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mitigation strategies to protect those most at risk from the impacts of heatwaves. The presence of
vulnerable groups in buildings with varying thermal conditions can result in different outcomes
during extreme heat events, making it crucial to evaluate the thermal resilience of buildings in
conjunction with social vulnerability. This research advances the understanding of thermal
vulnerability by integrating building thermal characteristics with social vulnerability. While
previous studies have predominantly focused on socio-ethnic and economic dimensions of
vulnerability, this study specifically investigates the relationship between social vulnerability and
thermal resilience, with a focus on building thermal parameters. Datasets from Zillow and Res-
Stock are used to capture the thermal properties of buildings, while social vulnerability data is
obtained from the Center for Disease Control and Prevention. A Gaussian Naive Bayes (GNB)
model is applied to enhance building envelope attributes from Zillow, leveraging detailed in-
formation from ResStock data. Additionally, a Kolmogorov-Smirnov (KS) test is conducted to
analyze diverse thermal attributes, such as age of buildings, room size, number of stories, building
area, envelope characteristics, systems, infiltration, across differing levels of social vulnerability
(high and low). Specifically, Philadelphia is selected as the analysis focus. The analysis reveals
significant associations between thermal resilience and social vulnerability. Groups with higher
social vulnerability are more likely to be exposed to elevated levels of thermal vulnerability
compared to less vulnerable groups. This highlights the necessity for tailored interventions aimed
at promoting the development of more resilient and equitable buildings, capable of reducing the
impacts of heatwaves on vulnerable communities.

1. Introduction

Climate change is significantly amplifying global exposure to extreme heat. Between 2000-2004 and 2017-2021, heat-related
fatalities among individuals over the age of 65 increased by approximately 85 % [1,2]. According to World Health Organization,
about 125 million people experienced heatwaves globally between 2000 and 2016 [3], with the 2003 European heatwave alone
resulting in over 70,000 excess deaths [4]. The frequency of annual heatwaves has steadily risen, from an average of two per year
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globally in the 1960s to six in the 2010s and 2020s; with each heatwave now lasting an average of four days, approximately one day
longer than those in the 1960s [5]. Vulnerable groups, including the elderly, individual with preexisting health conditions, socio-
economically disadvantaged populations, and historically underrepresented minorities, are disproportionately affected by the adverse
effects of heatwaves [6-8]. Current global warming trends project further rise in the frequency, intensity, and duration of heatwaves,
placing an even larger proportion of the population at risk [9], thus underscoring the critical importance of enhancing thermal
resilience. The health impacts of these heat events are severe, with heightened health risks directly proportional to the intensity of
heatwave [10]. Furthermore, historical data reveal a consistent pattern of increased morbidity and mortality rates during the heat-
waves, particularly among the most vulnerable populations [11], exposing the inadequacy of existing buildings in protecting com-
munities from heat-related illness and exacerbating the crisis.

Social Vulnerability refers to the susceptibility of individuals or communities to adverse effects, whether from natural hazards,
human-caused disasters, or disease outbreaks, shaped by a complex interplay of physical, social, economic, and environmental factors
[12-14]. Recent studies conducted in England and Brazil have highlighted the disproportionate effects of extreme heatwaves on
vulnerable groups, particularly the elderly and socioeconomically disadvantaged [7,8]. Households characterized by lower socio-
economic status, minority communities, or those with younger residents may experience the impact of heatwaves in unique and more
severe ways [15]. Therefore, resource allocations should consider social vulnerabilities to ensure service disruptions during extreme
heatwaves do not disproportionately burden already vulnerable populations [16]. These vulnerabilities are often deeply embedded
within socioeconomic structures, which can outweigh geographic or physical exposure to climate-related hazards such as heatwaves
[17]. For example, two neighboring communities may exhibit vastly different vulnerability profiles depending on their socio-economic
dynamics, even when exposed to the same extreme heatwaves or other weather events. Research suggests that regions with high social
vulnerability frequently demonstrate lower resilience, as seen in areas of the U.S. West where vulnerability is pronounced, and the
Southeast where resilience is reduced [18]. This underscores the critical need to address the intersection of social vulnerability and
resilience, as socially vulnerable communities are often less equipped to withstand and recover from the impacts of extreme heat,
further exacerbating inequalities in health and well-being.

Resilience is the capacity of a system, community, or individual to anticipate, adapt to, and recover from disruptions or changing
conditions while maintaining essential functions and undergoing positive transformation in the face of long-term stresses, challenges,
and uncertainties [19-24]. The infrastructure supporting resilience must be robust and adaptable, fostering economic growth and
innovation [25]. As essential services are disrupted, the ability of communities to cope during crises tend to decrease in a nonlinear
fashion, highlighting the critical need for resilient systems [26]. With the intense heatwaves, enhancing thermal resilience in buildings
and community infrastructures has become increasingly urgent. This is essential not only to protect populations but also to prevent
some cities from approaching uninhabitable conditions [27,28]. Thermally resilient buildings play a key role in mitigating the strain
on essential urban systems throughout all phases—before, during, and after heatwaves. Furthermore, buildings significantly influence
vulnerability to extreme heat events [29]. Improved building resilience can alleviate some of the adverse impacts of heatwaves,
safeguarding both human health and broader urban systems [30]. Central to the challenge of thermal resilience is the concept of
thermal equity, which addresses the inequitable distribution of heat-related risks across different populations within urban areas [31].
Thermal equity policies aim to mitigate the unequal exposure to extreme heat, particularly in neighborhoods where socio-demographic
factors such as race and income are linked to heightened vulnerability [32]. By addressing both resilience and equity, cities can work to
reduce disparities in heat exposure and protect the most affected communities from the growing threats posed by climate change.

The importance of building features in enhancing thermal resilience has been well acknowledged in previous studies. In Phoenix,
AZ, for instance, the role of building design has been linked to varied perceptions of heat levels, ranging from minor inconvenience to
catastrophic threats. This highlights the potential influence of building design on residents heat related experiences [33]. However,
while the Nature’s cooling systems project identified adaptation challenges at the neighborhood level in Phoenix, it did not examine
the specific building attributes that might mitigate or exacerbate these challenges [34]. Similarly, in Accra and Tamale, Ghana, where
poor infrastructure exacerbated health vulnerabilities from urban heat, the role of specific building feature was not addressed [35].
The thermally resilient communities collaborative framework, tested in Tempe and Buffalo, emphasized the need for localized thermal
management solutions [36]. Building with passive features, such as adequate insulation have shown to enhance thermal performance
while improving their ability to manage heat stress [37]. In the UK, monitoring energy-efficient homes during the 2015 heatwave
highlighted the significance of building features and ventilation’s role in determining indoor thermal conditions [38]. A study in
Australia also emphasized the value of heat-resistant buildings for boosting resilience and health, particularly those that prioritize
passive design features over active measures such as air conditioning [39]. Micro-level studies further reinforce the importance of
specific building features in enhancing resilience [40]. In Spain, a large proportion of residential buildings were found to lack adequate
thermal protection, indicating need for updated building standards and codes to address future heatwaves challenges [41]. Research in
passive building design in Argentina pointed to the necessity of updated overheating metrics that account for factors such as solar
radiation [42]. In low-income housing in Argentina, a disconnect between building design and climate conditions weakened thermal
resilience [43]. "Double density" housing in Montreal showcased the benefits of energy-efficient homes in fostering resilience [44],
while a study in Poland demonstrated the potential of raw-earth technologies to provide sustainable thermal resilience [45].
Conversely, heritage buildings in Seville struggled to maintain thermal comfort using only passive strategies, underscoring the need for
enhanced building system to ensure resilience [46]. These findings collectively emphasize the critical role of building attributes in
shaping thermal resilience and highlight the need for targeted solutions that address both passive and active building strategies across
diverse geographic contexts.

In the context of extreme heatwaves, socially vulnerable communities require targeted policies to ensure their protection and
resilience [33]. Proactive measures that strengthen energy systems and promote the adaptation of sustainable technologies are critical
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for improving resilience and mitigating the impacts of extreme events such as heatwaves [47]. Comprehensive assessments can aid
policymakers in establishing equitable energy and thermal resilience guidelines across diverse communities [48,49]. Numerous studies
have employed index based approaches such as the social vulnerability and the community resilience index [18,50]. However, there
exists a significant gap in integrating general building information (building area and type) with thermal features (insulation and
infiltration). This integration is essential for accurately assessing thermal vulnerability across different levels of social vulnerability.
Therefore, addressing these gaps is crucial for developing comprehensive strategies that incorporate both building-specific charac-
teristics and social factors, thereby enhancing resilience against escalating threat of heatwaves.

The incorporation of thermal features into vulnerability indices marks a significant advancement in understanding and addressing
the resilience. While existing indices, such as the social vulnerability and the community resilience index, provide valuable insights
into societal vulnerabilities, they often fall short in comprehensively accounting for the thermal characteristics of buildings and their
impact on vulnerability. This study aims to bridge this gap by integrating building features with social vulnerability index to deepen
our understanding of thermal vulnerability. By examining aspects of building characteristics such as the building envelope, age,
insulation, and air infiltration, this research seeks to explore thermal resilience across communities with differing levels of social
vulnerability. A detailed analysis is conducted to investigate how building thermal characteristics interact with their thermal
vulnerability, which helps future studies on heatwaves by enriching social vulnerability indices. Ultimately, the goal is to elucidate the
interplay between social and thermal vulnerabilities, thereby guiding the development of more equitable and resilient building
policies.

2. Method

This study employes a methodological framework depicted in Fig. 1, comprising several key stages. Initially, data is collected from
various platforms, including Zillow [51], ResStock [52], and the CDC [12]. Zillow provides refined geolocation data at the individual
building level, along with information on the building’s year, area, number of stories, number of rooms, exterior finish, and basic
building systems. ResStock offers detailed information on building prototype to specific cities, encompassing a comprehensive in-
ventory of building stocks. This includes vintage information, area, insulation characteristics, window types, infiltration rates, heating
systems. The integration of Zillow and Restock datasets are particularly advantageous for acquiring insulation data. Naive Bayes model
(GNB) was employed for obtaining insulation data. After the enrichment of Zillow data, we aggregated household level data to match
vulnerability level defined based on the CDC data. The CDC contributes valuable indices related to socioeconomic status, household
features, racial and ethnic minority status, and housing and transportation metrics at a scale of census level. While the CDC’s housing
type and transportation index includes data on multi-unit structures, mobile homes, and homes without vehicles, it lacks specific
thermal properties such as building age, number of stories, area, envelope characteristics, and building systems. Therefore, integrating
data from Zillow and ResStock enhances our understanding of building features, allowing for a more thorough assessment of thermal
vulnerability across vulnerable groups.

2.1. Data collection

In this research, multiple data sources were utilized, as summarized in Table 1. Building features were collected from Zillow and
Department of Energy ResStock database, while social vulnerability data was sourced from the Centers for Disease Control and Pre-
vention (CDC).

The Social Vulnerability Index (SVI) from the CDC provides thematic insights capturing key factors socioeconomic status,
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Fig. 1. Methodological framework employed in the study.
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Table 1

Data sources and selected parameters utilized in the study.
Data Source Parameters References
Zillow Building Features such as year, area, stories, room [51]
Centers for Disease Control and Prevention (CDC) Social Vulnerability Index [12]
DoE ResStock Building Stock Characterization [52]

household composition, racial and ethnic minority status, and housing and transportation, along with one overall vulnerability index
(RPL_Themes). In this study, the SVI overall theme index as used to classify census tracts into four vulnerability clusters-low, moderate,
medium high, and high. For instance, a high-vulnerability cluster comprises percentile rankings ranging from 0.75 to 1.0, and a low-
vulnerable groups from <0.250. The classification for the overall vulnerability index is shown in Table 2.

The CDC obtained Social Vulnerability Index (SVI) data include RPL_Themes information at the census tract level. Using these
percentile ranks, building features re-clustered according to the SVI vulnerability clusters. For simplification, all buildings within each
census tract were assumed to share the same vulnerability level, classifying them into four distinct groups: low, moderate, medium
high, and high vulnerability. After linking the building features with social vulnerability data, comparative analysis was performed to
assess the significance of thermal features, such as building envelope, between low and high vulnerability groups. This process pro-
vided insights into the disparities in building characteristics across different levels of social vulnerability, particularly in relation to
thermal resilience.

2.2. Selection of thermal resilience-related building characteristics

In the evaluation of building characteristics, the primary focus was to identify key features that significantly influence the thermal
behavior of buildings, particularly in terms of resilience to heat stress. These features were chosen based on their direct impact on how
buildings respond to external thermal loads, and their relevance to thermal vulnerability among different social vulnerability groups.
The selected parameters are summarized in Table 3. By analyzing these characteristics collectively, this study aims to assess the extent
of thermal vulnerabilities between high and low vulnerable groups, providing insights into building performance under heatwaves.

2.3. Parameter enrichment

The ResStock provides detailed building prototype characteristics tailored to specific cities, that includes characteristics such as
building year, area, and insulation wall types, whereas the Zillow dataset lacks this detailed information on insulation wall types. To
bridge this gap, a Gaussian Naive Bayes (GNB) classifier is developed to establish a probabilistic relationship between known building
characteristics and insulation wall types based on ResStock’s dataset. Known as a computationally efficient approach, the GNB yields
distributions of possible wall types for each building rather than a single wall type and quantitatively indicates model confidence on
predictions, which is crucial for decision-making in thermal vulnerability assessment. The GNB is trained using 80 % of the ResStock
data and tested using the remaining 20 % ResStock data. Moreover, the grid search is systematically included to find the optimal
combination of hyperparameters that maximize the GNB’s performance. Model performance is assessed through accuracy, precision,
and F1-score, as summarized in Table 4. The GNB is further applied to the Zillow dataset to infer possible distributions of insulation
wall types for individual buildings. In Section 3.1, uncertainty analysis is introduced to discuss predictive uncertainty associated with
GNB on Zillow data. Fig. 2 demonstrates the overall workflow of GNB in enriching missing features in Zillow data by leveraging more
detailed ResStock data. Two input features are selected to infer the insulation wall types from the trained GNB, respectively building
year and building area. Building year is selected as one critical indicator of insulation wall types since construction materials and
building standards evolve over time. The building year are clustered based on the ResStock classification: <1940, 1940-59, 1960-79,
1980-99, 2000-09, and 2010s [60]. Similarly, building area often serves as a proxy for building types, each with different insulation
materials due to variations in energy requirements and structural considerations. This enables a robust characterization of building
envelope insulation at a finer spatial resolution.

As shown in Table 4, the performance of the GNB classifier is evaluated using four performance metrics: accuracy, precision, recall
and the F1-score. The evaluation was conducted on both training (80 % of ResStock data) and testing (20 % of ResStock data) datasets.
The GNB achieves an accuracy of 80.9 % on the training data and 80.0 % on the testing data, indicating consistent performance across
both datasets. Besides, the GNB exhibits high precision with 88.1 % on the training dataset and 88.2 % on the testing set, suggesting a
low occurrence of false positive predictions. The recall values are 80.9 % for the training set and 80.0 % for the testing set. Results

Table 2
Overall tract percentile SVI rankings obtained from the CDC data.
Social Vulnerability RPL_Themes (Percentile Ranking)
Low <0.250
Moderate 0.26-0.50
Medium High 0.51-0.75
High 0.75-1.0
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Table 3
Selected building characteristics related to thermal resilience.
Parameters Description References
Building age The age of a building generally determines envelope properties and the condition of the internal building ~ [53]
system.
Area, Story numbers, and Room The building’s footprint, volume, vertical extent, and internal layout influence its general thermal [54]
numbers performance.
Building envelope The building envelope regulates heat exchange with the external environment, affecting thermal [55,56]
efficiency.
Building system Building systems maintain internal temperature and reduce thermal vulnerabilities [57]
Surface-to-Volume (S/V) ratio The ratio of building’s surface area to its internal volume, a crucial factor in heat transfer. [58,59]
Table 4
Performance metrics on the GNB classifier based on ResStock data.
Performance Math formula Training Testing Explanation
metric dataset dataset
Accuracy TP + TN 80.9 % 80.0 % The ratio of correctly classified instances to total instances.
TP + TN + FP + FN
Precision TP 88.1 % 88.2 % The ratio of correctly predicted instances to the total predicted positive
TP + FP instances.
Recall TP 80.9 % 80.0 % The ratio of correctly predicted instances to the total actually positive
TP +FN instances.
F1-score 2*TP 81.4 % 80.7 % The harmonic mean of precision and recall
2*TP + FP + FN

Note that the classified insulation walls used for evaluation have the highest probability in a range of possible outcomes, TP and TN are the true
positive and negative predictions. FP and FN are false positive and false negative values. The training dataset is 80 % of ResStock data and the testing
dataset is 20 % of ResStock data.
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Fig. 2. Physics enrichment of the Zillow dataset.

indicate that the GNB classifier capture most of the true instance of the insulation wall types. The F1-score values for the GNB are 81.4
% and 80.7 %, respectively on the training and testing datasets. Consequently, the GNB performs well in predicting insulation wall
types from building year and area, indicating its reliability and predictive capability when applying to Zillow data.

2.4. KS statistical tests

The Kolmogorov-Smirnov test (KS- test) is used to determine whether two samples differ significantly in their distribution shapes by
comparing their cumulative distribution functions. It calculates the maximum vertical distance between their cumulative distribution
functions. A p-value below 0.05 indicates strong evidence against the null hypothesis, suggesting that the samples likely originate from
different distributions. Since the building features data from Zillow and Restock do not follow a normal distribution, the KS test is the
most suitable statistical test for this analysis. Its non-parametric nature allows it to assess distributional differences without assuming
any underlying distribution, making it an ideal choice for comparing the building features across the datasets. This approach ensures a
robust statistical evaluation of how closely the distributions of building features align.

3. Case study

Philadelphia was selected as the case study due to its SVI index of 1, highest within the State of Pennsylvania (PA) [12].
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Additionally, data visualization for Philadelphia’s vulnerability index reveals that in high-vulnerability groups, socioeconomic, racial,
and housing indexes surpass the overall social vulnerability index. Conversely, in low-vulnerability groups, most indexes, except for
the household characteristic index fall below the overall theme index as depicted in Fig. 3. This stark contrast in housing and ethnic
characteristics between the high and low-vulnerable groups suggests the need for a deeper r investigation into resilience through the
lens of housing characteristics and social vulnerability, particularly from a thermal perspective. This study examines 363 census tracts
in Philadelphia, of which 258 tracts are classified as high-vulnerable and 40 tracts as low-vulnerable, and remaining tracts fall into the
middle vulnerable based on the SVI index sourced from the CDC. In addition, data obtained from Zillow, encompasses approximately
400446 households, and ResStock which provided 2766 homes representing different vantage years, geometry, infiltration charac-
teristics. The overall SVI (RPL_Themes) was used to categorize census tracts into high, low-medium, medium-high, and low groups.
Each census tract was assigned to one of these categories based on the predominant theme of its index score. For instance, if a census
tract had SVI of 0.78, all households within that tract was categorized as belonging to a high-vulnerable group.

3.1. Data analysis summary

3.1.1. Building age

Fig. 4 represent the probability density of number of residential buildings constructed in Philadelphia per year between high and
low-vulnerable groups. Analysis of Zillow data indicates that a significant proportion of homes associated with high-vulnerability
groups were built before 1960, while a greater number of homes constructed 1980 are part of the low-vulnerability groups. While
this observation doesn’t directly establish a causal link between social vulnerability and building resilience, it highlight the potential
risk: high-vulnerability groups may be more exposed to heatwaves due to their higher likelihood of residing in older homes, which are
often higher infiltration, and less efficient. This aligns with Aksoezen et al.’s [53] study, which identified a correlation between
building age and energy performance in Basel, Switzerland. In Philadelphia, the high-vulnerability group is particularly susceptible to
thermal risks, as many of their homes were built before 1940, suggesting potential deficiencies in insulation and building envelope
performance. The KS test, which yielded a statistic of 0.27 with a P-value less than 0.05, further confirms a significant difference in the
distribution of building ages high and low vulnerable groups. This emphasizes the importance of addressing the thermal vulnerabilities
of older housing stock in socially vulnerable communities.

3.1.2. Stories, room numbers, and areas

The area of building, number of stories, and number of rooms in a building offer insight into both the social status and social
vulnerability of its residents. From a thermal vulnerability perspective, these characteristics significantly influence a building’s
thermal mass and inertia, which play key roles in its ability to buffer and moderate temperature changes caused by external weather
conditions. Buildings with more stories typically exhibit improved thermal inertia due to a lower surface area to volume ratio, which
helps to retain and distribute heat more effectively. Additionally, a higher number of rooms allow for precise thermal zoning, where
interior wall partitions further enhance thermal regulation and resilience against outdoor temperature fluctuations. Larger building
areas also provide opportunities for optimal layout and orientation, making it easier to avoid solar heat gains and optimize ventilation,
ultimately improving the thermal resilience of buildings. As depicted in Fig. 5 (a), the KS result of 0.356 with a P-value less than 0.05
suggests a statistically significance differences in the number of rooms between high and low-vulnerable groups. Additionally, the
analysis suggests that homes in low-vulnerable groups are generally larger compared to the high-vulnerable groups.

The data reveals a distinct disparity in building characteristics between low-vulnerable and high-vulnerable groups, particularly in
the number of rooms. As depicted in Fig. 5(b), low vulnerable groups tend to occupy homes with more rooms compared to high-
vulnerable counterparts. A KS test of 0.148 and a P value of <0.05 further corroborates this significant difference in room
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Fig. 3. Distribution of RPL_Themes for various vulnerability groups.
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numbers, which is crucial in understanding the relationship between social and thermal vulnerabilities. In addition, home size (area),
as a key thermal parameter, was further analyzed based on common thresholds in PA. With the median home size in PA is approxi-
mately 2000 sq ft, homes were categorized into three size groups: below 2000 sq ft, between 2000 and 3000 sq ft, and above 3000 sq ft.
Fig. 5 (c) shows that homes smaller than 1500 sq ft are more prevalent among high-vulnerable groups, which align with a KS statistic of
0.166 and a P value < 0.05, indicating a significant difference. Conversely, Fig. 5(d) reveals that low vulnerable groups predominantly
occupy homes larger than 3000 sq ft, as demonstrated by a KS test score of 0.108 and a P value < 0.05.

In summary, the analysis highlights that low social-vulnerable groups typically reside in homes with more stories, rooms, and larger
areas-factors that contribute top better thermal resilience. These building features enhance thermal mass and inertia, help mitigate the
impacts of outdoor temperature fluctuations. In contrast, high-vulnerable groups, with fewer rooms and smaller home sizes are more
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susceptible to thermal stress, highlighting a significant intersection between social and thermal vulnerability.

3.1.3. Building envelope
The building envelope plays as a pivotal role in maintaining thermal performance, particularly during extreme heatwaves. Critical

properties such as thermal resistance (R-value) and capacitance influence how well a building can retain or resist heat. However, the
Zillow dataset lacks explicit information about the R value of insulation. As shown in Fig. 6, most residential buildings in Philadelphia
have brick exteriors based on Zillow dataset, but it does not include specific details about the R-value of these envelope. To bridge this
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gap, a Gaussian Naive Bayes (GNB) model was used to probabilistically estimate missing feature — specifically, the R-value for
building envelopes in the Zillow dataset. The necessary R-value information was sourced from ResStock, which includes compre-
hensive details about the building year, area, and types of insulations.

For the GNB imputation, the building year data from Zillow was categorized into six intervals to align with the vintage years
defined by ResStock. ResStock includes 13 distinct wall insulation types, providing details on the exterior envelope and insulation (e.g.,
"Brick, 12-in, 3 wythe, uninsulated" and "CMU, 6-in Hollow, uninsulated" were grouped as R-0). Insulation types with similar R-values
were consolidated, resulting in five main categories: R-0, R-7, R-11, R-15, and R-19. The GNB model was employed to probabilistically
assign an insulation type based on the building year and building area. This imputation model helps fill the gaps in the Zillow data by
integrating the probabilistic distribution from ResStock.

Fig. 7(a) illustrates the distribution of building years and insulation types from the ResStock dataset, while Fig. 7(c) depicts the
distribution of building areas and insulation types. In both figures, the bubble sizes represent the frequency of each combination.
Smaller bubbles, such as those corresponding to buildings from 1940-59 and 1980-99 with RO insulation, indicate less-common
combinations compared to the more prevalent combination of buildings constructed before 1940 with RO insulation. Additionally,
the clustering of bubbles around RO insulation and building areas under 2000 sq ft suggests a correlation between building year,
insulation type, and area. As a result, the GNB model used these features—year and area—to enhance the enrichment of the Zillow
data. After GNB enrichment, Fig. 7(b) presents the distribution of enriched wall insulation types, while Fig. 7(d) shows the distribution
of building areas, both determined by their highest probability. Fig. 8 illustrates the envelope’s R value for the year clusters derived
from GNB imputations for both high and low-vulnerable groups. Clearly, uninsulated envelope dominates the city of Philadelphia
further confirming the high social vulnerability of the region. The limited availability of information on R-15 and R-11 insulation types
during the periods of 1980-99 and 2000-09 may be contributing to the increased uncertainty observed in the enriched Zillow data.

A KS-test was performed to evaluate the statistical significance of various envelope between high and low vulnerable groups. The
results, presented in Table 5, reveal that uninsulated walls, indicate substantial deviations for uninsulated walls, with KS test statistic of
1.00 and a P value of <0.05, indicates high statistical significance. For envelope with various R-values (R-7, R-11, R-15, and R-19), the
KS test results exhibit a range of significance. The KS statistic for R-7 is 0.812, with a p-value <0.05, suggesting moderate significance,
while for R-11, the KS statistic is lower at 0.042. These results indicate that higher R-values tend to reduce the significance of the
thermal differences. For R-11, the KS Statistic is 0.042, indicating a much weaker distinction between insulated and uninsulated
versions. However, R-15 has a KS Statistic of 1.00, suggesting a high level of significance in certain cases. An uncertainty analysis has
been conducted to account for the uncertainty that may have existed in the GNB model during the imputation process.

3.1.3.1. Uncertainty analysis. Here we carry out uncertainty analysis by measuring probabilistic entropy across all predicted proba-
bilities [61], as illustrated in Eq. (1):

N
H(x)= = (p*Inp;) Eq. (1)
i=1

where H is the total entropy over the predicted probabilities for one building, p; is the predicted probability for the ith insulation wall
type, N is the total number of insulation wall types.

For a 5-class classification problem, we define threshold values of 0.78 as low entropy and 1.61 as high entropy to show a spectrum
of predictive uncertainty. In a scenario with high entropy, predicted outcomes are often uniformly distributed, exhibiting large un-
certainty and low confidence across all five classes. For example, each insulation type has an equal probability of 1/5, resulting in

Hpjgh = — 5% (%*ln é) = 1.61. In contrast, an acceptable scenario with low entropy would predict one insulation wall type with a high

probability (i.e., 80 %) and impose the remaining probability (i.e., 20 %) evenly on other four types, Hy,, = — (0.8*In 0.8) — 4%

("Tz*ln%) — 078,

Table 6 provides the probability distributed across all insulation wall types for nine buildings, where predictions with the highest
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Fig. 6. Building exterior finish based on Zillow data.
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Table 5

KS-test summary for the envelope’s R value.
Envelope R Value KS Stat P value
R-19 0.620 <0
R-15 1.000 0
R-11 0.042 <0
R-7 0.812 <0
Uninsulated 1.00 0

probability are identified as the most probable insulation wall type. Moreover, it is critical to assess potential variability in predicted
insulation walls.

Fig. 9 demonstrates the distributions of entropy values for Zillow dataset, where each instance reflects the variability in predicted
insulation types. The green and red dashed lines divide instances into three categories: low entropy to the left of the green line,
moderate entropy between the green and red lines, and high entropy to the right of the red line. Results show most buildings are

identified with low entropy, indicating high confidence and low uncertainty in model predictions, although some probabilistic pre-
dictions are found with moderate entropy.
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Table 6

Probabilistic prediction of GNBs on insulation walls for nine buildings.
Building Year Building Area R-0 R-7 R-11 R-15 R-19 Insulation walls
1960-79 1296.00 0.02 0.98 0.00 0.00 0.00 R-7
2000-09 1641.00 0.00 0.00 0.38 0.16 0.46 R-19
1940-59 2021.00 1.00 0.00 0.00 0.00 0.00 RO
<1940 1633.00 1.00 0.00 0.00 0.00 0.00 RO
1960-79 1320.00 0.02 0.98 0.00 0.00 0.00 R-7
<1940 1216.00 1.00 0.00 0.00 0.00 0.00 RO
1960-79 1000.00 0.02 0.98 0.00 0.00 0.00 R-7
1960-79 2232.00 0.09 0.91 0.00 0.00 0.00 R-7
<1940 896.00 1.00 0.00 0.00 0.00 0.00 RO
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Fig. 9. Probabilistic entropy analysis for GNB predictions over Zillow data.

3.1.4. Building system

Building system play a pivotal role in ensuring thermal comfort within buildings, significantly enhancing resilience to heatwaves. A
central HVAC system, for example, can maintain comfortable indoor temperature during heatwaves, making buildings more habitable,
especially for vulnerable populations such as the elderly or individuals with pre-existing health conditions. This emphasizes the
importance of building systems in reducing thermal vulnerability. In this study, the Zillow dataset has been analyzed to categorize
building systems, as summarized in Table 7. Currently, about 33 % of households use central systems, while 35 % rely on zonal heating
systems, and 18 % of homes have at least some form of heating/cooling systems. The disparity in system utilization is evident when
comparing high and low-vulnerable groups, as illustrated in Fig. 10. The low-vulnerable group predominately uses central heating/
cooling systems, which are more effective in maintaining consistent indoor temperature across the entire building. Conversely, the
high-vulnerable group is more likely to use zonal heating systems, which typically provide less comprehensive temperature regulation,
contributing to thermal discomfort during extreme heatwaves. The higher prevalence of zonal systems among the high-vulnerable
population highlights a potential thermal resilience gap, where the absence of centralized systems may exacerbate the impact of
heatwaves.

The analysis of heating systems in the Zillow data highlights a significant disparity in the availability of central heating between
high and low-vulnerable groups. Fig. 11 (a) demonstrate this clear difference with KS statistic of 0.502 and p value < 0.05, indicating a
statistically significant contrast. Central heating, which is more effective for whole-building temperature control, appears to be less

Table 7
Heating types and description.
Heating system Description
Central type Central, Electric, vent, forced air, forced wall
Heating Convection, heat pump, hot water, radiant, stream heating
Solar and Wood Solar, wood-burning
Zone heating Zone, baseboard, partial, space/suspended
Geo and gravity Geothermal, oil heating, propane heating, gravity heating
Others None, other, yes
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prevalent in high-vulnerability populations. For zonal heating, the distribution shows a similar trend between the groups, but with less
pronounced difference. As illustrated in Fig. 11 (b), the KS test statistic of 0.188 and a P value > 0.05 suggest that while both high and
low-vulnerable groups use zonal heating There remains a statistically insignificant distinction in the density of usage between the two
groups. In summary, both central and zonal heating types are less prevalent in high-vulnerable groups. This suggests that these
communities may lack adequate heating and cooling resources in their homes, potentially exacerbating their exposure to thermal
stress, especially during extreme weather conditions.

3.1.5. Building surface-to-volume (S/V) ratio

Numerous studies emphasize its importance in understanding and optimizing building thermal characteristics [58,59]. The
surface-to-volume (S/V) ratio plays a crucial role in assessing the thermal dynamics of buildings, serving as a key for energy efficiency
and performance. Buildings with higher surface-to-volume (S/V) ratios are more susceptible to heat gain or loss due to the increased
surface area exposed to the environment, leading to higher energy consumption for heating or cooling. As noted by numerous studies,
optimizing the S/V ratio is essential for improving a building’s thermal characteristic over resilience. To estimate the S/V ratio, we
used the building area data from Zillow, under the assumption of a uniform floor-to-floor height of 10 feet and an approximately square
shape [54]. The S/V ratio is calculated using Eq (2):

area
stories

Surface to Volume Ratio = (sqrt( ) 4 %10 + area of ﬂoor) / (area * 10) Eq (2)

Upon comparing the S/V ratios between high and low-vulnerability groups, as shown in Fig. 12, we observe that the high-
vulnerable group generally exhibit higher S/V ratios. The higher ratio indicates increased thermal vulnerability due to greater S/V
ratios. This higher ratio indicates increased thermal vulnerability due to greater surface area exposed for heat transfer, resulting in
greater energy demands for maintaining comfortable indoor temperatures. A KS test result of 0.25 and a P value of <0.05 further
supports the statistical significance of the differences in S/V ratios between high and low vulnerable groups, highlighting the impact of
building form on thermal resilience.

In summary, our analysis demonstrates that buildings associated with low social vulnerability groups typically heave fewer stories,
fewer rooms, and smaller areas. These building characteristics are critical in influencing thermal mass and inertia, both of which play a
pivotal role in moderating the impact of outdoor temperature fluctuations. Lower surface-to-volume ratios in low-vulnerability groups
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Fig. 11 (a). Probability density of central type between low and high-vulnerable groups.
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also contribute to better thermal performance, as they reduce heat exchange with the environment. On the other hand, high social
vulnerability groups, generally residing in buildings with less thermally resilient features, are more exposed to thermal stress. Factors
such as higher surface to volume rations, older building construction, and less advanced heating and cooling systems make these
buildings more susceptible to the effects of heatwaves.

4. Discussions

In this study, the KS-2 test was utilized to explore the relationship between building characteristics and the social vulnerability
index in Philadelphia. The analysis focused on thermal related building features including building age, area, number of stories,
envelope, and systems, comparing high and low vulnerability groups. The findings reveal a correlation, with high thermal vulnerable
groups often aligning with higher social vulnerability, and low thermal vulnerable groups with lower social vulnerability. This cor-
relation suggests that integrating thermal features into the SVI could lead to the development of more holistic index that better reflects
housing-related risks. Additionally, the pronounced thermal vulnerability among high-vulnerable groups emphasizes the need for
targeted strategies to address thermal inequities, particularly in older and inadequately insulated buildings.

4.1. Incorporation of thermal features into the vulnerability index

The integration of thermal features—such as building insulation, air infiltration rates, and other elements of the building enve-
lope—enhances vulnerability indices by providing a more comprehensive view of how buildings contribute to community resilience.
These features are key to maintaining indoor thermal comfort and energy efficiency during heatwaves, thereby directly influencing the
overall vulnerability of populations. Incorporating such data allows for the creation of more refined strategies aimed at mitigating
vulnerability, especially in high-risk areas. For example, communities with high social vulnerability coupled with poorly insulated
buildings can be prioritized for retrofitting programs or incentives for energy-efficient upgrades. These targeted interventions not only
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enhance the thermal resilience of buildings but also reduce the energy burdens. The interaction between social vulnerability and
building thermal performance highlights the need for policies that simultaneously address social and thermal concerns. By exploring
these intersections, policymakers can develop adaptation strategies that foster both social and thermal resilience. This approach
promotes interdisciplinary collaboration across architecture, engineering, sociology, and public health, encouraging innovating so-
lutions to climate change. Such collaborative efforts are essential to build resilient communities that are better prepared to deal with
the intensifying impacts of climate change.

4.2. Thermal equity

The City of Philadelphia has implemented several initiatives to help residents cope with extreme heat, including designated cooling
centers, mobile heat health teams, and a residential utility shutoff moratorium during heat emergencies [62]. Additionally, the city
offers the Philadelphia Neighborhood Home Preservation Loan Program, which provides loans for retrofitting homes—both for
building envelope improvements and system upgrades [63]. However, access to these retrofit loans is contingent on meeting specific
credit score requirements, which may inadvertently exclude some residents. Furthermore, the program does not necessarily prioritize
older homes, which are often in greater need of such upgrades to improve thermal resilience. The research findings from Philadelphia
highlights the importance of informed policymaking to achieve equitable thermal resilience, particularly in communities that are
disproportionately affected by extreme heat events. Equitable thermal policies are essential for minimizing disparities in thermal
vulnerability. The implementation of energy codes and standards that prioritize heatwave resilience can significantly enhance overall
thermal resilience. For instance, provision of single room shelters can ensure fair access to shelter during heatwaves, thus promoting
fair access to resources and fostering equitable community resilience. The study’s findings, which link building age on thermal
vulnerability, highlight the need for targeted retrofit programs. These initiatives can improve the thermal performance of older homes
by enhancing their insulation and reducing air infiltration. Prioritizing the retrofits of older homes in high vulnerability areas can help
mitigate the thermal stress experienced by disadvantaged populations. By focusing on thermal-centric retrofitting initiatives, com-
munities can better prepare for heatwaves, ensuring that vulnerable populations are less exposed to thermal risks. This approach not
only improves building performance but also aligns with broader goals of social equity and resilience, thereby fostering more inclusive
and effective outcomes for all.

4.3. Future work

Future research can advance by strategically focusing on the development of high-vulnerable building prototype, emphasizing
essential building physics properties to address thermal disparities. This prototype model should encompass critical parameters such as
the R-value of the building envelope, insulation quality, infiltration rates, building system, and occupant behaviors during heatwaves.
These elements are fundamental to understand how well a building resist heatwave. Focusing on these building physics properties can
lead to a deeper understanding of thermal vulnerability. By closely examining R-values and insulation effectiveness, we can identify
the most effective retrofitting strategies for improving thermal performance.

5. Conclusion

The increased frequency of extreme heatwaves highlights the urgent need for buildings to adapt to ensure resilience, particularly
for vulnerable populations. While these heatwaves disproportionately affect socially vulnerable groups, there has been little focus on
how the thermal parameters of buildings in these communities differ. Past research has mainly explored the impact of extreme
heatwaves on minority and marginalized groups from a socio-ethnic perspective, often neglecting the role of building thermal per-
formance in resilience. Basic building features are included in current social vulnerability index, but more detailed thermal charac-
teristics are essential to understand how buildings respond to extreme heatwaves. This study bridges that gap by integrating building
characteristics from Zillow with thermal data from the ResStock, using a Bayesian GNB. The social vulnerability index from the CDC
provides societal vulnerability framework, yet it often overlooks how thermal dynamics impact vulnerability to heatwaves. Our main
objective is to assess the resilience of different groups by combining building thermal features and social factors. Key building
characteristics such as insulation levels, system types, and building age are analyzed to identify disparities in thermal resilience be-
tween high and low vulnerable groups. Statistical method reveals differences in how building attributes like envelope insulation, size,
and system types correlate with varying degrees of social vulnerability. The incorporation of thermal features into vulnerability indices
provides a significant contribution to understanding social vulnerability in resilience research and emphasizes the importance of
considering building thermal features in social-vulnerable index development. A few limitations remain in this study. First, our
analysis was confined to the Philadelphia region, and further validation is necessary to ensure the broader applicability of the findings.
Second, the data sourced from Zillow may not fully capture the present condition of buildings in the area, introducing potential
uncertainty.

This research fills a knowledge gap in between thermal resilience and social vulnerability, exploring how social factors contribute
to thermal vulnerability. It lays groundwork for future efforts to develop high vulnerable group’s building prototypes that can be used
to assess resilience of extreme heatwaves in various geolocation. By focusing on retrofitting older buildings and addressing thermal
challenges faced by socioeconomically disadvantaged groups, policymakers can create more targeted interventions. Policymakers can
also establish minimum energy standards to ensure thermal reliability during heatwaves. Ensuring fair access to energy, enacting
policies to improve thermal resilience, and promote inclusivity in resource planning are central to achieving thermal equity.
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