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including intense wind, heat, and freezing events (Klinger et al., 2014). 
Negative impacts on households are substantial as residents are deeply 
dependent on the multiple energy services to heat and cool their homes, 
cook and store fresh food, maintain a level of safety and security, power 
household appliances, and charge electronic devices. In addition, power 
systems are often interdependent with other critical infrastructure such 
as communication, water, and health services, worsening the impacts at 
a community scale (Chang et al., 2007; McDaniels et al., 2007). The 
uncertainties surrounding power disruptions places significant stresses 
on individual households and the extended community which must plan 
and endure for these inevitable outages. 

Large-scale power outages can be hazard-induced or managed. 
Power systems are not only disrupted from direct physical damage but 
also from the imbalance in supply and demand (Choi et al., 2016; Choi 
et al., 2019). Hazard-induced outages can occur when hurricane winds 
down electrical lines, evidenced by the disruption of power during 
Hurricane Ida (2021) throughout the state of Louisiana (Beven et al., 
2022), although outages were concentrated on the Louisiana coast in 
direct line of the hurricane path. In some affected areas, power was not 
restored until several weeks after the hurricane. In contrast, managed 
power outages are the protective measures taken when utility com
panies intentionally throttle supply. This is due an anticipated demand 
surge that would surpass supply. The process mitigates long-term 
damage to the power system (Agarwal & Khandeparkar, 2021). At the 
network scale, extreme heat and freezing events can directly disrupt the 
transmission and supply lines, which are not ruggedized for operation in 
temperature extremes (Li et al., 2022). Electrical power providers pre
emptively shut down power to minimize electrical damages from 
downed power lines. Meanwhile, at the household level, energy demand 
remain high for heating and cooling systems to counteract extreme 
temperatures. An already weakened power system may be overexerted 
by the high demand of energy to the point of complete shutdown. Energy 
officials followed this strategy during Winter Storm Uri (2021) in Texas 
(Kemabonta, 2021). Rolling power blackouts cut power to neighbor
hoods and businesses with the attempted exception of critical facilities 
such as hospitals (Entergy 2021). Rolling blackouts allow a set of resi
dents to use the power for certain periods of time and then temporarily 
shut down their power to move power service to another set of residents 
(Munce, 2022). Ideally, this practice allows all residents to evenly share 
the burden of periodic power outages throughout the hazard event, but 
this incorrectly assumes that residents will actually share the same en
ergy burden. 

Multiple knowledge gaps exist in the current research on energy 
inequality and power restoration. First, utility companies often restore 
power systems based on the extent of physical damage, number of 
outages, or total population, a method that may overlook how affected 
populations are differentially experiencing power losses (Center point 
Energy 2021; CLECO 2021; Entergy 2021; SWEPCO 2021). Recent 
policy and law discussions have brought attention to the universal 
accessibility of energy, but this discussion has not been reflected in the 
restoration of power outages (Franklin et al., 2017; Tong et al., 2021; 
Wewerinke-Singh, 2022). Emerging research supports the equitable 
restoration of infrastructure disruptions (Birkmann et al., 2016; Esma
lian et al., 2021; Garschagen & Sandholz, 2018; Hendricks & Van Zandt, 
2021), and by extension, restoration of the power system, for socially 
vulnerable populations (Jasiūnas et al., 2021; Lee et al., 2022; Román 
et al., 2019). Lower income and racial-ethnic minority populations, in 
particular, have reported disproportionate hardships and a diminished 
ability to mitigate power losses (Coleman et al., 2020; Coleman et al., 
2020). Additional studies on Hurricane Maria in Puerto Rico and the 
wildfires in California highlighted that social vulnerability may 
complicate the restoration of power systems (Mitsova et al., 2018; 
Román et al., 2019). The second knowledge gap is a failure to consider 
spatial inequalities in the restoration process. Power systems, by nature, 
are an interconnected and far-reaching network which could be sus
ceptible to highly concentrated regions of impact (Rachunok & Nateghi, 

2020; Ravadanegh et al., 2022). Third, models and decision frameworks 
for power outages primarily focus on the restoration of transmission 
lines (Panteli et al., 2017), the creation of redundancy in links and nodes 
(Winkler et al., 2010), and the perspectives from expert opinion (Cas
tillo, 2014; Wang et al., 2016). Though more models and frameworks 
have begun to include an equitable perspective (Jasiūnas et al., 2021; 
Karakoc et al., 2020), there still lacks an understanding to the social and 
spatial vulnerabilities at a household perspective which can only be 
mitigated by analyzing empirical evidence of the intensity and duration 
of power outages. 

Indeed, the availability of empirical data is quite limited. Power 
outage data is typically perishable and not available at granular spatial 
scales (Flores et al., 2022; Schweikert & Deinert, 2021; Sotolongo et al., 
2020). These limitations have hindered the ability to examine and un
derstand the presence and extent of energy inequality in climate haz
ards. Recognizing this gap, in this research, we have collected and 
utilized observational data to calculate the percentage of outages at zip 
code and census tract scales, respectively, for two recent major events: 
the hazard-induced outages in the 2021 Hurricane Ida and the managed 
outages in the 2021 Winter Storm Uri. We analyzed these empirical data 
to quantify the extent of social and spatial inequalities and answer the 
following research questions: (1) to what extent power outage durations 
varied inequitably across different areas with different income and mi
nority status?; (2) what was the extent of spatial inequality in the 
duration of power outages for each event?; (3) to what extent managed 
power outages led to greater spatial inequality compared with 
hazard-induced outages? In the analysis, first, we quantified the dura
tion of service restoration for the two hazard events. Second, we 
determined the differential outage durations for low-income and mi
nority populations within the two climate hazard events. Third, we 
compared the extent of spatial inequality between the hazard-induced 
and managed power outage events. The findings will bring attention 
into the equity gaps of power restoration, spotlight the importance of 
data transparency, and advance the understanding of mitigation stra
tegies for energy inequality in climate hazard events. 

2. Review on relevant literature 

The literature review opens with the importance of researching and 
developing equitable infrastructure for normal and disaster conditions. 
It also discusses the role of decision makers and utility managers in 
equitable infrastructure. The review then narrows the scope to focus on 
disruptions in power systems. This includes the pervasive issue of energy 
inequalities and disproportionate impacts for power outages caused by 
disasters. The review closes with a discussion on the knowledge gaps in 
the studying power outages. 

2.1. Importance of equitable infrastructure 

Infrastructure plays a vital role in the recovery of households after a 
major disaster (McDaniels et al., 2007; O’Rourke, 2007). People depend 
on infrastructure services like power, water, and transportation to return 
to their daily routines and maintain their well-being (Chang, 2016; 
Mitsova et al., 2019). However, not all community members have the 
same relationship with infrastructure. Certain populations may have less 
dependency, have greater accessibility, or can easily replace infra
structure services during disaster events. To maximize the recovery ef
forts of households after a disaster, there has been increasing interest in 
developing and cultivating equitable infrastructure (Al-Humaiqani & 
Al-Ghamdi, 2022; Castaño-Rosa et al., 2022; Chen & Ji, 2021). For 
instance, the National Academies of Science identified “equitable and 
resilient infrastructure investments” as a priority for hazard mitigation 
research (National Academies of Sciences, E., and Medicine 2022). 
Equitable infrastructure addresses the systemic inequalities in commu
nities to ensure everyone has access to the same opportunity and 
outcome of infrastructure services (Matin et al., 2018; National 
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Academies of Sciences, E., and Medicine 2022). Concurrently, resilient 
infrastructure ensures that infrastructure systems can recover to a level 
of functionality within a specified timeframe after the disaster (Cutter 
et al., 2012; National Academies of Sciences, E., and Medicine 2022). 
These two components ensure that all members in the community are 
able to recover after a disaster through accessibility and functionality of 
infrastructure services. 

Decision makers and utility managers are influential to the managing 
equitable infrastructure since they play a key role in ensuring house
holds receive adequate infrastructure services (Mitsova et al., 2019; 
Rouhanizadeh & Kermanshachi, 2020). However, the literature on 
equitable infrastructure reveals that equitable and social elements of 
infrastructure have not been properly considered. In his discussion of 
crises on the built-environment, Castaño-Rosa et. al (Castaño-Rosa et al., 
2022) argues for the importance of using social interventions to achieve 
inclusive infrastructure management. Hendricks and Van Zandt (Hen
dricks & Van Zandt, 2021) also state that the “built environment must be 
explored with a progressive lens that views physical infrastructure as an 
extension of social circumstances.” They specifically mention how 
certain vulnerable communities such as low-income and racial-ethnic 
minority households could be unequally managed and protected in 
both daily and extreme events. Furthermore, Birkmann et. al (Birkmann 
et al., 2016) emphasizes that greater systematic knowledge of gover
nance and human vulnerability is needed in infrastructure planning. 

2.2. Disproportionate impacts of power outages 

Energy inequality is a significant issue in both normal and disaster 
conditions, and it has been debated from a human rights approach and 
within policy development (Franklin et al., 2017; Tong et al., 2021; 
Wewerinke-Singh, 2022). Energy supply conditions, home energy effi
ciency, and the income affordability can all contribute to energy 
inequality (Dubois & Meier, 2016). Research in equitable infrastructure 
has also captured instances of energy inequality given in the form of 
disproportionate impacts of power disruptions. Through household 
survey data, Coleman et. al found repeated instances of increased 
hardship and longer disruption in low income and minority households 
from power outages caused by Hurricane Harvey, Hurricane Michael, 
and Hurricane Florence (Coleman et al., 2020; Coleman et al., 2020). 
Mitsova et. al (Mitsova et al., 2018) examined the differences in electric 
power outages and restoration rates in Hurricane Irma, and they showed 
a spatial dependency gap for lower income and less employed counties. 
In addition, Gargani (Gargani, 2022) captured recovery through the 
energy production of the French territories impacted Hurricane Irma, 
and the indicators found that wealthier territories had comparatively 
quicker recovery rates. 

Several studies have also investigated energy inequalities associated 
by Hurricane Maria, a powerful storm that caused months of power 
outages in Puerto Rico. Investigated by Garcia-Lopez (Garciá-López, 
2018), the impacts on critical infrastructure and resource systems 
including water, food, and energy were magnified by poor planning of 
federal institutions and decades of mismanagement. The wealthiest 
neighborhood in San Juan also had the quickest restoration time. In a 
related study, socially vulnerable populations were also less likely to be 
prioritized during disaster relief efforts based on crew deployments to 
restore power lines (Tormos-Aponte et al., 2021). Satellite-based data 
revealed disproportionate duration of electricity outages in rural mu
nicipalities and lower income households (Román et al., 2019). Thus, 
social vulnerabilities are associated with increased impacts of outage 
which must be considered in the recovery process. Power restoration 
models have already begun to include aspects of social vulnerability 
(Batouli & Joshi, 2022; Karakoc et al., 2020), but further research is 
needed to understand the nuances relationship between disaster impact, 
infrastructure disruption, and social vulnerability. 

2.3. Research gaps in the energy inequality 

Despite advances in acknowledging equitable infrastructure (Na
tional Academies of Sciences, E., and Medicine 2022), collecting rele
vant data through social media and satellite sources, (Karimiziarani 
et al., 2022; Qiang et al., 2020; Roy et al., 2021; Zhai et al., 2020) and 
integrating social vulnerabilities in power restoration models (Batouli & 
Joshi, 2022; Karakoc et al., 2020; Najafi et al., 2018), there remain key 
research gaps in studying energy inequality in disasters. First, greater 
data transparency about the restoration of power is needed between 
utility companies and resident customers. Late reporting and inadequate 
information can lead to increased feelings of anxiety, worry, and 
discomfort as affected communities are left wondering about an essen
tial service (Moreno & Shaw, 2019). Second, power outage data is often 
perishable which means there is a lack of empirical data to support and 
inform decisions about power restoration (Sotolongo et al., 2020). 
Third, although certain power outage events report data, there is a lack 
of data at a granular spatial scale such as zip code or census tract 
(Sotolongo et al., 2020). Because of this, it can be difficult to connect the 
impacts of outages to the demographics of households or detect areas of 
spatial inequalities. Coarser-scale analysis can also overlook social vul
nerabilities prominent in inner-cities due to the law of averages (Ber
rouet et al., 2019; Wilson, 2019). In essence, the research study 
addresses these knowledge gaps by examining the outages during Hur
ricane Ida and Winter Storm Uri using observational outage data at a 
granular spatial scale. The study focuses on the potential disparities in 
the period of recovery to hazard-induced and managed power outages 
for low-income and racial-ethnic minority households. This research 
study contributes to the field of equitable infrastructure by examining 
the social and spatial impacts of an infrastructure system disruption. In 
particular, managed power outages are directly influenced by decision 
makers and utility managers, and thus, the research hopes the findings 
will highlight the importance of an equitable perspective in the resto
ration of power. 

3. Background on hazard events 

The research examined two recent weather events which signifi
cantly impacted the United States. The researchers aimed to select a 
weather event which represented managed power outages (Winter 
Storm Uri) and hazard-induced outages (Hurricane Ida). This distinction 
is important as managed power outages can have direct implications in 
the decision-makers’ response to outages while hazard-induced outages 
can reveal the restoration practices after extreme hazard exposure. 

3.1. Managed power outage: Winter Storm Uri 

Winter Storm Uri (WU) swept through a large swath of Central and 
Eastern United States between February 13 through 17, 2021. As the 
storm moved from the Pacific Northwest to the southern United States, it 
brought freezing temperatures with some areas experiencing new tem
perature lows and snowfall records (City of Austin and Travis County 
2021). Texas, one of states most affected by the storm, suffered an 
extended duration of power outages with certain areas reaching more 
than 3 consecutive days of outages against winter temperatures (Bohra, 
2021). The harsh cold temperatures brought on by Winter Storm Uri 
resulted in a higher-than-normal energy demand by customers who 
mostly required it for heating their homes along with other essential 
services. Unable to sustain this unprecedented demand, power grids 
started failing. To manage the strain, the Southwest Power Pool (SPP) 
and the Electric Reliability Council of Texas (ERCOT) starting using 
rolling blackouts (American Society for Civil Engineers 2022). At some 
point, nearly 4.3 million customers were without power in Texas (Rice & 
Aspegren, 2021). The use of rolling black outs, lasting power outages, 
and ice accretion caused disruption of water systems and water line 
ruptures with major affected areas, such as Harris County, being placed 
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geographic areas were dropped if the counts fell below the minimum 
requirement. Second, slight random noise was applied to the existing 
counts. The spatial resolution of the aggregated data is about 100 by 100 
meters; the temporal resolution is 4 hours. Thus, this raw point data is 
referred to as activity index. In essence, telemetry-based population 
activity data is able to capture fluctuations in cell-phone usage. The 
principle is that since power and communication services are often 
interdependent systems, telemetry-based data provides a reliable proxy 
measurement of outages (Lee et al., 2022). For instance, telemetry-based 
population activity would decrease during blackouts which would pro
vide a proxy of the extent and duration of power outages. Mapbox has 
been previously used in other studies to measure, by proxy, other forms 
of impact and disruption in disaster events which further supports its 
validity in the usage of this research study (Farahmand et al., 2022; Gao 
et al., 2021; Lee et al., 2022; Ramchandani et al., 2020; Yuan et al., 
2022). To obtain the proper outage information at the census tract, we 
converted the raw data, or activity index, to activity density. As dis
cussed by Lee et.al. (Lee et al., 2022) we calculated the activity density 
within our desired geographic unit of census tracts for Harris County 
from February 1 through 28, 2021 (Eq. (1)). 

Da(ct, t) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
N

∑N

u=1
A2

u,t

√
√
√
√ (1)  

where Da(ct,t) is the activity density (Da) in census tract (ct) at time (t), 
Au,t is the activity index of the geographic unit (u) at time (t), and N is the 
number of geographic units within the census tract. 

To ensure appropriate activity density from each census tract, the 
telemetry data spans from 8:00am to 8:00pm. In addition, the research 
team had both direct power outage data (further explained in the section 
below) and telemetry data for Hurricane Ida. Analysis between the 
power outage data and telemetry data showed a strong correlation, 
further supporting the proxy measurement of telemetry data for the 
outages in Winter Storm Uri. The respective analysis and figures are 
found in the Supplemental Information. Thus, moving forward, the 
research will refer to disruptions in the telemetry data as outage data for 
Winter Storm Uri. 

4.2. Power outage collection and processing for Hurricane Ida 

Second, power outage data were collected in real-time from Power
Outage.US and the Entergy power websites during the storm event 
(Entergy 2021; PowerOutage.US 2021) . The research focused on 
Entergy outages because this company was the main power provider to 
areas affected by Hurricane Ida in Louisiana. According to Power
Outage.US, Entergy provides energy to 1,275,873 residents in the state. 
To collect power outages data, we recorded the total number of affected 
customers and the last updated time, August 29 through November 23, 
2021. From August 29 through September 3, 2021, data were collected 
each hour between 8:00 am till 12:00 am. From September 4 through 
October 25, 2021, power outages were recorded at three-hour intervals. 
From October 26 through November 23, 2021, power outages were only 
taken at 10:00 am, 4:00 pm, and 9:00 pm. The schedule was changed 
due to a noticeable decrease in the number of outages. 

We determined the percentage of outages at each zip code by 
dividing the number of affected customers, which was obtained from the 
Entergy website, by the total population at each zip code. It is important 
to note that Entergy makes no distinction on the outage website between 
business and residential customers. Since the researchers were unable to 
obtain the number of total customers per zip code, we normalized the 
outage data by the total population. This was to ensure that a greater 
population within a zip code was not erroneously inferred as a greater 
number of outages. 

In addition, we cross-validated the power data from the Entergy 
website with the percentage of affected customers using county level 

data from PowerOutage.US. The county-level data from PowerOutage. 
US corroborated the Entergy data, so when one website showed a 
change in customers affected, the other showed a similar pattern on the 
same day. Note that in Louisiana, parishes are analogous to counties in 
other states. Since Entergy reported zip codes with at least one affected 
customer, we merged the Entergy data with all zip codes of parishes of 
interest. We selected only parishes where Entergy supplied at least 90% 
of total accounted customers, according to PowerOutage.US. To account 
for differences in coastal influence and potential impacts of hazards, we 
divided the affected regions into coastal and non-coastal zip codes based 
on the new coastal shape boundaries zone established in the Louisiana 
Revised Statutes Article 49 (Management., L.D.o.N.R.-O.o.C. 2010). 
Coastal zip codes were drawn from the following parishes: Jefferson, St. 
Charles, St. Bernard, Plaquemines, St. John the Baptist, Orleans, 
Lafourche, Assumption, Terrebonne, Ascension, Iberville, Livingston, 
and Tangipahoa Parishes. Non-coastal zip codes were from the following 
counties: West Baton Rouge, East Baton Rouge, Pointe Coupee, East 
Feliciana, West Feliciana, St. Helena Parishes along with Ascension, 
Iberville, Livingston, Orleans, and Tangipahoa. Note that some counties 
contained both coastal and non-coastal areas. 

For both datasets of Winter Storm Uri and Hurricane Ida, spatial 
units with more than 80% of NaN values were removed because the data 
could not confidently determine whether outages occurred. Missing data 
was filled with outage percentage values from the previous day. The 
time period for restoration analysis was February 14, 2021 through 
February 24, 2021 for Winter Storm Uri and August 29, 2021 through 
September 23, 2021 for Hurricane Ida to best represent the period of 
major impact (Beven et al., 2022; City of Austin and Travis County 
2021). 

4.3. Restoration of power services 

Third, zip codes in Louisiana were considered to be “fully restored” 
when only 10% of households remained without power. Similarly, 
census tracts in Harris County were considered to “fully recovered” 
when the activity index change was less than 10%. This also meant that 
spatial units under the 10% threshold were not considered disruptive to 
account; these thresholds had to be consistent for at least two days. It is 
important for the research to acknowledge the ideal scenario that 
companies follow to restore power. The recovery prioritization process 
from energy providers begins with determining the areas with hazards 
such as downed lines/wires used for electrical distribution and damaged 
electrical equipment. Following this step, power companies initiate the 
repair process for lines and equipment to assist areas affected by the 
power outages. Then, energy providers restore power to critical facilities 
or critical community services which consist of hospitals, nursing 
homes, emergency response, utilities, and other significant services. 
Afterwards, power is restored to areas with the most affected customers 
in the shortest amount of time and later restore power to smaller affected 
areas. Energy providers such as SWEPCO also claim that “Residential 
customers are always given priority over business and industrial cus
tomers” (SWEPCO 2021). As noted in the data collection and processing, 
the outage data collected cannot distinguish between residential and 
business outages; however, data was normalized by population. In 
addition, the 10% threshold is not a static measurement of recovery by 
power companies; however, the research determined this threshold 
based on a sensitivity analysis. The sensitivity analysis tested the dura
tion of power restoration for 5%, 10%, and 20% thresholds (Supple
mental Information). 

4.4. Detecting social disparities 

Fourth, the intent of the research was to address the extent, if any, of 
social disparities present during the outage events. The research will 
account for vulnerable populations delineated by income, racial, ethnic, 
and population differences. We collected sociodemographic 
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Future research in energy inequality could also consider the differ
ential impacts of socially vulnerable populations in coastal and non- 
coastal areas. In summary, coastal areas with higher percentage of 
Black populations, higher income, and less populated had longer dura
tion of recovery to the power outages while non-coastal areas with 
higher percentage of Black populations, lower income, and more 
populated had longer duration of recovery to the power outages. These 
differences in behavior were also found in inequality measures as non- 
coastal regions had 63% greater spatial Gini values and 16% greater 
value in infrastructure inequality when compared to coastal regions. 
Science-based research categorized coastal areas which were more 
susceptible to the impacts of coastal hazards (Management., L.D.o.N. 
R.-O.o.C. 2010). This has direct implications in the distribution of 
limited resources and the development of local policies to protect, 
manage and restore coastal boundaries; however, there is little consid
erations of the different impacts on sociodemographic groups based on 
their place of residence. Thus, future research could further investigate 
the impacts of power outages on vulnerable populations between coastal 
and non-coastal areas. 

Ultimately, these research avenues cannot be accomplished without 
the increased interest and investment in quantitative data of power 
outages. Decision-makers and researchers should work in tangent to 
collect, process, and examine fine-grained power outage data. Method
ological frameworks and metrics, such as those in the paper, will bridge 
the gap between the theoretical understanding of outages to the prac
tical application of real-time information. 
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