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Abstract 

With the increasing frequency and severity of extreme 

weather events, it is crucial to ensure urban buildings are 

resilient during those events to provide critical services to 

preserve occupant health. To provide a consistent and 

convenient way to measure building thermal resilience 

through simulation, we identified and implemented a list 

of resilience metrics and related reports in EnergyPlus 

including the Heat Index, Humidex, and Standard 

Effective Temperature. We then conducted a case study 

with prototype buildings and ran simulations under 

different scenarios to measure the passive survivability of 

the building under a heatwave in September 2017 in San 

Francisco. The results show magnitude of heatwave 

impact on thermal resilience and infer how microclimate 

plays an essential role in influencing thermal resilience. 

Key Innovations 

• We identified and implemented a list of thermal 

resilience related reports in EnergyPlus, 

including Heat Index, Humidex and Standard 

Effective Temperature unmet hours (SET-hour).  

• We introduced how resilience metrics can be 

used to assess building thermal resilience under 

extreme weather events. 

• We conducted case studies to demonstrate how 

to interpret the resilience reported results to 

evaluate the thermal risk and passive 

survivability of a building under extreme 
weather events. 

• We illustrated how microclimate can play an 

essential role in influencing thermal resilience. 

The results indicate that under a power outage 

during a heat wave event, a building located in 

the suburban coastal area observes 36% less 

SET-hours than a building in downtown inland 

area in San Francisco. 

Practical Implications 

The paper introduces a detailed path of how practitioners 

can consider using a simulation approach with 

EnergyPlus to perform building thermal resilience 

analysis, and how to interpret the results under different 

designed resilience scenarios, such as extreme weather or 

power outage events. 

 

Introduction 

With the increasing frequency and severity of extreme 

weather events (e.g., heat waves), it is crucial to ensure 

urban buildings and infrastructure are resilient to provide 

critical services to preserve human life and properties 

during natural disasters. Building resilience has the 

opportunity to become an additional value proposition for 

technologies and systems if it can be reliably quantified, 

valued, and trusted by stakeholders (Hong et al. 2020). 

Metrics or an assessment of potential vulnerability, 

likelihood, and consequence for each risk would help to 

prioritize further consideration of these risk factors of 

building resilience. There is a need to measure the thermal 

resilience of buildings to help owners make better 

decisions and protect their assets, to better assess the built 

environment resilience of larger geographic units such as 

communities and cities, and to complement existing 

assessments of building sustainability. Studies have 

revealed the need for standard metrics that are a 

repeatable, reproducible, and true reflection of building 

thermal resilience and sustainability (Marjaba and 

Chidiac 2016). Various metrics have been used to 

evaluate thermal resilience of buildings, which reflect the 

impacts of extreme events on human health (Ladipo et al. 

2019). 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 (Sun, Specian, and Hong 

2020).  Typical biometeorological and heat-budget 

indices to measure thermal resilience include heat index 

(Rothfusz, n.d.), humidex (J M Masterton; F A 

Richardson 1979), wet bulb globe temperature (WBGT) 

(Budd 2008), predicted mean vote (PMV) (Fanger 1970), 

and standard effective temperature (SET*) (Gagge, A. P., 

Fobelets, A. P. and Berglund 1986). 

Building performance simulation is a powerful tool to 

quantify a building’s resilience and vulnerability under 

extreme weather events. However, there are no consistent 

metrics to measure building thermal resilience, and no 

convenient path to calculate a variety of metrics. To fill 

the gap and provide a handy tool for users to perform 

resilience analysis through modeling and simulation, we 

identified and implemented a list of thermal resilience 

related reports in EnergyPlus with Heat Index (Brooke 

Anderson, Bell, and Peng 2013; R. G. Steadman 1979), 

Humidex (Rana et al. 2013; J M Masterton; F A 

Richardson 1979), and Standard Effective Temperature 
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(SET) (Gagge, Fobelets,  and Berglund, 1986) as metrics. 

The reports include the standard thresholds of these 

metrics and summarize the space level accumulated hours 

and occupant·hours within each range. This paper aims to 

introduce how the resilience metrics and their threshold 

levels are currently defined and reported in EnergyPlus to 

provide modeling guidance on assessing a building’s 

thermal resilience under extreme weather events. 

Applying these new metrics, we also conducted a case 

study with a medium-sized office building and a single-

family house in San Francisco and ran simulations under 

different scenarios to measure the passive survivability of 

the buildings under a heatwave event in September 2017. 

Different microclimate conditions and different resilience 

scenarios are applied to demonstrate the variability of 

each thermal resilience metric. The EnergyPlus 

simulation results infer how microclimate plays an 

essential role influencing thermal resilience, and passive 

measures might be required to address the different 

thermal risks under different resilience scenarios. 

Methods 

Thermal resilience metrics 

Various environmental factors, including temperature, 

wind, radiation, and atmospheric moisture content, can 

affect the ability of the human body to dissipate heat. To 

assess how the combined effects of these factors can 

impact thermal resilience, we added the following three 

metrics in EnergyPlus as optional report variables and 

summary tables, namely Heat Index, Humidex, and SET. 

The selected resilience metrics are well defined, 

calculable, and have been adopted by government 

agencies and industries. 

1. Heat Index 

The heat index (HI) is an index that uses both air 

temperature and relative humidity to measure the human-

perceived equivalent temperature, as to how the 

temperature feels like to the human body when humidity 

is combined. These conditions inhibit the ability of the 

human body to dissipate heat through evaporation, 

thereby induce discomfort and risk (Delworth, Mahlman, 

and Knutson 1999). HI is widely used for assessing 

outdoor thermal comfort and thermal resilience in the 

United States, and has been recommended for indoor 

thermal resilience studies recently. HI can be expressed in 

degree Celsius or degree Fahrenheit. 

In EnergyPlus, we adopt the HI model developed by 

Steadman (Robert G. Steadman 1984; R. G. Steadman 

1994), defined as the temperature that would produce 

equivalent stress on the body if the water vapor pressure 

were changed to a predetermined reference pressure, 1.6 

kPa. We use the formula derived by Anderson et al. to 

approximate the originally presented in the tables by 

Steadman. It is the result of a multivariate regression to 

reproduce the Steadman’s table. We calculate the HI 

values in SI unit in EnergyPlus. 

𝐻𝐼 = 𝑐1 + 𝑐2𝑇 + 𝑐3𝑅 + 𝑐4𝑇𝑅 + 𝑐5𝑇2 + 𝑐6𝑅2 +
𝑐7𝑇2𝑅 + 𝑐8𝑇𝑅2 + 𝑐9𝑇2𝑅2 (1) 

where, T is the ambient dry-bulb temperature in degrees 

Celsius, R is the relative humidity in percentage value 

between 0 and 100, and the regression coefficients are as 

follows. 

c1 = -8.78469475556, 

c2 = 1.61139411, 

c3 = 2.33854883889, 

c4 = -0.14611605, 

c5 = -0.012308094, 

c6 = -0.0164248277778, 

c7 = 0.002211732, 

c8 = 0.00072546, 

c9 = -0.000003582. 

As a resilience metric, there are a set of thresholds of HI 

values to indicate different risk levels, measuring the 

likelihood of heat disorders with prolonged exposure or 

strenuous activity. There are five levels of risk, including 

Safe (≤ 26.7 °C), Caution (> 26.7, ≤ 32.2 °C), Extreme 

Caution (> 32.2, ≤ 39.4 °C), Danger (> 39.4, ≤ 51.7°C), 

and Extreme Danger (> 51.7 °C). 

2. Humidex 

The humidex (short for humidity index) is an index used 

by Canadian meteorologists to describe how hot the 

weather feels by the average person (Masterton and 

Richardson, 1979). Similar to HI, the humidex also 

measures the combining effects of heat and humidity. The 

humidex is a nominally dimensionless quantity based on 

the dry-bulb and dew-point temperature of the air [7]. In 

EnergyPlus, we implemented the humidex based on the 

following formula: 

𝐻 = 𝑇𝑎𝑖𝑟 +
5

9
(6.11 ×  𝑒𝑥𝑝

5417.7530(
1

273.15
−

1

273.15+𝑇𝑑𝑒𝑤
)

− 10) (2) 

Where, Tair is the air temperature in degrees Celsius, and 

Tdew is the dew-point temperature in degrees Celsius. 

Similarly to HI, there are different risk levels with 

different Humidex thresholds, including Little to no 

Discomfort (≤  29), Some Discomfort (> 29, ≤  40), 

Great Discomfort/ Avoid Exertion (> 40, ≤  45), 

Dangerous (> 45, ≤ 50), and Heat Stroke Quite Possible 

(> 50). 

3. Standard Effective Temperature  

SET is a model of human response to the thermal 

environment. SET is a temperature metric that factors in 

relative humidity, mean radiant temperature, and air 

velocity, while also considering the anticipated activity 

rate and clothing levels. EnergyPlus currently employs 

the Pierce Two-Node model developed by Gagge and 

accepted by ASHRAE thermal comfort standard in 1986 

(Gagge, Fobelets, and Berglund, 1986) to calculate SETs.  

As a resilience metric, LEED Pilot Credit IPpc100 

(Passive Survivability and Back-up Power During 

Disruptions) (USGBC 2019) defines “livable conditions” 

as SET between 12.2 °C and 30 °C. The credit requires 

buildings to maintain safe thermal conditions in the event 
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of an extended power outage or loss of heating fuel, or 

provide backup power to satisfy critical loads. 

Specifically, the accumulated SET-days and SET-hours 

are metrics to measure thermal safety. The SET-days and 

SET-hours are degree-days and degree-hours in 

Celsius/Fahrenheit degrees based on the indoor SET. 

Among the three indices, both HI and Humidex are 

biometeorological indices based on air temperature or a 

combination of air temperature and a measure of 

humidity. HI is widely used in the United States, while 

Humidex is more often used in Canada. The Humidex 

differs from the HI in being derived from the dew point 

rather than the relative humidity. They are in general 

interoperable and we only perform analysis using HI in 

the case study demonstration. SET is a more complex 

index as the deriving model include more meteorological 

and physiological parameters, including air temperature, 

water vapor pressure, wind velocity, radiative 

temperature, occupant clothing level and metabolic rate. 

Implementation in EnergyPlus 

The metrics target occupants’ health and wellbeing and 

involve aggregations across space and time. For the 

spatial resolution, the reporting considers both the entire 

building for aggregated results and individual spaces for 

detailed and worst-case results. For the temporal 
resolution, the reporting considers the aggregated, 

average, and worst-case results and the duration of the 

worst-case during the risk event occurrence. To satisfy the 

above requirements, for HI and Humidex, we first 

calculate their time-step values using indoor air 

conditions simulated in EnergyPlus for each zone as a 

report variable. We then adopt the thresholds and criteria 

mentioned in the previous section to sum the (1) total 

Hours, and (2) accumulated occupied hours for the sum 

of all occupants (OccupantHours) when the value of a 

metric falling into each threshold level during the whole 

simulation period. For example, for a simulation run of a 

thermal zone with two occupants, if throughout the 

simulation hours, there is 1 hour that the HI is above the 

Extreme Danger threshold (54 °C), the total HI Extreme 

Danger Hour is one hour for this zone, and the total 

OccupantHour is two hours. EnergyPlus reports the Hours 

and OccupantHours of each metrics for every zone in the 

building. 

For SET, EnergyPlus calculates the aggregated SET-

hours (at zone level) for both cooling and heating as one 

of the tabular reports for thermal resilience. EnergyPlus 

also reports the longest continuous unmet time duration in 

hours and the time of their occurrences. The Thermal 

Safety Temperature defined in LEED Pilot Credit 

IPpc100 requires residential and non-residential buildings 

to not exceed 120°C and 240°C SET-hours above 30°C 

SET, respectively, for cooling, and all buildings not to 

exceed 120°C SET-hours below 12°C SET for heating.  

Each metric can be calculated and reported when users 

declare it as an input. The Thermal Resilience Summary 

report is represented as a tabular summary report and can 

be requested as part of the existing tabular reports. The 

Output:Table:SummaryReports object in EnergyPlus 

inputs was modified to add ThermalResilienceSummary  

as a new key to show indoor thermal resilience summary 

report in the tabular report. In detail, zone average Zone 

Heat Index [°C], and Zone Humidity Index [] can be 

requested as time-step outputs. 

Case Study 

Applying these new metrics, we conducted a case study 

with a single-family house and a medium-sized office 

building in San Francisco and ran simulations under 

different scenarios to measure the passive survivability of 

the building under a heatwave in September 2017. A 

variety of microclimate data are compiled as weather files 

to illustrate the different impacts of climate variations. 

Weather data 

San Francisco is a coastal city in California, USA. 

Historically, the city observes a mild climate (climate 

zone 3C), with a warm and dry summer. However, in 

recent years thanks to climate change, unprecedented heat 

waves with record or near-record temperatures hit the city 

more frequently during the summer season. On 

September 1st, 2017, the city set its heat record in 

downtown area at 41 °C since 2000, and the heat wave 

lasted three days. The outdoor HI reached above 37.8 °C, 

falling into the Extreme Caution zone indicating heat 

cramps and heat exhaustion are possible for occupants, 

and continuing activity could result in heat stroke.  

Moreover, the city’s local climate can vary significantly 

across the city, from downtown to suburban, and from 

coastal to inland areas. Such microclimate variations have 

strong implications on building energy use and thermal 

resilience. To investigated the risk of excessive heat 

across different microclimate conditions in San Francisco, 

we collected hourly weather data in September 2017, 

from four representative local stations, namely downtown 

inland (R435), downtown coastal (R169), suburban 

inland (R128A), and suburban coastal (R107) as marked 

in Figure 1. The data files were acquired from White Box 

Technologies in EnergyPlus weather file (EPW) format. 

 

Figure 1: Locations of the weather stations. 
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In the case study, we use the three-day weather 

information, from September 1st to September 3rd in 2017, 

to run EnergyPlus simulations for resilience analysis. 

Simulation set up 

Two prototype models, a two-story single-family house 

and a medium-sized office building, are chosen to conduct 

the case study. Both models are constructed based on 

California Building Energy Standards Title 24, assuming 

they were constructed between the year 1978 and 1992. 

We use the Commercial Building Energy Saver (Hong et 

al. 2015) to auto-generate the prototype models based on 

their building type, climate zone, and vintage 

assumptions. These assumptions are used to infer detailed 

building energy efficiency levels (e.g., insulation of 

envelope, lighting systems, HVAC systems and 

equipment efficiency) based on Title 24 regulations. In 

particular, the single-family house is 268.6 m2 in total 

building area with two stories and an attic, and is not air-

conditioned in summer according to the local energy 

code. The medium office is 4982.0 m2 in total area with 

three stories, and two-speed DX coil is used for summer 

cooling. 

Resilience scenarios 

We design and apply different resilience scenarios for 

each of the two buildings under the three-day heat event. 
The first scenario is when a building does not have enough 

air-conditioning during a heat wave event, and we use the 

single-family home case to demonstrate this. For the 

single-family home, as the living area is not air-

conditioned, we use the free-floating baseline model to 

access the occupant thermal comfort and risk under this 

extreme weather event. HI is used in this case for the 

evaluation (Humidex is not presented as it has the same 

effect as HI). The second scenario is when a building loses 

access to power during an extreme weather event, and we 

use the medium office to demonstrate this. Here we 

assume an extended power outage scenario during the 

heat event, causing the lighting, equipment, air-

conditioning, and refrigeration to be off schedule. We use 

the SET-hours to measure the passive survivability of the 

building and evaluate if the building requires passive 

cooling measures or backup powers to be thermal safe 

during the heat wave. 

Results 

Heat wave event 

Figure 5 and Figure 6 plot the hourly ambient temperature 

and relative humidity variations during the three-day heat 

event. The air temperature observed in the two stations in 

downtown was significantly higher than the two other 

stations in the suburban area. The downtown inland 

temperature peaked at 3pm September 1st, at 39.8 °C, and 

the downtown coastal temperature peaked at 4pm 

September 2nd, at 39.1 °C. The suburban temperatures are 

milder comparably except for the surge during the first 

day observed at the inland station, peaking at 38.7 °C. For 

both downtown and suburban stations, the coastal 

temperatures were comparably lower than the inland 

temperatures during the day. 

For ambient air relative humidity, in general, the coastal 

stations showed a higher humidity level than the 

downtown stations. The suburban stations observed 

extremely high relative humidity over 80% in early 

mornings on September 1st and 2nd, due to the near-coastal 

weather behaviors. 

Thermal risk of the single-family home measured by 

HI 

There are four thermal zones in the single-family home 

model, garage, lower level living zone, upper level living 

zone, and attic. Among them, the upper level living zone 

was the most likely to have thermal risk during the heat 

wave, as it receives more solar heat gains due to less 

shading and more heat transfer from roof/attic, and indoor 

temperature was higher than the lower level. Figure 7 

plots the indoor HI results by EnergyPlus simulation of 

the upper story living zone. For all weather scenarios, the 

HI peaked on the second day of the heat event, as 

unaddressed heat accumulates gradually due to the 

thermal lag. During most of the day time, the indoor HIs 

were above 26.7 °C, falling into the Caution zone. The 

highest HI value (32.8 °C) appears at the suburban inland 

area at 11 am.  

Figure 2 shows the accumulative hours of the indoor HI 

falling into each risk level out of the 72-hour period. The 

longest risky hours appeared in the downtown coastal 

scenario, with 34 hours falling out of the Safe zone (in 

Caution), followed by downtown inland with a total of 

32.5 hours falling in Caution and Extreme Caution zone. 

The suburban areas were less impacted by the heat, 

comparably, with 29.7 hours and 23.8 hours out of the 

Safe zone in inland and coastal weather, respectively.  

 

Figure 2: Accumulative hours of each HI risk level – 

upper story living zone. 

It should be noticed that although the suburban coastal 

case observed the mildest temperature and overall thermal 

risk, a 1.5-hour peak in HI reaching the Extreme Caution 

level, was observed in the morning of September 2nd. 

Figure 8 plots the indoor air temperature and relative 

humidity of the upper living zone in this weather scenario. 

In the early morning of the second day, the outdoor 

weather observed a surge in humidity, and this caused the 

indoor humidity to climb gradually up to 79% due to 

ventilation and infiltration. At the same time, the indoor 

temperature was also as high as 28.3 °C. Consequently, 
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the HI swarmed up as it measures the combined effect of 

temperature and humidity levels. 

Passive survivability of the medium-sized office 

measured by SET-Hours 

We then analyze the passive survivability of the office 

building, and Table 1 shows an example of a partial output 

table that EnergyPlus provides for the downtown coastal 

scenario, listing the SET-Hours, SET-OccupantHours, 

and the longest during when SET is unmet (> 30 °C) 

according to the thresholds of livable conditions that 

LEED regulates. The table only lists the thermal zones on 

the third (top) floor, which obtained the most heat gain 

from the outdoors during the day. From the table, we can 

see that the office facing south was the most vulnerable of 

all, with a total SET-Hour of 56.5 °C-Hours, and the 

longest SET-unmet duration was 9.2 hours. 

Table 1: Medium office cooling SET Hours – Downtown 

coastal weather. 

 
SET-Hours 

(°C-Hours) 

SET 

OccupantHours 

(°C-Hours) 

Longest SET 

> 30 °C 

Duration [hr] 

S3 Office 
North 

21.2 136.1 12.0 

S3 Office 
Core 

2.3 9.4 4.7 

S3 Office 
South 

56.5 505.7 9.2 

S3 Office 
West 

44.2 203.3 7.3 

S3 Office 
East 

0.8 10.2 2.0 

 

Figure 3 further compares the passive survivability of the 

most vulnerable zone, top floor office south, in different 

weather scenarios. The downtown inland and coastal case 

had the highest SET-Hour at 57.7 and 56.5 °C, and both 

observed a continuous SET-unmet duration as long as 9.2 

hours. 

 

Figure 3: Accumulative SET-Hours and the longest SET 

unmet duration – third story office south. 

As mentioned, LEED credit requires the non-residential 

buildings to not exceed 240 °C SET-hours above 30 °C 

SET cumulatively for cooling annually. However, in this 

case study, three scenarios reached more than 50 °C SET-

hours in a three-day simulation period. It may be worth 

taking caution in the passive survivability of the building, 

by taking passive cooling measures or ensuring backup 

powers to reduce thermal risk to occupants. 

Conclusion 

In this paper, we introduced three thermal resilience index 

implemented in EnergyPlus. We conducted case studies 

to demonstrate how to interpret the resilience reported 

results to evaluate the thermal risk and passive 

survivability of a building under extreme weather and 

power outage events. We also illustrated how 

microclimate can play an essential role in influencing 

thermal resilience. The results indicate that during a 72-

hour heat wave event in San Francisco, a single-family 

house in downtown inland microclimate observed 34 

hours falling out of the thermal Safe zone, while the same 

building in suburban coastal area observed 23.8 unsafe 

hours, i.e., a reduction of 30%. The results also indicate 

that under a power outage event, an office building 

located the suburban coastal area observed 36% less SET-

hours than the same building in downtown inland area.  

Overall, building thermal resilience can be evaluated by a 

building’s thermal autonomy and passive survivability. 

The formation of standard and reportable metrics can 

facilitate the development of rating systems and tools for 

building thermal resilience. The resilience report 

implemented in EnergyPlus can provide a convenient path 

and modeling guidance on assessing a building’s thermal 

resilience under various resilience scenarios. 
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Figure 4: Heat Index Chart. 

 

Figure 5: Hourly temperature during the heat wave event. 

 

Figure 6: Hourly relative humidity during the heat wave event. 
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Figure 7: Hourly HI – upper story living zone. 

 

Figure 8: Upper story living zone temperature and humidity – Suburban coastal weather. 
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