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ABSTRACT
Resilient building design is becoming increasingly
important as occurrence and duration of extreme weather
events increase. These events cause disruptions in
building operation and safety due to lack of electric
power or fuel. Several resilient design strategies exist,
many of which are also sustainable or energy saving
design strategies. Specifically, passive building
strategies that favor energy conservation in buildings
also have a positive impact on the building’s resilience.
Passive survivability is a key element to resilience,
which can be assessed by simulating interior conditions
during power outages in building energy modeling
software. This paper will address passive survivability
metrics and assessment protocol for passive survivability
including a proposed methodology to derive climatic
resilience design weeks. Additionally, it will cover
simulation results from dynamic modeling completed in
WUFI Plus. These simulations assess passive
survivability during power outages in varying
multifamily building designs and inform the audience on
how building design influences a building’s ability to
maintain desirable interior conditions during outages.

INTRODUCTION
The term resilience has grown in interest substantially
over the last few decades, with the numer of resiliencerelated publications increasing by more than 15x from
2000 to 2016. (Wyss & Shroder 2016) In a general
sense, resilience refers to a system’s capacity to adapt to
disturbances and recover from them, returning to the
original condition. Or in other words, a system’s
readiness to react towards disruptive events. This differs
from resistance, which is the ability to not be affected by
something. A variety of systems can be resilient; from
the human body to the built environment, it is a universal
term and covers a wide range of elements. The focus of
this paper will be the assessment of resilience in
buildings, with a focus on passive survivability. This will
be done through defining potential metrics and the

assessment of various multifamily building prototypes in
Chicago.
The climate is changing and along with will come more
extreme weather events and natural disasters such as
drought, floods, earthquakes, and severe storms (IPCC,
2018). These disruptions can cut off electrical grid power
from a building, which hinders the building’s ability to
operate critical systems and maintain a habitable indoor
environment. They can even compromise the building
structure. Recent natural disasters illustrate the
vulnerability of buildings to power loss. Super-Storm
Sandy in 2012 left much of the New York City
Metropolitan area and East coast without power for more
than five days, while the 2005 Hurricane Katrina & Rita
left some without power for weeks. Many buildings
become uninhabitable when cut off from electricity or
fuel. From 1992 to 2010, 1,333 significant electric grid
disruptions occurred in the United States, 78% of them
being weather related. These outages affected more than
178 million metered customers. (Campbell, 2012) The
number of weather-related power outages also increases
each year, with almost 20x more incidents in 2011 than
in 1992.
Figure 1 shows the cause of large blackouts in the United
States dating back to 1984 and categorizes natural
disasters and the amount of time a region may be affected
by them. Hurricanes, tropical storms, blizzards and ice
storms are categorized by impacts of hours to days,
which often include extended power outages.
Sustainability efforts in buildings have grown
significantly over the past few decades, in an effort
lessen impact on the earth’s ecological systems, reduce
energy use in buildings, and therefore limit carbon
emissions. However, resilient building design still has a
lot of room for growth.
With respect to climate change and global warming, the
question is not if it will happen, but rather to what extent
it will happen and what effects will come along with it.
Right now, under the Paris Climate Agreement, the goal
is to limit warming to below 3.6 °F (2 °C). Even with this
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minimal level of warming, many predictions show that
there will be dramatic sea level rise, increased number of
weather events, and increased severity of these weather
events (IPCC, 2018). Therefore, even if carbon
emissions are limited and global warming is slowed, it
should be recognized that resilient buildings will be
essential for the future.

Figure 1. Statistics for large blackout causes in the US
(top), Disaster characteristics (bottom).

RESILIENCE FRAMEWORK MEASURES
A handful of building rating systems have started to
analyze resilience in buildings. A few of them are the US
Resiliency Council, RELi, BREEAM, BuildingGreen
Resilient Design Checklist, Resilient Design Institute,
etc. So far, most of this is qualitative analysis that is used
to determine how resilient the building is based on the
scope of resilient features and strategies integrated into
the building’s design. In general, these strategies fall into
5 categories; (1) Risk Avoidance, (2) Passive
Survivability, (3) Durability & Longevity, (4)
Redundant Systems, and (5) Response & Recovery
Time. (Phillips et al. 2017)
As illustrated by those five measures, the scope of the
term is quite broad, and it is difficult to use a single

metric to describe or rate resilience. A full resilience
assessment requires looking at many potential hazards or
disturbances through both a qualitative and quantitative
lens. Below, a methodology and protocol for quantitively
assessing passive survivability is described.

PASSIVE SURVIVABILITY
The term passive survivability was coined in 2005 by
Alex Wilson, of Environmental Building News (EBN)
and president of GreenBuilding.com. (Wilson 2006)
This refers to a building’s ability to maintain livable
conditions when sources such as electricity, water or
heating fuel are cut off. To quantitatively assess ‘passive
survivability’, a metric for acceptable indoor conditions
must be defined. During standard operating conditions,
according to ASHRAE’s Thermal Environmental
Conditions for Human Occupancy Standard 55-2004, the
indoor summer comfort range is about 74°F to 83°F (2328°C), while the winter indoor comfort range is about
67°F to 79°F (19-26°C), both with a maximum humidity
ratio of 84 grains/lbdryair (0.012 kgwater/kgdryair.) However,
in extreme conditions, such as a power outage,
expectations for the indoor environment are not as high
and therefore an acceptable range may need to be
considered simply on what is still be safe for occupation.
Separately from the comfort ranges above, ASHRAE
defines acceptable temperature ranges for naturally
ventilated spaces based on outdoor temperature, which
ranges from 50°F to 93°F (10-34°C). (Institute of
Medicine 2011) This range seems appropriate for
acceptable indoor comfort during an outage, though the
‘safe to occupy’ range would cover a larger span. An
appropriate metric for interior moisture must also be
defined, based on health implications as well as building
longevity, though it is not covered in detail in this paper.
Homeothermy is a form of temperature regulation used
by humans, where the body maintains the same internal
core temperature, regardless of external influences. The
zone of homeothermy shown in Figure 2a represents the
range where humans can maintain a steady core
temperature around 98.6°F (37°C).
Hypothermia and hyperthermia are conditions that occur
when the core body temperature cannot be maintained
and decreases or increases from the average level.
Hypothermia occurs when the core body temperature
drops below 95°F (35°C), and the heart and nervous
system cannot function normally. During prolonged
extreme heat events, or heat waves, the human body
loses its ability to remove excess heat. Heat stroke and
heat exhaustion may occur when the core temperature
reaches 104°F (40°C). Death often occurs when the
body’s core temperatures fall below 80.6°F (27°C) or
exceed 107.6°F (42°C). (Moore & Krucik 2016)
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Figure 2a. Range of homeothermy (Holmes et al,
2016).
As to what conditions are survivable or non-damaging
for humans, the margins vary by many factors; age,
gender, and health being a few key elements. Mortality
numbers during outages predominately from vulnerable
populations such as elderly, young children, pregnant
women, and persons with hypertension, obesity, diabetes
or respiratory disease. (Holmes et al. 2016) Survivability
depends on the body’s ability to regulate core
temperature in the average range mentioned above.
For the hot end of the range, a few studies from nursing
homes and hospitals without air conditioning indicate
severe occupant health problems when the indoor
temperatures were near or above 104°F (40°C). However,
vulnerable populations occupy those buildings. Because
the main mechanism of cooling in humans is sweating,
the wet bulb temperature (TW) has fundamental
importance – it is the lowest skin temperature attainable
by sweating. Not even the fittest of humans can survive,
even in well-ventilated shaded conditions, if the wetbulb temperature stays above 35 C (95 F) for a few hours.
(Sherwood & Huber, 2010).
A recent worldwide survey of excess human mortality
from heat reviewed papers published between 1980 and
2014. They found 783 cases from 164 cities in 36
countries. (Mora et al, 2017). From this they derived a
deadliness threshold in terms of the average daily
temperature and relative humidity, shown graphically in
their Figure 1b. We found a curve fit to their “red-line”
threshold in the form of Tdead (°C) ≥ 49.593 –
48.580*RH+25.887*RH2, having an RMS error of 0.3 C.
This threshold criterion is also sketched onto a
psychrometric chart in Figure 2b. Clearly, the metric for
indoor conditions to maintain passive survivability
varies by building occupant. Mora’s threshold represents
a kind of worldwide average over occupant sensitivity
and acclimatization, for deadly heat.
Once some such thresholds are chosen, indoor
conditions that are above and below them can be
estimated during an outage for any building. The
survivability could then be defined as a percentage, using

the percentage of hours that fall within that range, over
the total number of hours that the outage occurred for.
For example, if it was a 5-day, 120-hour summer outage,
and 10 hours were above ‘X°’ (maximum critical
threshold), then 110 hours fell within the acceptable
range and its passive survivability rating would be a
91.6% at a threshold of ‘X°’ F. However, more work and
research is needed to determine what this acceptable
threshold is, the measures of stress, and if there is a
cumulative effect that may require tightening the
threshold.

Figure 2b. Deadly-hot-day threshold of (Mora et al.
2017) sketched on psychrometric chart (heavy dark
curve), along with ASHRAE 55 adaptive comfort region
(light green shading).

PASSIVE BUILDING PRINCIPLES
Achieving passive survivability goes hand in hand with
implementation of energy conservation or sustainable
design measures in buildings. One element that is an
indicator of a building’s ability to swing through a power
outage is the building’s peak heating or cooling loads.
Passive building principles may be applied to improve
passive survivability. At the scale of the urban fabric,
factors such as the orientation, aspect, and spacing of
buildings come into play. At the building scale, they can
be grouped under three control concepts: thermal
control – by insulation without thermal bridges,
radiation control – for daylight and management of
solar heat gains, and air control – by envelope
airtightness and heat recovery ventilation. In the case of
power outages without back-up power, most of these
remain effective, while active ventilation systems cannot
be utilized without a provision for manual operation of
the fan.
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ASSESSMENT OF PASSIVE
SURVIVABILITY
Passive survivability can be assessed with some energy
modeling software. In this assessment, WUFI® Plus was
used. WUFI Plus is an hourly energy simulation tool that
simulates indoor environmental conditions in buildings
and calculates space conditioning peak loads & annual
demands. The program couples building energy
simulation with individual component heat and moisture
transience. In other words, it considers sources and sinks
of heat and moisture within the building, outside of the
building (from weather data), and the transfer through
the building envelope to calculate the interior climate
conditions at each time step (hour, in this case).

TEST CASES - WINTER
An analysis was carried out to analyze various
characteristics of multifamily buildings and their effect
on passive survivability. The DOE prototype for midrise multifamily building was used for the building
geometry in this assessment. (PNNL 2016) This building
is four stories, and about 34,000 ft2 (3159 m2). There are
8 units per floor, coming out to 31 same-sized units, with
the remaining area serving as lobby/office space.
When analyzing a multifamily building for resilience, a
“worst” case top floor corner unit was chosen to assess
rather than simulating the full building. This is a
conservative approach and gives the assurance that other
interior/middle units with less exposed surface area will
likely perform better than the test case.
Through initial modeling, it was determined that four
distinct variables should be used in the assessment.
Combining these variables led to 8 unique multifamily
building envelopes/mechanical systems, and dynamic
simulation of 32 different cases.
Variable 1: Window to Wall Ratio (WWR)
The DOE mid-rise multifamily prototype building uses
20% window-to-wall ratio (WWR). However, the WWR
for new construction is generally much higher than the
DOE prototype, and likely closer to 40-80%. (Samuelson
2016) Therefore, two variations in window area were
used: 20% WWR, and an adjusted prototype with 60%
WWR.
Variable 2: Building Performance Standard
Two different building performance standards were
utilized for the resilience simulations. A side-by-side
comparison of some key parameters is shown in the
Appendix.
ASHRAE 90.1 (2016): The first test case was designed
to comply with the prescriptive requirements for the
building envelope and mechanical system performance

required for ASHRAE 90.1. This standard was
developed as a model code for buildings other than lorise residential. Compliance with ASHRAE 90.1 would
not allow window-to-wall ratios greater than 40%,
however, the rest of the performance metrics were still
used in the 60% WWR case. (ASHRAE 2016)
PHIUS+ 2015: The Passive House Institute US (PHIUS)
developed this standard in conjunction with Building
Science Corporation and the U.S. Department of Energy.
(Wright & Klingenberg 2015) The standards are
performance based and are pass/fail. There are three
defining performance metrics: 1 - Space conditioning, 2
- Source energy, 3 - Air-tightness. The PHIUS+ 2015
performance standard is very stringent in terms of energy
efficiency measures, relative to ASHRAE 90.1, which is
also a guideline for efficient building design.
Variable 3: Construction Type
Two different types of construction were simulated to
analyze the difference in thermal mass or storage
capacity between the two. The first construction type
analyzed was an all wood framed building, with wood
framed walls, truss attic, and wood framed interior
partition floors. The second case was a more massive
building, with insulated concrete form (ICF)
construction for the walls, concrete deck with continuous
insulation above for the roof, and concrete interior
partition floors. Both scenarios used wood framed
interior partition walls. WUFI Plus contains an extensive
materials database with temperature-dependent thermal
storage properties for all materials in the building
assemblies used in the modeling.
Variable 4: Orientation
As described above, a single unit from the multifamily
building was chosen to analyze. The unit with the most
surface area exposed to ambient conditions was chosen,
which was a top-floor corner unit. Because both winter
and summer resilience weeks are analyzed, both a
southwest and northeast unit were analyzed. It would be
expected that the southwest unit with more solar
exposure would maintain more favorable conditions for
the winter resilience case, but worse conditions for
summer resilience, and vise-versa for the northeast unit.

SIMULATION SETUP
Static Modeling
First, the DOE prototype building was modeled in WUFI
Passive, a static-balance-based energy model. Eight
unique models were created according to the variables
above. For the PHIUS+ 2015 building, it is important to
note that the envelope components changed between the
wood frame 20% WWR and wood frame 60% WWR
because it is a performance-based standard, so different
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values were required, and same for the concrete
scenarios. The breakdown of estimated site energy
between the eight buildings shows that the buildings
meeting the PHIUS+ 2015 performance standard are
estimated to use significantly less heating energy, though
the cooling energy for each building does not vary
significantly. All other energy use categories are
relatively similar between the two standards. Estimated
site energy use intensity (EUI) values range from 22.6
kBTU/ft2yr (71.3 kWh/m2yr) for the best PHIUS+ 2015
case to 44.7 kBTU/ft2yr (141 kWh/m2yr) for the worst
performing ASHRAE 90.1 compliant case.
Ventilation rates were assumed to be the same for all
cases, continuous balanced ventilation with heat
recovery. The ventilation flow rates were defined in
accordance with ASHRAE 62.1 requirements outlined in
the DOE prototype which was 55 cfm (93 m3/h) per
apartment unit and 50 cfm (85 m3/h) per corridor, and 81
cfm (138 m3/h) for the lobby/office. These rates
complied with both building performance standards.
Plug loads and lighting were assumed to be the same for
all cases to maintain a fair comparison. Residential
lighting and plug loads were calculated in accordance
with PHIUS+ 2015 protocols, which assume 80% of
RESNET assumptions based on occupancy and floor
area per unit. Common space corridor and lobby was set
to always on at 0.5 W/ft2 (5.4 W/m2), and no daylighting
was assumed. Lobby lighting and plug loads were
calculated in accordance to Building America
Simulation Protocol. Electrical loads only influence the
site EUI’s above, but do not influence the passive
survivalbiltiy modeling which simulated power outages
and internal loads dropped to occupant-only heat gain.
Dynamic Modeling
Top-floor southwest and northeast corner units of the
multifamily building were analyzed as shown in Figure
3. The building envelope design follows the DOE
prototype buildings. 32 simulations in total were
completed, covering all combinations of the 8 buildings,
two-unit locations, and two seasons as shown in Table 1.
Table 1. Overview of variables for WUFI Plus
simulations.
Case #
Season

Construction
Type

1

2

3

4

5

Overview of Variables for 32 D
6

Wood framed

7

8 9 10 11 12 13 14 15 16
Winter
Concrete/ICF

SW
NE
SW
NE
Orientation
Standard PHIUS ASHRAE PHIUS ASHRAE PHIUS ASHRAE PHIUS ASHRAE
WWR (%) 20 60 20 60 20 60 20 60 20 60 20 60 20 60 20 60

The building’s interior set points and simulation start
points were 68°F (20°C) for winter. The building was
then subject to a 5-day outage during the pre-determined
resilience design week, starting at 12:00 AM on day 1,
and ending at 11:59 PM on day 5. During the outage, all
heating, cooling, dehumidification & ventilation
capacity was removed. The internal gains from all
appliances, lighting, miscellaneous loads, etc. were
removed, and only internal gains from occupants
remained.
Because mechanical ventilation was turned off
completely, a small amount of continuous natural
ventilation was assumed by cracking open a window. A
continuous rate of 0.05 ACH, ~6 cfm (10 m3/h)
continuous was assumed in the winter, and for the
summer, 1 ACH ~120 cfm (204 m3/h) was assumed
continuous. Increasing natural ventilation in the summer
did increase the relative humidity inside, but also
decreased the temperature significantly. Arguably, this
amount of natural ventilation may be required for fresh
air in an air-tight building if the ventilation system was
not running.

Figure 1. Visualization of Southwest and Northeast topfloor units analyzed with 20% and 60% WWR.
Climate Data
Energy modeling has many purposes, and therefore the
climate data used must be appropriate for the application.
For example, when the intention is to estimate total
annual energy use, it is best to use a “typical” year, or
TMY (Typical Meteorological Year) data. When
calculating peak loads for equipment sizing, design
conditions are used that represent a stress condition, such
as the ASHRAE 99.6% and ASHRAE 0.6% design
temperatures. To assess resilience, a similar stress case
should be used for the modeling, which is can be defined

148
© 2020 ASHRAE (www.ashrae.org) and IBPSA-USA (www.ibpsa.us).
For personal use only. Additional reproduction, distribution, or transmission in either print or digital form is not permitted without
ASHRAE or IBPSA-USA's prior written permission.

as a ‘Resilience Design Week’, a pilot methodology
from the Passive House Institute US (PHIUS).
Resilience Design Week
This concept is analogous to the peak design
temperatures noted above, but rather than a design
temperature for an extreme hour, this dataset represents
a full design week. Using a stress case is important not
only to ensure resilience during all less severe scenarios,
but it also could be argued that extended power outages
tend to occur during extreme conditions.
To create the resilience design week, 16 years of actual
hourly weather data was obtained from the National
Solar Radiation Database (NSRDB); 1998-2015. The
data was then statistically analyzed in Excel. The first
step is to determine the 5-day moving average
temperature for each hour, because the simulation will
entail a 5-day outage. The minimum and maximum were
noted. This could be adjusted to 10-day moving average,
or 3-day, etc. if the desired outage simulation was longer
or shorter. Then, a histogram is created to determine
what the 99.6% and 0.4% moving average temperatures
were, that is, what is the 5-day moving average
temperature with 99.6% of the other 5-day average
temperatures for it. Many of the average temperatures
met this criterion within the 18 years of hourly data
(157,680 hours). So, the various hours where the 5-day
running average matched the 0.4% or 99.6% running
average are then further sorted by global radiation. For
the winter design resilience week, the hour out of this
batch with the lowest solar radiation is selected, while
the highest solar radiation is selected for the summer
design resilience week. The 5-day outage starts at
midnight on the day that this hour occurred, which is
defined as the start of the resilience design week. This
process was completed for Chicago, O’Hare
International Airport climate data.
Winter Resilience Results
In total, 16 5-day outage simulations (listed in Table 1)
were carried out using the winter resilience design week..
For the graphs below, the case is noted in the key, as
[Orientation (SW or NE), Standard (PHIUS or
ASHRAE), % WWR (20 or 60), Construction Type
(Wood Framed, WF or Concrete Construction, CC)].
The interior temperatures were noted for both the winter
and summer resilience cases. Given that the passive
survivability range varies, the number of hours above or
below threshold temperatures were also determined per
scenario. In Table 2, the results indicate the percentage
of hours above the threshold temperature identified in the
top row of that column. The cell is red if <50% of the
hours are within the critical temperature threshold,
yellow if 50-90% of the hours are within the threshold,

and green if 90-100% of the hours fall above or below
the critical threshold.
The winter resilience design week started on January 9th
at 12 AM and ended on January 13th at 11:59 PM. Figure
4 shows the simulated interior temperature during power
outages of all 16 winter simulations as well as the
outdoor temperature. Wood framed construction is
shown as shades of blue and green, while concrete
construction is shown as shades of black. 20% WWR is
shown as full lines, and 60% WWR as dotted lines. As
shown, the SW, PHIUS, 20% WWR, concrete
construction scenario maintained the highest interior
temperatures during the outage. The SW, PHIUS, 60%
WWR, wood framed and concrete construction scenarios
also maintained quite reasonable indoor conditions. On
day 1 of the outage, the wood framed case reached
temperatures above 75°F (24°C) inside, and both cases
got almost back up to the setpoint of 68°F(20°C) during
the middle of day 2.
Figure 5 shows a more refined comparison of how each
of the variables affected the results. As expected, it is
shown that the units oriented SW were affected by midday solar radiation and show notable mid-day spikes on
days 1 and 2 for the 60% WWR, wood framed cases, and
smaller spikes for the 20% WWR and concrete
construction cases. These spikes are not present on days
3-5 of the outage, as this resilience design week had very
low solar radiation on the last three days of the outage.
It is also clear that the cases with concrete construction
show a steady decrease in interior temperature, relative
to the wood framed construction, where the interior
temperature drops rapidly in some cases. Graph (g)
shows that for the 20% WWR, there was little variance
in results for the opposite orientations, though there was
a notable difference between the ASHRAE 90.1 and
PHIUS compliant cases. The case that simulated the
lowest interior temperature during the outage was the
ASHRAE 90.1 compliant, wood framed, 60% WWR,
NE unit. Unlike the rest of the cases, this case reached its
peak low on day 3, around 10.3°F (-12.1 C), then hovered
between 10-20°F (-12 to -7 C) for the remainder of the
outage.
The average interior temperature as well as minimum
interior temperatures are shown in Table 2. Below these
are the percentage of hours during the outage in the
simulation that were above the critical temperature
threshold shown to the left. For example, the concrete,
SW, PHIUS, 20% WWR case had 95% of the hours in
the simulation greater than 50°F (10°C), while the wood
framed, NE, ASHRAE, 60% WWR case only had 6% of
the hours in the simulation above 50°F (10°C).
Comparing these two extremes, that ranges from 114
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hours above 50°F (10°C) to 7 hours above 50°F (10°C),
out of the 120-hour outage.
Table 2. Winter resilience case results –interior temperature.
o

o

F

Wood framed

Const. Orient
Avg.
Standard WWR %
Temp.
Type ation
20
43.8
PHIUS
60
50.9
SW
20
32.0
ASHRAE
60
28.5
20
40.4
PHIUS
60
35.5
NE
20
30.3
ASHRAE
60
21.8
20
57.6
PHIUS
60
57.3
SW
20
49.2
ASHRAE
60
42.9
20
56.3
PHIUS
60
53.2
NE
20
48.1
ASHRAE
60
39.7

Concrete/ICF

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Winter

Case Season

o

C

o

F

C

Avg.
Temp.

Min.
Temp.

6.6
10.5
0.0
-2.0
4.7
2.0
-0.9
-5.7
14.2
14.0
9.6
6.1
13.5
11.8
8.9
4.3

29.2
33.5
18.1
14.4
27.1
22.9
17.7
10.3
49.2
46.8
36.8
27.5
47.9
43.1
35.7
25.4

% of Hours in Simulation Above Threshold Temperature
o
> 18oC> 16oC> 13oC >10 C > 7oC > 4oC > 2oC > -1oC > -4oC > -7oC > -9oC > -12oC

Min.
o
>65 F >60oF >55oF >50oF >45oF > 40oF > 35oF > 30oF >25oF >20oF >15oF >10oF
Temp.

-1.6
0.8
-7.7
-9.8
-2.7
-5.1
-8.0
-12.0
9.5
8.2
2.7
-2.5
8.8
6.2
2.1
-3.7

3%
13%
0%
0%
3%
3%
2%
2%
12%
11%
3%
2%
7%
3%
3%
2%

14%
27%
3%
1%
8%
5%
5%
3%
37%
39%
16%
10%
28%
19%
13%
6%

21%
41%
7%
6%
16%
13%
8%
4%
62%
59%
27%
18%
53%
38%
23%
14%

32% 42% 53% 68% 97% 100% 100% 100%
47% 61% 78% 97% 100% 100% 100% 100%
15% 19% 23% 36% 42% 54% 91% 100%
12% 17% 20% 27% 38% 41% 61% 98%
22% 33% 42% 55% 81% 100% 100% 100%
18% 22% 33% 39% 47% 83% 100% 100%
13% 18% 22% 28% 38% 45% 79% 100%
6%
8% 13% 16% 18% 22% 36% 60%
95% 100% 100% 100% 100% 100% 100% 100%
83% 100% 100% 100% 100% 100% 100% 100%
42% 61% 84% 100% 100% 100% 100% 100%
29% 39% 48% 68% 93% 100% 100% 100%
85% 100% 100% 100% 100% 100% 100% 100%
60% 93% 100% 100% 100% 100% 100% 100%
38% 55% 79% 100% 100% 100% 100% 100%
20% 33% 40% 56% 78% 100% 100% 100%

100%
100%
100%
100%
100%
100%
100%
100%
100%
100%
100%
100%
100%
100%
100%
100%

Table 3. Case 1-16, winter resilience analysis – Interior temperature for the first 12 hours of outage.
Case #
Season
Construction Type
Orientation
Standard
WWR (%)
°
o
o

F dropped in 1 hour

F dropped in 4 hours

F dropped in 12 hours

Temp (oF) at 1 AM Day 1
Temp (oF) at 4 AM Day 1
Temp (oF) at Noon Day 1
o
o
o

C dropped in 1 hour

C dropped in 4 hours

C dropped in 12 hours

Temp (oC) at 1 AM Day 1
Temp (oC) at 4 AM Day 1
Temp (oC) at Noon Day 1

1

2

3

4

5

6

7

8
9
Winter

Wood framed
SW
NE
PHIUS
ASHRAE
PHIUS
ASHRAE
20
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Figure 4. Simulated interior temperature of 16 cases during 5-day winter outage.
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Figure 5. Winter Simulations – Interior temperature results for all cases during 5-day outage.
Table 3 shows the drop in interior temperature from the
starting point of 68°F (20°C) for the first hour of the
outage, then after 4 hours, then after 12 hours, as well as
the resulting interior temperature. This could be
representative of an overnight 12-hour outage. Almost
all the concrete construction cases stayed above 60°F
(16°C) in the first 12 hours, with only the ASHRAE
compliant 60% WWR case dropping down to 57.1°F
(13.9°C). For the wood framed construction, only the
southwest PHIUS compliant cases, both 20% and 60%
WWR stayed above 60°F (16°C). The northeast wood
framed ASHRAE 90.1 compliant case, with 60% WWR
performed the worst, dropping 6°F (3°C) in the first hour,
and dropping 25°F (14°C) by the 12th hour, resulting in
an interior temperature of 43°F (6°C) by noon on the first
day of the outage.

TEST CASE - SUMMER
Regrettably, the older NSRDB historical weather
databases used for the winter study above are no longer
available for download, though they still appear in the
viewer interface, so a somewhat different approach was
taken for a heat stress case. The original idea was to look
at heat stress in the future (2090) climate of Austin,
Texas, USA, which is interesting because it is near the
humid/dry climate zone boundary and thus subject to
both hot-dry and hot-humid conditions. This would be
represented by the present-day typical-meteorologicalyear (TMY) type of climate data of a hotter place.
Energyplus (EPW) files of this kind are available for
many places and have serially complete data at hourly
resolution for every parameter needed for building
simulation. Patna, Bihar, India was found to also have
both hot-humid and hot-dry periods. But the idea of
present-day stand-in climate data was not a good one
because for hot-climate passive design there were
important differences in detail – the wind comes from
different directions which affects natural ventilation

cooling design, and the winter is still much warmer in
Patna than future Austin is likely to be, which affects the
ground temperatures and therefore earth-sheltering
design.
We therefore proceeded with a design exercise specific
to Patna, with a view to testing whether passive design
could reduce the deadliness during a heat wave power
outage. The stress period chosen was a hot-dry ten-day
period, May 11-20 in the TMY file, with 8 of the 10 days
being deadly outside by Mora’s criterion. The program
or owner’s requirements for the exercise were as follows:
• 18 units workforce family housing (new
construction near new airport at Bihta, Bihar, India).
• Floor area 1400 ft2 (130 m2) per apt – 5 occupants
nominal.
• Goal peak zero carbon (in normal operation.)
– All-electric
– Off-grid or peak-zero & net-positive overall
(Grid power ~ 18-22 h/day regionally)
• Goal passive survivability for the hot-dry week in
May.
• Minimal land use consistent with the above.
As with the winter case, the building was first designed
(using hand calculation and static modeling) for high
performance in normal operation, and then tested with an
outage event using dynamic modeling. Figure 6 shows
the form of the building and its energy design by enduse, and Table 4 lists the energy design strategies and
measures. It appeared that net-zero was possible. The
design uses a thin plan to eliminate 24-hour interior
corridor lighting and allow cross ventilation in every
unit, though this was not used for normal operation.
Large overhangs double as balconies and walkways,
with exterior staircases on the north corners and one
elevator. The static model could not address the off-grid
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or export-only goal, some amount of on-site electrical
storage would be needed, likely at least a 12-hour
battery. The building did meet PHIUS+ 2018
performance targets including the net source energy
target, without PV, but it did have solar hot water. Some
aggressive assumptions were needed about occupant
behavior – the TV+Miscellaneous loads were 40% of
normal PHIUS protocol, and the dwelling unit lighting
20%, but the Office, Elevator, and Laundry room
lighting were 100%. The sketch shows the windows
positioned for daylighting but no analysis of this was
done, and daylighting is not usually considered
applicable to residential design because the residents
need lighting mostly before and after the workday. Each
unit has a refrigerator and there is on-site laundry.

winter outage, the occupants mostly left the building for
work/school as usual during the day, per the day-profile
of the Building America House Simulation Protocol
(BAHSP). The model also used the building airflow
function of WUFI Plus to calculate window night
ventilation, it was assumed that the windows were
opened from 7pm to 7am every night during the outage.
The entire above-grade part of the building was analyzed
as a single zone.
Table 4. Energy design strategies and measures, for the
hot-climate building.
Architectural and passive measures
•
•
•
•
•
•
•
•
•
•
•

Thin plan, east-west plan
Exterior corridors (North side)
Air tightness 0.06 cfm50/ft2 (1.1 m3/h.m2)
Light to Medium thermal mass
Deep overhangs
o
Used as balcony & walkway
High ceilings.
Daylighting windows high on North wall, low on South
R-4 (IP) windows, g=0.3
o
No west windows
o
No window ventilation used normally
Cool roof & walls 0.3 solar absorption
Walls R-24, Roof R-31, slab R-9 (IP)
o
Basement R-3.5 (IP)
100% passive space heating

Equipment measures
•
•
•
•
•
•
•
•
•

Figure 6. Design sketch of the hot-climate building, and
its energy design.
Dynamic Modeling
In the dynamic modeling for the May 11-20 outage
event, it was assumed as before that the internal gains
dropped to those from persons only. But unlike in the

Solar fraction hot water 80-100 %
Very frugal electric lighting
Frugal MELs
o
1 Smartphone per person
o
1 TV & microwave per unit
Supply air cooling/dehum only (DOAS),
o
COP 3.0
Energy Recovery Ventilation.
o
80% sensible, 40% latent recovery
o
Enthalpy controlled bypass
Very good major appliances
> 90 kW / 6300 sf (585 m2) PV array
20-degree tilt to west
> ~ 12-hr / 160 kWh battery

Summer Resilience Results
Figure 7 shows the indoor and outdoor temperature and
relative humidity over two days near the end of the
outage period, May 17th and 18th. This at first seems
promising, the window operation is sparing the interior
from the midday 104 F outside, keeping it in the 80-90°F
(27-32°C) range. However, this also keeps the humidity
high inside during the day, and when Mora’s criterion is
applied to the daily average temperature and RH, the
number of deadly days is the same inside and outside.
Applying a different heat stress metric, the wet bulb
globe temperature (WBGT), gives the building a bit
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more credit as a shelter from the heat – this index is
mostly wet bulb but gives some weight to the dry bulb
temperature. It is mainly used by those concerned with
healthy people who are exerting themselves in the heat,
such as industrial workers, soldiers, and sportsfolk. The
U.S. military has a system of colored flags indicating
severity, under that system the building got rid of the
yellow and red flag hours.

WGBT flags
(70%WB+30%DB)

100%
80%
60%

40%
20%

0%

Inside

No Flag
Red

Green
Black

Outside

Yellow

Figure 7. The building shelters occupants from
extremes of dry-bulb temperature. It reduces heat stress
by the wet bulb globe temperature metric, but it did not
reduce the number of ‘deadly days’.

CONCLUSIONS
Resilient buildings are essential for the future.
Throughout the next few decades, there is expected to be

an increasing amount of natural disasters, extreme
temperatures, and severe weather. Undoubtedly, this will
result in power outages that may leave many buildings
uninhabitable. New buildings need to be designed with
resiliency in mind, and there are a few programs out
there that have created different resilience rating systems
to
evaluate
different
resilience
frameworks.
Implementing energy efficient and passive design
strategies in buildings does show synergy with
increasing resiliency and passive survivability.
Determining the appropriate range of acceptable interior
conditions to rate passive survivability in a building is
difficult. More research needs to be done in this realm,
including determining if there is a cumulative effect of
prolonged exposure to various conditions. Humans
respond differently to colder or warmer conditions, and
the ability for a person to maintain an average core body
temperature around 98-99°F (37°C) depends on a variety
of attributes. Death may occur within +/- 18°F (10°C) of
this core body temperature, but more research must be
done to determine the impact throughout this range.
While ‘acceptable’ interior condition ranges may be
defined, those conditions will likely affect vulnerable
populations, such as seniors, more than a healthy
younger individual. In addition to temperature, more
research must be done both on the health implications
and building longevity related to interior relative
humidity. The metrics of wet bulb temperature, wet bulb
globe temperature, and Mora’s criterion all seem
relevant to heat-wave survivability, and all of them take
humidity into account.
Passive survivability analysis can be used as a
comparison analysis between different building types.
Based on the analysis outlined above, it’s clear that some
parameters positively or negatively influence the
building’s ability to maintain a favorable temperature
during an outage, when space conditioning is
unavailable. The building type that maintained the most
favorable interior conditions during winter outages, with
the highest ‘passive survivability ratings’ in the analysis
was the PHIUS+ compliant, concrete construction, 20%
WWR case.
Zero-energy design for hot climates, and Resilient
design for heat waves appears to be qualitatively
different than design for cold snaps. There is the basic
fact that internal gains help in the cold but hurt in the
heat. One way to sum it up might be to say that in the
cold, low-tech passive measures can do quite a bit of
good on their own. In the heat, they can hold on to
cooling that is “paid for” – they can reduce the load so
that the cooling system can run on PV and batteries for
some time, but the cooling/dehumidification has to be
paid for first, that is, provided by some active device.
Another basic fact is that the solar resource is likely to
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line up a lot better with the load in hot times and places.
Therefore, resilient design for heat could be viewed as
more of an equal partnership between passive measures,
mechanical HVAC, and PV generation. That leads to a
relatively high-tech form of resilience design that might
be unappealing to some. It is different from the priority
ranking we usually speak of in cold climates, i.e.,
conservation first, with passive first among the
conservation measures, and then PV generation.
Future research would include the assessment of many
different locations outside of ASHRAE Climate Zone 5
to determine appropriate measures for each climate. This
assessment could include the natural ventilation
potential in the building/apartment unit based on the
wind speed and direction in the climate data, which could
be assessed using the airflow model built into WUFI
Plus. More stress cases could be included to evaluate
impact of various measures. A basement “storm shelter”
for heat waves could be tested for example. As noted
above there also seems to be an issue with getting
realistic weather data on extreme hot/cold events, of the
quality needed for building simulation, especially if one
wants to design for future climate scenarios.
Overall, current building codes are not directly
addressing resilience, and are not strict enough to
support livable buildings during power outages or loss of
fuel. Buildings should be built with this in mind to plan
for a sustainable and resilient future, starting with those
housing vulnerable populations. The combination of
resilient, passive design features, plus on-site renewable
energy generation can create habitable buildings even
during prolonged power outages.
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APPENDIX
Table A1. Selected measures comparison for winter
resilience study (wood framed, 20% WWR).

Wood framed
wall resistance h.ft2.F/Btu,
(m2.K/W)
Whole-window
conductance Btu/h.ft2.F
(W/m2.K)
Air-tightness ACH50
ERV sensible
recovery
efficiency

ASHRAE 90.1
2016
R13+7.5ci
(Rsi2.3+1.3ci)

PHIUS+ 2015

0.46 (2.6)

0.25 (1.4)

1.95

0.32

50%

75%

R22+8ci
(Rsi3.9+1.4ci)
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