study area.
Characteristics of building envelopes in archetype were identified
from an on-site survey by Aga Khan (Aga Khan Foundation, 2013)
and Attia’s database for Egypt’s construction materials (Attia and
Wanas, 2012) and summarized in Table 3. The floor area of the
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FIGURE 4
Structure of heat vulnerability SD model.

TABLE 3 Construction material characteristics for historical archetypes in Al
Darb AlAhmar.

Building type Historical

Number of floors 2F 3F 4F
Average Built-up area 150 m*

WWR 15%-20%

Glazing U-Value 6.25

Wall U-Value (W/m? K) 0.5 0.5 0.6
Internal Heat Capacity 75 73 72
External Heat Capacity 62 60 59
Roof U-Value (W/m2 K) 1.39

Solar Heat Gain Coefficient (SHGC) 0.5

residence examined in the study has an average area of 80 m’ a
rectangular floor plan with an orientation north-west, and the
window-to-wall ratio is 18%.

Onset Hobo data loggers were installed in the developed
archetypes from July 6th to July 12th and August 8th to August
15th. Indoor temperature and relative humidity readings are used
to analyze indoor climatic conditions and validate simulation
The loggers
was +0.21°C from 0°C to 50°C, Relative Humidity accuracy:

results. accuracy of the temperature used
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+2% from 20% to 80% typical to a maximum of +4.5%; below
20% and above 80% + 6% typical). All loggers were placed in the
zones with sufficient air movement and away from internal heat
sources and solar radiation (Figure 5). The outdoor air
temperature was collected from the nearest weather station,
located 4.9 km the Outdoor
temperature readings indicated high temperatures from July 7th

away from analysis area.
until 12 July 2018. Indoor wind speed samples were measured in
20 representative buildings without ceiling fans, indicating a low
indoor air movement with an average indoor wind speed across the
20 samples of 0.2 m/s and between ~0.2-0.5m/s at the urban
canyon level. Samples were taken at 8 p.m. to examine if natural
ventilation would impact indoor cooling potentials.

Two simulations were executed for the representative case study:
hourly simulation for SET for the warmest summer week in Cairo,
Egypt (from August 15th to August 22nd) and UTCI using Energy
Plus simulation Engine with respect to the surrounding urban block
within a diameter of 500 m. The outputs of the simulations were
then implemented as exposure indicators in the SD model.

To define how the occupants react to heat exposure, we
developed a survey for 300 residents to understand types of heat
adaption behaviors, both indoor (using ceiling fans, opening
windows, or using window blinds) and outdoor (going to a
nearby park, sitting in front of the house, or sitting on top of the
roof) derived from site observations. The survey also included
demographic information (age, sex), socioeconomic (average
monthly income), and years living in AlDarb Al Ahmar
neighbourhood (Table 4). The included

survey average
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Left, An example floor plan for a representative archetype and location of the Hobo data logger, Right, hourly operative temperature simulation for

the warmest summer week (19" to 25" of August).

TABLE 4 Summary of the survey subjects of residential occupants in the study
area.
Sample size 300

Gender (% of the sample)

Male (132)-44%
Female (168)-56%
Mean Age 48
Minimum age-Maximum age (21-93)
Average years living in the neighborhood 15 years

Minimum year lived—Maximum year lived 2 years—60 years

Average Family size 3-6 people
Average monthly income 50$/month
Minimum income-Maximum income 5$-150$

The bold values are average value for these three parameters.

occupancy rates, type of equipment, and occupancy and ventilation
schedule. All this information was implemented in the SD model to
define the availability of cooling means and identify how hours spent
indoors and outdoors during the warmest summer week. Results
from the survey are described in Section 4 of the Supplementary
materials.

The site survey indicated an average occupancy density of
three-six persons per apartment. Therefore, we considered that
the average occupancy density per apartment is three people per
apartment for the test case. We have also identified that 20% of the
survey are between 60 and 80 years old, with 42% living alone,
reflecting the presence of social isolation. We have also accounted
for blackout hours using the assumption of the presence of backup
power (represented by a backup power generator) with no constraints
to provide mechanical cooling.

4 Results

Figure 6 illustrates the simulated indoor air temperature and
recorded air measurements. Data from buildings’ surveys and
questionnaires were used to calibrate the simulation model with
actual conditions. The simulation’s mean square root error

Frontiers in Built Environment

11

decreased substantially after adding the 300 sample site survey
data. The survey was tailored to address information such as
occupancy times and the number of equipment owned. All these
data we arranged by archetype and added to the simulation model.
The simulation output for the representative building shows that in
highly-dense urban areas with no air conditioning access, the indoor
heat exposure represented around 90% of the day was above the
thermal comfort range (SET> 30°C). Also, the daily indoor
maximum temperature is generally more than 30°C, which is
large enough to drive potential health impacts, specifically for
highly susceptible populations such as elderly residents and infants.

SD model simulations were performed using a daily time
step. All SET and UTCI simulation inputs were integrated into
the model as inputs for 7 days of simulations representing the
climatic conditions of the warmest summer week. The heat
4
implemented in the Vensim software package, allowing for

vulnerability model presented in Figure above s

easy modification in the system structure and simulations of
different
susceptibility was collected as part of the 300-site survey data.

scenarios. In addition, information on human
Here we used the data for a representative family of three
members (female 55 years old, female 75 years old, and male
62 years old) and were used as inputs to SD simulations. To
validate the model’s performance, we test the model formulation
under two scenarios: i) extreme scenario where there is no access
to coping and adaptation resources, and ii) adaptation scenario
that encompasses full access to adaptation amenities, cooling
shelters and parks, and complete availability of backup power
and ventilation at the building level. Figure 7 compares the results
between the two examined scenarios. It can be noted that under
the extreme scenario, vulnerability is at the maximum value of
1.0, while under the full adaptation scenario, vulnerability
approaches 0, validating the hypotheses of the model dynamic
relationships.

Next, we test the model under the extreme vulnerability
all
vulnerability equal to one to imply an extreme condition of
high susceptibility. The extreme vulnerability scenario shows

scenario, assuming factors contributing to social

that although indoor and outdoor exposure is not high
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throughout the day, vulnerability is high due to a lack of access to
coping and adaptation measures and socioeconomic factors. These
results imply that even under moderate exposure, a population can
still be considered vulnerable due to other related socioeconomic
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factors such as age, disability, low income, medical condition, and
living in an urban setting that is highly susceptible. This is mainly
due to a lack of coping and adaptation services such as cooling
spaces, access to a power supply, and proximity to health services,
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Extreme Vulnerability Scenario

Results for the extreme vulnerability scenario and indoor and outdoor exposure (no. of consecutive hours where exposure is above comfort

threshold) from the simulation model.

which can drive their vulnerability to heat exposure. These results
confirm other findings in the literature during the 2003 European
heatwave (Fouillet et al., 2006) and during the Chicago heatwave in
1995 (Semenza et al., 1996a; Semenza et al., 1996b) on how
socioeconomic conditions can significantly influence population
vulnerability. Figure 8 illustrates the model output for the warmest
summer week in the examined archetype and values for
susceptibility, coping capacity, adaptive capacity, and associated
vulnerability.

Next, we ran simulations for the coping capacity (cc) scenario
to examine the effect of improved coping mechanisms at the
building scale. Here, we introduce access to backup power for
three consecutive hours daily as a measure of coping capacity,
assuming an extreme blackout scenario. In the summertime for
the past 5 years, Cairo has been experiencing a series of blackouts
that can last up to five consecutive hours during the daytime from
increased demand for air conditioning. Figure 9 graphically
visualizes the coping capacity results in the reference scenario
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(extreme vulnerability) and coping capacity scenario (access to
backup power). As expected, the examined scenario shows lower
values the
characteristics. Also, improvement in the urban susceptibility
profile as a result of reduced susceptibility at the building scale.
The total susceptibility is considered relatively close due to

for vulnerability under same socioeconomic

impacts from socioeconomic factors of the population. Results
from the CC scenario underline that during heat exposure, the
magnitude of vulnerability can vary significantly from one
household, which can substantially affect policy planning
through understanding which area to prioritize and what
sectors of the population.

For the Adaptive Capacity and Coping Capacity (AC/CC)
scenario, we introduce backup power access at the building scale
and access to a nearby cooling shelter to examin effect on both
building and urban block level. We also change access to community
groups in human susceptibility to examine how eliminating social
isolation can influence vulnerability. Results show a significant
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Results of Coping Capacity Scenario (CC) compared to reference scenario (Extreme vulnerability).

reduction in vulnerability compared to the other two scenarios, as
illustrated in Figure 10. Also, we model the potential impact as an
increase in indoor and outdoor exposure by 30% to assess risk levels.
As a result, there is a reduction in the overall susceptibility (urban
and human) and significant improvement in both adaptive and
coping capacity. Finally, these results indicate how integrating the
social aspect of policy design would influence vulnerability, such as
improving social network structures to assist the socially isolated
population.

This is because the population can be considered vulnerable to
heat exposure, but with access to coping and adaptation measures,
risk can be significantly mitigated. This ties back to the dynamic
hypotheses of coping and adaptative capacity and reducing
vulnerability and risk levels. For example, suppose a population
is considered highly vulnerable, but the potential impact on future
heat exposure is relatively lower. In that case, risk levels will not be as
high as vulnerability, as shown in Figure 10 below. Therefore, we
calculated risk here as an increase in the magnitude of vulnerability
due to a potential impact from heat exposure (R = potential impact *
vulnerability). We assume the potential impact of future extreme
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heat events as a value of 50% to examine the potential increase in
vulnerability and related risk.

These that the
environment’s physical characteristics play a significant role in

results indicate surrounding  built
driving exposure magnitude and the potential impact that defines
risk levels. These relationships are often not fully explored in heat
vulnerability assessment. Most of the focus is oriented to the
socioeconomic characteristics alone or large urban scale risk
assessment that does not fully capture these micro dynamics
occurring at the building scale and surrounding urban amenities.
Results from the proposed SD model confirm the underlying
hypothesis that vulnerability and risk from heat exposure are
dynamically linked to the coping and adaptive capacity of the
surrounding built environment with the urban population’s
socioeconomic characteristics. Using the SD approach allows
the parallel examination between the performance of the built
environment that socioeconomic-based vulnerability studies
cannot examine with the characteristics of the human system
that building simulation models cannot capture. Findings from
the model indicate that exposure occurring at both the building
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TABLE 5 Sensitivity of Vulnerability for Age, Income, and Gender at the extreme vulnerability scenario.

Age

All 65 Below 65

All Females

Gender

All Males

$25/month

Income level

$300/month

Vulnerability 0.73 0.71 0.75

The bold values are average value for these three parameters.

and urban levels can significantly influence the potential risk due
to future overheating if there are no measures to improve the
coping and adaptive capacity of the human system. Also,
vulnerability assessment requires a more in-depth examination
of socioeconomic characteristics alongside surrounding urban
amenities to reduce and mitigate potential heat exposure risks.
These findings imply that a large-scale assessment would need to
be coupled with a detailed evaluation of heat exposure dynamics
at the building scale and how individuals interact with the
surrounding urban services to assess which areas need to be
prioritized in adaptation policies.
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0.72 0.98

0.60

To examine the model sensitivity to different parameters in
human susceptibility, we ran sensitivity analysis for three

independent inputs; age, income, and gender under Extreme

Vulnerability Scenario. Here, we vary the values of each

parameter in two cases. For age, we calculate the average

vulnerability for all family members of age 65 and those below

65. For income, we test for the highest income level ($300/month)
for AlDarb AlAhmar and the lowest income range ($25/month).
Finally, for gender, we test two cases: i) all family members are

females, and ii) all are males. Results from the sensitivity analysis are

summarized in table 5 below. From the sensitivity analysis, we found
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that changes in gender and age did not significantly impact the
model; however, income level has impacted the average vulnerability
due to its effect on coping capacity through affordability of
mechanical cooling means.

5 Conclusion

The urban population’s socioeconomic factors are still vital in
heat vulnerability assessment; however, they need to be coupled with
information on the built environment’s impacts. Such data can
provide a more comprehensive evaluation of highly exposed areas,
highly vulnerable areas, or areas at risk. Besides, social susceptibility
indices can provide a sense of which sectors of the population to
assist and prioritize during extreme heat events. This paper uses SD
modeling to develop a quantification approach for heat vulnerability
assessment in urban settings. The main contribution of this paper is
to develop an approach that allows for parallel examination of the
effect of both the human system and the built environment system
on heat vulnerability. Furthermore, incorporating building and
urban characteristics of the areas that accommodate susceptible
populations will help facilitate and underline the most suitable
adaptation strategies and preparedness for future heatwaves, as
highlighted in the case study, through improving access to urban
adaptive capacity and reducing social isolation.

Previous studies on heat vulnerability assessment established a
framework that explored heat risk association with UHI (Tomlinson
et al, 2011; Ramamurthy et al,, 2017) and health risks from indoor
overheating and mapping heat vulnerability populations using
socioeconomic characteristics (Maller and Strengers, 2011; Pyrgou
et al, 2017). However, the most recent findings from the literature
report a limited knowledge of the effects of heat exposure on vulnerable
populations (Lancet, 2015; Kenny et al., 2019b). This study provides an
approach to examine different parameters that play a role in increased or
decreased vulnerability, taking into account the characteristics of the
surrounding built environment, urban population, and resources
available for coping and adaptation. The hypothesis behind the
proposed model is that the dynamic relationship between
susceptibility and adaptive capacity governs the vulnerability level for
a given urban population. Using SD allows for parallel examination of
the effect of both parameters on vulnerability under various exposure
scenarios, as shown through the paper. The main limitation of the model
is the effect of different components of human susceptibility such as race,
social isolation, and access to community support. Yet, a better
understanding of the magnititude of these factors on overall
vulnerability will improve such analysis using SD.

Other studies that explored the us of SD modelling in examining
climate change risks focused on exsmining effects for different
policies without the quantification of potential increased or
decrased in heat-related risks. For example, Dare (Dare, 2021)
developed a system dynamics modeelling approach to assist in
the development of heat island mitigation policies qualitively
a deeper
reduction. The approach proposed in this paper outline a

without quantification of heat-related mortality
quantitive approach on how SD can be implemented to examine
heat risks. The main limitation with the model is the simplification
of the social dimension of the urban residents charachteristics.
Future research may address this gap by feeding the model with
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actual large scale data to validate the effect of different
socioeconomic parameters on heat vulnerability.

The proposed analysis of heat vulnerability in low-income urban
communities reveals the relative importance of the dynamic
relationship of the urban population’s interaction with the
surrounding built environment in heat risk management.
Furthermore, the possibility of enhancing social-urban resilience
to heat exposure and improving urban capacity is vital when
considering heat adaptation strategies. The study results in the
following issues to assess heat exposure impacts and adaptation
mechanisms of low-income urban communities.

1) Strategies to address coping capacity impacts: The SD model
suggest that building physical
significantly beget exposure and causes an increase in

results characteristics

vulnerability levels. Therefore, building retrofit can
significantly mitigate the impacts of heat exposure at the
building level. In addition to building retrofit measures,
improving coping capacity such as access to a backup power
supply in the case of blackouts and access to clean water for
hydration will enhance the individual’s ability to cope with heat

exposure, especially in low-income urban areas.

Thus, several strategies can be implemented to improve coping
capacity by altering the thermal performance of the building. In
situations of prolonged and extreme heat exposure, buildings’
thermal capacity to regulate heat plays a significant role in
preventing or reducing potential risks to human health. One of
the strategies to reduce heat gain from the building envelope level is
vertical greening and green roofs. For example, findings in the
literature show that green roofs generated indoor cooling 0.5°C to
2.0°C and contributed to a reduction in annual energy consumption
(de Munck et al., 2018). Also, there are less invasive strategies like
using white roofs in buildings with limited access to AC that can
reduce indoor air temperature on the top floor by 1°C-2°C during
extreme heatwaves.

Also, cool fagade materials can contribute to indoor heat
prevention and are considered among the straightforward
measures to mitigate heat exposure impacts. It has been found
that cool facade materials can reduce the indoor operative
temperature by 0.5°C-1.6°C and external surface temperature by
more than 6°C (Morini et al.,, 2016). Active cooling strategies can
also be used for heat adaptation intervention at the building scale,
such as mechanical free cooling, mechanical cooling, and direct
cooling. Earth tube is one of the free cooling strategies that draw air
through earth tubes buried in the ground, thus providing the
potential to provide cooler air into indoor spaces.

2) Improved urban services to strengthen adaptive capacity: The
physical specification of the surrounding urban space act as a
catalyst and can make communities more vulnerable to heat
exposure, as was denoted in the extreme vulnerability scenario
presented in the case study. Therefore, there is a need for
strategies to address susceptibility created by low urban services.

Numerous strategies can target improving the population’s

capacity against heat exposure. These strategies aim to improve
occupants’ awareness of coping with heat exposure, such as heat-

frontiersin.org


https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://doi.org/10.3389/fbuil.2023.1025480

Bayomi and Fernandez

related social programs (cooling shelters and assistance programs
to subsidize electricity bills for low-income populations) and social
networks at the neighborhood level. These strategies primarily
target reducing human vulnerability against heat exposure through
three main pathways and can be categorized into three types as
follows:

A) First, strategies to improve access to heat adaptation
amenitie: These strategies aim to increase access to heat
adaptation resources at both the building level, such as
access to AC at the building level through energy subsidies
in collaboration with local energy programs and at the urban
level by increasing access to public cooling shelters through
information campaigns to raise awareness about locations of
nearest cooling centers.

B) Second, strategies to decrease poverty-related vulnerability:
These strategies aim to decrease socioeconomic inequalities, the
number of households below the poverty line, and increase
employment rates in low-income communities. They also aim
to improve urban services for low-income communities, such as
public transportation, to reduce residential segregation and thus
promote job stability.

C) Third, strategies to decrease social isolation: Vulnerability due
to social isolation is tackled by strengthening community social
networks such as active monitoring programs that aim to
improve social relationship networks or neighborhood-based
programs to visit and communicate and visit most vulnerable
populations (elderly, elderly living alone, elderly with medical
history) during extreme heat events.

Finally, access to resources for adaptation governs potential
health outcomes during extreme weather events. In this context,
social capital plays a crucial role in residents’ survival during
extreme weather events and can positively accelerate the recovery
process and long-term adaptation plans. Numerous approaches to
improve social capital, such as community currency to encourage
involvement and strengthen trust between community members
and time banking programs, have been proven effective in building
social ties. Also, improving the community’s collective role through
engagement in planning and supporting existing social structure can
either be individuals or community groups that actively lead efforts
in adaptation strategies at the neighborhood level.
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