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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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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 Naïve 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 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]

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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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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