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ABSTRACT: Hurricanes damage power systems extensively, causing large power outages, critical
service disruptions, and major economic losses. Hurricane Isaias (2020) caused more than two million
power outages in the U.S. that, in several cases, lasted more than four days. This large-scale electricity
loss demonstrated a lack of grid resilience, especially in New Jersey. This paper evaluates the
contribution of solar panels and behind-the-meter batteries in microgrids to the resilience of an
electricity distribution network, we present a what-if case study for New Jersey during Hurricane Isaias
in 2020. We analyze an extensive power outage dataset at the building level for 9,267 households from a
large utility company in Marlboro Township, New Jersey, during Hurricane lIsaias to determine unserved
power demand. We use historical irradiance in New Jersey for the duration of outages during Hurricane
Isaias (2020) to determine the potential of solar electricity for resilience. We observe that solar panels
on each rooftop would have improved resilience for electric energy in the aftermath of Hurricane Isaias.

1. INTRODUCTION ences, Engineering, and Medicine, 2017) and ar-

Hurricanes damage power systems, leaving mil-
lions without power and causing widespread dis-
ruptions for critical facilities (AJOT, 2021; Shep-
pard and DiSavino, 2012). The United States
economy suffers 20 to 55 billion dollars in eco-
nomic losses from unwanted power disruptions
(Smith, 2020). Hurricane lsaias (2020) exposed
the vulnerability of power systems in the North-
east United States, causing more than 2 million out-
ages across the United States and more than a mil-
lion outages in New Jersey (Jim Giuliano, 2020;
Zaveri and Shanahan, 2020). Extreme weather
events caused 53% of the major power blackouts
in the United States between 2002-2017 (Ankit
et al.,, 2021). Researchers have worked on pre-
dicting hurricane-induced outages (Arora and Ce-
ferino, 2022; Shashaani et al., 2018) so that util-
ities can coordinate (National Academies of Sci-

range for backup generators. Almost 95% of the
residential and critical buildings, e.qg., buildings, are
backed by fossil fuel red generators using diesel or
natural gas (Phillips et al., 2016). However, these
backup sources may not be reliable as hurricanes
can damage transportation routes and disrupt the
supply chain of fossil fuels (Gibbs and Holloway,
2013). Furthermore, the stored fuel is only suit-
able for sustaining short-duration outages but not
prolonged outages, also caused by hurricanes (Orn-
stein, 2012). Also, the use of fossil fuels does
not align with renewable energy goals of reducing
the impact of emissions on our climate (The White
House, 2021).

A resilient power system needs to mini-
mize the extent of prolonged disruptions (Na-
tional Academies of Sciences, Engineering, and
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Medicine, 2017). Emergency planners are now
considering the value of renewable energy sources
in enhancing the resilience of power systems (Laws
et al., 2018). Distributed resources such as so-
lar panels with clustered local energy resources ca-
pable of running in island mode from the electric
grid can bring the tremendous potential for enhanc-
ing resilience (Chen et al., 2016). The decreas-
ing cost of solar installation and tax incentives can
help achieve grid parity resulting in larger pene-
tration of photovoltaic solar panels as an energy
source. Also, modern rooftop solar panels can sus-
tain higher hurricane wind speeds than the old vul-
nerable distribution poles (Ceferino et al., 2023), as
seen in recent extreme weather events (Cortes et al.,
2022). Babrock Ranch, a community in Florida lo-
cated 12 miles away from coastlines, has 700,000
solar panel installations providing power to 2,000
households. The community was unaffected by the
massive power outages caused by Hurricane lan in
September 2022 with no damage to solar panels
(Ramirez, 2022; Cortes et al., 2022).

Researchers studied the addition of renewables
as a resilient and sustainable source of energy in
microgrids (Newsom et al., 2019). There is also
growing literature on the economic and nancial
bene ts that renewables can bring to reduce the bil-
lions of dollars in losses caused by power blackouts
(Moslehi and Reddy, 2018). Ong et al. (2012) stud-
ied grid parity. i.e., the cost of electricity generated
through solar panels equals the purchased electric-
ity from the main grid and found that many con-
sumers in the Northeast United States can achieve
grid parity. Laws et al. (2018) demonstrated sav-
ings in electricity costs with solar installations. Fox
(2023) mentioned the reduction of energy vulner-
ability with more penetration of residential solar
panels in the wake of rising electricity bills. More
penetration of renewables in future energy markets
can reduce the severity of business interruptions
and subsequently reduce the insurance premiums
for businesses(Anderson et al., 2018). Most stud-
ies on renewables-based resiliency in power sys-
tems have focused on commercial customers or
conducted at a coarse resolution of transmission
level addition of renewables (Watson, 2020). How-
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ever, old distribution systems are often designed
for lower wind speeds than transmission systems
and are more vulnerable to strong hurricane winds
(Brown, 2002). Patel et al. (2021); Ceferino et al.
(2020) studied the effect of different adoption poli-
cies for solar panels in enhancing the resilience
of power systems at the household level during an
earthquake. However, hurricanes are very different
from earthquakes as clouds during hurricanes can
signi cantly reduce the incident solar irradiance on
solar panels (Ceferino et al., 2022; Ceferino and
Lin, 2022). Thus, reducing the solar energy gen-
erated during a hurricane.

We formulate and analyze a what-if case study
for New Jersey during Hurricane Isaias in 2020 to
evaluate the value of solar panels and behind-the-
meter batteries in microgrids for resilience to sup-
ply uninterrupted power during hurricanes. This
study focuses on Marlboro Township, New Jersey,
residential buildings, where 9,267 households lost
power in the aftermath of Hurricane Isaias (2020).
We use the historical solar irradiance data to cal-
culate the available solar potential to meet the un-
served energy demand due to outages during Hur-
ricane Isaias (2020) with the assumption of 100%
adoption of solar panels at the household level. This
study does not consider energy sharing between
households, and we assume each household will
consume the energy generated by the solar panels
on their roof.

2. HURRICANE ISAIAS: POWER OUTAGES AND
SOLAR IRRADIANCE

Hurricane Isaias reached New Jersey on August
4, 2020 (Latto et al., 2021). High winds in New
Jersey snapped and downed many trees and pow-
erlines. We show in Figure 1 the wind elds for
Hurricane Isaias in New Jersey computed using a
complete wind pro le model for tropical cyclones
developed by Chavas et al. (2015) and the location
of our study area (Marlboro Township, New Jer-
sey). More than one million people were left with-
out electricity in New Jersey (OE-417 Form, 2020),
even though Isaias weakened to a tropical storm as
it hit New Jersey with sustained winds of 57 mph.
Isaias caused economic losses of about 4.2 billion
dollars and caused 15 deaths (Latto et al., 2021).
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Figure 1: 3-s gust wind speed in New Jersey from Hur-
ricane Isaias (2020) (adapted from Arora and Ceferino
(2022)

2.1. Power Qutages

We obtained the power outage at the building
level from Jersey Central Power & Light (JCPL), a
major utility company in New Jersey. JCPL serves
1.1 million consumers in New Jersey and recorded
780,000 peak outages in the aftermath of Hurricane
Isaias (2020) (Jim Giuliano, 2020). JCPL recorded
their rst consumer-level outage around 8 am on
August 4, 2020, and the JCPL crew restored power
for 90% of their consumers after 72 hours (Jim Giu-
liano, 2020). These prolonged power outages bring
a strong need for backup power, motivating this on
solar panels and behind-the-meter batteries. Outage
data from JCPL includes the city number, the street
address of the consumer, zip code, start and end
time of power outages, and type of consumer (resi-
dential, industrial, or commercial). For the scope
of this paper, we limit our study to the outages
that happened in residential buildings in Marlboro
Township, a municipality in New Jersey (Figure 2).

2.2. Geocoding Outages, Parcel Data, and Build-
ing Footprints

We geocoded the outages using the New Jer-

sey Of ce of GIS (NJOGIS) statewide geocod-
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Figure 2: Location of power outages in Marlboro, New
Jersey in the aftermath of Hurricane Isaias (2020)

ing services (NJ Geographic Information Network
| Geocoding, 2022) with an address provided by
JCPL in the outage database to get the longitude
and latitude of outages in ArcGIS (ESRI, 2019).
Next, we matched the geocoded outages with the
New Jersey building parcels (complete area covered
by a plot).

We determined the area available for solar panels
for each building. For that, we obtained the build-
ing footprints from NJOGIS since footprints of the
actual buildings have a smaller area than parcels, as
a parcel also includes open areas, e.g., gardens, pa-
tios, and garages. Also, a parcel may contain more
than one building footprint, as some parcels have
separate garages or other open spaces. We took the
maximum footprint area in a parcel as the roof area
for solar power estimation. Figure 2 shows the res-
idential building with outages in Marlboro Town-
ship, New Jersey. We did not match geocoded out-
ages to parcels as the NJOGIS geocoder allocated
the latitude and longitude at the center of parcels.
We excluded 2.7% outages from our analysis that
did not match any parcel as the geocoder did not
match some addresses. We further selected outages
for 9,267 single-family household residential build-
ings.

2.3. Solar Irradiance

We used global horizontal irradiance (GHI) to
calculate the potential solar electricity Patel et al.
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(2021). GHI is available from the National Solar
Radiation Database from National Renewable En-
ergy Laboratory (NREL) at a spatial resolution of
4km and a temporal resolution of 30 minutes (Sen-
gupta et al., 2018). We obtained the GHI for the du-
ration of outages caused by Hurricane Isaias (2020)
in New Jersey. We used nearest neighbor interpola-
tion to get the GHI for a building by assigning the
GHI value available at the nearest distance. We av-
eraged GHI values at 30 minutes to get the hourly
GHI. Figure 3(c) shows the average GHI across
Marlboro township from August 4 to August 13,
2020.

3. MEASURING SOLAR POTENTIAL AND RE-
SILIENCE

The available solar irradiance at the rooftop of
a building is often affected by the shadows from
the adjacent buildings or trees. Thus, using the en-
tire roof to size a solar panel is not optimal. Lopez
et al. (2012) mention about 22% and 27% of the
roof area in cold and warm regions, respectively,
are often available for solar electricity generation.
New Jersey has moderately cold winters and warm
summers. Thus, we assume 25% of the rooftop area
is available for panel installation.

Also, not all points on a roof are fully exposed to
the sky. The sky view factor (SVF) is used to de-
termine the portion of a sky visible from a point on
the rooftop (Redweik et al., 2013). SVF varies from
zero (for a completely obstructed view of the sky) to
one (for a clear view of the sky above the horizon).
We use New Jersey Digital Elevation Model from
NJOGIS to obtain SVF, with a relief visualization
toolbox in Python, for buildings in Marlboro Town-
ship. Most of the buildings in the neighborhood
of Marlboro are single-family residential buildings
with signi cantly less obstruction on the rooftop to
the sky. We obtained a mean SVF of 0.98 across all
the residential buildings. The nal solar irradiance
available at a rooftop is GHI multiplied by 25% of
the roof area and SVF. An alternative approach to
solar panel sizing (Patel et al., 2021) is based on
net zero, where the energy consumed matches the
energy produced by a user. In this paper, we use
the maximum available area in order to quantify the
maximum resilience potential of solar panels.
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3.1. Solar Generation, Battery, and Consumption

We assumed standard crystal silicone panels are
installed for all the buildings with a solar energy
conversion ef ciency of 19% (Dobos, 2014). We
considered 14% system losses used as default by
NREL (Dobos, 2014). The system losses due to
soiling, shading, mismatch, wiring, connections,
light-induced degradation, nameplate rating, and
availability, readers can refer to Dobos (2014) for
a detailed explanation of system losses. Finally, we
assumed a DC-to-AC conversion ef ciency of 96%.
So, the total converted solar energy is available so-
lar power multiplied by conversion ef ciency, sys-
tem losses, and DC-to-AC ef ciency.

We computed the wind elds for Hurricane Isaias
(Figure 1) in Marlboro Township using a complete
wind pro le model for tropical cyclones (Chavas
et al., 2015). We observed a maximum 3-s gust
wind speed close to 37 m/s. According to Ceferino
et al. (2023), rooftop solar has close to zero prob-
ability of failure for 3-s gust winds of less than 40
m/s. So, we assume no panel failure for the Hur-
ricane Isaias scenario, and all panels generate solar
energy.

We assumed households have a Tesla Powerwall
installed with a usable capacity of 13.5 kWh. The
battery will discharge every hour by the amount
of energy consumed by the user and will charge
if the generated solar power exceeds the consumed
pOWer.

Power consumption data at the building level is
not publicly available. The U.S. Energy Informa-
tion Administration (E1A) collects data on monthly
sold electricity to residential consumers by utilities
as part of the monthly industry report, also known
as form EIA-861M (EIA, 2020). Since sales in the
year 2020 were affected by Hurricane lsaias, we
considered the average sales during August from
2019 to 2021 to get the average energy consumed
by the user per hour. Thus, for this study, we con-
sidered the power consumption of 1,534 kW for ev-
ery household. Re nements to this study could ad-
just consumption depending on the building size, as
bigger homes could consume more electricity (Pa-
tel et al., 2021).
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3.2. Resilience Metric

Previously, researchers (Cimellaro et al. 2010;
Ouyang and Duegas-Osorio 2014) have de ned a
time-dependent resilience metric to quantify the
performance and responsiveness of the power sys-
tems disruption post extreme weather events. The
resilience metric in Eq.1 is the ratio of the area un-
der the actual performance curve and the area under
the expected performance curve of power systems.

- y
R(T)= . Pr(t)dt= . Pr(t)dt 1)

Where Pr(t) is the expected percent of con-
sumers with power under normal conditions, ide-
ally 100%. And, Pr(t) is the actual percent of con-
sumers with power disruption post-hurricane.

For this paper, we compare the percent increase
in resilience for power systems with solar panels
compared to no backup power. To get the percent-
age of residential consumers with power, we set the
total number of consumers equal to the peak num-
ber of outages in the aftermath of Hurricane Isaias.
We perform the integrals in Eq. (1) from the onset
of the rst outage (t = 0) to the time of restoration
of the last outage (t = T).

4. RESULTS

Given National Oceanic and Atmospheric Ad-
ministration provide weather forecast 3-7 days
ahead of a storm (Squitieri and Gallus, 2022), we
assume in response to pre-disaster planning for out-
ages, households keep their battery charged. We
consider two scenarios for the state of the battery,
(@) fully charged battery and (b) half-charged bat-
tery.

Considering solar panels could provide limited
backup power, households may choose to reduce
their power consumption post-hurricane. We con-
sider three scenarios for consumption, (a) no reduc-
tion in power consumption, (b) 25% reduction in
consumption, and (c) 50% reduction in consump-
tion. Thus, we present results for six combinations
based on the state of the battery and reduction in
consumption in Figure 3.

Rooftop solar panels installed under all scenarios
show a resilience gain compared to the base case
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of actual outages with no backup power. The re-
siliency gain for the 50% consumption scenario for
a battery fully and half charged at the onset of out-
ages is 37:3% compared to no backup power. The
resiliency gain for a 75% consumption scenario for
battery fully and half charge is close to 35%. And,
for 100% consumption, resiliency gain is close to
30%.

From Figure 3, we can observe all the households
will have no outage if they curtail their consump-
tion to 50%. For scenarios with 75% and 100%
consumption, consumers only depend on battery
storage for supply at night, and outages occur once
the battery is completely drained. However, bat-
tery charges during day time, and households re-
cover from the outage. This cycle continues until
the main grid supply is restored.

5. CONCLUSIONS AND DISCUSSION

We presented a what-if scenario of resilience to
power outages in the aftermath of Hurricane Isa-
ias (2020) with solar panel adoption by residents
of Marlboro Township, New Jersey. We observed
that all the houses gain resilience with solar panels
compared to no backup. Moreover, by intention-
ally reducing their consumption, households can
sustain themselves throughout power outages with
solar panels and energy stored in the battery even
more effectively.

This study presented the importance of solar pan-
els for electric grid resilence. However, the study
was limited to certain conditions. We did not
consider that electricity could be shared between
households. Energy sharing in microgrids between
households with surplus solar energy production
and households with less energy production could
enhance the neighborhood’s resilience (Patel et al.,
2021). Hurricane lsaias (2020) had low winds in
New Jersey, and most rooftop panels are likely to
survive such winds (Ceferino et al., 2023). How-
ever, a high hurricane could likely cause the fail-
ure of some panels, and energy sharing under such
a scenario might be necessary between buildings
with failed and non-failed panels. In addition to
economic bene ts (Ong et al., 2012; Laws et al.,
2018; Fox, 2023), results presented in this study
suggest that solar panels can play an essential role
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Figure 3: (a) Power Outage scenarios when the battery is fully charged at the onset of power outages. (b) Power
Outage scenarios when the is half charged at the onset of power outages. (c) mean solar irradiance in Marlboro
Township

in power grid resilience against hurricanes. The < https://ajot.com/news/hurricane-ida-caused-at-
methods presented in this study could be extended least-1.2-million-electricity-customers-to-lose-
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