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Abstract  
Extreme weather events become more frequent and severe due to climate change. Although 
energy efficiency technologies can influence thermal resilience of buildings, they are traditionally 
studied separately, and their interconnections are rarely quantified. This study developed a 
methodology of modeling and analysis to provide insights into the nexus of thermal resilience 
and energy efficiency of buildings. We conducted a case study of a real nursing home in Florida, 
where 12 patients died during Hurricane Irma in 2017 due to HVAC system power loss, to 
understand and quantify how passive and active energy efficiency measures (EEMs) can 
improve thermal resilience to reduce heat-exposure risk of patients. Results show that passive 
measures of opening windows and doors for natural ventilation, as well as miscellaneous load 
reduction, are very effective in eliminating the extreme dangerous occasions. However, to 
maintain safe conditions, active measures such as on-site power generators and thermal 
storage are also needed. The nursing home was further studied by changing its location to two 
other cities: San Francisco (mild climate) and Chicago (cold winter and hot summer). Results 
revealed that the EEMs’ impacts on thermal resilience vary significantly by climate and building 
characteristics. The study also estimated the costs of EEMs to help stakeholders prioritize the 
measures. Passive measures that may not save energy may greatly improve thermal resilience, 
and thus should be considered in building design or retrofit. Findings from this study indicate 
energy efficiency technologies should be evaluated not only by their energy savings 
performance but also by their influence on a building’s resilience to extreme weather events.  
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1. Introduction  
Extreme heat is one of the leading causes of weather-related deaths globally, and the leading 
cause in the United States [1,2]. The impacts are felt in the developed world as well as in the 
developing world, in both warmer and cooler climate regions. The death toll from extreme heat 
events in recent decades has been significant. A 2003 European heatwave is estimated to have 
caused more than 72,000 deaths [3], while another in 2006 claimed an additional 4,495 lives [4]. 
A Russian heatwave in 2010 was responsible for up to 56,000 deaths [5], while a 1995 Chicago 
heatwave led to more than 600 casualties and 3,300 emergency room visits [6]. Other 
heatwaves in India/Pakistan in 2015, 2003, 2002, and 1998 [7–10], the United States in 1980 
[11], and Greece in 1987 [12] each claimed more than 1,000 lives each. The impacts of heat 
stroke and other heat-related illnesses are particularly dangerous for marginalized and 
vulnerable populations, including very young children, the elderly, and those in poor health [13]. 
  
Climate change has exacerbated the frequency, duration, and intensity of extreme heat events 
[14]. Since the 1960s the number of heatwaves in American cities has tripled, from an average 
of about two per year to more than six per year. Over that same period, the length of the 
heatwave season has increased by 45 days [15]. It is projected that the number of days with a 
heat index exceeding 100°F (37.8°C) and 105°F (40.6°C) will double and triple, respectively, 
relative to a 1971–2000 baseline under multiple emissions scenarios [16]. Already upward of 
600 Americans die each year due to extreme heat [17,18]. Climate change is projected to 
increase these negative long-term health impacts on multiple scales. In hot years the number of 
heat-related deaths in New York City could climb to thousands per year [19,20]. The number of 
premature heat-related deaths in Britain is expected to more than triple, to over 7,000 by mid-
century [21]. And if current levels of carbon dioxide emissions continue unabated, it is estimated 
that the United States will experience tens of thousands of additional premature deaths by the 
end of the century [22–24].  
  
The heat risks presented by buildings’ indoor environments often exceed those of outdoor 
environments. About 120 people die in New York City each year due to extreme heat, and 
approximately 80% of those deaths occur in people’s own homes [25]. While indoor air 
conditioning (AC) is highly effective at reducing these risks, there are many areas where AC is 
either unavailable or unaffordable. These include regions like San Francisco and much of 
Europe, where by virtue of their historically temperate climates air conditioning has generally not 
been necessary [26]. Yet even when AC systems are present, they can be rendered inoperable 
due to a mechanical failure or power outage [27,28]. If a building is further compromised by 
excessive heat-generating loads or an inability to ventilate hot indoor air to a cooler outdoor 
environment, the probability of adverse health impacts will increase. The problem can be 
exacerbated in an absolute sense by increasing nighttime temperatures [29,30] and the urban 
heat island effect, which keeps urban temperatures several degrees warmer than surrounding 
areas [31–33]. 
  
In addition, power system reliability appears to be trending in a negative direction. In recent 
years the duration and frequency of power outages for major U.S. utilities has increased by 



about 2% per year [34]. The number of weather-related outages in the U.S. has increased 
significantly since the early 1990s, from about 20% to 70% of all outages [35]. Moreover, the 
total duration of weather-related outages is typically longer than non-weather-related events 
[36,37]. Backup power, often in the form of stand-alone diesel generators, offers a hedge again 
these impacts but brings its own challenges. Generators are dependent on fossil-based fuel that 
can spoil in a year and replenishment is not always possible following a disaster. They also 
need to be serviced annually, can be difficult to operate, and offer little additional value under 
normal conditions. 
  
One potential solution that warrants additional attention is behind-the-meter energy efficiency. It 
has been proven worldwide that building energy performance is significantly influenced by 
climate change [38–43], especially on peak demand at extreme scenarios [44–47]. The grid 
reliability will be challenged by climate change as well [48]. It is crucial that improving building 
energy efficiency and improving building resilience should be considered together. In fact, 
energy efficiency in buildings has well-established benefits, including driving economic growth, 
reducing energy costs and greenhouse gas emissions [49–51], decarbonizing the grid [52–54], 
and improving indoor air quality, health, and productivity [55–59]. However, the benefits that 
energy efficiency provide for resilience are less well explored, understood, and valued.  
 
The concepts of resilience and energy efficiency have been considered in tandem before, most 
notably through the passive survivability framework [60]. It was observed following Hurricane 
Katrina that buildings that lost power but had passive architectural elements like window 
shadings, wraparound porches and ceilings that allowed thermal stratification of air, and designs 
that naturally channel cool breezes were better able to maintain livable conditions when 
electricity was lost. The LEED green buildings rating system has subsequently allowed Passive 
House certification to serve as a compliance pathway to earn its Resilient Design Pilot Credits 
[61,62]. Passive survivability is closely linked to the idea of shelter-in-place, or the ability to 
remain in one’s residence rather than evacuating following a disaster. One study found that 
highly efficient buildings in New York City extended the duration that residents could shelter-in-
place following a blackout during a heatwave for up to several days as compared to typical 
buildings [63]. 
  
The connection between energy efficient and disaster-resistant design has been identified, as 
opportunities to better integrate efficiency and resilience prior to disasters and during post-
disaster rebuilds [64–66]. Methods to finance these projects through various market and policy 
mechanisms have also been studied [67]. The National Institute of Building Science has 
estimated the levels of cost of the strategies to improve resilience, but only a very small portion 
of the investigated strategies are energy efficiency measures [68]. Others have explored the 
merits of individual passive cooling technologies like reflective coatings, earth-to-air heat 
exchangers, green roofs, cool roofs, and window blinds, as well as design elements like building 
orientation, structural density, and local topography [69–71]. Previous research has shown that 
energy efficiency may affect resilience when a building either has access to some form of 
(potentially limited) generation or must operate without power. In the former case, efficiency 
renders power generation more valuable by enabling building components to deliver critical 



services with less energy [72–75]. In addition, it may indirectly benefit other customers through 
reductions of net load on the grid. If a building has to operate without power, it must rely on 
passive measures to retain cool air, reduce internal heat gains, and reject excess heat to 
outdoors. Energy efficiency has been recognized as a tool to improve energy system reliability 
[74] and as a means of achieving energy security [76]. Mirhosseini et al. discussed the 
relationship between sustainability and resilience, and proposed a framework to describe the 
synergies between several resilience and sustainability building certification programs [77]. The 
New York City provides higher-level guidance on how to adjust a facility’s design to account for 
increasing temperatures and to reduce the facility’s contribution to the Urban Heat Island effect, 
including design based on forward-looking climate data and strategies like passive cooling, 
natural ventilation and backup systems to reduce heat impact [78]. The Enterprise Green 
Communities highlighted several energy efficiency measures, such as envelope efficiency, 
window shading and distributed heating and cooling system, as strategies to improve a facility’s 
ability to adapt to changing climate conditions [79]. However, the above research has focused 
more on qualitative analysis rather than quantitative evaluation.  
 
Katal et al. performed a case study on an urban area to evaluate the building and city resilience 
against the extreme events, using a urban platform they developed. A rudimentary retrofit 
analysis was also conducted to evaluate the added level of resilience [80]. This is a great 
research that developed a useful tool for evaluating energy efficiency and resilience on urban 
scale. However, only one energy efficiency measure was investigated and the evaluation of 
resilience was only limited to a single perspective of indoor temperature. More comprehensive 
and in-depth analysis on the nexus of energy efficiency and resilience is strongly needed. 
 
While all these efforts offer a solid foundation, deeper dives that identify how energy efficiency 
characteristics map to resilience goals are less well-represented in the literature [81,82]. This is 
despite the fact that efficiency measures that yield similar energy savings under normal 
conditions can have markedly different resilience outcomes under adverse conditions. More 
comprehensive and quantitative analysis on the impact of energy efficiency on resilience is 
crucial for a deeper understanding of their nexus, and more practically, can facilitate the 
integrated design considering both energy efficiency and resilience in the future by the building 
industry. This is the gap to be addressed, and the focus of the paper.  
 
In this paper, we introduced an in-depth case study of a Hollywood, Florida, nursing home 
where the main air conditioning system lost power for three days due to the impact of Hurricane 
Irma in 2017. 12 patients died because of excess indoor temperature. As the healthcare 
organizations in the U.S. spent more than $6.5 billion on energy each year and the industry 
continues to be one of the fastest growing in the economy [83], a lot of efforts have been spent 
on developing and implementing strategies to improve the energy efficiency and reduce the 
energy intensity of healthcare buildings [84–88]. On the other hand, the resilience of the 
healthcare facilities is particularly important against the potential impacts from extreme weather 
events like tornadoes, hurricanes, and floods [89]. The healthcare community and building 
industry have been actively exploring strategies and technologies to enhance the resilience of 
healthcare facilities [89–92]. Nonetheless, little has been done to build a bridge between energy 



efficiency and resilience for healthcare facilities. Research needs to be done to explore the 
connection and estimate the value of energy efficiency on resilience. In this study, resilience 
refers to the ability of a building to prepare for, withstand, recover rapidly from, and adapt to 
major disruptions due to extreme weather conditions, i.e., thermal or heat resilience. 
 
In this study, we aim to answer the following questions: 

(1) How does improvement of energy performance of buildings through energy efficiency 
measures influence a building’s heat resilience? What is the methodology to quantify 
their nexus? 

(2) Which passive energy efficiency measures offer the greatest resilience benefit, and at 
what cost? On what occasions should they be recommended? 

(3) How effective are active energy efficiency measures in improving resilience, and at what 
cost? On what occasions should they be recommended? 

(4) What current building energy efficiency codes and standards can be improved to 
integrate the consideration of energy efficiency and thermal resilience of buildings? 

 
The remaining of the paper is organized as follows. In Section 2 we describe our methodology, 
which involved using publicly available data from real buildings that “failed” during a weather-
related power outage to generate EnergyPlus building simulations to assess the impact of 
various efficiency measures on a building’s thermal conditions. Part of this assessment will 
necessarily involve establishing resilience indicators. Holmes et al. [93] conducted a detailed 
examination of several indoor heat stress metrics, some of which we adopted in the analysis 
that follows. In Section 3 we provide an in-depth case study of a Hollywood, Florida, nursing 
home that lost power for three days following the loss of its main air conditioning system due to 
the impacts of Hurricane Irma in 2017. We outline our model development and calibration, 
outline the efficiency measures tested, and discuss the impact of the climate zone in which the 
building is located. We present our findings in Section 4, which includes an investigation of what 
would happen if the nursing home had been transplanted to either Chicago or San Francisco 
during recent heatwaves. Section 5 improves upon these results by introducing cost 
comparisons for individual and packages of energy efficiency measures. We discuss these 
results in Section 6 and offer conclusions in Section 7. 

2. Methodology  

2.1. Overview 
The purpose of this study was to better understand how energy efficiency measures impact the 
resilience of buildings quantitatively under extreme heat conditions, and at what up-front cost. We 
conducted an analysis with a case study of a Florida nursing home in which 12 residents lost their 
lives after Hurricane Irma knocked out the power supply to the building’s primary heating, 
ventilation, and air conditioning (HVAC) system. This is a representative case of hurricane 
causing an extreme heat disaster, which requires further attention as such hybrid disasters are 
becoming more frequent and severe due to the global climate change [94]. Moreover, major 



residents of nursing homes are elderly people; the number of which (ages 65 and older) is 
projected to double from 52 million in 2018 to 95 million by 2060, and their share of the total 
population will rise from 16 percent to 23 percent, according to the U.S. census [95]. This offered 
a representative case study since vulnerable populations such as the elderly are affected the 
most during disasters as such. For example, during the 2003 European heatwave, the majority of 
the 70,000 deaths were among the older people who were living in non-air conditioned retirement 
homes [3,96].  

While dynamic thermal simulation and socio-technical system approaches can both be used to 
evaluate building performance [97–99], dynamic thermal simulation was adopted in this study as 
it focuses on the quantitative analysis from the technology perspective. We used EnergyPlus as 
the modeling tool to simulate the indoor thermal environment under various scenarios of building 
energy efficiency improvement.  EnergyPlus is an open source program that models heating, 
ventilation, cooling, lighting, water use, renewable energy generation, and other building energy 
flows [100] and is the flagship building simulation engine supported by the United States 
Department of Energy (DOE). 

Figure 1 illustrates the overall methodology and workflow of the case study: First, we collected 
information about the nursing home in Florida, USA, including year built, historical weather data, 
detailed floor plans, retrofit history, and internal heat loads. Based on the collected information, 
we developed an energy model of the nursing home in EnergyPlus and calibrated the model with 
available data; in this way, we were able to “replay” and analyze what actually happened in the 
building during the incident. We then applied multiple passive and active energy efficiency 
measures (EEMs) to the baseline energy model, and simulate their impact on the indoor thermal 
environment during the incident. Finally, we performed cost estimation on these selected EEMs, 
aiming to provide decision makers with both resilience and financial perspectives to help evaluate 
retrofit investment more comprehensively. Details are introduced in Section 3. 



 

Figure 1. Overall Methodology and Workflow 

2.2. Resilience metrics 

2.2.1. Review of resilience metrics 
Various metrics have been used to evaluate thermal resilience of buildings, which reflect the 
impacts of extreme events on human health. National and international meteorological and 
health related organizations and research institutes have had discussions about the metrics 
used to assess heat stress and thermal resilience [101–105]. Broadly, there are two types of 
metrics: simplified biometeorological indices and heat-budget models.  

The simplified biometeorological indices are based on air temperature or a combination of air 
temperature and a measure of humidity, sometimes with consideration of how long the 
thresholds are exceeded. They are easy to calculate and forecast, have relatively higher 
forecast accuracy due to fewer input variables compared with complex indices, and are more 
easily understood by the general public and other stakeholders [103]. Typical simplified indices 
include heat index [106], humidex [107], wet bulb globe temperature (WBGT) [108], and net 
effective temperature [109]. Another two simplified metrics that have been developed recently 
are Passive Survivability-Winter (PSW) and Passive Survivability-Summer (PSS) [105]. They 
were initially derived for building designers to evaluate the resilience level of different design 
solutions, but were also used to evaluate retrofit measures [80]. One limitation of PSW and PSS 
is that they only consider temperature, which is relatively less comprehensive for evaluating 
thermal resilience.  

Complex indices such as heat-budget models include the all-important meteorological and 
physiological parameters needed to better describe the physiological heat load: air temperature, 
water vapor pressure, wind velocity, and short- and long-wave radiant fluxes [103]. Heat 



exchange between the human body and the thermal environment can be described in the form 
of the energy balance or heat-budget equation. The thermal comfort of an individual is the result 
of a response to the balance between heat gains and losses. This is often expressed in the form 
of the human energy balance as described by heat-budget models. Typical heat-budget models 
include predicted mean vote (PMV) [110,111], standard effective temperature (SET*) [111,112], 
perceived temperature (PT) [113], physiological equivalent temperature (PET) [114], and 
universal thermal climate index (UTCI) [115]. While PMV and SET* are widely adopted as 
thermal comfort assessment criteria by ASHRAE Standard 55 [111], they are more suitable for 
evaluating the comfort level of occupants in conditioned zones, rather than the survivability of 
occupants under extreme conditions. Therefore, they are not used as the assessment criteria 
for heat resilience in this study. 

2.2.2. Heat index 
Heat index is widely used in the United States. The Occupational Safety and Health 
Administration (OSHA) uses heat index (HI) as an indicator to assess heat stress [104]. It is 
relatively easy to calculate and was adopted by the U.S. National Weather Service in 1979 to 
evaluate heat safety quantitatively [116]. Therefore, we selected heat index as the resilience 
performance metric to evaluate the human health risk under high temperature and humidity 
conditions. Table 4 and Table 5 in the Appendix define the four levels of heat hazards and their 
associated heat index ranges. All these characteristics make heat index a very suitable metric to 
be applied to quantitative analysis of extreme events.  

The heat index, also known as the apparent temperature, is what the temperature feels like to 
the human body when relative humidity is combined with the air temperature. It posits a human-
perceived equivalent temperature in shaded areas [116,117]. The human body normally cools 
itself by perspiration, or sweating. Due to the close relationship between perspiration and 
relative humidity, heat index is able to capture the human body’s comfort more comprehensively 
than relying on temperature alone. The National Weather Service formulated the heat index 
based on the range of warm-season conditions we typically see on Earth. Formula (1) below 
approximates the heat index in degrees Celsius, to within 0.7°C. It is the result of a multivariate 
fit (temperature equal to or greater than 26.7°C and relative humidity equal to or greater than 
40%) to a model of the human body [106,118]. This equation reproduces the values in Table 4 
from the National Oceanic and Atmospheric Administration (NOAA) National Weather Service 
(except the values at 32.2°C and 45%/70% relative humidity vary unrounded by less than 
±0.5°C, respectively) [116]. As shown in Table 5 (in Appendix), heat indices of or more than 
39.4°C can lead to dangerous heat disorders with prolonged exposure and/or physical activity in 
the heat.  

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 =  𝑐𝑐1 + 𝑐𝑐2𝑇𝑇 + 𝑐𝑐3𝑅𝑅 + 𝑐𝑐4𝑇𝑇𝑇𝑇 + 𝑐𝑐5𝑇𝑇2 + 𝑐𝑐6𝑅𝑅2 + 𝑐𝑐7𝑇𝑇2𝑅𝑅 + 𝑐𝑐8𝑇𝑇𝑅𝑅2 + 𝑐𝑐9𝑇𝑇2𝑅𝑅2                    (1) 

𝑇𝑇 −  𝑎𝑎𝑎𝑎𝑎𝑎 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 (⁰𝐶𝐶) 

𝑅𝑅𝑅𝑅 −  𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ℎ𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 (%) 

c1 = -8.78469475556, c2 = 1.61139411, c3 = 2.33854883889, 

https://en.wikipedia.org/wiki/Perspiration


c4 = -0.14611605, c5 = -0.012308094, c6 = -0.0164248277778, 
c7 = 0.002211732, c8 = 0.00072546, c9 = -0.000003582 

 

Heat index is generally used to evaluate heat stress on humans in an outdoor environment by, 
for example, NOAA, the World Health Organization (WHO), and the Occupational Safety and 
Health Administration [101,104,119,120]. However, as heat index was devised for shady, light 
wind conditions, which are very similar to the indoor environment, it was also used for the 
evaluation of indoor environment in previous research [102,121]. Considering its simple 
calculation and broad application, heat index and its classification on heat safety was adopted in 
this study as the metric to use to quantify the impact of building energy efficiency on heat 
resilience.  

3. Case Study 
To assess the relationship between resilience and energy efficiency in buildings, we conducted a 
case study of the Rehabilitation Center at Hollywood Hills. This two-story nursing home in 
Hollywood, Florida, USA, lost access to its HVAC system after a tree branch hit a transformer and 
dislodged a fuse during Hurricane Irma in 2017. After a three-day outage, 12 residents lost their 
lives due to extreme heat. According to government reports on the accident [122], the indoor 
temperature on the second floor was up to 99°F (37.2°C) during the incident, which was the major 
reason leading to deaths. We collected information about the nursing home, developed the 
building energy model in EnergyPlus, and calibrated the model with the available data. In this way, 
we “replayed” what actually happened in the nursing home during the incident. Then we applied 
multiple passive and active energy conservation measures to the model, and simulated their 
impact on the indoor thermal environment during the incident. Lastly, we estimated the costs of 
EEMs to provide more comprehensive information for decision makers on evaluating retrofit 
investment. Through this case study, we will better understand the extent to which energy 
efficiency improvements in buildings affect occupants’ resilience to heat.  

3.1. Data Collection 
Since the tragedy happened in 2017, the nursing home has been closed, and its license has been 
suspended. In this case, we collected information mostly through online resources, as shown in 
Table 1. Note that we obtained the building’s permit documents from the Building Division of the 
City of Hollywood, Florida, which provided much detailed information about the building, including 
detailed floor plans, envelope materials, and renovation history. Table 2 lists four major 
renovations, which had significant impacts on the building performance and were used for the 
input assumptions of the model. 

The two-story nursing home was built in 1978, with a total area of 5,406 m2. The building is 
equipped with a central air-conditioning system, using fan coil units for the patient rooms and 
variable air volume (VAV) terminals for the common area. As the building was built in the United 
States and it is mandatory to comply with building codes and standards at the year of construction, 



we assume that the efficiencies and properties originally comply with the appropriate ASHRAE 
standard 90.1-1989, while those of the renovated elements were updated with available newer 
ASHRAE standards, accordingly. For example, windows were replaced in 2001, so the window 
properties would comply with ASHRAE 90.1-2001; the roof was replaced in 2011, so the roof 
properties would comply with ASHRAE 90.1-2010. 

The nursing home lost access to its primary AC system around 3:50 pm on September 10, 2017. 
The outage lasted more than two and a half days, until about 6:00 am on September 13, 2017. 
According to the facility records, there were ten rented portable air conditioners (ACs) and fans 
on site. Five portable ACs were placed on the first floor and four on the second floor, with one 
malfunctioning unit left. Additionally, portable fans were used in each resident unit, and large 
industrial fans were used in the hallways. The indoor temperature of the second floor soared to 
99°F (37.2°C), which is the key information we used for model calibration. 

Actual local weather data in 2017 was purchased from White Box Technologies, a private 
company specialized in weather data for energy calculations. They collected the measured 
weather data from the nearest weather station, Fort Lauderdale-Hollywood International Airport, 
which is about 6km from the nursing home. Figure 20 (in Appendix) illustrates the locations of the 
nursing home as well as the weather station. The collected actual weather data was applied to 
the building energy modeling in the following sections. 

Table 1. Data sources and collected data types 

Data Sources Collected Data Types 

City of Hollywood, Building Division Detailed floor plan, building permit (i.e., retrofit history) 

Property Shark Website Year built, floor area, number of floors 

Government report and news Occupant number and distribution, monitored peak 
indoor temperature, timeline of the incident, portable 
AC, portable fans 

Google Map Street View HVAC system type, interior blinds 

Nearest weather station, data 
compiled by White Box Technologies  

Historical weather data 

 

 



Table 2. Renovation history 

Year Renovation 

2001 Window replacement 

2011 Re-roof 

2012 Central AC replacement 

2016 Cooling tower replacement 
 

3.2. Model Development 
Based on the collected information, a baseline model of the nursing home was developed using 
DesignBuilder and EnergyPlus. DesignBuilder is one of the most popular graphical user interfaces 
of EnergyPlus, and was mainly used to develop the model geometry in this study. Figure 2 
illustrates the 3D model that was built in DesignBuilder. The geometry, including detailed zoning, 
was drawn upon the floor plans in the building permit documents shared by the Building Division 
of the City of Hollywood. 

As mentioned in Section 3.1, all the original input assumptions were based on the ASHRAE 
standard 90.1-1989 Climate Zone One [123], including envelope properties, internal loads, 
system efficiencies, and infiltration rate. With several major renovations, the performance of 
window, roof, and HVAC system were upgraded to the ASHRAE standard of the renovation years 
accordingly. Portable ACs were also added to the model and were set to run at full capacity 
throughout the incident.  

The nursing home functions as a hospital. Figure 3 illustrates the two floor plans highlighting the 
locations of all the patient rooms with different number of people. All the other areas are public 
function spaces including intensive care unit (ICU), exam rooms, therapy rooms, kitchen, dining 
rooms, lounges, offices, conference rooms, corridors, stairs, retail, storage rooms, and a 
mechanical room. There are four one-patient rooms, 53 two-patient rooms, 25 three-patient rooms, 
and seven four-patient rooms in the building. Forty of the patient rooms were on the first floor and 
49 on the second floor. All schedules of these space types come from the hospital and small hotel 
types in the DOE prototype model set [124], based on availability.  



 

Figure 2. 3D model of the nursing home in DesignBuilder 

 

 

Figure 3. Detailed floor plans of the first (upper) and second (lower) floors 

3.3. Model Calibration 
As the facility has been closed since the incident happened in 2017, it was challenging to get 
historical energy consumption data for calibration purposes. In this case, we adopted available 
information from public sources for calibration instead of using energy use data. According to the 
investigation report by the Agency for Health Care Administration [122], the indoor temperature 
on the second floor rose to 99°F (37.2°C) during the incident, which serves as the “true answer” 
for calibration. We performed the building energy model calibration through the following steps: 

1) Calibrate HVAC system settings based on building design document; 
2) Calibrate occupant density based on the investigation reports issued by government; 



3) Update the efficiencies of envelope and HVAC system based on building retrofit history 
from the building permit records; 

4) Add portable AC and portable fans according to the investigation reports issued by 
government; 

5) Adjust several other parameters with higher uncertainty and larger impact on energy use, 
including plug load density, schedules, and infiltration rate.  

Figure 4 illustrates the indoor temperature of a hotspot patient room on the second floor and the 
outdoor air temperature during the incident. The peak temperature is 99.2°F (37.3°C), which 
proves at a certain level that the baseline model reflects the real situation of the nursing home 
during the incident. 

 

Figure 4. Temperature variation in a hotspot patient room during the incident 

3.4. Energy Efficiency Measures 
To investigate whether improving building energy efficiency can improve the heat resilience in this 
nursing home case, we applied multiple passive and active EEMs to the baseline model and 
evaluated the impact quantitatively. These EEMs were selected from the perspective of their 
potential influences on both the energy performance and heat resilience of buildings. They were 
not selected purely based on the potential energy savings. 

An EEM is categorized to be a passive measure if it still works when the power is off. On the 
contrary, EEMs that require full or partial power supply are considered to be active measures. 
The measures selected are summarized in Table 3 and described in this section. 



Table 3. Summary of investigated energy efficiency measures 

Category Measure Name 

Passive 

- Shield windows with aluminum foil 
- Shield the roof with aluminum foil 
- Apply cool roof coating 
- Seal windows and doors to reduce infiltration 
- Add insulation to exterior walls and roofs 
- Replace with low-emissivity (low-e) windows 
- Exterior overhang shading 
- Natural ventilation 
- Reduce/Turn Off Light and Miscellaneous 

Electric Loads (MELs) 

Active 
- Install onsite power generation, e.g., solar 

photovoltaic, to provide a 50% power supply 
to the HVAC system 

- Add thermal storage 

Packages 
- Low/no cost oriented  
- Operation oriented 
- Design oriented 

 

3.4.1. Passive measures 
This study considered four types of passive measures: envelope, shading, natural ventilation, and 
reduced light and plug load. Reducing light and plug load is categorized as a passive measure 
because it still works when the HVAC system is powered off, which was the case in this study. 

(1) Envelope 

The following measures were included in this envelope category: 

● Shield windows with aluminum foil 

Aluminum foil has about 98% solar reflectance, so it barely absorbs any solar heat from the sun. 
Since solar heat gain is one of the main heat sources for windows, applying aluminum foil on a 
window is expected to reduce solar heat gain significantly. This is an extreme case of improving 
window performance. 

● Shield the roof with aluminum foil 

As is true with the windows, the solar heat gain through the roof is also considerable, especially 
for low-rise buildings. However, note that aluminum foil will also cut down radiant heat emission 
from the roof to the ambient (especially the sky) due to its very low thermal emissivity. This 
counter effect can be higher on the roof than on a window, as the roof temperature is usually 
much higher than the window temperature during the night. 

● Apply cool roof coating 



Different from aluminum foil, a cool roof has both high solar reflectance and high thermal 
emittance. Therefore, cool roofs can stay cool in the sun and at night by minimizing solar 
absorption and maximizing thermal emission [125,126]. 

● Seal windows and doors to reduce infiltration 

For conditioned buildings, reinforcing air sealing can reduce the amount of unexpected outdoor 
air into the building, thus generally reducing the HVAC system’s cooling and heating load. 

● Add insulation to exterior walls and roofs 

Adding insulation can cut down heat transfer from the outdoor environment to the interior 
spaces, which will reduce the HVAC system’s cooling and heating load. 

● Replace with low-emissivity (low-e) windows 

This is another measure used to improve window performance; it is more common and less 
extreme than the aluminum foil measure. 

(2) Shading 

Exterior shading is added via an overhang to the windows. 

(3) Natural ventilation 

Natural ventilation is a key measure to get free cooling when the outdoor air temperature is lower 
than the indoor air temperature. The windows were assumed to remain closed during the incident, 
based on two considerations: (1) There were nine portable ACs set up and running after the 
central HVAC system was down. People are often instructed to close the windows to avoid cooling 
leakage when the AC is on [127]; and (2) For security purposes, windows may be locked to avoid 
suicide [128,129].  

(4) Reduce/Turn Off Light and Miscellaneous Electric Loads (MELs) 

While the HVAC system was powered off, other systems were operating normally, including 
lights and MELs. Lighting can be turned off when daylight is available, while MEL usage can be 
reduced to a minimal requirement, e.g., critical medical equipment to maintain patient health.  

3.4.2. Active measures 
This study considered two active measures:  

(1) Install onsite power generation, e.g., solar photovoltaic, to provide a 50% power supply to 
the HVAC system. 

Assuming that onsite power generation, e.g., from solar photovoltaics, were added to the 
building to provide 50% of power supply, the HVAC system could then be operated to provide 
cooling with reduced capacity. However, there are preconditions for this measure. If the chiller is 
down and needs to be restarted, it should be equipped with a variable speed starter to allow 



starting under a lower inrush current. If the chiller is not down and keeps running, the chiller 
should be equipped with variable frequency drives to guarantee normal operation under partial 
power supply. 

(2) Add thermal storage. Three capacity options were investigated: 8, 12, and 24 hours of 
cooling supply. 

A chilled water tank, one of the most common thermal storage technologies, was added to the 
HVAC system. There is a precondition for this measure. Since chilled water tank discharge is 
generally on the secondary loop of the HVAC system and only requires the chilled water pump 
to supply stored chilled water to the terminals, only a minimal power supply is needed to keep 
the chilled water pump and terminal fans running. Three options were investigated: 8, 12, and 
24 hours of full cooling capacity supply. Full cooling capacity refers to the chiller capacity. 

3.4.3. Packages 
Integrated packages on the passive side were also evaluated, to explore the maximum potential 
on a completely passive status. Three packages were investigated based on different selection 
criteria: 

(1) Low/no cost, which can minimize the investment cost: Natural Ventilation + Reduce MELs 
(Miscellaneous Electric Loads, i.e., light and plug load) + aluminum (Al) foil window + Al foil 
roof  

(2) Operation oriented, which can minimize the interruption of building operation due to major 
retrofits: Natural Ventilation + Reduce MELs  

(3) Design oriented, which focuses on the envelope and could be an early stage preventive 
intervention: Add insulation + Cool Roof + Overhang shading + Low-e window 

3.5. Influences of Climate Zones 
This tragedy happened in Hollywood, Florida, which is in ASHRAE climate zone 1A, where the 
weather is hot and humid. The buildings’ performance, especially envelope properties, should 
comply with the building codes of that specific climate zone. However, what if the building was 
built in other climates? Would it react the same way as it did in Florida? Would the above EEMs 
have the same impact on resilience? What different strategies people should take to improve 
the resilience?  

Under these considerations, we “moved” the nursing home from Florida to two other typical U.S. 
climates: San Francisco (SF) for a mild climate and Chicago for a hot-summer and cold-winter 
climate. The original baseline model was modified to reflect local building codes, including the 
efficiency upgrades from major renovations. Moreover, we adopted local disasters instead of the 
Florida hurricane. The 2017 SF heatwave and the 2012 Chicago heatwave were selected, and 
the measured historical weather data of the corresponding years in these two cities were used 
in the EnergyPlus simulations. The weather data was purchased from White Box Technologies 
which were collected from local weather stations. The SF heatwave lasted four days, from 
August 31 to September 3, which is the same length as the original Florida incident, while the 



Chicago heatwave lasted five days, from July 3 to July 7. So the time span remained the same 
for the SF case but was extended one day for the Chicago case. We assumed the same 
problem happened in the building, i.e., the HVAC system lost power.  

4. Results and Analysis 

4.1. Baseline 
From the calibrated baseline model, we simulated the indoor environment and calculated the 
heat index for all the patient rooms throughout the incident, as shown in Figure 5. The figure is 
segmented into five zones, according to the heat hazard classification in Table 5, with heat 
index below 80°F (27°C) being considered as safe. In this box plot, the upper and lower 
boundaries of each whisker represent the maximum and minimum heat index of all the patient 
rooms at this particular time. The upper and lower edges of each box represent the third and 
first quartiles. The band inside the box represents the median value. The heat index started to 
ramp up from the moment the HVAC system was cut off, and peaked at 120°F (49°C) on the 
late night of the third day. Right on the early morning of the next day, life failures started to 
happen, which implies the severe consequences of extreme heat in the indoor environment. 

Note that the heat index range was also increasing as the incident developed. In the beginning, 
all rooms were conditioned at the same temperature. When the HVAC stopped working, the 
temperature of different patient rooms started to deviate due to different locations and internal 
heat gain. The second floor, especially, heated faster due to the stack effect and extra heat gain 
from the roof. This explains why the second floor became warmer and more deaths happened 
on the second floor. The internal heat gain also varied considerably with different occupant 
density in patient rooms, e.g., there were one-patient rooms, two-patient rooms, three-patient 
rooms, and four-patient rooms in the building. 



 

Figure 5. Hourly heat index box plot of all patient rooms 

4.2. EEM Impact on Resilience 

4.2.1. Passive measures 
Figure 6 illustrates the heat index occurrence distributions of the baseline and the passive 
measures. An occurrence is defined as a level of heat index that happened at one time step in 
one patient room. To be more specific, there are 89 patient rooms in the building, and we 
simulated indoor temperatures once every 10 minutes (time step) for a total of 62 hours. We 
therefore had 89 ✕ 62 ✕ 60/10 room-time steps, which we stacked up. Therefore, occurrence 
distribution is the overall temporal and spatial percentage (i.e., room-time steps percentage) on 
each level of heat index. Take the baseline as an example: the room-time steps at the “Caution” 
level accounts for about 22% of all room-time steps. 

The occurrence percentage of levels “Danger” and beyond (i.e., Danger and Extreme Danger), 
named “Danger+”, was adopted as the indicator to quantify the resilience improvement. Among 
all the single passive measures, natural ventilation performed the best, reducing “Danger+” from 
32.3% to 1.2%. This is because the indoor temperature exceeded the outdoor temperature a 
majority of the time, as shown in Figure 4. Natural ventilation can bring in a large amount of free 
cooling. We assumed the windows remained closed during the incident based on considerations 
elaborated in Section 3.4.1(3). Natural ventilation was followed by reducing lighting and MELs, 
which reduced “Danger+” to 6.5%. Our current assumption is relatively conservative, so 
potentially this measure could improve even more if implemented more aggressively. 



It is noted that the improvement for all window measures, including shielding windows with 
aluminum foil, adding overhang shading, and replacing existing windows with low-e windows, 
were limited. Aluminum foil is the extreme case of improving window performance, but it still 
achieved only 25.2% “Danger+.” This is because the nursing home is located in Hollywood, 
Florida, which is in ASHRAE climate zone 1A. The building code for window performance is 
already very stringent, especially with a 0.25 solar heat gain coefficient (SHGC), which leaves 
limited room for improvement.  

The only passive measure counters resilience is reducing infiltration. For conditioned buildings 
in general, reducing infiltration can help cut down unexpected heat gain from outside air, which 
saves energy for the HVAC system. However, in the nursing home case where the outdoor 
environment was actually cooler than the indoor environment, reducing infiltration ends up being 
harmful for resilience, as it functions in the opposite way that natural ventilation does. Therefore, 
while reducing infiltration can be an effective EEM, it can reduce resilience when facing such 
disasters.  

For packages, both low-cost and operation-oriented packages exhibited excellent performance, 
surpassing any of the single measures. Considering that the design oriented package only 
focuses on envelope, and there is very limited improvement available for window performance 
in Florida, the design oriented package performs just slightly better than single design 
measures, and not as good as natural ventilation and reducing lighting and MELs. Note that the 
best performing passive measure package can eliminate all the occurrence of the “Danger+” 
level, keeping the hazard level at Extreme Caution and below. If a hazard level of Extreme 
Caution is acceptable, passive measure(s) could be an optimal choice in this situation. 

 

Figure 6. Heat Index Occurrence Distribution of Baseline and Passive Measures 



4.2.2. Active measures 
Figure 7 illustrates the heat index occurrence distribution of the baseline and all the active 
measures. Full power supply, which can provide 100% safe time, was added here as a 
reference point. Half power supply is able to provide more than 90% safe time. Thermal storage 
with 12-hour and 24-hour supply can both achieve 100% safety, while an 8-hour supply can 
achieve safety about 70% of the time. Note that, with 8-hour thermal storage, the temperature of 
a hotspot patient room would remain at a normal cooling setpoint for more than a day and a half 
after the incident happened, as shown in Figure 21 (Appendix). Afterwards, the thermal storage 
would run out and the indoor temperature would start to rise rapidly. Therefore, the efficacy of 
thermal storage actually depends on how long the event lasts. If the event lasts longer, thermal 
storage with small capacity can only guarantee the first couple of days, while the rest of the 
event could still be in danger. 

  

Figure 7. Heat Index Occurrence Distribution of Baseline and Active Measures 

4.3. San Francisco 
As stated in Section 3.5, we “moved” the nursing home from Florida to San Francisco (SF) and 
Chicago to evaluate the resilience and EEM impact in other climates. The 2017 SF heatwave 
from Aug 31 to September was selected as the outside environment and we assumed the same 
problem happened in the building—the HVAC system lost power. The SF heatwave lasted four 
days, which is the same length as the original incident, so the time span was kept the same. 



4.3.1. Baseline 
As shown in Figure 8, the indoor temperature of a hotspot patient room rose to as high as 110°F 
(43°C) during the incident. However, on the other hand, the heat index (Figure 9) remained no 
higher than the original Florida case. This is because even though the dry bulb temperature was 
higher in SF, the relative humidity in SF is much lower than in Florida. In other words, a hot and 
dry environment and a warm and humid environment could both be dangerous but result in no 
significant difference in terms of the overall impact on human bodies. 

 

Figure 8. Temperature variation in a hotspot patient room during the incident - SF 



 

Figure 9. Hourly heat index box plot of all patient rooms - SF 

4.3.2. Passive measures 
For the passive measure packages, the results of SF (Figure 10) are similar to the original 
Florida case. However, for single passive measures, the results were quite different: (1) Natural 
ventilation was no longer the top performing single measure. This is because the outdoor 
temperature during the incident was much higher than in the Florida case, leading to much less 
time available for beneficial natural ventilation, especially during the daytime, as indicated in 
Figure 8. (2) All the window measures (aluminum foil on windows, low-e windows, and overhang 
shades) performed better than they did in Florida. This is because the building code for window 
performance in SF is not as stringent as it is in Florida, therefore the SF baseline leaves much 
more room for improvement. Besides, the best performing passive measure package could 
eliminate almost all occurrences of the “Extreme Caution+” level, keeping the hazard level at 
Caution and below. If a hazard level of Caution is acceptable, passive measure(s) could be an 
optimal choice in this situation. 



 

Figure 10. Heat Index Occurrence Distribution of Baseline and Passive Measures - SF 

4.3.3. Active measures 
The results of active measures (Figure 11) are similar to those of the original Florida case, 
except that thermal storage with 12-hour and 24-hour supply start to show a small portion of 
“Caution” time. 



 

Figure 11. Heat Index Occurrence Distribution of Baseline and Active Measures - SF 

4.4. Chicago 
The 2012 Chicago heatwave from July 3 to July 7 was selected as the outside environment. We 
assumed the same problem happened in the building—the HVAC system lost power. As the 
Chicago heatwave lasted five days, which was one day longer than the original incident, the 
time span was extended one day. 

4.4.1. Baseline 
As shown in Figure 12 and Figure 13, the temperature of a hotspot patient room rose to over 
105°F (41°C) during the incident, and the heat index rose to almost 140°F (60°C), far beyond 
the “Extreme Danger” boundary. In fact, starting from the evening of the third day, a small 
portion of the patient rooms had entered the “Extreme Danger” zone, and on the fourth day, 
more than half of the patient rooms were in “Extreme Danger.” Because the Chicago incident 
lasted a day longer, the indoor environment would become even more dangerous, especially for 
vulnerable populations such as the patients in the nursing home. Most of them do not have the 
ability to move freely, or may have to constantly rely on some medical equipment. 



 

Figure 12. Temperature variation in a hotspot patient room during the incident - Chicago 

 

Figure 13. Hourly heat index box plot of all patient rooms - Chicago 



4.4.2. Passive measures 
Since the “Danger+” occurrence of the Chicago baseline reached as high as 65.2%, even the 
best performing passive measure package could only reduce the “Danger+” to 17.3%, which still 
exposed the patients to a considerable amount of danger, as shown in Figure 14. In this case, it 
was unlikely that resilience could be achieved with passive measures only. 

 

Figure 14. Heat Index Occurrence Distribution of Baseline and Passive Measures - Chicago 

4.4.3. Active measures 
Similarly, due to the high occurrence of “Danger+” in the Chicago baseline, even the active 
measures couldn’t guarantee 100% safety, as shown in Figure 15. A considerable amount of 
Extreme Caution occurred under thermal storage with an 8-hour supply. With a 24-hour supply, 
the nursing home could achieve more than 90% safety, which is the best that active measures 
accomplished so far. 



 

Figure 15. Heat Index Occurrence Distribution of Baseline and Active Measures - Chicago 

4.5. Summary of measures’ impacts across three climates 
Across the three representative cities, it was found that natural ventilation and reducing lighting 
and plug load are generally very effective in improving indoor environment under extreme heat 
conditions. The benefit of natural ventilation may be moderately curtailed if the exterior 
environment is too harsh to benefit the interior environment, e.g., outdoor temperature is higher 
than indoors, outdoor air humidity is too high, or outdoor air is polluted.  

At an extreme heat condition with no power supply, air tightness reduces the potential heat 
release from interior to exterior environment, which can make the situation worse. However, the 
conclusion will be completely reversed if the HVAC system is still functioning well, or if it is an 
extreme cold event. 

The effectiveness of the window measures (aluminum foil on windows, low-e windows, and 
overhang shades) depend heavily on the original window performance of the baseline building. 
For regions with less stringent building code requirements, the window measures would have 
more significant impact. Adding cool roof and insulation both have marginal benefits in the three 
climates. 

For measure packages, the low/no cost package and operation-oriented package are the best 
performers. It is encouraging that operation improvement and some low-cost simple measures 
can be very effective in improving thermal resilience. The performance of design oriented 
package, similar to the window measures, varies with the envelope properties of the baseline 
building. 



Across the three climates, while the passive measures, including the packages, can potentially 
do a good job in reducing dangerous occurrences, neither of them can achieve 100% safe, or 
even 50% safe conditions for occupants. For stakeholders, it is critical to identify their resilience 
target and risk threshold before making decisions on prioritizing the measures. 

4.6. Impact on Energy Consumption 
The simulation also calculated the impact of EEMs on energy use. Active measures were not 
included in this analysis because: (1) half power supply lowers the power supply temporarily, 
which does not affect the energy use outside the incident, (2) thermal storage can save utility 
cost by charging at night with a lower utility price and discharging during the day, especially 
during peak hours; however, it does not save total energy use or even consume more due to 
extra pump usage. Therefore, for the energy consumption impact, only passive measures were 
evaluated. In the future, we’ll explore further into the cost impact due to energy consumption 
change. 

Figure 16 illustrate the impact of all passive EEMs on annual energy consumption. It is noted 
that the energy consumption did not change for the natural ventilation measure. This is because 
natural ventilation is generally disabled in conditioned zones unless advanced concurrent 
control of natural ventilation and the HVAC system is supervised by a specialist. With the HVAC 
system always running for the nursing home, we assumed natural ventilation was no longer 
applicable outside the incident. Other major findings are highlighted below: 

(1) Reducing lighting and plug load and related EEM packages (Package Operation and 
Package Low-Cost) have the largest energy saving potentials. 

(2) Adding insulation, though only improving heat resilience minimally, has very good energy 
performance in heating dominant climates like Chicago, and it is relatively good in mild climates 
like SF. 

(3) Reducing infiltration, though having a negative impact on heat resilience in the nursing home 
case, has considerable energy saving potential, especially in heating dominant climates. 

(4) Cool roofs deliver high solar reflectance and high thermal emittance, which reduces solar 
heat gain during the day and increases heat emission to the sky during the night. This is a 
perfect characteristic for cooling dominant climates like Florida, but not so good, or even 
negative, for the mild and heating dominant climates in terms of overall energy performance 
throughout the year. Roof-mounted aluminum foil, on the other hand, delivers even higher solar 
reflectance but very low thermal emittance, thus it performs a bit better than a cool roof in mild 
and heating dominant climates.  

(5) For window measures, adding aluminum foil on windows, adding overhangs, and upgrading 
to low-e windows all reduce solar heat gain through the windows. Meanwhile, the low-e window 
measure also improves thermal conductivity, while the former two have little impact on thermal 
conductivity. Therefore, all three window measures can save energy in cooling dominant 
climates. But for mild and heating dominant climates, adding aluminum foil on windows and 



adding overhang would have negative impacts on energy consumption. In this case, adding 
aluminum foil can serve as a good temporary solution that can be effective in improving heat 
resilience facing disasters, but it should not be kept over the long-term. 

The impact of EEMs on resilience varies by climate zones. It is recommended that benefits of 
energy savings and resilience should be considered together for evaluating the EEMs for 
specific building types and climate zones. Passive measures that significantly improve heat 
resilience may not be cost-effective purely from an energy savings perspective, however, they 
should be considered in the building design or retrofit process.  

 

(a) Florida 



 

(b) SF 

 

(c) Chicago 

Figure 16. Impact of EEMs on annual energy consumption: (a) Florida; (b) SF; (c) Chicago. 



5. Cost Estimation 
This section estimates the cost (materials + labor) of EE measures, to help stakeholders make 
decisions and prioritize the measures to improve building resilience. However, note that this is 
not a life cycle cost analysis, as resilience benefits (e.g., occupants’ well-being and people’s 
lives) are difficult and/or controversial to quantify financially. 

Figure 17, Figure 18, and Figure 19 illustrate the up-front incremental cost estimation of each 
EEM for the resilience improvement based on different criteria. Take Figure 17(a) as an 
example: the size of each bubble illustrates the cost of that EEM, while the height of each 
bubble refers to the resilience improvement, which is quantified by the metric of “Danger+” 
occurrence reduction in this case. Therefore, bubbles that are smaller and higher are optimal 
EEMs for resilience improvement. If more stringent resilience criteria are adopted, the metric for 
quantifying resilience improvement will switch from “Danger+” occurrence reduction to “Extreme 
Caution+” or even “Unsafe” (i.e., Caution+) occurrence reduction. In other words, not only the 
hazard level at and beyond “Danger” is unacceptable, but “Extreme Caution” or even “Caution” 
levels are unacceptable as well. 

It is tricky to estimate the cost of the half power supply measure because it can be achieved by 
multiple methods, such as a photovoltaic (PV) system, onsite generators, and batteries. In 
addition, its costs vary significantly. Therefore, this measure’s cost is not listed in the figures. 

The following bullets summarize the findings, based on the cost estimation results: 

(1) Cost-effectiveness for resilience varies significantly with climate and baseline 
characteristics. In different climate zones, the buildings are designed based on local 
codes and standards, leading to different baseline characteristics, which impact the 
effectiveness of measures. For example, adding aluminum foil can reduce the “Danger+” 
occurrence by over 90% in San Francisco, but only 20% in Florida. This is caused by the 
different window performance in the baseline model, which complies with the same 
building code but different climate zone requirements. 

(2) Cost-effectiveness is also influenced by the duration and strength of the extreme events. 
For events that are more severe or last longer, the measures’ effectiveness will be 
reduced. For example, the heatwave in Chicago lasted one day longer than those in 
Florida and San Francisco. As a result, the low-cost package and operation-oriented 
package can completely eliminate the Danger+ occurrences in the latter two cities, while 
they can only achieve at most 70% reduction in Chicago. As discussed in the 
Introduction section, accelerating climate change will cause increasingly frequent and 
strong extreme climate events. Therefore, the EEM effectiveness will likely be 
discounted in the future and this should be taken into consideration while performing the 
EEM evaluation.  

(3) The selection of resilience criteria is critical. The resilience criteria are in fact the 
maximal risk threshold that the decision makers are able to take. For example, if 
“Danger+” is adopted as the resilience criteria, the target of EEM selection would be 
eliminating the hazard levels occurrences of Danger and beyond; if “Unsafe” were to be 



adopted instead, the target would be boosted to eliminate all the occurrences that are 
“unsafe”, including Extreme Danger, Danger, Extreme Caution, and Caution. With 
different criteria selected, the EEMs that can meet the criteria will be very different. Take 
the Florida case as an example: With the “Danger+” criteria, multiple measures, 
including package low-cost, package operation, natural ventilation, and all three thermal 
storage options can meet the criteria; among which, natural ventilation is the most cost 
effective (Figure 17(a)). In contrast, with the “Unsafe” criteria, only thermal storage with a 
12- and 24-hour supply can fully meet the criteria, and all the passive measures are 
knocked out (Figure 17(c)). Therefore, decision makers should comprehensively 
compare and prioritize EEMs for resilience improvement by balancing their risk threshold 
and investment capability. 

(4) All active measures can largely improve safety, but are relatively expensive compared 
with passive measures. Passive measures are effective at reducing dangerous 
conditions, but cannot be 100% safe. For example, based on Figure 17(a), Figure 18(a), 
and Figure 19(a), at least one-third of the passive measures are quite effective at 
reducing the “Danger+” occurrence. But based on Figure 17(c), Figure 18(c), and Figure 
19(c), almost none of the passive measures have any effect on reducing the “Unsafe” 
occurrence; in other words, when passive measures are applied, the entire building is 
still in an unsafe condition throughout the incident. Therefore, if the target is to guarantee 
100% safety, the active measures will be a must-have. However, it does not mean that 
passive measures should be fully dumped in this case; in fact, they can be integrated 
with active measures to achieve the best performance. 

 

(a) EEM cost over “Danger+” occurrence reduction 



 

(b) EEM cost over “Extreme Caution+” occurrence reduction 

 

(c) EEM cost over “Unsafe” occurrence reduction 

Figure 17. EEM cost-effectiveness of the nursing home in Florida based on different resilience 
criteria: (a) “Danger+”; (b) “Extreme Caution+”; (c) “Unsafe”. 



 

(a) EEM cost over “Danger+” occurrence reduction 

 

(b) EEM cost over “Extreme Caution+” occurrence reduction 



 

(c) EEM cost over “Unsafe” occurrence reduction 

Figure 18. EEM cost-effectiveness of the nursing home in San Francisco based on different 
resilience criteria: (a) “Danger+”; (b) “Extreme Caution+”; (c) “Unsafe”. 

 

(a) EEM cost over “Danger+” occurrence reduction 



 

(b) EEM cost over “Extreme Caution+” occurrence reduction 

 

(c) EEM cost over “Unsafe” occurrence reduction 

Figure 19. EEM cost-effectiveness of the nursing home in Chicago based on different resilience 
criteria: (a) “Danger+”; (b) “Extreme Caution+”; (c) “Unsafe”. 

6. Discussion 
Global climate change has already resulted in a wide range of impacts across the globe. While 
extreme heat is becoming the new normal [130], there are no comprehensive policies in place to 



adapt existing homes and other buildings to high temperatures, manage urban heat islands, nor 
safeguard new homes [21]. The level of risk from overheating is unknown for hospitals, care 
homes, schools, prisons, and places of work [21]. If new air-conditioning systems are installed 
to address such overheating risk, there will be a significant increase in cooling related electricity 
use. If it is deemed necessary to install cooling systems in a portion of these buildings, the 
buildings should be retrofit first, to increase energy efficiency and reduce cooling demand.  

The benefits of energy savings and resilience should be considered together when evaluating 
energy efficiency measures for specific building types and climate zones. Passive measures 
that significantly improve heat resilience, which may not be cost-effective purely from an energy 
savings perspective, should be considered in the building design or retrofit process. Even 
though the nexus of resilience and energy efficiency is important, resilience requirements have 
not been incorporated in current building energy codes and standards, such as ASHRAE 90.1, 
ASHRAE 189.1, or California Title 24. The LEED rating systems give credits for passive 
survivability, which improves heat resilience. It is good to have, but not mandatory. Resilience 
requirements need to be implemented in building energy codes and standards in order to 
achieve extensive improvement of resilience, especially from the early design stage.  

Florida’s emergency generator laws require that nursing homes and assisted living facilities 
have backup power [131]. The rules do not require a specific type of cooling. Some facilities 
may opt to power the entire HVAC system, while others provide an emergency-specific cooling 
solution. In practice, operation and maintenance (O&M) issues may disable the functioning of 
the backup power. Therefore, periodic testing of the backup power system is recommended.  

There are limitations in this study: (1) Only limited data (e.g., the reported maximum indoor 
temperature of 99⁰F) were available for the model calibration. We did not have access to actual 
utility bill data, as the building has been closed since the tragedy happened; (2) There are some 
trees surrounding the nursing home, which may affect the building’s solar heat gains to a certain 
degree. We didn’t consider trees in our modeling; and (3) Cost estimation is subject to 
uncertainty, which varies with manufacturers, implementation locations and contractors, etc. It 
should be used as a reference only. 

Evaluating measures for improving resilience of buildings requires different modeling and 
analysis approaches (e.g., assuming the building is in free-floating mode without power, using 
extreme weather rather than typical meteorological year [TMY] weather data) from those used 
to evaluate measures for energy savings or utility cost savings. Although case studies like this 
emerge, the nexus of energy efficiency and resilience of buildings needs more research in order 
to provide useful tools, best practices, and clear guidance for practitioners and policy makers. 
Future work includes extending this analysis framework to residential and commercial buildings 
and critical facilities in different climate zones, and buildings subject to different weather events 
(e.g., heatwaves, polar vortices, and wildfires). Future studies may also look at more specific 
resilient criteria for the vulnerable population that is more sensitive to heat hazards. As cities 
attempt to adapt to more prevalent heatwaves, building-level solutions may be preferable to city-
scale urban planning options, which are often far harder to implement. Resilience at the city 
block or district scale may need different technologies and strategies because of interactions 



between buildings or between buildings and urban microclimate, as well as potential use of 
district energy systems serving such a group of buildings. As climate change introduces more 
frequent and severe extreme weather events, future study can also investigate the impact of 
climate change on the interactions between thermal resilience and energy efficiency of 
buildings. 

Future work also should include the establishment of tools that can identify the most effective 
energy efficiency measures for resilience purposes as a function of circumstance using 
optimization techniques. Improved building architectures that co-optimize for both efficiency and 
resilience should be considered, including vernacular designs that are sometimes ignored in 
favor of more modern solutions. Building energy codes should be reconsidered through a 
resilience lens, and the idea of what a “resilient code” actually is should be clarified. Answering 
these questions will provide a better way to quantify the value that energy efficiency provides for 
resilience. Doing so would convey multiple benefits, including incentivizing energy efficiency 
upgrades, enhancing the ability to recoup efficiency investments in buildings at the point of 
transaction, and providing a justification for organizations to invest in energy efficiency as part of 
a rigorous cost-benefit analysis. 

7. Conclusion 
In this study we examined the impact that energy efficiency measures in buildings have on 
occupant resilience during a weather-related disaster. We focused on an example of a real-
world building failure—extreme indoor heat buildup in a Florida nursing home following an air 
conditioning outage caused by Hurricane Irma in 2017. This case study was selected 
deliberately so that we might better understand how energy efficiency manifests itself as a 
resilience resource in a realistic scenario caused by the deadliest weather-related phenomenon 
in the United States, and one that is projected to only become more severe: extreme heat. We 
attached price estimates to each efficiency measure as a means to quantify in monetary terms 
the up-front cost at which efficiency measures would have reduced the fatality risk for all 
residents, but particularly the 12 senior citizens that did not survive the tragedy. 

We gathered the actual building data through publicly available records and recreated the 
nursing home in EnergyPlus modeling software. We introduced a number of passive efficiency 
measures and discovered that most provided a resilience benefit. These benefits were unequal, 
however. We found that natural ventilation was most effective at reducing the indoor heat index 
in Florida, followed by a reduction of the building’s miscellaneous electrical loads. Other 
measures like placing aluminum foil on the roof and windows, installing a cool roof, modifying 
windows, and adding more wall insulation were also beneficial to a lesser degree. These 
passive measures can reduce the risk of dangerous conditions but could not guarantee safe 
conditions for occupants. Active measures, such as cool energy storage or PV that powers half 
capacity of cooling systems, are needed to provide cooling to maintain safe conditions for 
occupants.  



Our analysis generated three high-level takeaways. First, energy efficiency is not uniformly 
beneficial for resilience, as different efficiency characteristics convey different resilience 
impacts. In particular, we found that reduced air infiltration—a staple of modern energy 
efficiency practices—actually made it more difficult for the nursing home to expel excess heat 
when indoor air temperature was higher than it was outdoors. And it would have, on its own, 
increased the heat index beyond the status quo. Second, the effectiveness of specific energy 
efficiency measures varied as a function of circumstance. By transplanting the Florida nursing 
home to Chicago and San Francisco during real heatwaves, we found that the value of 
individual measures varied as a function of multiple parameters, including climate zone, outdoor 
temperature, length of air conditioning outage, insolation, and local building codes. Third, the 
most effective efficiency measures were also the least expensive to implement. This 
encouraging result indicates that low- to no-cost measures could potentially be deployed in 
buildings in near-real time to enhance passive survivability by allowing residents to shelter 
in place. 

Further analysis will be needed to characterize the efficiency/resilience connection more 
holistically. While improved insulation was one of the most expensive options for delivering a 
resilience benefit, we did not in this study calculate the lifetime benefits of such a measure, 
which would include energy savings, greenhouse gas mitigation, reductions in demand charges, 
health and productivity gains, and so on. Moreover, we limited our assessment to the value 
efficiency provides to building occupants. There may be additional value conveyed to building 
owners, business operators, and utilities under different circumstances. 

Emergency responders and taxpayers may benefit as well, particularly if people do not need to 
be triaged, relocated, and housed elsewhere should their residences become uninhabitable. 
While a full suite of solutions, including a coordinated community response and distributed 
energy resources, is called for, passive measures that improve the chances of survival when 
other options are unavailable are of high importance. This is especially true given that the 
United States currently lacks the capacity to respond to a catastrophic power outage, the likes 
of which struck Puerto Rico following Hurricane Maria (The President’s National Infrastructure 
Advisory Council, 2018). 

Findings from this study indicate energy efficiency technologies should be evaluated not only by 
their energy savings performance but also by their influence on a building’s thermal resilience to 
extreme weather events. Current building energy efficiency standards lack consideration of 
nexus of energy efficiency and resilience of buildings, which can be improved to promote 
measures or technologies that save energy while improving or neutral to thermal resilience of 
buildings. Such policy changes are critical to the pathway of energy efficient, resilient and 
healthy buildings and communities. 
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Appendix 
Table 4. Heat Index Chart (National Oceanic and Atmospheric Administration, 2018a) 

 

 
Table 5. Heat Hazard classification and impact on the body (National Oceanic and Atmospheric 

Administration, 2019) 

 

 

Heat Index (°C) Category Effect on the body

27-32 Caution
Fatigue is possible with prolonged exposure and activity. 

Continuing activity could result in heat cramps.

32-39
Extreme 
Caution

Heat cramps and heat exhaustion are possible. 
Continuing activity could result in heatstroke.

39-51 Danger
Heat cramps and heat exhaustion are likely; heatstroke 

probable with continued activity.

Above 52
Extreme 
Danger

Heatstroke is imminent.



 

Figure 20. Locations of the case study building and applied weather station 

 

Figure 21. Temperature variation in a hotspot patient room under thermal storage with eight-
hour supply 

 



References 
[1] National Oceanic and Atmospheric Administration, Weather Related Fatality and Injury 

Statistics, (2018). https://www.weather.gov/hazstat/ (accessed August 4, 2019). 

[2] U.S. Environmental Protection Agency, Heat-Related Deaths, (2016). 
https://www.epa.gov/sites/production/files/2016-08/documents/print_heat-deaths-
2016.pdf. 

[3] J.M. Robine, S.L.K. Cheung, S. Le Roy, H. Van Oyen, C. Griffiths, J.P. Michel, et al., 
Death toll exceeded 70,000 in Europe during the summer of 2003, Comptes Rendus - 
Biol. 331 (2008) 171–178. doi:10.1016/j.crvi.2007.12.001. 

[4] Centre for Research on the Epidemiology of Disasters, The International Disaster 
Database, (2019). 

[5] D. Barriopedro, E.M. Fischer, J. Luterbacher, R.M. Trigo, R. Garcia-Herrera, The hot 
summer of 2010: Redrawing the temperature record map of Europe, Science (80-. ). 332 
(2011) 220–224. doi:10.1080/10255842.2015.1069566. 

[6] J.E. Dematte, K. O’Mara, J. Buescher, C.G. Whitney, S. Forsythe, T. McNamee, et al., 
Near-Fatal Heat Stroke during the 1995 Heat Wave in Chicago, Ann. Intern. Med. 129 
(1998). doi:10.7326/0003-4819-129-3-199808010-00001. 

[7] U.S. De, R.K. Dube, G.S. Prakasa Rao, Extreme Weather Events over India in the last 
100 years, J. Indian Geophys. Union. 9 (2005) 173–188. doi:10.16818/j.issn1001-
5868.2017.05.004. 

[8] U.S. De, R.K. Mukhopadhyay, Severe Heat Wave over the Indian Subcontinent in 1998, 
in Perspective of Global Climate, Curr. Sci. 75 (1998) 1308–1311. 
https://www.jstor.org/stable/24101015?seq=1#page_scan_tab_contents. 

[9] I. Masood, Z. Majid, S. Sohail, A. Zia, S. Raza, The deadly heat wave of Pakistan, June 
2015, Int. J. Occup. Environ. Med. 6 (2015) 247–248. doi:10.15171/ijoem.2015.672. 

[10] J. V. Ratnam, S.K. Behera, S.B. Ratna, M. Rajeevan, T. Yamagata, Anatomy of Indian 
heatwaves, Sci. Rep. 6 (2016) 1–11. doi:10.1038/srep24395. 

[11] T.S. Jones, A.P. Liang, E.M. Kilbourne, M.R. Griffin, P.A. Patriarca, S.G.F. Wassilak, et 
al., Morbidity and Mortality Associated With the July 1980 Heat Wave in St Louis and 
Kansas City, Mo, JAMA J. Am. Med. Assoc. 247 (1982) 3327–3331. 
doi:10.1001/jama.1982.03320490025030. 

[12] B.D. Giles, C. Balafoutis, P. Maheras, Too hot for comfort: The heatwaves in Greece in 
1987 and 1988, Int. J. Biometeorol. 34 (1990) 98–104. doi:10.1007/BF01093455. 

[13] U.S. Centers for Disease Control and Prevention, About Extreme Heat, (2017). 
https://www.cdc.gov/disasters/extremeheat/heat_guide.html (accessed September 27, 
2019). 

[14] M. Collins, R. Knutti, Long-term climate change: Projections, commitments and 
irreversibility, Clim. Chang. 2013 Phys. Sci. Basis Work. Gr. I Contrib. to Fifth Assess. 
Rep. Intergov. Panel Clim. Chang. 9781107057 (2013) 1029–1136. 



doi:10.1017/CBO9781107415324.024. 

[15] United States Global Change Research Program, U.S. heat wave frequency and length 
are increasing, (2019). https://www.globalchange.gov/browse/indicators/us-heat-waves 
(accessed September 26, 2019). 

[16] K. Dahl, R. Licker, J.T. Abatzoglou, J. Declet-Barreto, Increased frequency of and 
population exposure to extreme heat index days in the United States during the 21st 
century, Environ. Res. Commun. 1 (2019) 075002. doi:10.1088/2515-7620/ab27cf. 

[17] New York City Environmental Justice Alliance, NYC Climate Justice Agenda, 2018. 
https://www.nyc-eja.org/wp-content/uploads/2018/04/NYC-Climate-Justice-Agenda-Final-
042018-1.pdf. 

[18] U.S. Centers for Disease Control and Prevention, Extreme Heat, (2019). 

[19] Y.T. Eunice Lo, D.M. Mitchell, A. Gasparrini, A.M. Vicedo-Cabrera, K.L. Ebi, P.C. 
Frumhoff, et al., Increasing mitigation ambition to meet the Paris Agreement’s 
temperature goal avoids substantial heat-related mortality in U.S. Cities, Sci. Adv. 5 
(2019) 1–10. doi:10.1126/sciadv.aau4373. 

[20] E.P. Petkova, J.K. Vink, R.M. Horton, A. Gasparrini, D.A. Bader, J.D. Francis, et al., 
Towards more comprehensive projections of urban heat-related mortality: Estimates for 
New York city under multiple population, adaptation, and climate scenarios, Environ. 
Health Perspect. 125 (2017) 47–55. doi:10.1289/EHP166. 

[21] Committee on Climate Change, UK Climate Change Risk Assessment 2017 Synthesis, 
2016. https://www.theccc.org.uk/wp-content/uploads/2016/07/UK-CCRA-2017-Synthesis-
Report-Committee-on-Climate-Change.pdf. 

[22] J.F. Bobb, R.D. Peng, M.L. Bell, F. Dominici, Heat-related mortality and adaptation to 
heat in the United States, Environ. Health Perspect. 122 (2014) 811–816. 
doi:10.1289/ehp.1307392. 

[23] O. Deschênes, M. Greenstone, Climate Change, Mortality, and Adaptation: Evidence 
from Annual Fluctuations in Weather in the US, Am. Econ. J. Appl. Econ. 3 (2011). 
doi:10.1257/app.3.4.152. 

[24] D. Mills, J. Schwartz, M. Lee, M. Sarofim, R. Jones, M. Lawson, et al., Climate change 
impacts on extreme temperature mortality in select metropolitan areas in the United 
States, Clim. Change. 131 (2015) 83–95. doi:10.1007/s10584-014-1154-8. 

[25] S. Holder, Harlem sensor data reveals dangerous indoor heat risk, AdaptNY. (2016). 
https://www.adaptny.org/2016/10/25/harlem-sensor-data-reveals-dangerous-indoor-heat-
risk/. 

[26] International Energy Agency, The Future of Cooling: Opportunities for energy-efficient air 
conditioning, 2018. www.iea.org/t&c/. 

[27] PlaNYC, A Stronger, More Resilient New York, 2013. 
https://www1.nyc.gov/site/sirr/report/report.page. 

[28] D.E. Williams, Sustainable Design: Ecology, Architecture, and Planning, Wiley, Hoboken, 
NJ, 2007. 



[29] IPCC, Climate Change 2014: Synthesis Report. Contribution of Working Groups I, II and 
III to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change, 
Geneva, Switzerland, 2014. doi:10.1016/S0022-0248(00)00575-3. 

[30] D.J. Wuebbles, D.W. Fahey, K.A. Hibbard, J.R. Arnold, S. Doherty, D.R. Easterling, et al., 
Fourth National Climate Assessment, 2017. doi:10.7930/J0J964J6. 

[31] R.D. Bornstein, Observations of the Urban Heat Island Effect in New York City, J. Appl. 
Meteorol. 7 (1968) 194–204. https://journals.ametsoc.org/doi/pdf/10.1175/1520-
0450(1968)007%3C0575:OOTUHI%3E2.0.CO%3B2. 

[32] K.P. Gallo, A.L. McNab, T.R. Karl, J.F. Brown, J.J. Hood, J.D. Tarpley, The use of NOAA 
AVHRR data for assessment of the urban heat island effect, J. Appl. Meteorol. 32 (1993) 
899–908. doi:10.1175/1520-0450(1993)032<0899:TUONAD>2.0.CO;2. 

[33] A. Mohajerani, J. Bakaric, T. Jeffrey-Bailey, The urban heat island effect, its causes, and 
mitigation, with reference to the thermal properties of asphalt concrete, J. Environ. 
Manage. 197 (2017) 522–538. doi:10.1016/j.jenvman.2017.03.095. 

[34] J.H. Eto, K.H. LaCommare, P. Larsen, A. Todd, E. Fisher, An examination of temporal 
trends in electricity reliability based on reports from U.S. electric utilities, 2012. 
https://emp.lbl.gov/sites/all/files/lbnl-5268e.pdf. 

[35] E. Mills, Extreme Grid Disruptions and Extreme Weather, in: Lawrence Berkeley Natl. 
Lab. U.S. Disaster Reanalysis Work., 2012. http://evanmills.lbl.gov/presentations/Mills-
Grid-Disruptions-NCDC-3May2012.pdf. 

[36] Energy Information Administration, Electric Power Monthly, (2019). 
https://www.eia.gov/electricity/monthly/ (accessed September 27, 2019). 

[37] D.M. Ward, The effect of weather on grid systems and the reliability of electricity supply, 
Clim. Change. 121 (2013) 103–113. doi:10.1007/s10584-013-0916-z. 

[38] D.A. Waddicor, E. Fuentes, L. Sisó, J. Salom, B. Favre, C. Jiménez, et al., Climate 
change and building ageing impact on building energy performance and mitigation 
measures application: A case study in Turin, northern Italy, Build. Environ. 102 (2016) 
13–25. doi:10.1016/j.buildenv.2016.03.003. 

[39] M. Miezis, K. Zvaigznitis, N. Stancioff, L. Soeftestad, Climate change and buildings 
energy efficiency - The key role of residents, Environ. Clim. Technol. 17 (2016) 30–43. 
doi:10.1515/rtuect-2016-0004. 

[40] Z.J. Zhai, J.M. Helman, Climate change: Projections and implications to building energy 
use, Build. Simul. 12 (2019) 585–596. doi:10.1007/s12273-019-0509-5. 

[41] H. Wang, Q. Chen, Impact of climate change heating and cooling energy use in buildings 
in the United States, Energy Build. 82 (2014) 428–436. 
doi:10.1016/j.enbuild.2014.07.034. 

[42] V.M. Nik, A. Sasic Kalagasidis, Impact study of the climate change on the energy 
performance of the building stock in Stockholm considering four climate uncertainties, 
Build. Environ. 60 (2013) 291–304. doi:10.1016/j.buildenv.2012.11.005. 

[43] J.E. Loveland, G.Z. Brown, Impacts of Climate Change on the Energy Performance of 



Buildings in the United States, (1989). 

[44] M.J. Lipson, M. Thatcher, M.A. Hart, A. Pitman, Climate change impact on energy 
demand in building-urban-atmosphere simulations through the 21st century, Environ. 
Res. Lett. 14 (2019) 125014. doi:10.1088/1748-9326/ab5aa5. 

[45] L. Ortiz, J.E. González, W. Lin, Climate change impacts on peak building cooling energy 
demand in a coastal megacity, Environ. Res. Lett. 13 (2018). doi:10.1088/1748-
9326/aad8d0. 

[46] M. Li, J. Shi, J. Guo, J. Cao, J. Niu, M. Xiong, Climate impacts on extreme energy 
consumption of different types of buildings, PLoS One. 10 (2015) 1–12. 
doi:10.1371/journal.pone.0124413. 

[47] A.T.D. Perera, V.M. Nik, D. Chen, J. Scartezzini, T. Hong, Quantifying the impacts of 
climate change and extreme climate events on energy systems, Nat. Energy. (2020). 
doi:10.1038/s41560-020-0558-0. 

[48] A.T.D. Perera, V.M. Nik, D. Chen, J. Scartezzini, T. Hong, Quantifying the impacts of 
climate change and extreme climate events on energy systems, Nat. Energy. (2020). 
doi:10.1038/s41560-020-0558-0. 

[49] A. Egerter, L. Guevara-Stone, M. Jungclaus, Policies for better buildings: cost-effective 
ways cities can cut carbon, slash costs, and create jobs, 2018. 

[50] International Energy Agency, Energy Efficiency 2018: Analysis and outlooks to 2040, 
2018. 
https://webstore.iea.org/download/direct/2369?fileName=Market_Report_Series_Energy_
Efficiency_2018.pdf. 

[51] L. Schwartz, G. Leventis, S.R. Schiller, E. Martin-Fadrhonc, SEE Action Guide for States: 
Energy Efficiency as a Least-Cost Strategy to Reduce Greenhouse Gases and Air 
Pollution and Meet Energy Needs in the Power Sector, 2016. 
https://www4.eere.energy.gov/seeaction/system/files/documents/pathways-guide-states-
final0415.pdf. 

[52] C. Bataille, D. Sawyer, N. Melton, R. Adamson, Pathways to Deep Decarbonization in 
Canada, 2015. http://cmcghg.com/wp-content/uploads/2015/07/Final-Canada-DDPP-
Country-Report-July-14.pdf. 

[53] B.D. Leibowicz, C.M. Lanham, M.T. Brozynski, J.R. Vázquez-Canteli, N.C. Castejón, Z. 
Nagy, Optimal decarbonization pathways for urban residential building energy services, 
Appl. Energy. 230 (2018) 1311–1325. doi:10.1016/j.apenergy.2018.09.046. 

[54] T.T. Mai, P. Jadun, J.S. Logan, C.A. McMillan, M. Muratori, D.C. Steinberg, et al., 
Electrification Futures Study: Scenarios of Electric Technology Adoption and Power 
Consumption for the United States, 2018. doi:10.2172/1459351. 

[55] A. Adhvaryu, N. Kala, A. Nyshadham, The Light and the Heat: Productivity Co-Benefits of 
Energy-Saving Technology, 2018. https://www.nber.org/papers/w24314.pdf. 

[56] E.J. Carlton, K. Barton, P.M. Shrestha, J. Humphrey, L.S. Newman, J.L. Adgate, et al., 
Relationships between home ventilation rates and respiratory health in the Colorado 



Home Energy Efficiency and Respiratory Health (CHEER) study. Environmental 
Research, 169(July 2018), 297–307. https://doi.org/10.1016/j.envres.2018.11.019, 
Environ. Res. 169 (2019) 297–307. 

[57] R. Cluett, J. Amann, Multiple Benefits of Multifamily Energy Efficiency for Cost-
Effectiveness Screening, 2015. http://www.ourenergypolicy.org/wp-
content/uploads/2015/06/a1502.pdf. 

[58] W.J. Fisk, Health and Productivity Gains from Better Indoor Environments and Their 
Relationship with Building Energy Efficiency, Annu. Rev. Energy Environ. 25 (2010) 537–
566. https://www.annualreviews.org/doi/pdf/10.1146/annurev.energy.25.1.537. 

[59] M.W. Kozusznik, L.P. Maricutoiu, J.M. Peiró, D.M. Vîrgă, A. Soriano, C. Mateo-Cecilia, 
Decoupling office energy efficiency from employees’ well-being and performance: A 
systematic review, Front. Psychol. 10 (2019). doi:10.3389/fpsyg.2019.00293. 

[60] A. Wilson, Passive Survivability, BuildingGreen. (2005). 

[61] Passive House Alliance, PHIUS Certification for Buildings & Products, (2019). 

[62] U.S. Green Building Council, Passive Survivability and Back-up Power During Disruptions 
Possible, (2019). 

[63] R. Leigh, J. Kleinberg, C. Scheib, R. Unger, N. Kienzl, M. Esposito, et al., Leaks and 
Lives: How Better Building Envelopes Make Blackouts Less Dangerous, in: ACEEE 
Summer Study Energy Effic. Build., 2014: pp. 156–167. 
https://aceee.org/files/proceedings/2014/data/papers/1-439.pdf. 

[64] M. Baechler, T. Gilbride, Residential Energy Efficiency and the Three Rs: Resistance, 
Resilience, and Recovery, ACEEE Summer Study Energy Effic. Build. (2018) 1–12. 

[65] K. Lee, Integrating Efficiency in Disaster Recovery, (2018) 1–12. 

[66] P. Majdi, After the Storm: How the Federal Government Can Improve Resilience through 
Energy Efficiency, ACEEE Summer Study Energy Effic. Build. (2018) 1–15. 
https://aceee.org/files/proceedings/2018/node_modules/pdfjs-dist-viewer-
min/build/minified/web/viewer.html?file=../../../../../assets/attachments/0194_0286_000239
.pdf#search=%22After the Storm%22. 

[67] S. Williamson, PACE Financing and Resilience: Policy Considerations and Market 
Outlook, ACEEE Summer Study Energy Effic. Build. (2018) 1–13. 
https://aceee.org/files/proceedings/2018/node_modules/pdfjs-dist-viewer-
min/build/minified/web/viewer.html?file=../../../../../assets/attachments/0194_0286_000506
.pdf#search=%22PACE%22. 

[68] National Institute of Building Sciences, Natural Hazard Mitigation Saves: 2018 Interim 
Report, 2018. 

[69] S.P. Hoverter, Adapting to Urban Heat: A Tool Kit for Local Governments, (2012). 
http://66.39.13.15/sites/default/files/climate-adaptation-urban-
heat.pdf%5Cnhttp://www.law.georgetown.edu/academics/academic-programs/clinical-
programs/our-clinics/HIP/upload/Urban-Heat-Toolkit_RD2.pdf. 

[70] Red Cross Red Crescent Climate Centre, Heatwave Guide for Cities, 2019. 



https://www.climatecentre.org/downloads/files/IFRCGeneva/RCCC Heatwave Guide 
2019 A4 RR ONLINE copy.pdf. 

[71] M. Santamouris, K. Pavlou, A. Synnefa, K. Niachou, D. Kolokotsa, Recent progress on 
passive cooling techniques. Advanced technological developments to improve 
survivability levels in low-income households, Energy Build. 39 (2007) 859–866. 
doi:10.1016/j.enbuild.2007.02.008. 

[72] National Association of State Energy Officials, Resiliency through Energy Efficiency, 
(2015). https://www.naseo.org/data/sites/1/documents/publications/NASEO-
Disaster_Mitigation_and_Rebuilding_Report1.pdf. 

[73] Office of Energy Efficiency & Renewable Energy, Energy Efficiency and Distributed 
Generation for Resilience: Withstanding Grid Outages for Less, 2019. 
https://www.energy.gov/sites/prod/files/2019/06/f64/EEDG-Resilience.PDF. 

[74] D. Ribeiro, E. Mackres, B. Baatz, R. Cluett, M. Jarrett, M. Kelly, et al., Enhancing 
Community Resilience through Energy Efficiency, (2015). doi:10.1016/S0020-
7519(00)00035-7. 

[75] P. Stanton, Energy Efficiency: A Critical Component to Preparedness for Extreme 
Weather, (2019). https://e4thefuture.org/blog/energy-efficiency-a-critical-component-to-
preparedness-for-extreme-weather/. 

[76] J. Marqusee, C. Schultz, D. Robyn, Power Begins at Home: Assured Energy for U.S. 
Military Bases, 2017. https://noblis.org/wp-content/uploads/2017/11/Power-Begins-at-
Home-Noblis-Website-Version-15.pdf. 

[77] H. Mirhosseini, K. Carmody, L.D. Iulo, A framework for the co-benefits and trade- offs of 
resilience & sustainability certification programs, in: Proc. ARCC 2019 Int. Conf., 2019: 
pp. 459–469. 

[78] NYC Mayor’s Office of Recovery and Resiliency, Climate Resiliency Design Guidelines, 
(2019) 1–66. 
https://www1.nyc.gov/assets/orr/pdf/NYC_Climate_Resiliency_Design_Guidelines_v3-
0.pdf. 

[79] Enterprise Green Communities, Strategies for Multifamily Building Resilience, (2016). 

[80] A. Katal, M. Mortezazadeh, L. (Leon) Wang, Modeling building resilience against extreme 
weather by integrated CityFFD and CityBEM simulations, Appl. Energy. 250 (2019) 
1402–1417. doi:10.1016/j.apenergy.2019.04.192. 

[81] A. Baniassadi, J. Heusinger, D.J. Sailor, Energy efficiency vs resiliency to extreme heat 
and power outages: The role of evolving building energy codes Heat and Ozone in 
Metropolitan Environments: Assessing Indoor Risks View project Evaluating the 
Effectiveness of Tree Locations and Arrangements, Artic. Build. Environ. (2018). 
doi:10.1016/j.buildenv.2018.05.024. 

[82] W.J. Fisk, Review of some effects of climate change on indoor environmental quality and 
health and associated no-regrets mitigation measures, Build. Environ. 86 (2015) 70–80. 
doi:10.1016/J.BUILDENV.2014.12.024. 



[83] U.S. Department of Energy, Better Buildings - Healthcare sector, (2019). 
https://betterbuildingssolutioncenter.energy.gov/alliance/sector/healthcare. 

[84] ASHRAE, Advanced Energy Design Guide for Large Hospitals, 2014. 

[85] ASHRAE, Advanced energy design guide for small hospitals and healthcare facilities, 
2011. doi:10.1260/2040-2295.1.2.277. 

[86] R. Wrublowsky, Design Guide for Long Term Care Homes, 2018. 
https://www.fgiguidelines.org/wp-
content/uploads/2018/03/MMP_DesignGuideLongTermCareHomes_2018.01.pdf. 

[87] Better Buildings Initiative by U.S. Department of Energy, Solution at a Glance: Targeting 
Energy Efficiency With Low-Energy Design and Renewables at Gundersen Health 
System’s Sparta Clinic, 2017. https://betterbuildingssolutioncenter.energy.gov/solutions-
at-a-glance/targeting-energy-efficiency-low-energy-design-and-renewables-at-gundersen. 

[88] Better Buildings Initiative by U.S. Department of Energy, Showcase Project: University 
Hospital, 2012. https://betterbuildingssolutioncenter.energy.gov/showcase-
projects/university-hospital. 

[89] American Meteorological Society, A Prescription for the 21st Century: Improving 
Resilience to High-Impact Weather for Healthcare Facilities and Services, 2014. 
https://www.ametsoc.org/ams/assets/File/health_workshop_report.pdf. 

[90] R. Guenther, J. Balbus, Primary Protection: Enhancing Health Care Resilience for a 
Changing Climate, 2014. https://toolkit.climate.gov/sites/default/files/SCRHCFI Best 
Practices Report final2 2014 Web.pdf. 

[91] A. Eagle, Resilient health care design: Constructing hospitals to help ensure continuous 
operation, Heal. Facil. Manag. Mag. (2015). https://www.hfmmagazine.com/articles/1450-
resilient-health-care-design. 

[92] D.L. Stymiest, Resilience for health care technology: Operating definitions for “resilience” 
focus on the ability to withstand and recover, Heal. Facil. Manag. Mag. (2019). 
https://www.hfmmagazine.com/articles/3809-resilience-for-health-care-technology. 

[93] S.H. Holmes, T. Phillips, A. Wilson, Overheating and passive habitability: indoor health 
and heat indices, 44 (2016) 1–19. 

[94] M. Beck, Technological and Hybrid Disasters, in: Environ. Sci., 2019. 
doi:10.1093/obo/9780199363445-0118. 

[95] U.S. Census Bureau, Population Projections, 2018. 

[96] Wikipedia, 2003 European heat wave, (2019). 
https://en.wikipedia.org/wiki/2003_European_heat_wave. 

[97] B. Ozarisoy, H. Altan, Adoption of energy design strategies for retrofitting mass housing 
estates in Northern Cyprus, Sustain. 9 (2017) 1477. doi:10.3390/su9081477. 

[98] C. Tweed, Socio-technical issues in dwelling retrofit, Build. Res. Inf. 41 (2013) 551–562. 
doi:10.1080/09613218.2013.815047. 



[99] R. Lowe, L.F. Chiu, T. Oreszczyn, Socio-technical case study method in building 
performance evaluation, Build. Res. Inf. 46 (2018) 469–484. 
doi:10.1080/09613218.2017.1361275. 

[100] D.B. Crawley, L.K. Lawrie, F.C. Winkelmann, W.F. Buhl, Y.J. Huang, C.O. Pedersen, et 
al., EnergyPlus: Creating a new-generation building energy simulation program, Energy 
Build. 33 (2001) 319–331. doi:10.1016/S0378-7788(00)00114-6. 

[101] World Meteorological Organization, World Health Organization, Heatwaves and Health: 
Guidance on Warning-System Development, 2015. 

[102] M. Wehner, F. Castillo, D. Stone, The Impact of Moisture and Temperature on Human 
Health in Heat Waves, Oxford Res. Encycl. Nat. Hazard Sci. (2017) 1–38. 
doi:10.1093/acrefore/9780199389407.013.58. 

[103] C. Koppe, S. Kovats, G. Jendritzky, B. Menne, Heat-waves: risks and responses, 2004. 

[104] Occupational Safety and Health Administration, Using the Heat Index : A Guide for 
Employers Introduction, 2016. 

[105] W. O’Brien, I. Bennet, Simulation-based evaluation of high-rise residential building 
thermal resilience, ASHRAE Conf. 122 (2016) 455–468. 

[106] R.G. Steadman, The assessment of sultriness. Part I: A temperature-humidity index 
based on human physiology and clothing science., J. Appl. Meteorol. 18 (1979) 861–873. 
doi:10.1175/1520-0450(1979)018<0861:TAOSPI>2.0.CO;2. 

[107] K.E. Smoyer-tomic, R. Kuhn, A. Hudson, Heat Wave Hazards: An Overview of Heat 
Wave Impacts in Canada, Nat. Hazards. (2003) 463–485. 

[108] G.M. Budd, Wet-bulb globe temperature (WBGT)—its history and its limitations, J. Sci. 
Med. Sport. 11 (2008) 20–32. doi:10.1016/J.JSAMS.2007.07.003. 

[109] P.W. Li, S.T. Chan, Application of a weather stress index for alerting the public to 
stressful weather in Hong Kong, Meteorol. Appl. 7 (2000) 369–375. 
doi:10.1017/S1350482700001602. 

[110] P.O. Fanger, Thermal Comfort: Analysis and Application in Environment Engineering, 
1970. 

[111] ASHRAE, ASHRAE STANDARD 55-2010: Thermal Environmental Conditions for Human 
Occupancy, 2010. 

[112] A.P. Gagge, A.P. Fobelets, P.E. Berglund, A standard predictive index of human 
response to the thermal environment, ASHRAE Trans. 92 (1986) 709–731. 

[113] H. Staiger, K. Bucher, G. Jendritzky, Gefühlte Temperatur. Die physiologisch gerechte 
Bewertung von Wärmebelastung und Kältestress beim Aufenthalt im Freien in der 
Maßzahl Grad Celsius, Ann. Der Meteorol. Dtsch. Wetterdienst, Offenbach. 33 (1997) 
100–107. 

[114] P. Hoppe, The physiological equivalent temperature - a universal index for the 
biometeorological assessment of the thermal environment., Int. J. Biometeorol. 43 (1999) 
71–75. 



[115] M. Baaghideh, F. Mayvaneh, T. Shojaee, Evaluation of human thermal comfort using 
UTCI index: case study Khorasan Razavi, Iran Abbreviation UTCI: Universal Thermal 
Climate Index DEM: Digital Elevation Model PET: Physiologically Equivalent Temperature 
MEMI: Munich Energy-Balance Model for Indivi, Nat. Environ. Chang. 2 (2016) 165–175. 

[116] Wikipedia, Heat Index, (2019). https://en.wikipedia.org/wiki/Heat_index. 

[117] National Oceanic and Atmospheric Administration, What is the heat index?, (2018). 
https://www.weather.gov/ama/heatindex. 

[118] L.P. Rothfusz, The heat index “Equation” (or, More Than You Ever Wanted to Know 
About Heat Index), 1990. https://www.weather.gov/media/ffc/ta_htindx.PDF. 

[119] National Oceanic and Atmospheric Administration, Heat Index, (2018). 
https://www.weather.gov/safety/heat-index. 

[120] Occupational Safety and Health Administration, Technical Manual - Health Hazard - Heat 
Stress, (2016). https://www.osha.gov/dts/osta/otm/otm_iii/otm_iii_4.html. 

[121] S. Opitz-stapleton, L. Sabbag, K. Hawley, P. Tran, L. Hoang, P. Hoang, Heat index 
trends and climate change implications for occupational heat exposure in Da Nang , 
Vietnam, Clim. Serv. 2–3 (2016) 41–51. doi:10.1016/j.cliser.2016.08.001. 

[122] State of Florida Agency for Health Care Administration, Recommended Orders for 
Rehabilitation Center at Hollywood Hills LLC, (2019) 32. 
http://apps.ahca.myflorida.com/dm_web/DMWeb_DocsFO/9238299.pdf. 

[123] ASHRAE, ANSI/ASHRAE/IES Standard 90.1-1989: Energy Efficient Design of New 
Buildings Except Low-Rise Residential Buildings, 1997. 

[124] U.S. Department of Energy, Commercial Prototype Building Models, (2013). 
https://www.energycodes.gov/development/commercial/prototype_models. 

[125] Heat Island Group of Lawrence Berkeley National Lab, Cool Roofs, (2019). 
https://heatisland.lbl.gov/coolscience/cool-roofs. 

[126] R. Levinson, H. Akbari, Potential benefits of cool roofs on commercial buildings: 
conserving energy, saving money, and reducing emission of greenhouse gases and air 
pollutants, Energy Effic. (2010) 53–109. doi:10.1007/s12053-008-9038-2. 

[127] Newair, The Air Conditioning Mistake You Might Not Think Is So Popular, (2019). 
https://www.newair.com/blogs/learn/the-air-conditioning-mistake-you-might-not-think-is-
so-popular. 

[128] B. Mezuk, M. Lohman, M. Leslie, V. Powell, Suicide risk in nursing homes and assisted 
living facilities: 2003-2011, Am. J. Public Health. 105 (2015) 1495–1502. 
doi:10.2105/AJPH.2015.302573. 

[129] B. Mezuk, A. Rock, M.C. Lohman, M. Choi, Suicide risk in long-term care facilities: A 
systematic review, Int. J. Geriatr. Psychiatry. 29 (2014) 1198–1211. 
doi:10.1002/gps.4142. 

[130] New York Times, As Extreme Heat Becomes New Normal in Europe, Governments 
Scramble to Respond, (2019). https://www.nytimes.com/2019/07/26/world/europe/france-



europe-extreme-heat.html. 

[131] Agency for Health Care Administration, Emergency Power Plan Rules, (2018). 
https://ahca.myflorida.com/MCHQ/Emergency_Activities/EPP.shtml. 

 


	ADPCA0.tmp
	1. Introduction
	2. Methodology
	2.1. Overview
	2.2. Resilience metrics
	2.2.1. Review of resilience metrics
	2.2.2. Heat index


	3. Case Study
	3.1. Data Collection
	3.2. Model Development
	3.3. Model Calibration
	3.4. Energy Efficiency Measures
	3.4.1. Passive measures
	3.4.2. Active measures
	3.4.3. Packages

	3.5. Influences of Climate Zones

	4. Results and Analysis
	4.1. Baseline
	4.2. EEM Impact on Resilience
	4.2.1. Passive measures
	4.2.2. Active measures

	4.3. San Francisco
	4.3.1. Baseline
	4.3.2. Passive measures
	4.3.3. Active measures

	4.4. Chicago
	4.4.1. Baseline
	4.4.2. Passive measures
	4.4.3. Active measures

	4.5. Summary of measures’ impacts across three climates
	4.6. Impact on Energy Consumption

	5. Cost Estimation
	6. Discussion
	7. Conclusion
	Acknowledgments
	Appendix
	References


