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Abstract

Purpose of Review Power outages, a common and underappreciated consequence of natural disasters, are increasing in number
and severity due to climate change and aging electricity grids. This narrative review synthesizes the literature on power outages
and health in communities.

Recent Findings We searched Google Scholar and PubMed for English language studies with titles or abstracts containing
“power outage” or “blackout.” We limited papers to those that explicitly mentioned power outages or blackouts as the exposure
of interest for health outcomes among individuals living in the community. We also used the reference list of these studies to
identify additional studies. The final sample included 50 articles published between 2004 and 2020, with 17 (34%) appearing
between 2016 and 2020. Exposure assessment remains basic and inconsistent, with 43 (86%) of studies evaluating single, large-
scale power outages. Few studies used spatial and temporal control groups to assess changes in health outcomes attributable to
power outages. Recent research linked data from electricity providers on power outages in space and time and included factors
such as number of customers affected and duration to estimate exposure.

Summary The existing literature suggests that power outages have important health consequences ranging from carbon monox-
ide poisoning, temperature-related illness, gastrointestinal illness, and mortality to all-cause, cardiovascular, respiratory, and
renal disease hospitalizations, especially for individuals relying on electricity-dependent medical equipment. Nonetheless the
studies are limited, and more work is needed to better define and capture the relevant exposures and outcomes. Studies should
consider modifying factors such as socioeconomic and other vulnerabilities as well as how community resiliency can minimize
the adverse impacts of widespread major power outages.

Keywords Power outage - Blackout - Natural disasters - Energy insecurity - Carbon monoxide poisoning - Durable medical
equipment
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Introduction

In August 2003, over 50 million Americans and Canadians
lost power for up to 4 days due to a surge of electricity along
faulty transmission lines [1]. In China, ice-coated transmission
lines and towers collapsed during a severe winter storm in
2008, interrupting electric service to 200 million people [2].
Meanwhile, hot weather and related air conditioner use trig-
gered a blackout affecting 8 million people in Baku,
Azerbaijan, in July 2018 [1]. The largest blackout in history
affected at least 600 million people across India in July 2012
[3]. The frequency and severity of these events will increase
with population growth and climate change, as infrastructure
damage from intense storms and floods, hydropower shortage
from droughts, and increased demand as temperatures rise and
strain an aging electricity grid [4—6].

Power Outages Worldwide

Today, South Asia has the highest system average interruption
frequency index (SAIFI). The average business there experi-
enced 26 outages per month in 2019 [7]. However, even busi-
nesses in Organisation for Economic Co-operation and
Development (OECD) countries experienced one power outage
every other month in 2019. Outages last longest, on average, in
Latin America and the Caribbean (8 h) and Sub-Saharan Africa
(7.5 h), compared to just 2.5 h in East Asia [8]. The US Energy
Information Administration predicts that global electricity pro-
duction will increase by 75%, from 20 trillion kilowatt-hours
(kWh) in 2018 to 45 trillion kWh in 2050, driven in large part
by demand in non-OECD countries [9]. This increased demand
will result in more power outages, with unique economic, so-
cial, and health consequences, of which we review that latter.

Causes and Costs of US Power Outages

In the USA, major power outages increased 10-fold between
1984 and 2012 with the average household experiencing
470 min without power in 2017 [11, 12]. Large blackouts,
disturbances that interrupt more than 300 MW (enough power
for ~50,000 homes) or 50,000 customers and require reporting
to the US Department of Energy [13], occur more commonly in
the winter and summer and year-round during the mid-
afternoon [14]. Electromagnetic events and intentional cyber-
physical attacks caused >25% of the total US power outages
between 2000 and 2016 (Fig. 1a) [10, 15]. Such attacks present
substantial risk to the electricity grid and could result in an
outage that stretches for months across wide geographies, es-
pecially if timed after a natural disaster [16]. Most widespread
power outages were caused by severe weather (Fig. 1b) and
Florida, California, New York, and Michigan were hit hardest
with 25.3 million, 22.2 million, 18.3 million, and 12.4 million
affected customers, respectively [15].
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Outages, particularly those related to weather, are almost
always accompanied by intersecting and related phenomena
that result in economic, social, and health damages (Fig. 2).
Economically, they interrupt business, cripple the internet,
and halt many forms of transportation [8]. The 2003
Northeast Blackout in Canada and the USA cost between $4
and 10 billion [17], and electricity infrastructure repairs alone
cost $3.5 billion after Hurricane Sandy [18]. Social costs in-
clude increased crime, motor vehicle crashes, psychosocial
stress, and interrupted communication between emergency
services, delivery of clean water, and waste removal [3, 12,
19, 20¢]. Although, altruistic acts, including providing assis-
tance to others, donating money, assisting with traffic, may
also increase during power outages [19, 20e, 21, 22]. Several
factors influence the severity of economic, social, and health
costs of power outages including outage frequency, duration,
timing, and geographic range, as well as mitigation measures,
population preparedness, and prior experience [19, 23].

Medically High-Risk Groups During Power Outages

Certain subgroups have higher risk of adverse health out-
comes during power outages. These include older adults;
those reliant on electricity-dependent durable medical
equipment (DME, e.g., oxygen concentrators); those un-
able to evacuate, including nursing home patients; those
reliant on others to complete activities of daily living; the
heat/cold susceptible; and those with underlying conditions
exacerbated by the inciting events, such as respiratory,
cardiovascular, and renal disease [23-25]. The number of
electricity-dependent individuals is anticipated to grow in
the coming years [23, 25]; numbers already trend upward,
and rate of DME use appears higher among lower socio-
economic status individuals [26].

Documented Disparities in Power Outage
Preparedness and Exposure

Evidence from the USA suggests older adults, poorer families,
and individuals of non-Hispanic Black and Hispanic
race/ethnicity are least likely to have a 3-day supply of food,
drinking water, and medication, a preparedness measure for
power outages [27-29]. In New York City, only 58% of 887
people surveyed were prepared for a disaster; preparedness
dipped to 45% among households with income < $30,000
and to 28% among primary Spanish-speakers [29].
Generator cost ($2—-5000) may price out lower socioeconomic
status families and those living in public housing or apartment
buildings that prohibit generators [21, 29]. Finally, power out-
ages may last longer in lower socioeconomic status or com-
munities of color [30¢e, 31-34], where impacts may already be
greater. For example, in Florida after Hurricane Irma, higher
income individuals evacuated farther and to destinations with
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Fig. 1 Summary of large power outages in the USA from 2000 to 2016. a
Number of large power outages by cause between 2000 and 2016. b
Count of outages by primary cause type by state between 2000 and
2016. For example, Texas had 65 power outages caused by severe

lower power outage rates compared to their lower income
counterparts [33]. After Hurricane Maria, satellite imagery
of Puerto Rico suggested that households with power restored
in stage 1 earned almost double the income of households
with power restored in stages 2—-3 [32]. After Hurricane
Sandy in New Jersey, non-Hispanic White individuals had
the longest duration outages (11.2 days compared to 8.2 days
for African Americans) [34]. Such disparities put these
already-vulnerable groups at increased risk of adverse power
outage-related health outcomes.

- Islanding

Fuel supply emergency & public appeal . Intentional attack & severe weather . Severe weather

Intentional attack

weather between 2000 and 2016. Data from Mukherjee et al. 2018 [10],
which they assembled from publicly-available datasets. A large power
outage is defined by the US Department of Energy as 50,000+ customers
affected or an unplanned loss of 300 MW

Goal of this Review

This review focuses on blackouts—the unavailability of elec-
tric power in an area—and does not address issues of energy
poverty, a separate and important predictor of health [35, 36].
In addition, we do not cover challenges faced by healthcare
facilities during power outages. In this narrative review, we
highlight themes in the current scholarship on power outages
and community health and identify future avenues for
research.
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Fig. 2 Schematic showing hypothesized pathways between power
outages and disease exacerbation. We illustrate co-occurring factors
such as displacement, extreme temperatures, and air pollution, as well

Methods

We conducted searches via Google Scholar and PubMed in spring
2020 for studies written in English with titles or abstracts contain-
ing “power outage” or “blackout.” We limited papers to those that
explicitly mentioned power outages or blackouts as the exposure
of interest for health outcomes among individuals living in the
community. The reference lists of the identified studies were also
examined to identify additional relevant articles. We screened the
articles to include only original primary research published be-
tween January 2004 and June 2020 that explicitly mentioned
power outage or blackout as an exposure of interest. The final
sample included 50 articles spanning power outage events from
1977 to 2019 (Fig. 3). The majority (72%) of the studies evaluated
health outcomes in the USA, but we collected literature from
across the globe (Appendix Fig. 1). Non-US articles tended to
focus on interrupted healthcare [37, 38], which was outside the
scope of this review.

Exposure Assessment
Single, Large-Scale Power Outages

Nearly all studies evaluated single, large-scale power outages.
While the definition of large scale varied from study to study,
many met the US Department of Energy criteria: 50,000+ cus-
tomers affected or an unplanned loss of 300 MW [13].
Researchers assumed individuals experienced the outage if they
lived or attended a healthcare facility in the region where the
outage occurred. Most studies relied on pre-post outage temporal
comparisons to draw inference [20e, 28, 39-51, 52, 53] or only
described health outcomes after the outage [54-71] (Fig. 4). Eight
studies of single outages also incorporated geographic variability
in outage distribution in the study design, in addition to using pre-
post outage health measures [ 7275, 762, 77, 78, 79¢°].
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Social capital/support

as vulnerability factors that might increase the risk of adverse health
outcomes during power outages, including baseline health status,
socioeconomic status, and social support

Multiple Power Outages

Seven studies evaluated multiple power outages [30ee, 80ee,
81lee, 82, 83e, 84, 85 ], with three using outage frequency to
characterize long-term exposure [82, 84, 85]. Others conduct-
ed longitudinal analyses. In South Africa, Gehringer and col-
leagues used a combination of government data, Facebook,
and the local electric utility’s Twitter handle to track daily load
shedding events (halted electricity distribution due to demand
exceeding supply), including outage duration [30e¢]. Koroglu
used standard electricity reliability data from the Maharashtra
State Electricity Distribution Company in India to characterize
monthly SAIFI and system average interruption duration in-
dices (SAIDI) values statewide [83¢]. Zhang and colleagues
linked power outage records, including total number of cus-
tomers affected, from the New York State Department of
Public Service (NYSPS) between 2001 and 2013 to the
power-operating division level (~ 1700 divisions exist in
New York with an average population of ~ 11,000 people
each). They created daily exposure metrics based on propor-
tion of customers affected and duration (in days) of power
outages. Likewise, Dominianni et al. used half-hourly
NYSPS data to identify outages within each of New York
City’s (NYC) 66 electricity grid networks [80e¢]. They de-
fined the entire grid network area as exposed on a given day
if > 1000 people were without power during the warm season
and if > 75 people were without power during the cold season.
Different cutpoints were used because fewer people experi-
enced outages during the cold season.

Outcomes

Carbon Monoxide Poisoning Twenty-three (48%) of studies
included evaluated carbon monoxide (CO) poisoning [44, 45,
50, 51, 54, 55, 57-62, 64-66, 6972, 76¢, 77, 85, 86], a topic



Curr Envir Health Rpt (2020) 7:371-383

375

Studies, N

Dashed = technological —» EEEY KN French Cyclone Chilean |- == —-mmmmmmmeem

allure — 0 i ! ; 3

sota = severe wearer —» ] 2 [Jl] 5 Hurricane Rita [2] Klaus [1] Earthquake [1] | ! S.Africa Power Outages |
1

\

- Hurricane
Hurricane Katrina [1]
Hurricane Ivan [1] >-‘ Jeanne [2] PEp——— N

(2002- |

I NYC
Hurricane Frances ' Power ! i . !
o ! ! | India Power ! ' Manhattan
L) Gl | Outages 1 | Outage Frequency | Hurricane :\ Blackout [1]
| | (2010-2015)[1] | Ima@ | | ~~ o777

(2014-2015) [1] !
o Kentucky lce Toronto Ice Hurricane Maria [1]
Storm [1]
Storm [1]

Hurricane Isabel [1] o—] 20141 )
1977 | NYC Power L L L
Outage [1] | 2000 2002
North Carolina
Ice Storm [1] ||

T T T T
%004 2006 J 200

Northeast
Blackout [10]

Washington
State
Windstorm

[2]

| Nigeria Power | | Hurricane
. Outages || Harvey [3]
| (2014-2015)[1] |

Onondaga County Outages New York
(1999-2004) [1] Snowstorm [1] |*—

‘
! Ghana Power Outage !

(TTTT T T T T T B -3
I Tanzania Power | | Hurricane Virginia | Frequency (2014-2015) [1] |
| Outage[2] | Ike[1] Derecho | ST TTToTomoomomomeed

____________

Fig. 3 Timeline of the power outages evaluated by the epidemiologic
literature between 2004 and 2020. Dashed outlines represent outages
caused by technological failure and solid outlines those caused by

previously reviewed [87-89]. CO is a colorless, odorless, and
tasteless gas, formed by incomplete combustion of carbon
compounds. Because hemoglobin binds 250x more readily
with CO than with oxygen, prolonged exposure leads to cel-
lular hypoxia, ischemia, and death [90].

In the 23 reviewed articles, indoor use of charcoal and
gasoline-powered generators caused the majority of CO poi-
sonings. The most common symptoms of CO poisoning were
headache, nausea, vomiting, dizziness, loss of consciousness,
and death. The majority of studies identified CO poisoning
using medical chart reviews including emergency department
(ED) visits [50, 54, 55, 57, 60, 64-66, 6972, 77], hospitali-
zations [58, 69-71, 76+], and emergency medical service
(EMS) and poison control calls [28, 44, 45, 58, 59, 65, 69,
72] coded as CO poisoning-related; several studies used lab-
oratory confirmation or reported serum carboxyhemoglobin
(COHD) levels [44, 54, 55, 59-61, 64, 70, 91]. Many studies
reported fatalities, particularly in the several days following
storms [54, 55, 57, 59-62, 65, 69-71, 85]. Over 50% of CO
poisoning studies reported the use of hyperbaric oxygen ther-
apy [44, 54, 55, 58, 59, 61, 64, 65, 6972, 91], and higher
COHD levels may be related to persistent cognitive and psy-
chiatric changes after CO poisoning [91]. In many cases, chil-
dren [54, 55, 59, 72], older adults [61, 62, 65], immigrants [60,
65], and people of color [55, 60, 64, 65, 70] were dispropor-
tionately affected. Qualitative methods can provide key in-
sights not otherwise captured. For example, Styles and col-
leagues also found that 62% of non-Hispanic White generator/
charcoal grill/heater operators reported hearing warnings
about CO poisoning in the year prior compared to just 30%
of those in other racial/ethnic groups [70], and Van Sickle
et al. determined fear of theft was the most common reason
to place a generator indoors [71].

11

severe weather. Numbers in square brackets denote the number of
studies evaluating the specific outage and fill colors get closer to red
with more studies evaluating the outage

While most studies only catalogued CO poisoning events
following power outages, a few employed a comparison time
period [28, 45, 50, 72, 76, 77], allowing authors to determine
if more CO poisoning occurred than expected following pow-
er outages. After the Great East Japan Earthquake of 2011,
Nakajima and colleagues found 13.5x the odds of CO poison-
ing among patients in the disaster area (including power out-
age exposure) from March 11 to April 9, 2011, compared to
the same dates in 2012 [76¢]. A spatial control also revealed
higher counts of CO poisoning in the disaster area versus an
unexposed region. Johnson-Arbor compared two major
storms in Connecticut in 2011 and 2013, where the 2011
storm resulted in 11x the number of individuals losing power
and 5% the number of CO poisonings [44].

All-Cause, Cardiovascular, Respiratory, and Renal Disease
Healthcare Visits In general, hospitals see fewer patients in
the days leading up to storms [42], whereas more patients
arrive during and after outages, often with respiratory, cardio-
vascular, or renal disease exacerbations [30, 40, 42, 46,47, 53,
68, 80ee, 81°]. In a comprehensive study, Dominianni et al.
evaluated three major NYC outages (1999, 2003, 2006) and
localized warm- and cold-weather outages within NYC [80e¢].
In models accounting for temperature, day of week, and sea-
sonal and long-term trends, they confirmed prior findings of
increased cardiovascular and respiratory disease hospitaliza-
tions during the 2003 outage and found new evidence of ele-
vated risk of renal disease hospitalizations during warm-
season power outages and cardiovascular disease hospitaliza-
tions during cold-season power outages. Zhang and col-
leagues also illustrated the utility of using daily sub-city level
power outage data in their study of chronic obstructive pul-
monary disease (COPD) hospitalizations statewide. They used
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Fig. 4 Exposure definition and
analytic comparison groups used
in 50 reviewed epidemiologic
studies, 2004-2020. Most studies
evaluated a single outage by
describing outcomes after the
event among the exposed
population (single outage, no
temporal comparison). Eight
studies evaluated a single outage
but used both spatial and temporal
comparison groups to make
inference (single outage, temporal
+ spatial comparison). Three
studies used measures of long-
term exposure from multiple
outages to assign levels of power
outage exposure to the study
population (multiple outages,
measure of long-term exposure)

Exposure assessment and analysis strategy

power-operating division level (~ 11,000 residents per divi-
sion) between 2001 and 2013 in New York and found the
largest increases in COPD hospitalizations during the first
3 days after power outages, where 23% of COPD hospitaliza-
tions on power outages days could be attributed to the outage
itself [81+¢]. Compared to non-power outage periods, COPD
patients arriving for care during power outages had a higher
number of comorbidities and healthcare costs. Interrupted use
of nebulizers and oxygen and bilevel positive airway pressure
machines, as well as sensitivity of COPD patients to changing
indoor conditions (e.g., lack of air conditioning or dehumidi-
fiers) likely explained the large increase in hospitalizations.
Many acute care visits related to cardiovascular and respi-
ratory disease exacerbation during blackouts appear to result
from failure of electricity-dependent medical devices [41, 42,
46, 50, 51, 63, 67, 68, 80°e, 81°+, 92]. For example, after the
2011 Great East Japan Earthquake, 75% of 24 new pediatric
inpatients at Tohoku University Hospital relied on DME, in-
cluding 13 children using ventilators [76¢]. After Hurricane
Sandy, ED visits at Beth Israel Medical Center related to re-
spiratory device failure and “power outage” increased in all
age groups and peaked the day following the disaster [41].
Older adults and children may be at particular risk during
power outages. Unlike many other NYC hospitals in down-
town Manhattan, Beth Israel Medical Center remained open
after Hurricane Sandy, and their electronic health record
(EHR) data revealed a 114% increase in ED use among pa-
tients aged 80+ and a 11% decline among those aged 1864
compared to the 6 months prior [41]. In addition to power
outage-related care, this increase reflects spillover from other
closed hospitals. In South Africa, Gehringer and colleagues
evaluated repeated, daily, temporary outages on pediatric hos-
pital admissions, finding an average treatment effect of 6 ad-
ditional admissions per day due to any power outage in the
2 days prior [30]. They found the largest effect sizes for
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respiratory outcomes, burns, and ear, eye, and gastrointestinal
system outcomes in models that controlled for important fac-
tors like weather and seasonal and long-term trends.

Gastrointestinal lllness Power outages can affect food refrig-
eration and water system supply and disinfection, poten-
tially precipitating gastrointestinal illness as measured via
poison control calls, prescription orders, and hospital ad-
missions [30ee, 45, 48, 78]. However, evidence is mixed,
with several studies finding no increase in gastrointestinal
illness after power outages [72, 78, 86]. Marx et al.
employed methods from digital epidemiology to evaluate
diarrheal illness after the 2003 Northeast Blackout finding
that diarrheal syndrome ED visits, antidiarrheal medication
sales, electrolyte sales, and worker absenteeism due to gas-
trointestinal illness all increased above expected in the
days following the blackout [48].

Temperature-Related Iliness Power outages reduce individ-
uals’ ability to control the indoor environment and may coin-
cide with temperature extremes (both heatwaves and winter
storms) resulting in illness [40, 42, 51, 53, 55, 68, 77, 80¢°]
and disturbed sleep [49] related to heat and cold exposure.
Racial, socioeconomic, and age disparities exist in response
to extreme temperature exposures, owing to differences in-
cluding baseline health, access to generators, the urban heat
island effect, and occupation [93, 94].

Maternal and Neonatal Health Four studies assessed the rela-
tionship between power outages and maternal healthcare uti-
lization, measures of fertility, and birthweight [73, 74, 79ee,
83¢]. Using monthly power outage data from 2010 to 2015 in
India’s Maharashtra state, Koroglu and colleagues evaluated
the relationship between SAIFI (system average interruption
frequency index) and SAIDI (duration) metrics and use of
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maternal health services [83¢]. Increased monthly SAIFI but
not SAIDI was associated with reduced odds of delivering in a
healthcare institution (versus at home), both indices were as-
sociated with reduced odds of attendance of birth by skilled
professional, and neither were related to cesarean section de-
livery. Outages may affect a woman’s ability to travel to a
healthcare facility or reduce her perception of the quality of
care she will receive there, encouraging her to stay at home.
Burlando exploited a month-long 2008 blackout that oc-
curred on the island of Zanzibar, Tanzania, to study both mea-
sures of fertility (counts of live births) and birth weight [73,
74]. The outage caused both a transitory negative income
shock, with those who used electricity at work reporting a
decrease in earnings and hours worked, and individuals to
spend more time at home. With data from the island’s main
maternity hospital (500-900 births per month), Burlando used
a difference-in-differences strategy to estimate the effect of the
power outage on fertility and birthweight by comparing out-
comes among mothers living in shehias (communities) with
and without any electrification exposed and unexposed to the
blackout at different times during pregnancy. They found that
the blackout was associated with a 17% increase in live births
(253 additional births) 8—10 months later [73]. The outage
also appeared to reduce birthweights 7-10 months later, with
the strongest associations among the lowest-percentile
weights (e.g., 8th-percentile weight was reduced by 2 kg) [74].

Mental Health and Wellbeing Qualitative studies identified
worry, anxiety, stress, and reduced wellbeing among individ-
uals exposed to power outages, generally tied to concerns
about disrupted heating, food, water supplies, and healthcare
[75, 82]. In the acute setting, healthcare seeking for mental
health problems may actually decline, as was seen immediate-
ly after the 2003 Northeast Blackout in NYC [40]. Therefore,
alternative data, such as Twitter, may supply valuable infor-
mation about population health during an outage [20+]. Li
et al. found a sharp drop in Twitter sentiment (i.e., more neg-
ative tweets) in the first hour of a NYC power outage in 2019.
Other studies have evaluated longer term effects of power
outages [56, 79+, 84] In Ghana, university students who ex-
perienced power outages >4 times per week had significantly
higher levels of anxiety as measured by the generalized anx-
iety disorder 7-item scale [84]. After Hurricane Sandy, ED
visits for mental health problems among pregnant women in
New York increased gradually and peaked 8 months later at a
level 33% higher than expected based on data from prior and
subsequent years [79e].

Mortality Three studies identified increased mortality after the
2003 Northeast Blackout in New York City (NYC), which
affected 8 million NYC residents [39, 47, 80¢¢]. Anderson
and Bell found increased accidental (+ 122%) and non-
accidental (+25%) mortality controlling for important

environmental confounding variables such as temperature,
air pollutants, day-of-week, and seasonal and long-term trends
[39]. Dominianni and colleagues extended Anderson and
Bell’s study to span major NYC blackouts in 1999, 2003,
and 2006, as well as localized outages in 66 NYC electric-
grid networks [80¢¢], finding significant associations between
localized cold weather, but not warm weather, outages, and
all-cause and non-external mortality. Conversely, Imperato
could not identify an effect of the 1977 NYC power outage
on all-cause mortality as it coincided with and could not be
disentangled from a heatwave [43]. Other studies have tied
power outage-related mortality to CO poisoning (see prior
section), falls [55, 62], fire [55, 62], heat [85], and cold expo-
sure [55].

Other Outcomes Several studies reported increases in
healthcare visits for burns, lacerations, or other injuries [40,
42, 50, 68, 77], but attributing these events to power outages,
rather than co-occurring exposures such as housing damage or
motor vehicle crashes has been difficult. Further, two studies
reported reduced prescription refills during power outages [42,
52¢], and one found no change [50]. After Hurricane Maria,
power outages lasted months in Puerto Rico, and prescription
refills did not revert to normal levels even 1 year later [52¢].

Review Summary and Recommendations

Recent studies point to a relationship between power outages
and adverse health outcomes among community residents.
Most have assessed single, large-scale power outages without
linking events directly to patient residential addresses. New
York has used data from electric utilities [80ee, 81¢¢, 83¢] and
social media [30e¢] to more accurately capture the temporal
and spatial extent of outages. Consistent evidence from >20
studies across a range of power outages from hurricanes to ice
storms to earthquakes finds increased rates of CO poisoning
during outages as individuals use alternative fuel sources,
such a generators and charcoal. We also observed moderate
evidence for an association between power outages and all-
cause, cardiovascular, respiratory, and renal disease hospital-
izations, except for the sub-group of individuals relying on
electricity-dependent medical equipment where associations
consistently pointed to elevated risk. In times and places
where power outages corresponded to hot or cold ambient
temperatures, we found moderate evidence of a relationship
between power outage and temperature-related illness, gastro-
intestinal illness, and mortality. Recent studies have broad-
ened their scope to consider additional outcomes such as men-
tal health [19], maternal and child health [73, 74, 83¢], pre-
scription refills [42, 52¢], and injuries [40, 42, 50, 68, 77];
future work should continue to explore these and other poten-
tially important outcomes (Table 1).
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Table 1 Recommendations for

future exposure measurement and Exposure assessment

Outcome assessment

outcome assessment

* Consider duration of outage as a risk factor

* Incorporate location of power outage (e.g., temperate

versus cold climate)

» Link outage and health data in space and time

* Use tools from digital epidemiology: remote sensing,
internet-connected devices, social media to

characterize power outages

* Account for co-exposures: physical hazards,
psychosocial hazards, loss of property, etc.

* Include both short- and long-term effects

» Expand studies to include perinatal health, mental
health, and outcomes among those with chronic
illness

« Consider susceptible populations including people
of color, children, older adults, and those of lower
socioeconomic status or with comorbidities

« Use large insurance databases or electronic health
records to study large populations

Future Areas for Exposure Assessment

To date, most studies have focused on single power outages,
which can allow better characterization of co-exposures but
misses the larger burden of repeated outages and underesti-
mates individual-level effects. Studies should consider factors
such as duration (e.g., longer outages are likely much worse
for health) and location (e.g., outages in San Diego likely have
fewer impacts than outages in Maine in the winter). The lack
ofresolved spatial and temporal exposure data has also limited
research. Attribution of adverse health outcomes directly to
power outages will require exploiting variability in power out-
age locations, times, duration, and severity among popula-
tions. Zhang et al. successfully did this using NYSPS data
[81e¢]. Such data are difficult to acquire and do not exist for
many regions of the USA and the world. Therefore, borrowing
from digital epidemiology [95], alternative strategies may be
used, including remote sensing, internet-connected devices,
and social media, to characterize spatiotemporal variability
in power outages.

Remote Sensing Researchers can use satellite or aircraft to
measure reflected and emitted radiation of the earth. In partic-
ular, remote sensing of artificial lights at night [96] can be
used to measure power outages [97]. In India, Min et al. cre-
ated a Power Supply Irregularity (PSI) index using nighttime
satellite imagery to compute the outage index in all 600,000
villages in India from 1993 to 2013 [97]. Likewise, Roman
et al. used globally available, daily nighttime light data from
NASA'’s Black Marble product to track electricity grid resto-
ration in Puerto Rico after Hurricane Maria [32]. These data
were used to create three metrics down to 902 barrios: [1]
percent recovery; [2] number of days without electricity; and
[3] number of customer-hours of interruption.

Internet Connected and Other Consumer Devices Meier et al.
used the power status of internet-connected thermostats, of
which 6 million exist in the USA, to track outages at 15-min
intervals during Hurricane Irma and severe windstorm [98].
Others have proposed using smartphones [99] or a host of
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internet-connected devices (e.g., alarm systems, ATM net-
works) to track power outages [100].

Social Media Several researchers have used Twitter feeds to
track power outages [20e, 101-104]. One option is to use
geotagged tweets [101], but these make up < 1% of tweets as
most users turn this function off [105]. Instead, researchers can
search for location-specific terms within tweets, for example,
“New York City” or obtain information from registered locations
from the users’ accounts [20+, 104]. Khan et al. also attempted to
extract power outage cause in four groups: manmade, natural
(e.g., “storm”), wildlife, and faulty equipment [104]. This type
of data may have increased utility in the future.

Co-exposures/Complex Disasters One key and complicating
feature of power outages is that they often occur along-
side other disasters. Disentangling the impact of power
outages from other physical destruction of infrastructure,
such as landslides in Puerto Rico following Hurricane
Maria [106, 107], fuel crises in Nepal after the 2015
earthquake [108], or windstorms in Ohio following
Hurricane Ike [109] may not be possible. Bromet et al.
noted a synergistic effect of multiple Sandy-related exposures,
where participants experiencing 3—5 exposures (i.e., loss of
power, extreme concern about finding gasoline, filing a
FEMA claim, extensive home damage, and extensive posses-
sion damage) had > 6x the odds of PTSD and major depres-
sive disorder compared to those experiencing 0 exposure [56].
Many studies implicitly include power outage as an exposure,
but the researchers do not explicitly cite power outage as the
main exposure of interest. Future work should consider the
long-tail, ancillary impact of power outage-related health ef-
fects. Sustained power outages result in delayed or interrupted
access to healthcare from infrastructure damage, access limi-
tations, inability to pay (from disaster-related impoverish-
ment), and loss of personnel [34, 83, 110]. Such deferred
care, from delayed treatments, unfilled prescriptions, or failure
of DMEs impacts morbidity and mortality—as was in the case
after Hurricane Maria in Puerto Rico, where nearly 4000 ex-
cess deaths occurred [111].
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Future Areas for Outcome Assessment

Outcome assessment should increase in depth and breadth.
Most studies only evaluated immediate effects of power out-
ages. Future studies should expand the timescale to assess
outcomes in the short-term and long-term. For example,
Xiao et al. defined immediate impacts of Hurricane Sandy as
the 30 days after and long-term impacts over the following
year [79+¢]. They found immediate and long-term increases in
ED visits for overall pregnancy complications among women
in eight Sandy-exposed New York counties that exceeded
increases in 54 less-exposed counties, highlighting the need
to extend the relevant follow-up period. While studies have
begun to assess perinatal health, future work should also con-
sider children, another susceptible group. Additionally, stud-
ies must continue to evaluate the health of older adults, who
rely more heavily on electricity-dependent medical equipment
[26] and may have cognitive impairment or functional limita-
tions [112], increasing their vulnerability to power outages.

The use of large insurance claims databases or EHRs [113],
combined with better exposure assessment, will allow for in-
vestigating the impact of power outages on health in at least
three important ways. First, it will allow for assessing a larger
variety of health outcomes over a longer period of time. Many
outcomes, such as maternal and child health or mental health,
are known to be sensitive to power outages yet remained
understudied. In addition to these outcomes, exploratory anal-
yses of large claims databases may identify currently un-
known outcomes impacted by power outages. Second, it will
allow for identifying and studying particularly susceptible
subpopulations, such as patients with temperature-sensitive
comorbidities like multiple sclerosis or heart failure. Lastly,
it will allow for a more complete description of the racial/
ethnic, socioeconomic, and spatially patterned disparities in
health response to power outages. Very few studies to date
employ spatial and temporal control groups, rigorous statisti-
cal methods, and assess for effect modification by import so-
cioeconomic and racial/ethnic sub-groups. This work can as-
sist in identifying crucial points of intervention to allow for
equitable allocation of preparedness, response and recovery
activities, and resources to reduce disparities.

Building Resilience and Supporting Response

Resiliency spans from the individual to regional and global
levels and encompasses individual skills, community health,
and societal resources [114].

Preparedness Individual and community preparedness, includ-
ing access to alternative power sources, can influence the scope
of effect of outages on population health. While baseline levels
of individual preparedness appear low, a silver lining of repeat-
ed outages is that households become more prepared, buying

additional supplies or equipment, over time [19]. In Florida, CO
poisoning counts increased after the first, but not the second or
third consecutive hurricanes, suggesting increased awareness,
preparedness, or public health warnings during subsequent hur-
ricanes of the season [50]. Personal preparedness can reduce the
effect of power outages on health, but low socioeconomic status
individuals have limited capacity to store food and water or
own a generator [29], and marginalized groups may receive
fewer disaster-related warnings [70]. Instead, emergency plan-
ners should focus on bolstering community resilience—physi-
cal, economic, and social—which can take many forms, from
strengthening infrastructure to reducing baseline environmental
exposure levels and socioeconomic inequities to expanding so-
cial capacities [21, 75]. Resilient communities deploy collective
strategies such as community kitchens, checking on older
adults, and providing each other with warmth, food, and shelter
during outages [19, 115]. Government officials and utilities can
further support health and safety by providing advanced warn-
ing of power outages as well as estimated duration once the
outage has begun.

Electricity Infrastructure Several steps can be taken to improve
electricity grid resiliency and response. These might include
better protection against cyber-attacks and tree maintenance
[1, 16, 116], improved weather forecasting that allows utilities
to prepare, decentralized power generation such as solar and
battery storage [117, 118], smart grid technologies like ad-
vanced metering infrastructure and isolation, and service res-
toration to update and enhance grid reliability [1, 15]. Rather
than increase access to generators, modest system upgrades
could also allow for low-amperage service (e.g., 20A, which
would keep lights or air conditioning on) during outages, pos-
sibly paid for via monthly backup insurance payments of < $1
per customer [119].

Supporting Health During Outages In addition to primary
prevention and building resilience, some specific actions can
directly support power outage-related health maintenance, for
example, notifying patients pre-disaster to refill prescriptions.
Prior to a mid-Atlantic blizzard CVS pharmacy randomly no-
tified 2.2 million patients to check their medication supply and
found that they had a 9% increased odds of a refill within 48 h
compared to the comparison group [120]. Pre-dialysis and
other forms of pre-care at healthcare facilities can allow indi-
viduals to go safely without power for longer [121]. We also
must further identify locations and comorbidities among those
reliant on electricity-dependent medical equipment via patient
registration with utility companies and information from
EHRs or publicly available data sources like the emPOWER
mapping tool [25, 26, 122] and provide community-based
charging stations for medical equipment. In North Carolina,
> 95% of severe CO poisoning after an ice storm occurred in
households without CO detectors [123]. The benefit-to-cost
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ratio of installing a CO monitor may be as high as 7.2 to 1
[124]. Low-tech interventions, like paired CO monitor and
generator purchases, or engineering controls like automatic
generator shutoffs, low CO generators, or simply longer gen-
erator cords could reduce CO poisoning [125]. Finally, in low-
resource settings where outages can limit ability to travel to
hospitals or results in blackouts at hospitals themselves, mo-
bile clinics can offer distributed access to care [126], and
novel technologies, like solar and storage or oxygen reservoir
systems, can support further continuity of care [127, 128].

Conclusion

As power outages increase in frequency and duration, re-
searchers must expand efforts to understand their impact on
individual and population health, refining methods of expo-
sure assessment with attention to varied and disparate out-
comes. There is urgent need for these data to inform disaster
mitigation, preparedness, and response policies (and budgets)
in an increasingly energy-reliant world.
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