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Abstract  
Disadvantaged communities face a growing threat to staying safe during heat waves, especially 
during coincident power outages. This study develops a methodology to evaluate the 
effectiveness of passive cooling measures (those that operate without power) to improve 
residential building heat resilience. Building performance is simulated for representative homes 
and on district scales in two disadvantaged communities in Fresno, California. Eleven passive 
measures are evaluated using four heat resilience metrics with and without grid power. Results 
show performance of the mitigation measures varies by building characteristics, surrounding 
environment, and power scenario. The two most effective measures were installing solar-control 
window films and adding roof insulation. For pre-1978 single-family homes, these two measures 
can reduce unmet degree-hours (UDH) by 12% and 11% respectively without grid power, or 
28% and 37% with grid power. Their respective UDH reductions on district scale typically range 
8% — 20% and 4% — 12% without grid power, or 13% — 40% and 8% — 42% with grid power. 
The top floors are more dangerous than lower floors during extreme heat events with coincident 
power outages. Natural ventilation can significantly help, reducing UDH by 21% — 26%. The 
methodology and findings from this study can help cities, communities, and utilities develop 
effective and targeted strategies to promote greater residential heat resilience. 

Keywords: heat resilience; heat wave; passive measures; residential building; occupant health; 
occupant safety; vulnerable community; power outage; Fresno, California;  

Abbreviations 
AC Air conditioning or air conditioner 

ACH Air changes per hour 
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ACM Alternative calculation method 

BEopt Building Energy Optimization Tool 

CBECC-RES California Building Energy Code Compliance - Residential 

DAC Disadvantaged community 

ECM Energy conservation measure 

Fresno EOC Fresno Economic Opportunities Commission 

HAP Heat action plan 

HI Heat index 

HIHH Heat index hazard hours 

IECC International Energy Conservation Code 

LEED Leadership in Energy and Environmental Design 

PMV Predicted mean vote 

PMVET Predicted mean vote exceedance hours 

NOAA National Oceanic and Atmospheric Administration 

RECS Residential Energy Consumption Survey 

RH relative humidity 

SET Standard effective temperature 

SETUDH Standard effective temperature unmet degree-hours 

SHGC Solar heat gain coefficient 

SR Solar reflectance 

TE Thermal emittance 

TMY Typical meteorological year 

UDH Unmet degree-hours 

VT Visible transmittance 
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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], where extreme heat events were responsible for nearly 8,000 
excess deaths from 1999 to 2009. Extreme heat events are expected to occur 5 to 10 times 
more frequently by the end of the 21st century [3]. In 2006, more than 600 people in California 
died due to heat-related conditions during a 10-day heat wave in 2006 [4], and during the U.S. 
Labor Day holiday in 2017, there were six heat-related deaths in San Francisco (a moderate 
climate) when the outside air temperature reached 41 °C (106 °F) [5], breaking the 140-year 
record for high temperature in San Francisco. 

In a review for California’s Fourth Climate Change Assessment [6], Seville et al. [7] reported that 
by 2100, California summers are expected to be 2 – 3 °C (4 – 5 °F) warmer than today, with 25 
to 50 extreme heat days (defined as weather that is much hotter than average for a particular 
time and place [8]) per year by 2050, and over 100 such days annually by 2100. They estimate 
that heat-related deaths in the state could increase two to threefold by 2050, and that mortality 
for seniors could rise tenfold by the end of the century. Air conditioning demand is projected to 
increase due to warmer weather and wider use of cooling equipment [9,10], increasing 
customer utility cost. These events and trends also strain the electric grid by increasing demand 
for air conditioning, reducing output from inadequately cooled power plants, and lowering the 
efficiency of electrical transmission [11]. 

Residents of disadvantaged communities (DACs) who live in older homes with poor insulation, 
single-pane windows, leaky envelopes, inefficient lighting, and/or inefficient appliances are 
especially vulnerable to extreme heat events, because such homes suffer from high solar heat 
gains (through roof, walls, and windows), and/or high internal heat gains (from in-efficient 
lighting and appliances). Such homes may also have antiquated (if any) air conditioning 
equipment with limited cooling capacity, low efficiency, and high operating costs. The public 
health threat of heat gains in such homes will grow more severe as California warms, raising the 
number of hours each year in which buildings need cooling, as well as the number of extreme 
heat days each year in which lack of adequate cooling threatens occupant health. Therefore, 
there is an urgent need to boost resilience to heat waves in California’s neighborhoods and 
cities, especially for the state’s most vulnerable populations, such as low-income residents and 
elderly residents who live in DACs. 

Both weather related grid disturbance events and overall electric grid disturbance events in the 
U.S. have been trending higher since 2000 [12] and the U.S. Department of Energy has 
launched efforts to enhance the resilience of the electricity grid to reduce the impact from 
natural disasters and climate change [13].  Starting in 2019, after catastrophic wildfires in 2018, 
California residents have been subject to “public safety power shutoff” events [14] in the fire 
season during periods of very high wind speeds where utilities have de-energized portions of 
the grid to prevent wildfires from being started by electrical equipment. In the summer of 2020, 
some residents in California experienced either rolling blackouts—the first non-wildfire ones in 
19 years—or the threat of rolling blackouts due to intense heat across the Western U.S. and 
constrained supply resources due to the shutdown of fossil fuel plants [15]. All of these threats 
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and events highlight the need for greater resilience to extreme heat and potential grid power 
outages.  

Multiple challenges exist in Fresno and the Central Valley for disadvantaged communities. 
Fresno belongs to ASHRAE Climate Zone 3B according to ASHRAE Standard 169 [16]. 
Residents suffer from the worst air quality in the state [17] and have the highest utility bills in the 
state [18].  Residents will experience more extreme heat days each year, likely tripling by 2030 
(to 20 days from 6) [19]. In January 2017, the California Environmental Protection Agency 
released version 3.0 of the California Communities Environmental Health Screening Tool [20]. 
CalEnviroScreen 3.0 ranks the disadvantages of California communities by census tract using a 
holistic set of metrics covering sources of pollution (e.g., PM2.5, pesticides, toxic releases), 
water, traffic, health indicators (e.g., asthma, low birth weight, cardiovascular health), and social 
metrics (e.g., unemployment, education, poverty, linguistic isolation). The higher the score, the 
more disadvantaged the community in this tool. CalEnviroScreen 3.0 identifies most areas of 
southwest and south Fresno as highly disadvantaged communities, scoring in the top decile. 
The housing stock in southwest Fresno is largely made up of older buildings with over 90% of its 
homes built before 1980, placing it at greater risk for having older HVAC equipment and limited 
envelope insulation as described above. This coincidence of poor underlying respiratory and 
cardiovascular health in the community, older building stock, a future with much greater 
incidence of heat waves, and the increased threat of power outages make this area particularly 
vulnerable to heat waves, and an important test case to model and better understand heat 
resilience measures.  

Passive (no energy) cooling measures for buildings [21–32] can reduce envelope heat gain, 
modulate (time shift) indoor temperature changes by storing and releasing heat, or remove heat 
from the building. Unwanted heat gain through the envelope can be reduced with cool envelope 
materials, including light-colored [33–37] and cool-colored [35,37–43] roof and wall products, 
fluorescent materials [44,45], thermochromic materials [33,46–48], directionally reflective 
materials [49–51], solar-retroreflective materials [52,53], and daytime sky radiators [54–56]; 
advanced windows and shading solutions, including innovative glass technologies to passively 
and actively control thermal and solar energy flows [57–65], fixed and operable shading 
solutions both interior and exterior to the glazing [66–76], and glazing/shading technologies that 
convert incident solar energy to electric power [77–80]; thermal insulation, including bulk 
materials [81–84] and radiant barriers [84–88]; evaporative envelope surfaces, including green 
roofs and green façades [89,90] and roof ponds [91–93]; and ventilated envelope surfaces, 
including closed cavity façades; exhaust air façades; outdoor air curtain façades, ventilated 
roofs, and ventilated double-skin facades [94–96]. Heat gain can be modulated with phase-
change materials [97–101] and removed via natural ventilation [102–104]. The strategies listed 
in this paragraph are illustrative but not exhaustive. Guidelines for the use of passive cooling 
measures are provided by a variety of general-audience primers [84,88,105–122].   

Overheating propensity and the risk that it poses to building occupants has been assessed for 
buildings in Australia [31,123], Canada [124], Chile [125], England [126–134], Greece [135], 
Norway [136], Spain [137], Taiwan [138], and the United States [139–142]. Some research 
evaluates risks or potential adaptations during heat waves [31,126,135,141,143–146] or in 
disadvantaged communities [123,130,133,135,147,148]. 
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Many case studies compare the efficacies of alternative passive cooling measures in a specific 
location, such as Algiers [149], Australia [102,150,151], Brazil [32], Canada [152], China [153–
155], Egypt [105,156–158], England [126,159,160], Greece [105,161], Hong Kong [26,162,163], 
India [164–166], Indonesia [167], Iran [106,168,169], Italy [26,156], Japan [170], Kenya [164], 
Malaysia [171,172], Mexico [30], Morocco [86,173], New Zealand [174], Oman [175], Poland 
[176], Portugal [26,164], Saudi Arabia [26,177], Singapore [26], South Africa [178], Spain 
[156,179], Sri Lanka [180], Tunisia [181], the United Arab Emirates [182], and the United States 
[142]. Meanwhile, a vast body of literature reports the cooling energy savings, indoor 
temperature reduction, and/or occupant comfort improvement from individual measures. For 
example, there are well over 100 such studies just for cool envelope materials [183]. Individual-
measure benefits explored in California (the venue of the current work) include those of cool 
roofs [34,184–194], cool walls [185,195,196], advanced windows [197,198],  and shading [70].   

From the perspectives of policy makers and residents, it is important to estimate the benefits 
and potential drawbacks of the proposed solutions quantitatively before selecting and applying 
them to DACs. Governments and researchers have explored potential solutions to improve heat 
resilience during extreme heat events and evaluated their effectiveness at different scales. The 
United States Environmental Protection Agency provided a suite of adaptation strategies to help 
with emergency response to extreme heat events [199]. The Heatwave Plan issued by the 
Department of Health in England advocated high-level strategies to keep residents cool in the 
building during heat waves [200]. The public health officials in Canada have been developing 
the Heat Alert and Response Systems, which provide guidelines of preventative approach to 
reducing urban heat island effect and building heat resiliency by modifying the built 
environment. Strategies include increasing vegetative cover, retrofitting buildings, and installing 
cool surface materials [201]. Hatvani-Kovacs et al. [202] proposed a range of integrated policy 
measures to increase the heat stress resilience of urban populations in Australian cities. Maru et 
al. [203] developed a framework for exploring adaptation pathways to climate change among 
people in remote and marginalized regions who are disadvantaged and vulnerable. However, 
the above research covers mainly policy measures with qualitative evaluation, but investigated 
few building retrofit measures targeting at heat resilience, and none of these resources 
quantified the expected effectiveness or prioritized the strategies.  

There is also research that focuses more on building retrofit measures, especially passive 
strategies, to improve resilience during heat waves or cold snaps. For example, Katal et al. 
[204] developed an integrated platform that combines urban building energy modeling with 
urban-scale microclimate modeling. They used the platform to evaluate building retrofit 
strategies to improve resilience against winter power outages, as well as evaluate the impact of 
microclimate on the effectiveness of measures. Short et al. [205] evaluated five retrofit options 
on their effectiveness on improving hospital buildings’ heat resilience as well as impact on 
energy demands and CO2 emission. A representative hospital tower building from the late 
1960s was used for simulation. Flores-Larsen and Filippín [206] studied the indoor environment 
in low-income housing from the perspectives of energy and heat resilience during extreme hot 
periods, and evaluated passive cooling measures to improve both heat resilience and energy 
efficiency. They performed a case study in a representative social housing in a low-income 
neighborhood in central Argentina. Sun et al. [142] evaluated the effectiveness of passive and 
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active energy conservation measures (ECMs) on improving heat resilience and their impact on 
energy consumption in a Florida nursing home.  Hess et al. [207] evaluated the impact of India’s 
first heat action plan (HAP) on mortality caused by heat waves. They found the HAP strategies 
are effective in reducing mortality rates during extreme heat events. However, the majority of 
the above research focused on individual buildings and few targeted at district scale, especially 
DACs. 

In summary, there are three major gaps in existing research. First, previous studies focused 
mostly on building-scale case studies under only one power scenario (either grid on or grid off). 
However, results from individual buildings cannot provide sufficient information for policy makers 
to make comprehensive decisions for broader scales like districts/neighborhoods, where there 
are thousands of buildings and their characteristics vary substantially. Second, few studies 
performed quantitative analysis at the neighborhood level, which reveals the variations of 
individual house’s resilience to heat waves considering their characteristics, efficiency level, and 
inter-building impacts (e.g., solar shading). Third, even fewer studies focused on DACs. To 
address these three gaps, approaches and methodologies should be developed for quantitative 
analysis of the effectiveness of passive measures on improving heat resilience of DACs at the 
district scale. 

This study addressed the urgent need to boost resilience to heat waves at both the building-
scale and the neighborhood-scale, and for two power scenarios: grid-on and grid-off. While the 
building-scale analysis delivers deterministic values, the neighborhood-scale analysis is able to 
provide statistical distributions of the measures’ effectiveness in the local area, which could help 
inform more comprehensive decision-making. To fill the second gap regarding lack of 
quantitative analysis, we developed a methodology to quantitatively evaluate and prioritize 
passive measures in DACs using four complementary metrics, for both individual buildings and 
neighborhoods. To close the third gap, our study focuses on DACs and applies the methodology 
to two DACs in southwest Fresno. 

The overall methodology is illustrated in Section 2. We review existing resilience metrics and 
developed complementary metrics for evaluating the impact of passive measures on resilience, 
energy, and comfort (Section 3). Section 4 describes the baseline assumptions, the 
development of example DAC datasets, the passive measures, and the weather data used in 
simulation. Section 5 analyzes the simulation results, including the effectiveness of passive 
measures on improving heat resilience at different scales, as well as their impact on energy 
consumption. Finally, conclusions are drawn and future studies are proposed (Sections 6 and 
7). 

2. Method  
Figure 1 illustrates the overall workflow of the modeling approach at the building and district 
scales. First, modeling inputs are collected from multiple sources, including building energy 
codes and standards, tax assessor records, site surveys and interviews of residents at the local 
communities. Specifically, for district-scale analysis, inputs sources also include Google Map 
API and real estate database, and that the building stock characteristics, such as building 
footprint, building type, year of construction, and climate zone, are compiled in the DAC building 
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stock dataset. Second, the baseline models of the prototypes and the DAC buildings are 
developed based on the modeling inputs. Third, energy conservation measures (ECMs) are 
applied to the baseline models to evaluate their effectiveness in improving heat resilience in 
representative prototypes and at the district level under two power scenarios: “grid on” (electric 
grid power available) and “grid off” (electric grid power unavailable). Fourth, simulation runs are 
conducted at both the prototype level in EnergyPlus and at district scale in CityBES, and their 
outputs used to calculate resilience metrics. Lastly, results are analyzed and findings are 
summarized. We review resilience metrics and select four that are most appropriate and 
complementary to assess the performance of the ECMs. Each workflow step is detailed in 
Sections 3 and 4. 

 
(a) Building-level using prototype models 

 
(b) District scale 

Figure 1. Overall workflow of the characterization of the building stock and local climate, passive measures modeling, 
from model input to model development to resilience analysis at (a) building scale and (b) district scale. 

The current study focuses on passive measure modeling and analysis; we are preparing a 
parallel study on active cooling solutions. Passive measures are technologies or design features 
that can still function during power outages. We scanned a broad set of passive measures and 
focused on those that are typically effective considering climate and cost for DACs. Eleven 
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passive measures are selected and modeled in this study. These include envelope 
improvements, such as adding insulation to ceiling and roofs, installing shading devices, 
increasing exterior surface reflectance, reducing window thermal transmittance (“U-value”), and 
reducing window solar heat gain coefficient (SHGC); and natural ventilation, provided by 
occupants opening windows when the outdoor air is cooler than the indoor air. Passive ECM 
definitions, modeling assumptions, and methods are detailed in Section 4.3. 

Single- and multi-family home prototypes based on prescriptive specifications in California’s 
Title 24, Part 6 building energy efficiency standards (hereinafter, “Title 24”) [208] are used to 
model single-building performance, using EnergyPlus version 9.2 as the simulation engine 
[209]. EnergyPlus has been verified according to ASHRAE Standard 140, Standard Method of 
Test for Building Energy Simulation Computer Programs [210].  

CityBES is used for district-scale modeling and analysis. CityBES is a web-based data and 
computing platform developed by Lawrence Berkeley National Laboratory [211–213]. It focuses 
on energy modeling and analysis of a city's building stock to support district or city-scale 
efficiency programs. CityBES uses an international open data standard, CityGML, to represent 
and exchange three-dimensional city models. CityBES employs EnergyPlus to simulate building 
energy use and savings from energy efficient retrofits. CityBES provides a suite of features for 
urban planners, city energy managers, building owners, utilities, energy consultants, and 
researchers. 

We added to CityBES a resilience analysis feature that simulates building responses under 
extreme events such as heat waves. Several predefined building operation conditions, such as 
loss of grid power or loss of natural gas supply, can be coupled with extreme events. The time 
span and the weather conditions during the event can also be specified by the user. CityBES 
will by default begin the simulation one day before the extreme event and end it one day after 
the event, to reflect not only the building's response during extreme conditions, but also the 
variations from normal to extreme conditions and back to normal. 

Two power scenarios are considered to cover the full range of vulnerability of DACs to 
heatwaves. The grid-on scenario assumes that electric grid power is available and the building 
is under normal operation status during heatwaves. The HVAC systems are sized to cover 
99.6% of outdoor weather conditions for cooling, which means the most extreme 0.4% hot 
summer conditions in a year cannot be met by the HVAC system [214]. In this case, the major 
concerns are whether the air-conditioning system has adequate cooling capacity to meet the 
cooling loads during heatwaves, and if not, how many hours the occupants will experience 
thermal discomfort. The grid-off scenario assumes that electric grid power is not available due to 
power outage. In this case, the major concerns are indoor temperature rise and how long the 
occupants will be overheated. Different metrics and thresholds apply in each of the two power 
scenarios. 

3. Resilience, energy, and comfort metrics 
We reviewed the literature to identify existing metrics that gauge occupant thermal comfort and 
heat stress. There are two major types of metrics: simplified biometeorological indices and 
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those based on heat-budget models [215]. The former is based on air temperature, or a 
combination of air temperature and humidity; the latter covers a set of meteorological and 
physiological parameters to describe the physiological heat load, including air temperature, 
water vapor pressure, wind velocity, and short- and long-wave radiant fluxes [216]. We selected 
air temperature and heat index from the simplified indices, and standard effective temperature 
(SET) and predicted mean vote (PMV) from the complex indices, as the fundamental metrics for 
this study. Air temperature is typically used to calculate unmet hours during building design, 
while heat index was recommended by National Oceanic and Atmospheric Administration 
(NOAA) and was used by Sun et al. [142] in a thermal resilience case study of a Florida nursing 
home. SET is adopted by the Leadership in Energy and Environmental Design (LEED) Passive 
Survivability pilot credit to define “livable temperatures” [217], and PMV is adopted by ASHRAE 
Standard 55 to evaluate thermal comfort. We also selected thresholds for resilience 
quantification based on the literature review, with more details described in Sections 3.1-3.4. 
The exceedance of the thresholds indicates that the indoor thermal conditions are out of the 
comfort or safety zone. In the grid-off scenario, the indoor environment could become life-
threatening, so the metric thresholds are selected mainly to evaluate the impact of overheating 
on occupant health. In the grid-on scenario, the indoor environment is less extreme, as air 
conditioning (AC) systems can provide cooling; therefore, the metric thresholds are selected 
mainly to evaluate the impact of overheating on occupant thermal comfort. To quantify the 
impact of passive measures on improving resilience, we time-integrated these fundamental 
metrics over the portions of the heat wave during which the thresholds are exceeded. The four 
integrated metrics are unmet degree-hours (UDH), heat index hazard hours (HIHH), standard 
effective temperature unmet degree-hours (SETUDH), and predicted mean vote exceedance 
hours (PMVEH).  Each of these four metrics has its respective limitations under certain 
circumstances, as summarized in Table 1. Evaluating all of them can provide a comprehensive 
understanding of the passive measures to various stakeholders. 

Table 1. Four selected resilience metrics and their limitations. 

Resilience 
Metric 

Parameters Included in Metric Limitations Thresholds 

UDH (unmet 
degree hours) 

Air temperature Neglects relative humidity, mean 
radiant temperature, air speed, 
clothing, and metabolic rate. 
Uses cooling setpoint as threshold, 
which could vary with different 
control strategies. 

Cooling setpoint 

HIHH (heat 
index hazard 
hours) 

- Air temperature 
- Relative humidity 

Neglects mean radiant temperature 
of zone surfaces, indoor air speed, 
occupant clothing, and metabolic 
rate. 

- Caution: 27 °C 
- Extreme 

caution: 32 °C 
- Danger: 39 °C 
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- Extreme 
danger: 52 °C 

SETUDH 
(standard 
effective 
temperature 
unmet degree-
hours) 

- Air temperature 
- Relative humidity 
- Mean radiant temperature 
- Air velocity 
- Metabolic rate 
- Clothing insulation 

No comfort zone thresholds given by 
ISO or ASHRAE standards. 

- Grid-on: SET 
28 °C 

- Grid-off: SET 
30 °C 

PMVEH 
(predicted mean 
vote 
exceedance 
hours) 

- Air temperature 
- Relative humidity 
- Mean radiant temperature 
- Air velocity 
- Metabolic rate 
- Clothing insulation 

Fanger’s PMV calculated in 
EnergyPlus may underestimate the 
cooling effect of increased air 
velocity. 

- Thermal 
comfort: 0.7 
- Unbearable 
limit: 3 

 

 

3.1 Unmet degree-hours (UDH) 
The concept of UDH is analogous to that of temperature-weighted exceedance hours, a metric 
defined in Section L.3.2.2(b) of ASHRAE Standard 55-2017 [218]. The difference is that the 
calculation of UDH is based on indoor cooling setpoint, while the number of temperature-
weighted exceedance hours is either derived from discomfort-weighted exceedance hours or 
calculated based on operative temperature. The UDH metric weights each hour that the 
temperature of a conditioned zone exceeds a certain threshold by the number of degrees 
Celsius by which it surpasses that threshold. Compared with average temperature or unmet 
hours (which would be a simple count of how many hours a temperature threshold is breached), 
UDH provide a more complete picture of the overall history temperature exceedance. 

UDH are calculated as follows: 

 
UDH = � [𝑇𝑇(𝑡𝑡) − 𝑇𝑇threshold]+ 𝑑𝑑𝑡𝑡

𝑡𝑡2

𝑡𝑡1
 (1) 

where T is the indoor air temperature [°C]; Tthreshold is the temperature threshold [°C]; t is time [h]; 
and 𝑥𝑥+ = 𝑥𝑥 if 𝑥𝑥 > 0, or 0 otherwise. Tthreshold is the indoor cooling setpoint in both the grid-on and 
grid-off scenarios. 

3.2 Heat index hazard hours (HIHH) 
The heat index (HI), also known as the apparent temperature, combines air temperature and 
relative humidity (RH) in shaded areas to reflect what the temperature feels like to the human 
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body [219]. When the relative humidity is high, the evaporation rate of water is reduced. This 
means that heat is removed from the body at a lower rate, causing it to retain more heat than it 
would in dry air. Heat index hazard hours (HIHH) are calculated as follows: 

 
HIHH = � 𝑓𝑓(HI(𝑡𝑡) − HIthreshold) 𝑑𝑑𝑡𝑡

𝑡𝑡2

𝑡𝑡1
 (2) 

where 𝑓𝑓(𝑥𝑥) = 1 if 𝑥𝑥 > 0, or 0 otherwise; HI is the heat index of the zone [°C]; HIthreshold is the heat 
index threshold [°C]; and t is time [h]. HIthreshold is 27 °C for caution and 39 °C for danger based 
on Table 2 provided by NOAA [219], which defines the four levels of heat hazards and their 
associated heat index ranges. Considering that the DAC neighborhoods tend to contain 
vulnerable populations, we selected “caution” and “danger” (rather than “extreme caution” and 
“extreme danger”) as the two thresholds to evaluate the measures’ mitigation effects on 
relatively lower risks and higher risks. 

Table 2. Heat hazard classification and impact on human bodies [220]. 

Classification Heat index 
[°C] 

Effect on the human body 

Caution 27-32 Fatigue is possible with prolonged exposure and activity. 
Continuing activity could result in heat cramps. 

Extreme 
Caution 

32-39 Heat cramps and heat exhaustion are possible. Continuing 
activity could result in heatstroke. 

Danger 39-51 Heat cramps and heat exhaustion are likely; heatstroke 
probable with continued activity. 

Extreme 
Danger 

Above 52 Heatstroke is imminent. 

 

3.3 Standard effective temperature unmet degree-hours (SETUDH) 
Standard effective temperature (SET; symbol may also be written SET*) is a temperature metric 
that factors in relative humidity, mean radiant temperature, air velocity, and anticipated activity 
rate and clothing level of the occupants. SET is essentially the dry-bulb temperature of an 
imaginary environment at 50% RH for occupants wearing clothing that would be standard for the 
given activity in the real environment [218]. In an experimental study, Gonzalez et al. [221] 
found that the neutral SET for a number of subjects is 25 °C, and that 28 °C induces slight warm 
discomfort. In another experimental study, Zhang et al. [222] concluded that the 90% acceptable 
thermal conditions in a conditioned environment correspond to a SET range of 24.5 to 28.1 °C. 
Therefore, 28 °C is selected as the threshold for SET in the grid-on scenario. 
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The Passive Survivability pilot credit in version four of the U.S. Green Building Council’s LEED 
green building program credits resilient design that makes the buildings passively survivable. 
This credit uses SET to define “livable temperatures”. The upper SET limit of “Livable 
Temperatures” is 30 °C (86 °F) [217]; we adopt that limit as the threshold in the grid-off 
scenario. The unmet degree hours of standard effective temperature (SETUDH) are calculated 
as follows: 

 
SETUDH = � [SET(𝑡𝑡) − SETthreshold]+ 𝑑𝑑𝑡𝑡

𝑡𝑡2

𝑡𝑡1
 (3) 

where SET is the standard effective temperature [°C]; SETthreshold is the standard effective 
temperature threshold [°C]; t is time [h]; and 𝑥𝑥+ = 𝑥𝑥 if 𝑥𝑥 > 0, or 0 otherwise. SETthreshold is set to 
28 °C in the grid-on scenario and 30 °C in the grid-off scenario. 

3.4 Predicted Mean Vote exceedance hours (PMVEH) 
The predicted mean vote (PMV) model from ASHRAE 55, initiated by P.O. Fanger, uses heat-
balance principles to relate the six key factors for thermal comfort to the average response of 
people on a scale of -3 to 3 [218,223]. This metric has been widely used to evaluate human 
comfort level [224]. According to ISO Standard 7730-2005 [225], the thermal comfort 
requirement criterion for existing buildings is a PMV value between -0.7 and 0.7. We also 
selected 3, the upper boundary of the defined thermal comfort scale, as the unbearable limit 
under hot conditions [218]. PMV exceedance hours (PMVEH) are defined for this study to count 
the number of hours when the indoor PMV exceeds a threshold of 0.7 (grid-on scenario) or 3 
(grid-off scenario). PMV exceedance hours are calculated as follows: 

 
PMVEH = � 𝑓𝑓(PMV(𝑡𝑡) − PMVthreshold) 𝑑𝑑𝑡𝑡

𝑡𝑡2

𝑡𝑡1
 (4) 

where 𝑓𝑓(𝑥𝑥) if 𝑥𝑥 > 0, or 0 otherwise; PMV is the predicted mean vote; PMVthreshold is the predicted 
mean vote threshold; and t is time [h].  

4. Modeling ECMs at two scales 
The selected ECMs are first applied to a few representative homes to test their performance. 
We also evaluate their sensitivities to building characteristics like construction year and position 
of the multi-family unit (e.g., top floor). The prototypes of the single-family homes and multi-
family homes across three construction vintages (1976, 2004, and 2015) are simulated to 
evaluate the effectiveness of the ECMs by building type and vintage. This provides a basic 
understanding of the potential benefit of each ECM. 

However, on a broader scale, there are thousands of buildings in a district/neighborhood, and 
their characteristics vary substantially. ECM effectiveness may differ from building to building. It 
is not sufficient information for the policy makers and local residents to make comprehensive 
decisions if only results for representative buildings are evaluated. Therefore, the ECMs are 
also applied to two disadvantaged communities in southwest Fresno to estimate the range of 
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effectiveness for the ECMs in the districts. The characteristics of the two neighborhoods are 
described in Section 4.2. 

Two power scenarios are considered—grid on and grid off. In the latter scenario, the grid power 
is assumed to be unavailable during the selected heat-wave period, and the buildings operate 
normally before and after the heat wave.  

4.1. Baseline definition 
In the selected DAC neighborhoods, more than 95% of the buildings are single-family homes 
and low-rise multi-family homes. Therefore, we focus mainly on the modeling of residential 
buildings in this study. 

The prototype models are designed to represent existing buildings, and were calibrated in terms 
of energy usage based on CBECC-RES1 (California compliance software for residential 
buildings) and IECC (International Energy Conservation Code) prototype models. For the district 
scale modeling, the prototype models were modified to reflect the actual floor area of each 
building in the building stock and our best estimates of in-place equipment.  

There are three major types of residential buildings in the studied neighborhoods: one-story 
single-family homes, two (or more) story single-family homes, and low-rise multi-family homes. 
Their geometries are based on the California Title 24 Alternative Calculation Method (ACM) 
[226], as shown in Figure 2. The one-story and two (or more)-story single-family homes are both 
assumed to have pitched roofs, an unconditioned attic under the roof, and an unconditioned 
ground-level garage that is attached to the living zone. Low-rise multi-family buildings have 
pitched roofs and unconditioned attics, but do not have attached garages.  

 

 

(a) One-story single-family home (b) Two-story single-family home 

                                                

1 CBECC-Res is a free computer program developed by the California Energy Commission for 
use in demonstrating compliance with the California Residential Building Energy Efficiency 
Standards [208].  
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(c) Low-rise multi-family building 

Figure 2. Illustrations of three types of residential building defined in the Title 24 ACM: (a) a one-story single-family 
home, (b) a two-story single-family home, and (c) a low-rise multi-family home [226]. 

The one-story single family house is modeled as a single conditioned thermal zone. The two-
story single family house is modeled as two thermal zones, one for the first (lower) floor and the 
other for the second (upper) floor. Each apartment unit of the multi-family building is modeled as 
a thermal zone. The attic and garage are modeled as unconditioned spaces. 

The envelope properties, internal loads, and HVAC efficiencies are derived from Title 24 
minimum efficiency requirements, as shown in Table 3. Buildings constructed in different years 
are assumed to comply with Title 24 energy efficiency standards of the corresponding vintages 
(Title 24 is updated every three years) (e.g., Ref. [227]). For buildings constructed before 1978, 
when California first building energy codes were developed, it is not uncommon that some 
buildings have conducted retrofit to improve the thermal performance, such as adding insulation 
to top-floor ceiling and/or exterior walls. Therefore, two scenarios are considered for the 
prototype buildings constructed before building codes: (1) no retrofit has been performed, or (2) 
the building has been retrofitted by adding ceiling and wall insulations. The insulation values in 
the first scenario are based on 2019 Title 24 Residential Compliance Manual [228], while those 
in the second scenario are based on energy audits and site surveys to the local communities in 
Fresno [229–231]. On the district scale, we assume that the fraction of pre-1978 buildings with 
upgraded ceiling insulation and wall insulation is 10%, and the fraction with only upgraded 
ceiling insulation is 6%, according to local energy audits and surveys in the Fresno DACs [229–
231]. 

According to the Fresno Economic Opportunities Commission (EOC), which implements energy 
audits and weatherization in Fresno, the most commonly used types of air conditioning systems 
in the Fresno DACs are evaporative coolers, window air conditioners, and central air 
conditioners. Evaporative coolers, sometimes called “swamp” coolers, cool outdoor air by 
passing it over water-saturated pads, drawing sensible heat from the air to evaporate the water 
[232]. They are most suitable for areas with low humidity as evaporating water into the air 
provides a natural and energy-efficient means of cooling. Window air conditioners (mechanical) 
cool individual rooms rather than the entire home [233]. Central air conditioners (mechanical), 
comprising an outdoor condenser and compressor, an indoor evaporator coil, and supply fan, 
circulate cool air through a system of supply and return ducts [234]. In residential buildings 
constructed before 1978 in the Fresno DACs, our estimates of the proportions of the homes 
using evaporative coolers, window air conditioners, and central air conditioners are 25%, 50%, 
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and 25% respectively for single-family homes, and 25%, 25%, and 50% respectively for multi-
family homes (one per unit). Nearly all buildings constructed after 1978 are equipped with 
central air conditioners. We assume that each building uses natural-gas-fired wall furnaces for 
space heating. These estimates are based on surveys and focus groups conducted by 
researchers in the authors’ project team [229], and inputs from two knowledgeable community 
stakeholder groups in the Fresno area [230,231].  

We assume that refrigerant leakage and coil fouling reduce the capacity and efficiency of each 
HVAC system over time. To capture these effects, we assume a degradation factor of 2% per 
year for both the cooling capacity and cooling efficiency (coefficient of performance, abbreviated 
COP) of the cooling equipment. We chose the average maintenance frequency according to 
review of the literature [235,236]. Based on a maximum HVAC system service life of 20 years 
[237,238], buildings constructed over 20 years ago should already have replaced their HVAC 
systems at least once; therefore, we assign to them an HVAC system age of 10 years. 
Otherwise, the HVAC system age is assumed to be the same as the building age. The HVAC 
degradation may lead to insufficient cooling supply during extreme heat events, which will cause 
the indoor air temperature to exceed the thermal comfort range. 

Per Fresno EOC, the overwhelming majority of homes use natural-gas storage water heaters for 
service hot water because natural gas is less expensive than electricity in the Fresno area. 
Each single-family home and each unit in the multi-family building is equipped with its own water 
heater. 

Table 3. Key assumptions of the baseline models of the three studied vintages (single-story single-family home as 
example). 

Property 1976 2004 2015 

Gross floor area [m²] 236 

Conditioned floor area [m²] 195 

Window-to-wall ratio [-] Non-north: 0.29; North: 0.20 

Roof area [m²] 303 

Wall assembly U-factor [W/m²·K]  No Retrofit: 2.02 
Retrofitted: 0.58 0.42 0.37 

Wall cavity insulation [m²·K/W] 
No Retrofit: RSI-0 
Retrofitted: RSI-
2.29 

RSI-3.35 R2.64 cavity + 
R0.70 continuous 

Top-floor ceiling cavity insulation [m²·K/W] 

No Retrofit: RSI-
1.94 
Retrofitted: RSI-
5.28 

RSI-6.69 RSI-6.69 

Window thermal transmittance [W/m²·K] 3.69 3.69 1.82 

Window SHGC [-] 0.40 0.40 0.25 
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Cooling equipment efficiency  
(considering replacement and degradation)  

Central AC: COP [-] 2.63 2.19 2.96 

Window AC: COP [-] 2.63 2.19 2.96 

Swamp cooler: Cooling saturation 
efficiency [%] 69.5 61.5 76.8 

Gas furnace efficiency [-] 0.78 0.80 0.80 

Gas water heater efficiency [-] 0.72 0.80 0.82 

Lighting power density [W/m²] 6.25 3.07 1.95 

Plug load power density [W/m²] 7.91 7.91 7.91 

Title 24 requirements for air changes per hour (ACH) at a pressure difference of 50 Pa (ACH50) 
in residential buildings can be converted to ACH under a natural pressure difference of 4 Pa 
(ACH4) via Eq. (5): 

 
ACH4 = ACH50 × �

4
50
�
𝑛𝑛

 (5) 

Here exponent 𝑛𝑛 is based on the characteristic shape of the orifices of the building, and ranges 
from 0.5 (perfect orifice) to 1.0 (very long and thin crack). We assume 𝑛𝑛 = 0.75, yielding the air-
change rates shown in Table 4. 
Table 4. Infiltration rates (ACH4) for single- and multi-family homes by year of construction, extrapolated from Title 24 

specifications of ACH50. 

Year of construction Air changes per hour at 4 Pa 
(ACH4) in a single-family 
home  

Air changes per hour at 4 Pa 
(ACH4) in a multi-family home  

Before 2005 1.29 1.45 

2006 to 2013 1.00 1.12 

2014 to present 0.75 1.05 

The cooling setpoint adopts the assumption from the Title 24 residential ACM [226]. It is set to a 
constant value of 25.6 °C during the weekend. The cooling setpoint schedule on the weekdays 
is shown in Figure 3(a), assuming the occupants are not at home during the daytime. The 
heating setpoint affects the annual energy usage; its schedule on the weekdays is shown in 
Figure 3(b). 
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(a) (b) 
Figure 3. Residential cooling setpoint schedule on weekdays. 

For schedules related to internal loads, the lighting schedule and the plug load schedule are 
each calculated from the 2019 Title 24 prototype model in CBECC-RES, while the occupancy 
schedule is calculated based on the BEopt default for residential buildings. BEopt (Building 
Energy Optimization Tool) is free software developed by the National Renewable Energy 
Laboratory that provides capabilities to evaluate residential building designs and identify cost-
optimal efficiency packages at various levels of whole-house energy savings along the path to 
zero net energy [239]. The number of occupants is projected from the number of bedrooms 
based on the BEopt default settings, and the number of bedrooms is estimated based on the 
floor area of the home referring to the Residential Energy Consumption Survey (RECS) 2015 
data [240]. RECS is a multi-year effort led by the U.S. Energy Information Administration that 
includes household surveys, data collection from household energy suppliers, and end-use 
consumption and expenditures estimation [241]. 

4.2. DAC dataset development 
The King and Kirk neighborhoods in the southwest Fresno are selected as the study districts 
(Figure 4). 
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Figure 4. Map of neighborhoods in Fresno [242], including King and Kirk at lower left. 

To create the dataset to be used in CityBES, building properties from several sources are 
collected, including building footprint, use type, height, number of stories, and year built. The 
building footprints are extracted from multiple sources, including the Microsoft building footprint 
database [243], Google Maps API [244], Zillow Real Estate API [245], and ATTOM Property 
Data API [246]. The year of built, use type, and number of stories are mainly from query results 
using the ATTOM Property Data API [246]. We did not locate a valid data source for the height 
of the buildings, so we assumed a height of three meters per story for all buildings. 

There are 814 residential buildings in the King neighborhood and 280 residential buildings in 
Kirk. The type, construction year, and size distributions of those buildings are illustrated in 
Figure 5, Figure 6, and Figure 7. Each building has one or two stories, and over 90% of them 
are single-family homes in King and Kirk neighborhoods. The King neighborhood is slightly 
newer than the Kirk neighborhood. The majority of the homes in King were built from 1950 to 
1990, while in Kirk most were built between 1910 and 1960. 
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(a) (b) 

Figure 5. The distribution of building types for (a) the King neighborhood and (b) the Kirk neighborhood, including 
single-family (SF) homes, multi-family (MF) homes, and several retail buildings. 

  

(a) (b) 

Figure 6. The distribution of construction year for the residential homes in (a) the King neighborhood and (b) the Kirk 
neighborhood. 

 

  

55.2%

0.6%

38.8%

5.5%

Building Type - King

One-story SF Two-or-more-story SF MF Others

93.7%

0.7%
3.5% 2.1%

Building Type - Kirk

One-story SF Two-or-more-story SF MF Others

median: 1974 median: 1940

median: 137 median: 118
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(a) (b) 

  

(c) (d) 

Figure 7. The distribution of building gross floor area for (a) single-family homes in the King neighborhood, (b) single-
family homes in the Kirk neighborhood, (c) multi-family homes in the King neighborhood, and (d) multi-family homes 

in the Kirk neighborhood. 

Pre-1978 homes are randomly assigned one of the three cooling systems—central AC, 
evaporative cooler, or window AC—to match the estimated distributions of the cooling 
equipment type in each DAC. They are also sampled according to the ceiling and wall insulation 
percentages in Section 4.1. 

Results and analysis are presented for the King neighborhood; those for Kirk are very similar. 
The King neighborhood, located in southwest Fresno, has 461 single-family buildings and 410 
multi-family buildings. Figure 8 illustrates its building stock created in CityBES. 

 
Figure 8. (a) CityBES representation of King district’s building stock; (b) GIS location of the King district in southwest 

Fresno. 

4.3. ECMs description 
To evaluate the ability of each ECM to improve heat resilience, 11 passive measures were 
selected based on their potential influence on indoor environment and energy consumption, 

median: 229 median: 212
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their investment cost, and ease of implementation and maintenance. This is not an exhaustive 
list of measures, but they cover the most representative types of measures. They include 
envelope improvements, such as adding insulation to ceiling and roofs, installing shading 
devices, increasing exterior surface reflectance, reducing window thermal transmittance (“U-
value”), and reducing window solar heat gain coefficient (SHGC); and natural ventilation, 
provided by occupants opening windows when the outdoor air is cooler than the indoor air. This 
section describes the basic assumptions, key inputs, and modeling methods of each passive 
ECM. The key assumptions related to each ECM are summarized in Table 5. 

Table 5. Summary of baseline and ECM assumptions. 

Measure name Measure 
description Baseline assumption ECM assumption 

Roof insulation Reroof and add roof 
insulation 

Roof has no insulation 
layer 

Add RSI-4.37a insulation layer 
to roof 

Ceiling insulation Add insulation to 
top-floor ceiling 

Mostly applicable for 
buildings built before 
1978: 
No Retrofit: RSI-1.94a 
Retrofitted: RSI-5.28a 

Improve the insulation layer to 
RSI-6.69a 

Cool roof Increase roof solar 
reflectance by 
applying a reflective 
asphalt shingle 
product 

Exterior layer material 
properties (pitched roofb): 
solar reflectance 0.10 
thermal emittance 0.90 

Exterior layer material 
properties (pitched roofb): 
solar reflectance 0.40 
thermal emittance 0.90 

Cool wall Increase wall solar 
reflectance by 
painting 

Exterior layer material 
properties: 
solar reflectance 0.25 
thermal emittance 0.90 

Exterior layer material 
properties: 
solar reflectance 0.60 
thermal emittance 0.90 

Interior blinds Install and use 
window blinds 

No window blinds Add interior blinds to windows 

Exterior 
overhang 

Add exterior 
overhang shades 

No exterior overhang 
shades 

Add overhang shades with 
depth of 0.76 m (2.5 ft) and 
offset of 0.55 m (1.8 ft) from 
window upper edge 

Exterior storm 
window 

Add exterior storm 
window layer 

No storm window Add an exterior storm window 
layer, which is assumed to be 
3 mm thick low-E glass 

Interior storm 
window 

Add interior storm 
window layer 

No storm window Add an interior storm window 
layer, which is assumed as a 
3 mm low-E glass 



 22 

Window film Add solar-control 
window film 

No window film (refer to 
Table 3 for SHGC values 
of different vintages) 

Apply solar-control window 
film to the interior surface of 
the existing window (refer to 
element (9) in text below) 

Natural 
ventilation 

Enable natural 
ventilation for rooms 
with windows 

No natural ventilation Enable natural ventilation for 
each window, controlled by 
indoor and outdoor 
temperature difference 

Radiant barrier Add radiant barrier No radiant barrier Reduce the material’s thermal 
emittance on the bottom of 
the roof to 0.10 

a Thermal insulances reported as “RSI-X” have units of m²·K/W. To convert between SI thermal 
insulance (RSI-X) and inch-pound insulance (R-X), note that RSI-1 (1 m²·K/W) = R-5.678 (5.678 
ft²·°F·h/BTU). 
b We assume the single-family and low-rise multi-family homes have pitched roofs. These 
homes comprise 95% of the buildings in the studied neighborhoods.  

(1) Roof insulation 

As roof insulation was not prescribed in California low-rise residential buildings until the 2016 
edition of Title 24, we assume that was not included in buildings that were built before 2016. 
This measure installs an R-24.8 (RSI-4.37) insulation layer under the roof deck during a roof 
retrofit to reduce unwanted heat gain or loss. This measure is most applicable to older roofs. It 
is modeled by adding an extra layer of R-24.8 insulation to the roof construction (underneath the 
deck) in the building prototype. 

(2) Ceiling insulation 

This measure installs an R-38 (RSI-6.69) insulation layer above the ceiling of the top floor. Per 
Section 4.1, we assume two scenarios for buildings constructed before 1978: (1) no retrofit has 
been done, (2) building has been retrofitted with ceiling and/or wall insulations added. The 
ceiling insulation is R-11 (RSI-1.94) [228] without retrofit and R-30 (RSI-5.28) with retrofit [229–
231]. After 1980, the ceiling insulation prescription is R-38 in California climate zone 13, which 
Fresno belongs to. Therefore, this measure is mostly applicable for older buildings, and also for 
newer buildings in certain climate zones. This is simulated by upgrading the existing insulation 
layer to R-38 in the ceiling construction on the top floor. 

(3) Cool roof 

This measure increases the roof solar reflectance by applying a reflective asphalt shingle 
product to pitched roofs or applying white single-ply membrane to flat roofs. Such a reflective 
layer can deliver a high solar reflectance (SR=0.40 for pitched roofs and 0.60 for flat roofs) and 
high thermal emittance (TE=0.90). An existing dark roof (SR 0.10, TE 0.90 for a pitched roof; 
SR 0.20, TE 0.90 for a flat roof [37]) is a prerequisite for applying the measure.  

(4) Cool wall 
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The concept of this measure is similar to the cool roof measure. It applies a cool exterior wall 
paint, which can deliver a high solar reflectance (0.60) and high thermal emittance (0.90), 
commonly associated with a dull-white, off-white, or other light-colored wall. An existing dark-to-
medium colored wall (SR 0.25, TE 0.90 [37]) is a prerequisite for applying the measure. In 
simulation, the thermal resistance of the cool wall coating (i.e., the paint) is neglected, and the 
high solar reflectance and high thermal emittance are directly applied to the outside layer of the 
exterior wall construction. 

(5) Interior blinds 

This measure adds interior blinds with white horizontal slats to the windows and pulls them 
down to block direct sunshine, as shown in Figure 9(a). When completely closed and lowered 
on a sunny window, highly reflective blinds can reduce solar heat gain moderately. More 
importantly, blinds improve occupants’ thermal sensation by blocking direct sunshine. The solar 
reflectance of the blinds is assumed to be 0.70. This measure is simulated by attaching an 
interior blind object to the windows in the EnergyPlus model.  

Figure 9 illustrates all the window-related ECMs included in this study. 

  

(a) Window blinds (b) Exterior overhang 
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(c) Exterior storm window (d) Window film 

Figure 9. Window-related ECMs: (a) window blinds, (b) exterior overhang, (c) exterior storm window, (d) window film. 
Image credits: (a) SelectBlinds.com [247], (b) Pinterest [248], (c) Hatch Homes [249], (d) Ideaing.com [250] 

(6) Exterior overhang 

This measure adds exterior overhang shades to the upper edge of the windows, as shown in 
Figure 9(b). They can help block the sun's heat energy when it is not desired. According to 
Sustainable By Design [251], the recommended overhang dimension for Fresno’s climate and 
latitude is 0.76 m (2.5 ft) in depth and 0.55 m (1.8 ft) in height. Height refers to the offset 
distance from the upper edge of the windows. The dimension applies to the horizontal shading 
surface of the overhang structure. In EnergyPlus modeling, overhang shades are implemented 
as detailed shading objects, and attached to each window. 

(7) Exterior storm window layer 

Storm windows are an extra layer added to the existing windows, intended to improve comfort 
and reduce heating and cooling costs by increasing thermal resistance and reducing air 
movement through existing windows. Storm windows can produce similar savings to the 
measure of replacing single-pane windows with double-pane windows [252]. This measure adds 
an exterior storm window layer to each existing window. The storm window layer is assumed to 
be a 3 mm-thick low-E glass. 

The existing windows are simulated in EnergyPlus using the SimpleGlazing object, which inputs 
the overall thermal transmittance, SHGC, and visible transmittance (VT). In EnergyPlus, the 
SimpleGlazing object cannot be combined directly with another material layer. An extra layer 
like a storm window can only be added to an existing window object that is defined using layer-
by-layer structure. Therefore, a methodology developed by Lawrence Berkeley National 
Laboratory is adopted to translate the SimpleGlazing object with simple input properties 
(thermal transmittance, SHGC, and VT) into a representative layer defined with detailed 
properties, such as glass thickness, thermal conductivity, and solar transmittance [253]. The 
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extra storm window layer is attached to the representative layer, and updated thermal 
transmittance, SHGC, and VT values of the new composite window are calculated. 

(8) Interior storm window layer 

This measure adds an interior storm window layer to the existing windows. The storm window 
properties and simulation method are basically identical to those of the exterior storm window; 
the only difference is that this measure adds the storm window layer to the interior side of the 
window. 

(9) Window film 

Solar-control window films help reduce solar heat gain and protect against glare and ultraviolet 
exposure. They are best used in climates with long cooling seasons, because they also block 
the sun's heat in the winter. The properties of the window film refer to the solar control film 
products by LLumar Spectrally Selective Series [254]: thermal transmittance 4.94 W/m2·K, solar 
transmittance 0.34, SHGC 0.45, visible transmittance 0.66. For the three sample vintages listed 
in Table 3, the baseline SHGC are 0.40, 0.40, and 0.25, and will be reduced to 0.13, 0.13, and 
0.07 with window film added. 

The simulation method is similar to that used for the interior storm window: (a) the simple input 
properties of the existing windows are translated into detailed properties for a representative 
layer, (b) the window film layer is attached to the interior side of the representative layer, and (c) 
updated properties are calculated. 

(10) Natural ventilation 

Natural ventilation can provide free cooling when the outdoor environment is cooler than the 
occupied space. This measure assumes that the windows in the building are operable, and that 
the occupants can and will open and close windows. The windows are assumed to be opened 
only when the outdoor air temperature is lower than indoor air temperature, and the temperature 
difference should be big enough to be noticeable by the occupants, which is assumed to be 
2 °C in the study. Meanwhile, the windows will be closed to avoid over-cooling when the outdoor 
air temperature drops below a certain threshold. When grid power is available, the windows and 
air conditioners are operated in “concurrent mixed-mode”, referring to the research of Wang et 
al. [255]. Natural ventilation has a higher priority to provide cooling, and air conditioners provide 
supplementary cooling when natural ventilation alone is not enough to meet cooling load. In 
other words, if natural ventilation can meet cooling loads, the air conditioners will be turned off. 
We did not consider door opening while modeling natural ventilation due to security concerns, 
because free cooling is available mostly in the evening, night and early morning. 

The “ZoneVentilation:WindandStackOpenArea” object in EnergyPlus is used to simulate natural 
ventilation. The ventilation air flow rate is a function of wind speed and thermal stack effect, 
along with the area of the opening being modeled. The effective opening area fraction (i.e., the 
area fraction of the windows that can be open for ventilation) can be specified by the user. It 
varies with type of window, such as single or double-hung, sliding, awning, or casement, each of 
which has its own effective opening area fractions. By default, the effective opening area 
fraction is set to 0.4, the lower threshold of outdoor temperature for opening the window is set to 
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20 °C to avoid over-cooling, and the air temperature difference across the envelope (indoor 
minus outdoor) should be at least 2 °C to enable natural ventilation.  

(11) Radiant barrier 

Radiant barriers consist of a highly reflective material that reflects radiant heat rather than 
absorbing it [256]. The material also has low thermal emittance, which will reduce the radiant 
heat transfer from the roof surface to other surfaces in the attic zone. They do not, however, 
reduce heat conduction like bulk insulation. In EnergyPlus, radiant barriers can be modeled by 
specifying a very low thermal emittance (e.g., 0.10) for the roof’s innermost material layer.  

4.4. Weather data 
Extreme weather event (heat wave) data are used to evaluate the effect of passive measures 
on building thermal resilience. A heat wave can be characterized by three metrics: duration, 
intensity, and severity [257]. The intensity is measured by the average elevation of outside air 
temperature above a reference temperature. The severity is the time integral of the elevation of 
outside air temperature above a reference temperature over the whole heat-wave period. 
Previous studies showed that risk of mortality is highly correlated with heat waves with high 
intensity [258]. Thus we selected a heat wave based on intensity using the historical weather 
data. The weather data of Fresno for the past 29 years (1989–2017) at the station 
CA_FRESNO-YOSEMITE-IAP_723890S were purchased from White Box Technologies, a 
private company specialized in weather data for energy calculations. A reference temperature of 
40 °C (104 °F) is selected, as the peak temperature of extreme heat waves in Fresno is usually 
higher than 40 °C. The most intense heat wave occurred on July 19 to July 27, 2006. It included 
five consecutive days (July 22–26) when the daily maximum outdoor air temperature was 
always above 44 °C (Figure 10). These five days are selected as the heat wave days for 
simulating the resilience performance of the passive measures. The grid-off scenario is only 
applied to the heat-wave periods; all other times are under normal operation. 

The impact of passive measures on the annual energy consumption of homes is also 
investigated. Their EnergyPlus simulations are run for a whole year using Typical 
Meteorological Year 3 (TMY3) (TMY3 user manual) weather data. TMY3 data are derived from 
a 1991-2005 period of record to represent the weather of a typical year. 
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Figure 10. The temperature profile of the selected heat wave spanning July 22-26, 2006. 

5. Results and analysis 
The individual building simulations are first analyzed to explore the effectiveness of each ECM 
for different building types, building vintages, and power supply scenarios. A one-story single-
family home and a multi-family home are selected as the representative building types for this 
analysis, based on the building type distribution in Figure 5. 

Next, the district-scale results show the overall influence on the selected DACs. Finally, the 
energy impacts of the ECMs under typical weather conditions are analyzed to make up a 
comprehensive evaluation. 

5.1. Resilience analysis for prototype houses 

5.1.1 Single-family homes 

Figure 11 shows the indoor air temperatures of the single-family homes built in 1967, 2004, and 
2015 during the 2006 heat wave, in the grid-on and grid-off scenarios. The heat wave lasted for 
five days from Jul 22 to Jul 26, as highlighted in the figure. The grayed-out periods are one day 
before and one day after the heat wave under normal operation to illustrate the impact of the 
heat wave. Even when the grid is on, the indoor temperature in the afternoon cannot be cooled 
to the setpoint, because the outdoor temperature during the heat wave is in the 0.4% of the 
warmest cases that are not covered by the sizing of the air conditioner, and the capacity of the 
air conditioner has degraded over the years. When the grid is off, the air temperature of the 
home built in 1976 without retrofit can exceed 40 °C. With better envelope constructions, newer 
buildings have relatively cooler indoor air temperature. For example, the indoor air temperature 
in the home built in 2015 can be 4 °C cooler than that of the home built in 1976 when grid power 
is unavailable. On the other hand, when power is available, the indoor environment is affected 
comprehensively by multiple factors like envelope properties, internal heat gains, and AC 
equipment capacity. For example, the home built in 2004 performs worse than the home built in 
1976 mainly because: (1) the home built in 2004 has a smaller cooling load due to the better 
envelope construction and lower internal heat gains, so its air conditioning equipment was sized 
to be smaller; and (2) per Section 4.1, the AC equipment in the 2004 home is assumed to be as 
old as the house, i.e., 16 years old (current year is 2020), while that in the 1976 home is 10 
years old (replaced at least once)—therefore, the AC equipment in the 2004 home has more 
severe degradation, leading to less available capacity.  
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Figure 11. Comparison of the air temperature of the living zone in the single-story single-family home with different 

vintages, with and without grid power. 

Figure 12 through Figure 15 illustrate the reductions in UDH and SETUDH compared to the 
baseline for the three vintages simulated under two power scenarios. The ECMs are sorted by 
the percentage reduction of UDH for the home built in 1976 and kept the same order for all 
figures to facilitate comparison. The columns represent the absolute values of the metric and 
the dots represent the percentage improvement of each ECM compared with the baseline value 
of that metric. The figures for other metrics such as PMVEH and HIHH are included in the 
Supporting Information (SI) Section A. 

Adding window film and adding roof insulation are generally the most effective ECMs for all 
vintages in terms of reducing UDH and SETUDH. Taking the representative home built in 1976 
as an example, these two measures can reduce UDH by 11.7% and 10.6% with grid power 
unavailable, or 28.2% and 37.4% with grid power available. Adding window film lowers SHGC 
and thus reduces the heat gain from windows. As shown in SI Figure A-1, adding roof insulation 
dramatically lowers the attic air temperature, which reduces the heat transfer from the attic to 
the living zone. Without roof insulation, the air temperature in the attic can reach almost 70 °C; 
this can be lowered by more than 20 °C via adding roof insulation. 

Since baseline UDH or SETDH of the newer home is lower, the percentage of improvement 
tends to be higher for the home built in 2015. However, depending on the baseline settings, 
some measures, such as adding ceiling insulation, have no effect on newer buildings because 
the baseline ceiling insulation is already good enough in buildings built in 2004 or 2015. For 
single-story single-family homes, there is limited time when indoor air temperature exceeds 
outdoor air temperature due to heat transfer from the cool ground. As a result, natural ventilation 
is not an effective measure for these homes.  

The influence of adding interior window blinds is more complex. On one hand, the interior blinds 
can reflect part of the solar radiation, a small fraction of which will be transmitted through the 
windows to the outside. Therefore, the blinds can slightly reduce the solar heat gain from 
windows. On the other hand, the blinds absorb the solar radiation transmitted from exterior 
windows, and gradually re-distribute the heat to the zone air and surfaces via convection and 
radiation. This redistribution process shifts the heat gain to later in the afternoon, which further 
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increases the temperature during peak hours. Therefore, the overall effect of the interior blinds 
depends on the combines result of these two factors. Generally, blinds have a marginal effect 
on reducing the indoor air temperature. However, interior blinds help block direct solar radiation, 
so they have more evident influence on metrics that incorporate mean radiant temperature, 
such as SET and PMV.  

 
Figure 12. Air temperature unmet degree hours during the heat wave in the baseline case and after applying each 

ECM, show for single-family homes of different vintages in the grid-off scenario. Columns represent absolute values 
and the dots mark percentage reduction. 

 
Figure 13. Air temperature unmet degree hours during the heat wave in the baseline case and after applying each 

ECM, show for single-family homes of different vintages in the grid-on scenario. Columns represent absolute values 
and the dots mark percentage reduction. 
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Figure 14. Standard effective temperature unmet degree hours during the heat wave in the baseline case and after 
applying each ECM, show for single-family homes of different vintages in the grid-off scenario. Columns represent 

absolute values and the dots mark percentage reduction. 

 
Figure 15. Standard effective temperature unmet degree hours during the heat wave in the baseline case and after 
applying each ECM, show for single-family homes of different vintages in the grid-on scenario. Columns represent 

absolute values and the dots mark percentage reduction. 

Figure 16 and Figure 17 compare the home built in 1976 with or without retrofit under two power 
scenarios. For both power scenarios, UDH of the retrofitted home is lower than the non-retrofit 
home for baseline and almost all ECMs because the retrofitted home has a better ceiling and 
wall performance. The ECM of adding ceiling insulation under the grid-on scenario is an 
exception, because by applying this ECM, both retrofitted and non-retrofitted homes will have 
the same ceiling construction, but the air conditioner in the retrofitted home was sized to be 
smaller since the original cooling load was lower. . Thus, the smaller-size air conditioner will 
result in a higher indoor air temperature during the heat wave when grid power is available. 
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Regardless of power scenario, the UDH reduction percentages for all the window-related ECMs 
(window film, exterior storm window, and interior storm window) are lower in the non-retrofitted 
home than in the retrofitted home. This is because the retrofitted home has better ceilings and 
walls, so the heat gain through windows accounts for a smaller proportion in total cooling load. 

 
Figure 16. Air temperature unmet degree hours during the heat wave in the baseline case and after applying each 

ECM, show for single-family homes of 1976 with or without retrofit in the grid-off scenario. Columns represent 
absolute values and the dots mark percentage reduction. 

 
Figure 17. Air temperature unmet degree hours during the heat wave in the baseline case and after applying each 

ECM, show for single-family homes of 1976 with or without retrofit in the grid-on scenario. Columns represent 
absolute values and the dots mark percentage reduction.  
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5.1.2 Multi-family homes 

The prototype multi-family building has eight units in total, four on each of the two floors. The 
conditions of different units vary substantially. For example, Figure 18 shows that the 
temperatures of units on the second floor are much higher than those on the first floor under the 
grid-off scenario, sometimes even higher than the outdoor air temperature. There is a variance 
among the units on the first floor as well, depending on the location of the unit. The coolest unit 
has an indoor temperature lower than the single-family living zone of the same vintage. 

 
Figure 18. Baseline air temperature of each unit of the multi-family home built in 1978 in the grid-off scenario. Labels 
“F1” and “F2” in the legend refer to units on the first and second floor, respectively. The temperatures for “unit 2” and 

“unit 4” are the same. 

Figure 19 illustrates the effects of different ECMs on SET under grid-off scenario (see Figure A-
2 for grid-on result), where each box represents the distribution of the results for all units on the 
floor. The ECMs show varying performance in units located on different floors as well as under 
different power scenarios. For example, exterior storm windows and interior storm windows can 
help reduce SET for both floors when the power is available, but may raise SET in second-floor 
units when the grid is off. This is mainly because the indoor air temperature of the second-floor 
units can exceed the outdoor temperature when grid power is unavailable, while the indoor 
temperature of the first-floor units is lower than the outdoor temperature for most of the time. As 
shown in Figure 20, the indoor air temperature exceeds the outdoor temperature during the 
nights and mornings in the heat wave. Adding an exterior storm window adds an extra low-e 
glass layer, which increases the window assembly’s thermal resistance and impedes heat 
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Figure 19. Standard effective temperature unmet degree hours during the heat wave in the baseline case and after 
applying each ECM, shown for the multi-family home built in 1976 in the grid-off scenario. Each box shows the 

distribution of different apartments within the multi-family home. 

 
Figure 20. Indoor air temperature of the F2 unit 1 in the multi-family home built in 1976 in the grid-off scenario by 

adding exterior or interior storm windows, compared with baseline. 

As shown in Figure 20, during the second half of the heat wave, the interior storm window also 
increases the indoor air temperature, but not as much as the exterior storm window—mainly 
because the overall SHGC after adding an interior storm window is lower than that after adding 
an exterior storm window. The following equation describes how the SHGC of a two-layer 
window is calculated [259]. 
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where Ts is the solar transmittance of the two-layer window, αo is the solar absorptance of the 
outer layer; αi is the solar absorptance of the inner layer; ho is the exterior surface heat transfer 
coefficient; hi is the interior surface heat transfer coefficient; hs is the thermal conductance of 
the gap between the two layers; and V is the total thermal resistance of the window assembly. 
All the heat transfer coefficients are invariant to the order of the window layers, so putting the 
layer with a lower absorptance at the outer layer will result in a higher overall SHGC than putting 
it at the inner layer. Since the additional storm window layer has a lower solar absorptance than 
the original window pane, adding it to the interior side will have less solar heat gain. 

For the natural ventilation ECM, the occupants are assumed to open the windows only when the 
outdoor temperature is notably lower than the indoor temperature (difference ≥ 2 °C). The 
measure is found to be the most effective for the second-floor units in multi-family homes during 
the power outage as they experience the highest indoor temperature. Figure 21

Figure 21. The window opening of the natural ventilation ECM for the core unit on the second floor of the multi-family 
home built in 1976 in the grid-off scenario. The blue areas represent the time periods when natural ventilation is on. 

The results for multi-family homes of different vintages generally exhibit the same trends as the 
single-family homes, as shown in SI Figure A-14 to SI Figure A-17. 
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5.2. Resilience analysis on district-scale 

5.2.1. Baseline models results 

The indoor temperature profiles of all the homes in King district are shown in Figure 22. For 
single-family homes, each curve represents the temperature of one floor, while for multi-family 
homes, each curve represents the temperature of one unit. The profiles of single-family homes 
and multi-family homes are plotted in separate panels to avoid overlapping. There are three 
clusters of curves, corresponding to all-floor grid on, lower-floor grid off, and top-floor grid off. 
We can see that the temperature in the grid-off scenario is significantly higher than that in the 
grid-on scenario, and that when the grid is off, top-floor zones perform much worse than lower 
floor ones due to the extra heat gain through the roof and no free cooling via the cool ground. 

When the grid is on, the curves are also divided into two clusters because the buildings are 
equipped with different types of air conditioners (central AC system, window air conditioner, or 
evaporative cooler). Those buildings equipped with evaporative coolers have notably higher 
temperatures than others because evaporative coolers only use the evaporation of water to cool 
the air so its capacity is limited to the outdoor air humidity. Even for buildings equipped with 
central AC systems or window air conditioners, there are still many unmet hours in which the 
indoor temperature is notably higher than the cooling setpoint because the cooling systems are 
sized for normal weather and cannot satisfy cooling needs under extreme heat waves. 
Therefore, measures should be taken to improve the indoor thermal conditions during heat 
waves. 

 
Figure 22. Indoor temperature profiles of homes in King district. 
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5.2.2. Passive measures 

Due to limited space, only UDH and SETUDH will be discussed here. The results of HIHH and 
PMVEH are presented in SI Section B. 

5.2.2.1. UDH 

(1) Grid-off scenario 

Figure 23 shows the UDH during the heat wave in the baseline case and after applying each 
ECM for the grid-off scenario for King district. It contains three panels. The first shows the 
boxplot of the UDH of each passive measure. The second and the third show the absolute and 
relative reductions, respectively, of the UDH of each passive measure compared with the 
baseline. 

Results are presented by zone. The top-floor zones are shown separately because their UDH 
are prominently higher than those of lower-floor zones when there is no active cooling. Window 
film provides the highest reduction for lower-floor zones (interquartile range 8%-18% for single- 
and multi-family homes) and the second highest reduction for top-floor zones (interquartile 
range 8%-20% for single- and multi-family homes). Natural ventilation is the most effective 
measure for top-floor zones (interquartile range 21%-26% for single- and multi-family homes) 
but has little effect on the UDH for lower-floor zones. This is because the indoor temperature of 
top-floor zones exceeds the outdoor temperature by 2 °C (the criterion for opening windows) for 
a substantial portion of the time during the heat wave, while the temperature of lower-floor 
zones seldom meets the criterion. Cool walls, ceiling insulation, and roof insulation are also 
good performers in terms of reducing UDH when the grid is off. The overall trend is consistent 
with the results from prototype homes. 
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Figure 23. Unmet degree hours during the heat wave in the baseline case and after applying each ECM for the grid-

off scenario . 

The exterior storm window has a negative impact on the resilience of top-floor zones. This is 
probably because the exterior storm window decreases the U-value of the baseline window but 
does not change its SHGC, which reduces the convective heat gain or loss through the window 
but does not influence the solar heat gain. The lower-floor zones can typically maintain lower 
indoor air temperature than the outdoor air temperature most of the time because they are 
ground-contacting and can release heat to the cool ground. In contrast, the top-floor zones get 
lots of heat from the attic, per Section 5.1.1, making the top-floor zone air warmer than the 
outdoor air temperature most of the time. Thus, the exterior storm window diminishes the 
convective heat loss through windows, as shown in Figure 20. The interior storm window is 
favorable for top-floor zones, because its equivalent SHGC drops slightly to 0.37, which is 
moderately lower than that of the baseline window. 

(2) Grid-on scenario 

Figure 24 shows the UDH during the heat wave in the baseline case and after applying each 
ECM for the grid-on scenario. All passive measures except interior blinds can reduce the UDH. 
Roof insulation, ceiling insulation, and window film are the most effective passive measures. 
Roof insulation is more effective in reducing the UDH for single-family homes (median reduction 
is 37%) than for multi-family homes (median reduction is 24%).  Adopting interior blinds 
increases the UDH, the reason for which has been explained in Section 5.1.1.  
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Natural ventilation slightly reduces the UDH of single-family homes and has almost no effect on 
multi-family homes when the grid is on. This is because the criterion for opening the windows is 
that the indoor air temperature is 2 °C higher than the outdoor air temperature. With the cooling 
system running, the indoor air temperature of single-family homes meets this criterion for only a 
few hours during the heat wave, leading to a small reduction of the UDH. On the other hand, 
when the grid is off, the indoor air temperature is much higher, which leads to longer hours of 
effective natural ventilation.  

 
Figure 24. Unmet degree hours during the heat wave in the baseline case and after applying each ECM for the grid-

on scenario. 

5.2.2.2. SETUDH 

(1) Grid-off scenario 

The SETUDH during the heat wave in the baseline case and after applying each ECM for the 
grid-off scenario for King district are shown in Figure 25. Similar to the results of UDH, window 
film has the best performance overall and natural ventilation has the best performance in top-
floor zones. 
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Figure 25. Standard effective temperature unmet degree hours during the heat wave in the baseline case and after 

applying each ECM for the grid-off scenario. 

(2) Grid-on scenario 

The SETUDH during the heat wave in the baseline case and after applying each ECM for the 
grid-on scenario are shown in Figure 26. We can see that roof insulation, ceiling insulation, and 
window film are the most effective measures. Different from UDH, interior blinds can moderately 
reduce SETUDH, because SETUDH include the effect of mean radiant temperature and interior 
blinds can  block solar radiation transmitted through the window and the thermal radiation 
emitted by the window. 
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Figure 26. Standard effective temperature unmet degree hours during the heat wave in the baseline case and after 

applying each ECM for the grid-on scenario. 

6. Discussion 
6.1. Effect on annual energy consumption 
Figure 27 shows the annual HVAC source energy use intensity, annual electricity use intensity 
for cooling, and annual natural gas use intensity for heating in the baseline case and after 
applying each ECM; Figure 28 shows the percentage reduction (savings) provided by each 
ECM. The HVAC source energy use is calculated as the sum of source energy from electricity 
use (cooling + fans) with a site-to-source factor of 1.97, and from natural gas use with a site-to-
source factor of 1.09. These factors are based on the eGRID 2018 plant level database for all 
plants in California, with a 100% conversion efficiency for renewable energy [260].   

In terms of reducing the annual HVAC source energy use, increasing the insulation of the 
envelope is more effective than controlling solar heat gain. This is supported by the fact that 
improving ceiling insulation, improving roof insulation, adding exterior storm windows, and 
adding interior storm windows are the four most effective measures in terms of saving energy. 
The reason is that better envelope insulation can reduce both heat gain in the summer and heat 
loss in the winter. On the contrary, while controlling solar heat gain reduces the cooling energy 
use in the summer, it tends to increase the heating energy use in the winter.  
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Figure 27. Annual energy use intensities in the baseline case and after applying each ECM 
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Figure 28. Annual energy use intensity reduction in the baseline case and after applying each ECM. 

6.2. Implications  
Current building energy codes do not provide regulations for heat resilience, although the LEED 
voluntary performance rating systems gives pilot credit to passive survivability for green building 
certifications. We recommend that new building energy codes or retrofit guides for existing 
buildings incorporate provisions to improve the heat resilience of buildings. A holistic life cycle 
analysis of benefits and costs of measures, covering energy supply, demand, storage, and 
human behavior, should be required in the design process. This is an important area of follow 
up research in future projects. 

Although effective, adding roof insulation is an expensive major retrofit, so should only happen 
when the roof needs replacement. Window film was found to be not widely used in our survey 
due to concerns about its durability and difficulty to remove. However, with the advancement of 
window film technology and deployment technique, this can be a promising and low-cost retrofit 
option. Cool walls and cool roofs can also provide resilience benefits with little to no incremental 
cost to non-cool walls and roofs, and should be prioritized when homes are re-painted or re-
roofed. 

6.3 Limitations and future research 
This study has some limitations described below. 
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Details of building characteristics are limited for the buildings studied and must be based on 
limited surveys, city’s public data, and assumptions in California building energy efficiency 
standards. Utility bills are not available for calibrating the developed energy models. This is 
partly due to the 2020 pandemic that limits on-site audit or other data collection efforts. 

Due to lack of information, we were not able to model detailed zoning in each home, so could 
not capture the variations of indoor environment among different zones within a home. As a side 
effect, we could not consider any possible variations in the health hazard thresholds of different 
room functions—e.g., living room vs. sleeping room. For single-family homes, indoor 
environment is analyzed for each floor; for multi-family homes, indoor environment is analyzed 
for each apartment unit. 

The performance of some passive design measures depends on occupant behavior. For 
instance, the natural ventilation measure assumes that the occupants would monitor the indoor 
and outdoor environment and would operate windows for more efficient natural ventilation. Our 
analysis is aimed to illustrate the potential of the measures, the effects of these measures in 
real practice may differ from the simulation results. Without occupants’ active engagement, the 
natural ventilation measure would be less effective; on the other hand, if the occupants engage 
even more aggressively than our assumption—e.g., control windows by closely monitoring the 
indoor and outdoor temperature with thermometers—the measure could be even more effective 
than predicted by our simulation results. Also, when we simulate natural ventilation assuming 
windows are open, EnergyPlus doesn’t take into consideration the changes of window positions 
and still calculates solar heat gains as normal. This is a limitation of the EnergyPlus engine. 

Costs - limitation 

We do not include costs or cost benefit analysis in this study. Costs are tricky to estimate due to 
wide ranges and variations. They become even more trickier when considering the non-energy 
benefits such as thermal resilience and health. More work is needed in the future to perform a 
comprehensive analysis to account for the non-energy benefits. 

Future work can include collecting more extensive data to improve the modeling, as well as 
considering other measures like spraying water on roof or walls that might be effective to reduce 
indoor temperature during heat waves or power outages. Human behavior is another essential 
aspect to improve heat resilience—wearing lightweight clothing, engaging in calm or less-
energetic activities, use of manual fans, and taking baths or showers are potential examples 
that can help reduce heat hazards during heat waves especially coupled with power outages. 
Modeling the worst-case heat waves in future climate scenarios is another follow up, as well as 
modeling the coupling of passive measures with active measures for optimal heat resilience.  

7. Conclusions 
This paper presents the methodology, data, tools, workflow, results, and analysis of passive 
measures to improve heat resilience of single- and multi-family homes at individual 
representative buildings and district scales in disadvantaged communities under two power 
scenarios in Fresno. The two most effective measures for both grid-on and grid-off scenarios 
are adding roof insulation and adding solar-control window films; these reduce heat gains 
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through the building envelope, decreasing cooling loads and indoor air temperature. It should be 
noted that roof insulation is expensive and should only happen when the roof needs 
replacement. Window film has not been widely adopted by the DACs but can be a promising 
and low-cost solution. 

When grid power is not available, the top floors of a multi-story single-family home or multi-
family building can have higher risk for unsafe conditions during heat waves due to their greater 
exposure to solar heat gains (through roofs, walls, and windows) with less shading. Operable 
windows can enable natural ventilation for top floors when the indoor temperature is higher than 
the outdoor temperature, which can be very effective in mitigating extreme heat hazards.  

Although most passive measures can improve heat resilience, some show varying performance 
that depends on building characteristics and external conditions, such as interior blinds (grid on 
vs. grid off), exterior storm windows (ground floor vs. top floor), and natural ventilation (grid on 
vs. grid off; ground floor vs. top floor). Also, passive measures may not be sufficient to fully 
guarantee thermal comfort when power is available but are helpful since cooling is constrained 
at maximal capacity during heat waves, especially for cooling systems whose performance is 
highly dependent on outdoor environment—e.g., evaporative coolers. Under such situations, 
active measures such as ceiling and portable fans as well as energy efficient air-conditioning 
can be integrated with passive measures to provide adequate cooling to vulnerable occupants 
to reduce risks during extended heat waves.  Passive measures can also help protect residents’ 
health and safety from overheating during a power outage when there is no active cooling 
available.  

The methodology and workflow developed in this work are applicable to studies to improve heat 
resilience of individual houses or residential communities during heat waves in other urban 
areas with hot climate. Although the recommended passive measures are based on simulation 
results and can benefit from further field validation, they can inform cities, communities, and 
utilities in developing effective and targeted strategies to ensure heat resilience for residents 
during increasingly frequent heat waves. 
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Supporting Information 
Section A 
This section shows the figures for metrics and scenarios of prototype houses that are not listed 
in Chapter 5.1. 

 

 
Figure A-1. (a) Attic and living zone air temperature and (b) heat flux from attic to living zone during a heat wave of 
the single-family home built in 1976 after adding roof insulation compared with baseline in the grid-off scenario. 
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Figure A-2. Standard effective temperature unmet degree hours during the heat wave in the baseline case and after 
applying each ECM, shown for the multi-family home built in 1976 in the grid-on scenario. Each box shows the 
distribution of different apartments within the multi-family home. 

 
Figure A-3. Hours of PMV > 3 during the heat wave in the baseline case and after applying each ECM, show for 

single-family homes of different vintages in the grid-off scenario. Columns represent absolute values and the dots 
mark percentage reduction. 
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Figure A-4. Hours of PMV > 0.7 during the heat wave in the baseline case and after applying each ECM, show for 
single-family homes of different vintages in the grid-on scenario. Columns represent absolute values and the dots 

mark percentage reduction. 

 
Figure A-5. Heat index danger hours during the heat wave in the baseline case and after applying each ECM, show 
for single-family homes of different vintages in the grid-off scenario. Columns represent absolute values and the dots 

mark percentage reduction. 
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Figure A-6. Heat index caution hours during the heat wave in the baseline case and after applying each ECM, show 
for single-family homes of different vintages in the grid-on scenario. Columns represent absolute values and the dots 

mark percentage reduction. 

 
Figure A-7. Baseline air temperature of each unit of the multi-family home built in 1978 in the grid-on scenario. Labels 
“F1” and “F2” in the legend refer to units on the first and second floor, respectively. The temperatures for “unit 2” and 

“unit 4” are the same. 
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Figure A-8. Air temperature unmet degree hours during the heat wave in the baseline case and after applying each 

ECM, shown for the multi-family home built in 1976 in the grid-off scenario. Each box shows the distribution of 
different apartments within the multi-family home. 

 
Figure A-9. Air temperature unmet degree hours during the heat wave in the baseline case and after applying each 

ECM, shown for the multi-family home built in 1976 in the grid-on scenario. Each box shows the distribution of 
different apartments within the multi-family home. 
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Figure A-10. Hours of PMV > 3 during the heat wave in the baseline case and after applying each ECM, shown for 
the multi-family home built in 1976 in the grid-off scenario. Each box shows the distribution of different apartments 

within the multi-family home. 

 
Figure A-11. Hours of PMV > 0.7 during the heat wave in the baseline case and after applying each ECM, shown for 
the multi-family home built in 1976 in the grid-on scenario. Each box shows the distribution of different apartments 

within the multi-family home. 
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Figure A-12. Heat index danger hours during the heat wave in the baseline case and after applying each ECM, 

shown for the multi-family home built in 1976 in the grid-off scenario. Each box shows the distribution of different 
apartments within the multi-family home. 

 
Figure A-13. Heat index caution hours during the heat wave in the baseline case and after applying each ECM, 

shown for the multi-family home built in 1976 in the grid-on scenario. Each box shows the distribution of different 
apartments within the multi-family home. 

The vintage comparison for multi-family homes are illustrated by UDH and SETUDH to show the 
effects on the air temperature and other environmental variables. 
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Figure A-14. Air temperature unmet degree hours during the heat wave in the baseline case and after applying each 

ECM, show for the average of the second-floor units in multi-family homes of different vintages in the grid-off 
scenario. Columns represent absolute values and the dots mark percentage reduction. 

 
Figure A-15. Air temperature unmet degree hours during the heat wave in the baseline case and after applying each 

ECM, show for the average of the second-floor units in multi-family homes of different vintages in the grid-on 
scenario. Columns represent absolute values and the dots mark percentage reduction. 
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Figure A-16. Standard effective temperature unmet degree hours during the heat wave in the baseline case and after 
applying each ECM, show for the average of the second-floor units in multi-family homes of different vintages in the 

grid-off scenario. Columns represent absolute values and the dots mark percentage reduction. 

 
Figure A-17. Standard effective temperature unmet degree hours during the heat wave in the baseline case and after 
applying each ECM, show for the average of the second-floor units in multi-family homes of different vintages in the 

grid-on scenario. Columns represent absolute values and the dots mark percentage reduction. 

Section B 
This section shows the figures for metrics and scenarios of prototype houses that are not listed 
in Chapter 5.2. 
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Figure B-1. Heat index danger hours during the heat wave in the baseline case and after applying each ECM for the 

grid-off scenario. 
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Figure B-2. Heat index caution hours during the heat wave in the baseline case and after applying each ECM for the 

grid-on scenario. 
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Figure B-3. Predicted mean vote exceedance hours (PMV > 3) during the heat wave in the baseline case and after 

applying each ECM for the grid-off scenario. 
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Figure B-4. Predicted mean vote exceedance hours (PMV > 0.7) during the heat wave in the baseline case and after 

applying each ECM for the grid-on scenario. 

The results of HIHH and PMVEH are similar to those of UDH and SETUDH, respectively. Thus, 
they will not be analyzed separately. 
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