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Introduction

In February 2021, an intense and prolonged winter storm buried the state of Texas in snow
and ice. Temperatures plummeted to single digits. As people switched on their heating
systems and plugged in space heaters, the increased demand strained the state’s main power
grid. Power plants ran out of gas, pipelines froze and became unusable, and the electrical grid
operator shut off power for millions.

Families shivered in the dark with no heat in their homes. Hundreds of people, including
children, froze to death or died from carbon monoxide poisoning as gas grills and cars were
turned on indoors in desperate attempts to stay warm. In all, more than 4.5 million people lost
power for as long as four days in frigid winter conditions. Almost 250 people died as a result of
Winter Storm Uri, 161 from exposure to extreme cold. Another 25 died from carbon monoxide
poisoning or smoke inhalation (Goggin and Schneider 2022; Texas Department of State Health
Services 2021).

As with so many climate-related disasters, the harms of the winter storm were not evenly felt.
Texans with low-incomes or disabilities and Black and Latino Texans bore the brunt of the
crisis (Chakraborty, Collins, and Grineski 2023; Nejat et al. 2022). In Harris County, nearly 67
percent of census tracts reported water-related damages such as burst pipes—most of them in
neighborhoods with lower median incomes and higher percentages of Black residents (Lee,
Maron, and Mostafavi 2022). These nonrandom outcomes reflect how structural inequities
leave historically disinvested and marginalized communities least protected when the grid
fails.

And until it fails, most of us do not register how much we rely on the power grid to keep us
safe during extreme weather, but many observers saw Winter Storm Uri coming. Federal
regulators and other experts had warned for more than a decade prior that Texas’s power
infrastructure could fail in extreme winter weather (Natter and Dlouhy 2021).

Unfortunately, a similar catastrophic grid failure is conceivable anywhere in the United States
in the face of any number of extreme weather events because our energy infrastructure is
unprepared for climate change (Allen-Dumas, KC, and Cunliff 2019). Again, the communities
most vulnerable to its impacts are often those that have received the least resources to prepare
for extreme weather and build resilient infrastructure.

Science is clear that burning fossil fuels is the primary cause of climate change and the
resulting increase in the frequency and intensity of extreme weather events (IPCC 2023).
Avoiding the worst impacts of climate change requires a rapid decarbonization of our
electricity supply, which means generating power from non-fossil fuel sources, such as
geothermal, solar, and wind energy. The necessary pace and scale of the clean energy
transition presents its own challenges, particularly because of expected load growth in the
coming years, but we must account for the current impacts of climate change as well as likely
future impacts due to historical and ongoing emissions.

A Dual Challenge for Grid Operators

The US electricity grid connects power plants and consumers through a vast network of wires
and equipment to deliver a relatively reliable supply of electricity to hundreds of millions of
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consumers across the country. Historically, building the grid has largely been accomplished
piece by piece across individual utilities. But as the risks of extreme weather grow, a
piecemeal approach to transforming and expanding the nation’s transmission system is no
longer sufficient.

The high-voltage wires that carry electricity from power plants to local distribution systems
are known as the bulk transmission system. Strengthening this system will be a core element
of building an overall resilient power grid. To do so, transmission system planners, including
states, utilities, and regional transmission organizations and independent system operators
(RTO/1S0s)—here, collectively referred to as “system planners”—must factor in climate
change and its impacts on the transmission system in ways they typically have not. (See Box 1
for more about RTO/ISOs and their responsibility in transmission planning.)

It can take 10 or more years to build new transmission infrastructure. Once built, it is intended
to last 40 years or more. This means we are currently building our grid for 2050 and beyond.
Doing so without considering the risks and impacts of climate change is irresponsible and puts
communities in harm’s way.

As the impacts of climate change increase in severity and frequency (Marvel et al. 2023), we
need a resilient electric grid that can respond to, withstand, and quickly recover from extreme
weather events. A climate-resilient power system can save lives, especially in communities
with fewer resources to protect themselves from and recover after such events.

In planning and maintaining our nation’s power infrastructure, new processes are needed to
e Dbetter project future conditions and risks posed by a changing climate;

e identify, collaborate with, and protect those communities and populations most
vulnerable to these emerging risks; and

e implement the appropriate processes and investments to mitigate in a cost-effective
manner the risks of power failures caused by extreme weather events.

This report describes the current state of these core elements of transmission system planning
for climate risks—specifically, risks from extreme weather events related to climate change—
so that grid operators, state decisionmakers, and a broad range of interested parties may have
more informed and constructive discussions about how to plan for and invest in an equitable
and resilient transmission system that can meet the challenges posed by a changing climate.*

How Climate Change Stresses the Grid

While weather has long been a dominant driver of power outages, climate change-related
outages are growing in both frequency and intensity as extreme weather becomes more
frequent and intense (Leung et al. 2023). Between 2000 and 2020, weather-related power
outages increased 67 percent, costing tens of billions of dollars each year and endangering
people’s lives, particularly those in already vulnerable communities (Climate Central 2020).

1 While we specifically focus on the bulk transmission system, the issues raised and potential solutions
identified are applicable across the power sector.
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Major weather-related outages—those impacting at least 50,000 customers or interrupting
service of 300 megawatts (MW) or more—nearly doubled in the period from 2014 to 2023 over
those of the 2000 to 2009 period (Climate Central 2024).

More frequent and severe extreme weather events driven by climate change are creating a
higher-risk environment for the transmission system we rely on, leading to more frequent and
severe power outages. Mitigating the risks posed by climate change necessitates well-planned,
forward-looking transmission system investments that protect communities from extensive,
long-duration power outages.

No region of the United States is immune to the effects of climate change, and the most
consequential hazards can vary from region to region, state to state, or even community to
community. Scientific advances coupled with lived experience can provide a wealth of
information on the current electric system’s strengths and weaknesses in the face of climate
change. Current science can help identify risks and inform decisionmaking on where and how
to invest in grid infrastructure to protect communities from extreme weather impacts,
including navigating uncertainty over future conditions. Next, we review a selection of climate
change-related extreme weather events that are particularly relevant to the power system.

Extreme Heat

In the years ahead, extreme heat is projected to increase across the country to levels that could
fundamentally alter daily life and energy demand. When the power goes out during extreme
heat, it can be deadly (Stone et al. 2023). In the summer of 2021, for example, a catastrophic
heat wave hit the Pacific Northwest, causing temperatures to soar into triple digits across the
region and leading to hundreds of deaths (White et al. 2023). Electricity use also soared, with
utilities resorting to rolling blackouts as they struggled to cope with demand. In some cases,
energy infrastructure melted in the heat (Fischels 2021). Research has found that the event
would have been “virtually impossible” without human-caused climate change (Philip et al.
2022).

States across the country face dramatic temperature increases, both those already accustomed
to extreme heat and the many that are not. Figure 1 shows how extreme heat is projected to
change in three US states (alongside the national average) in scenarios in which the steep rise
in heat-trapping emissions since the mid-1900s continues (i.e., “with no action”) and in which
the Paris Agreement target to limit global warming to 2°C over preindustrial levels is met
(Dahl et al. 2019).
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Figure 1. Extreme Heat Will Become More Frequent and More Severe Nationwide
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The average number of days with a heat index, or “feels-like temperature,” above 100°F is projected to
increase markedly across the United States, especially without significant action to reduce heat-
trapping emissions. States across the jurisdiction of the Midcontinent Independent System Operator
(MISO), for example, face steep rises. Meeting the Paris Agreement’s target of holding global warming
to 2°C above preindustrial levels substantially limits the increase in extreme heat days.

Source: Dahl et al. 2019

Nearly all types of power plants struggle during extreme heat conditions, often having to
reduce output even as power demand soars to meet air conditioning needs (EPRI 2022). When
this occurs, power prices skyrocket as system operators seek every available resource to avoid
a power outage. When power demand outpaces all available supplies, targeted power outages,
known as “load shed,” occur as system operators try to avoid widespread collapse. As
conditions worsen, power outages spread both in terms of duration and the number of
communities affected.

Transmission systems also are challenged during extreme heat. Power lines lose efficiency,
meaning they cannot carry the same amount of energy as during normal conditions. They also
sag, increasing the risks of contacting nearby vegetation or other infrastructure that might
force them offline.

Wildfires

In some parts of the country, climate change has generated hotter and drier conditions, and as
a result, the risk of wildfire has grown (Ostoja et al. 2023). In the western United States, this is
amounting to an increase in the severity of large wildfires as exemplified by the deadly 2025
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Los Angeles wildfires, which left more than a million residents without power (Alfonseca
2025; Ostoja et al. 2023). The size of the area burned by wildfires in the West is projected to
increase in the coming decades as the world continues to warm (Abatzoglou et al. 2021).

The risks of wildfire are also increasing in some regions of the country where they had been
infrequent (Climate Central 2023). In the summer of 2023, Louisiana faced unprecedented
wildfires over a three-month period that burned tens of thousands of acres and forced
evacuations (Cline 2023). In the summer of 2024, Mid-Atlantic and New England states, too,
experienced unprecedented wildfires after an extended period of dry conditions (Metzger
2025).

In the event of wildfire, to be able to carry energy from power plants not directly affected is
vital; however, transmission infrastructure must be constructed from nonflammable materials
and transmission lines must be undergrounded to avoid further fire risk, since the soot and
smoke produced by wildfires ionizes the air, creating an electrical path that can make
transmission lines a liability rather than a solution (Ward 2013). Access to additional
transmission infrastructure located outside the fire zone can also provide redundancy in the
system, creating an alternative path for delivery of electricity, but these measures can be
expensive and must be proactively implemented in advance of an event.

Severe Winter Weather

The effects of climate change are evident even in winter. Across much of the northern part of
the nation, winters are warming faster than summers (Marvel et al. 2023). The entire
contiguous United States is projected to experience significant decreases in the number of
days with temperatures below freezing as global warming continues (USGCRP 2023). And
since the mid-twentieth century, much of the country east of the Rocky Mountains,
particularly the region’s northern part, has experienced an increase in severe winter weather
events. Research reveals a connection between more severe winters in this part of the country
and Arctic warming (Cohen, Francis, and Pfeiffer 2024).

Like extreme heat events, severe winter weather can cause problems throughout the bulk
power system, in both power plants and transmission systems. Thermal (fossil fuel and
nuclear) generators can fail due to freezing equipment or lack of fuel (Arbaje and Specht
2024). Wind turbines can have a cutoff switch at a certain low temperature to avoid equipment
damage, and icing on blades can force them offline. Solar panels perform well during cold
events, but snow and ice can reduce output and potentially damage the equipment. Severe
cold temperatures and ice build up can also damage transmission infrastructure, threatening
power outages.

Hurricanes

Among the most consequential extreme weather events for power outages are hurricanes. In
2024, an above-average hurricane season left millions of US customers without power (NOAA
2024a). The back-to-back Hurricanes Helene and Milton left 1.3 and 3.4 million Florida
customers, respectively, without power as a result of wind and flood damage to electricity
infrastructure (Simonton 2024). Over the last four decades, the rate at which hurricanes
intensify has increased, resulting in higher storm surge and heavier rainfall (Marvel et al.
2023).
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In a high global warming emissions scenario, the Electric Power Research Institute (EPRI) in
collaboration with the Pacific Northwest National Laboratory (PNNL) projects significant
increases in hurricanes—and severe power outages—along the entire Eastern seaboard and for
all the Gulf states, with particularly large increases projected in parts of Florida, Louisiana,
North Carolina, and Massachusetts (EPRI 2024a).

Coastal storm surge, inland flooding from extreme precipitation, high wind, flying debris, and
falling trees all have the potential to take power plants and transmission infrastructure out of
operation. When Hurricane Harvey struck the Gulf Coast of Texas in 2017, for example, it
brought to the southeastern part of the state 130-mile-per-hour winds coupled with more than
50 inches of rainfall. As a result, several high-voltage transmission lines were forced offline by
either high winds or flooding (EIA 2017). More than 15 electrical substations were out of
service across the local utility’s territory (Mercado 2017), and outages from the storm lasted
more than 10 days in some areas (Entergy 2018).

Compound Events

Extreme weather events often do not occur in isolation. When multiple events interact either
in space or time, they can become compound events with worse consequences than if they had
occurred alone. The Fifth US National Climate Assessment found that compound events are
likely to become more common in a warming world since extreme weather events in general
are becoming more frequent and severe across the country (Singh et al. 2023), meaning a
greater chance they will collide.

Compound hazards can have significant implications for all aspects of the power system, from
energy demand to power generation to transmission and distribution. For instance, compound
wind storms and ice storms could create far greater problems for and damages to energy
infrastructure than one type of storm occurring alone (EPRI 2024b). Similarly, a heat wave-
drought combination can place enormous stress on the energy grid (Zeighami et al. 2023).
Rising temperatures drive up electricity demand for cooling while drought conditions reduce
output from hydropower and thermal generators, increasing the risk of blackouts. When
wildfires are followed by heavy rain—which is more likely to occur in the western United
States in a warming world (Touma et al. 2022)—flooding, debris flows, and erosion (EPRI
2024b) further compromise already weakened energy infrastructure, delaying repairs and
prolonging outages.

The growing risk of compound events—and isolated extreme weather events of various types—
elevates the need for focused efforts on electrical system planning that capture all these risks
and enable smart investment decisions to boost resilience. We must plan, invest in, and build
our bulk transmission system in ways that are responsive to the myriad risks climate change
presents.

What Does Resilience Look Like?

Reliability vs. Resilience

The increased frequency and severity of extreme weather events fueled by climate change are
forcing us to change how we plan for and ultimately invest in the bulk electric system. No
longer is it sufficient to plan a system that is simply reliable under typical conditions. The
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system must also be resilient to “high-impact, low-frequency” (HILF) events that have an
outsize impact on the system and create the risk of large-scale or extended power outages that
bring significant economic and societal costs (NERC 2024b). While definitions of resilience
vary, most include the core elements of the system’s ability to (1) anticipate, (2) prepare for,
(3) withstand, and (4) recover from a HILF event (see Table 1).

Table 1. Reliability and Resilience Are Each Important but Not the Same

Reliability Resilience

The ability to meet the electricity The ability to anticipate, prepare for,
needs of end-use customers A withstand, and recover from high-

. . Definition .
during typical day-to-day impact, low-frequency events and
conditions and routine uncertainty disruptions
Uncertainty associated with High-impact, low-frequency events
fluctuating load and generation, that represent extreme operating
fuel availability, and failure of Event Characteristics | conditions and apply significant
assets under typical operating stress to a system over a large scale
conditions
Seconds to hours Outage Duration Days to months
Localized over a relatively small Covering a large geographic region

geographic area
(e.g., a facility, campus, or
neighborhood)

Spatial Extent (e.g., states, regions, or islands)

Losses largely limited to those Losses arising from both lost load
resulting directly from unserved Economic Losses and cascading impacts on the
load economy and public health

Reliability and resilience represent two different challenges that require different approaches for
transmission system planners and operators to address in a cost-effective manner.

Source: Adapted from Hotchkiss, Grue, and Petty 2023

Today’s system planning processes largely fail to account for the full range of potential HILF
events that can cause long-duration, widespread power outages. The entities responsible for
planning and building out transmission systems have typically designed the bulk power system
considering only the so-called credible (or “average”) outages that represent the routine,
shorter-term events expected during day-to-day operations.

In contrast, a resilience approach typically focuses on HILF events that can cause multiple
instantaneous or cascading component failures and affect a significant number of customers,
often spanning a wide geographic area. Three core elements to resilience planning are
understanding (1) the hazards the system might be exposed to, (2) the vulnerabilities the
current system shows regarding those hazards, and (3) the likelihood of those events
occurring, and perhaps simultaneously occurring, over time. System planners who grasp these
three elements can make smarter investment decisions to bolster the resilience of the system.
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Regional and Interregional Transmission: Key Elements of Resilience

Regional and interregional transmission—the larger, high-voltage bulk transmission lines that
connect multiple utility service territories or that strengthen the system across large
geographic regions—is critical to building a more resilient system alongside local or
community-level investments. Regional and interregional transmission systems enable access
to a broader, more diverse set of resources located further from areas affected by extreme
weather and provide redundancy within the system so that no community is overly dependent
on a single transmission line for electricity delivery. If properly planned and built, regional
and interregional transmission investments can help limit the potential for extended or
widespread power outages and assist in the timely restoration of the critical infrastructure
supplying the power communities rely on (Goggin 2021).

When the transmission system performs well during extreme weather events, it saves money
as well as lives. As the system becomes stressed because of power plant and transmission
outages, often in tandem with rising demand, electricity prices rise quickly as system
operators seek out every available resource that can deliver energy to the affected areas.
Because of this dynamic, electricity prices during extreme weather events can be a good
indicator of whether the system is at risk of not meeting demand and if it may need to limit or
shut down power to communities. During Winter Storm Uri in 2021, for example, additional
high-voltage transmission capacity into Texas could have saved consumers billions of dollars
while helping to maintain power to communities, keeping them safe (Goggin 2021; Texas
Department of State Health Services 2021).

Over the last five years, analyses by federal agencies tasked with ensuring a reliable power
supply have come to similar findings on the importance of regional and interregional
transmission during extreme weather events. A Federal Energy Regulatory Commission staff
report to Congress emphasizes that high-voltage transmission improves the resilience of the
bulk power system by allowing utilities to share generating resources, enhances the stability of
the existing transmission system, and aids with restoration and recovery after an event (FERC
2020). In 2024, the Department of Energy’s National Transmission Planning Study determined
that the build-out of additional interregional transmission supports the power system during
extreme weather events, decreasing the potential for power shortages (DOE 2024). The North
American Electric Reliability Corporation (NERC) arrived at the same conclusion in its 2024
Interregional Transfer Capability Study, in which it determined that interregional
transmission mitigates extreme conditions and reduces the likelihood of energy deficits during
extreme weather (NERC 2024b).

Despite these recognized benefits in improving power system resilience, the construction of
higher-voltage regional and interregional transmission has declined significantly over the past
decade, even as overall spending on the transmission system has increased (Shreve,
Zimmerman, and Gramlich 2024). In some regions of the country, no regional or interregional
investments have been approved at all over the past decade, as investments have largely
focused on local projects that tend to be easier to build and more profitable for local utilities.
This trend must be reversed to enable more resilient outcomes for all.
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Tools for Guide Smart Investments in Resilience

Science-informed planning is key to maximize the well-documented potential resilience
benefits of regional and interregional transmission and achieve the prepare-withstand-recover
criteria that define resilience. System planners must understand

e the risks facing the system from future extreme weather events,
e the likelihood of those risks materializing over time, and

e how various system investments could mitigate risks to an acceptable level for the
communities being served by the system (and that typically pay for those investments).

Fortunately, recent advancements in science and analytics can inform smart decisionmaking
to improve the resilience of the bulk power system. Advances in climate science over the last
decade have brought more certainty about the future in a warming world (Gillett 2024).
Readily available datasets now provide detailed, local information about how the climate—
both average and extreme weather—is expected to change in the coming decades and in the
longer term under different global warming scenarios. Climate science has also evolved to tell
us in real time how climate change is contributing to the weather we experience on any given
day by using tools like Climate Central’s (n.d.) Climate Shift Index, as well as how it is
contributing to destructive events by applying research from initiatives such as World
Weather Attribution (n.d.).

As a result of climate science advancements, a plethora of resources are available to support
the industry in better planning for climate change. Table 2 summarizes several of these
resources and datasets. Many other resources and datasets that concern different climate
variables or that are specific to locations, communities, or industries are available to help
system planners understand the risks climate change poses to the system.
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Table 2. Existing Resources Can Support Power Sector Climate Planning

Source Product Content ' Link
Electric Climate READi | Tools for applying climate information | www.epri.com/
Power in the electricity sector; detailed research/sectors/readi
Research datasets on evaluating local climate
Institute change impacts as well as an analysis
(EPRID) of how hurricane-induced power
outages are expected to change in a
warming world
US Global Fifth National County-level datasets for various nca2023.globalchange.gov
Change Climate climate variables (e.g., temperature,
Research Assessment precipitation, coastal inundation) under
Program different global warming scenarios;
(USGCRP) reports, including one specifically
about the US energy system
US Forest Understanding | Data on where infrastructure and research.fs.usda.gov/nrs/
Service the Wildland- wildland vegetation intermingle; fire/wui
Urban Interface | relevant to wildfire planning
(WUl
Union of Killer Heat in County, state, and regional data on WWW.ucs.org/resources/
Concerned the United how the heat index, or “feels-like” Killer-heat-united-states-0
Scientists States temperature, is projected to change
(ucs)
Union of Looming County, state, and national data on WWW.Ucs.org/resources
Concerned Deadlines for infrastructure at risk from sea level rise | looming-deadlines-
Scientists Coastal coastal-resilience
(UCS) Resilience

Advances in climate science and analytic methodologies in the last decade, and resources such as these,
can support transmission system planners in understanding the risks posed by climate change and
identifying cost-effective solutions to adapt to that risk.

Even with a better understanding of extreme weather risks, system planners need to be able to
incorporate these risks along with climate change projections into the models they use to
understand system performance and identify preferred investment strategies. These models
typically focus on minimizing costs while maintaining reliability under various assumptions
about the future, such as load growth projections, changes in the resource mix, or state and
federal policies being implemented over the coming years. Historically, system planners
largely have not incorporated climate change into their modeling of future conditions.

This is beginning to change, but not quickly or robustly enough to meet the challenge. In some
cases, system planners are now including one or more “extreme weather” scenarios as a
system “stress test,” but these are typically limited to a single extreme weather event, the
details of which are usually based on historic events rather than future projections. This
approach is woefully insufficient to capture the full range of risks that extreme weather poses
over the coming decades.

Fortunately, improvements to computing power and analytic processes can help system
planners better incorporate extreme weather risks into their modeling efforts. For example,
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EPRI (2024c) developed a framework for incorporating climate data into current power
system modeling practices. And the Department of Energy created the Extreme Stress
Analysis Framework while conducting its National Transmission Needs Study, providing a
tool for better representing extreme weather risks in transmission system planning (DOE
2023).

Another emerging field in transmission system planning is probabilistic modeling that
incorporates probability distributions for extreme weather events and indicates the likelihood
of different outcomes, including compounding events (Webb, Panfil, and Ladin 2020). This
probability-based approach is crucial for system planners. The decision to invest in resilience
measures for an event likely to happen every one or two years is fundamentally different from
trying to protect against an event that may happen every 25 or 50 years. These probabilistic
projections better inform the understanding of where, when, and how infrastructure will be
affected by extreme weather events and therefore lead to a better understanding of what
investments will provide the most benefits or avoid the most harms to communities.

Recommendations

Climate change presents real risks to the US energy system and the communities it serves, but
many science-based tools are available to system planners to help them prepare for these risks.
System planning processes must evolve to integrate scientific advances to account for these
risks. To that end, we offer transmission system planners and operators the following
recommendations:

e Assess climate risks. Conduct forward-looking, science-informed climate risk
assessments using the best available, properly scaled climate data that project impacts
at least 30 years into the future and across multiple emissions pathways to capture a
reasonable range of extreme weather risks.

e Acknowledge the role of fossil fuel reliance in exacerbating grid vulnerabilities to
extreme weather. Maximize the value and impact of resilience investments by
integrating transmission planning with actions that accelerate the transition away
from fossil fuels.

¢ Reform planning processes. Establish transmission planning processes that analyze a
broad range of potential future conditions, including extreme weather risks and other
key drivers of change, such as demand growth, electrification, and the transition to
clean energy. Planning processes should be the foundation for cost-effective
investment in the transmissions system to build resilience to climate change and
extreme weather.

e Collaborate with researchers. Greater collaboration between climate science
researchers, electricity systems researchers, system planners, and decisionmakers can
help develop the tools required for robust planning, ensure their workability from day
one, and facilitate rapid adoption by the planning community.
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Box 1. Whose Responsibility Is Regional and Interregional Transmission Planning?

Order No. 1000

Transmission Planning Regions
Califermia IS0 {CAISO)

ColumbiaGrid

ColumbiaGrid Non-Enrolied Members

Forida Reliabilty Coordirating Coundl {(FROC)

150 New England [ISONE)

Midcontinent 150 {MISO)

Mew York 150 (NYISO)

Northem Tier Transmission Groug {NTTG)

Mot Part of Order No, 1000 Region

PIM

South Carolina Regianal Transmision Planaing (SCRTF)
Southeastern Regional Transmission Planning (SERTP)
Souttwwest Power Poal (SPP)

WestConnect

WestConnect Non-Enralled Members

approximate the scope and location
of the transmissicn planning regicn,

The colored areas are intended to
but are fer ilustrative purpeses onfi.

The responsibility to conduct regional transmission planning and coordinate planning across regions
is held by FERC-recognized transmission planning regions. In much of the country, these are
represented by RTOs and ISOs. In other regions, such as the Southeast, very little planning is done at
the regional level.

Source: FERC 2024

Across much of the country, FERC-approved regional transmission organizations and
independent system operators (RTO/ISOs), such as MISO and PJM, are responsible for
conducting regional transmission planning and for coordinating this planning across regions.
These entities also operate their respective regional transmission systems and the wholesale
energy markets that allow resources to be shared to more efficiently meet power demands.
In non-RTO/ISO regions, such as the Southeast Regional Transmission Planning (SERTP)
region, the regional transmission planning entity plays a much more limited role, committing
only nominal efforts to coordinated system planning (Mahan 2023).

In the RTO/ISO regions, local utilities are typically responsible for proposing projects that
address near-term and local needs, such as connecting new loads or new power plants to the
system or meeting local reliability needs. But it is the RTO/ISOs that have the authority,
technical capability, and region-wide perspective necessary to do forward-looking, region-
wide planning of the bulk transmission system. RTO/ISOs are also well suited to coordinate
with their neighbors on interregional planning.
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Once transmission plans are approved by the responsible entity in the transmission planning
region, the states within that region have the ultimate authority to site and permit approved
projects through their jurisdiction over local utilities and hold the responsibility to ensure
investments are in the best interest of ratepayers. These overlapping roles means that
RTO/ISOs, states, and utilities must work together on regional and interregional
transmission system planning to ensure that their efforts lead to the construction of the cost-
effective investments identified through that planning process.

Communities Experience Outages Differently

System planners identify emerging climate risks to the energy system and evaluate risk
mitigation options, but they must also focus on the communities and populations most
vulnerable to extended power outages. Without this focus, solutions designed at the system
level risk perpetuating inequities and undermining efforts to provide equitable access to a
reliable and resilient energy system.

Extreme weather has caused 80 percent of the major US outages—those affecting at least
50,000 customers—from 2000 to 2023, with the frequency of weather-related outages nearly
doubling in the 10-year period of 2014-2023 compared to 2000-2009 (Climate Central 2024).
The data show that most resulted from high winds, rain, and thunderstorms (58 percent),
winter storms (23 percent), and tropical cyclones, including hurricanes (14 percent). While
extreme weather poses significant risks on its own, the loss of electricity can transform these
events into prolonged crises. In a power outage, communities experience cascading
disruptions that permeate every aspect of daily life, which is further evidenced to
disproportionately affect low-income households, medically vulnerable individuals, and
marginalized populations (Ganz, Duan, and Ji 2023). As power outages grow more frequent
and longer, they not only expose inequities in energy access and resilience—they deepen them.

To effectively mitigate the risks of extreme weather and prolonged power outages, it is
necessary to recognize that these challenges are driven by both climate change and structural
inequities within our energy system. Like many other US systems, the energy sector reflects a
history of racialized policymaking that has shaped how risk and investment are distributed.
This unequal landscape has resulted in decades of discriminatory policies, including redlining,
exclusionary zoning, and unequal infrastructure investments (Solomon, Maxwell, and Castro
2019), that have concentrated environmental burdens in low-income communities and
communities of color (Cushing et al. 2023).

The 1930s practice of marking certain borrowers as high-risk for loans led to “redlining”
borrowers of color out of White neighborhoods and underinvesting in areas where they were
permitted to live (Rothstein 2017; Winling and Michney 2021). Even after redlining was
outlawed through the 1968 Fair Housing Act, many Black and Brown communities continued
to experience systemic disinvestment, resulting in aging housing and infrastructure—a legacy
that persists today (Clapper et al. 2024; Milletich et al. 2025).

Redlining fundamentally shaped the built environment, structuring where and how

neighborhoods were planned, developed, and invested in, in ways the country is still
reconciling. Many residents of historically redlined or low-income neighborhoods live in
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rental housing, often in older, poorly maintained buildings or public housing, and have little
control over outdated electrical systems, poor insulation, and inefficient HVAC infrastructure.
These conditions all contribute to higher energy burdens, meaning a disproportionate share of
household income goes toward heating, cooling, and electricity (UCS 2024). These same
neighborhoods also tend to experience more extreme urban heat island effects due to the lack
of tree cover and green space, compounding both health risks and cooling needs (Bird 2022).
This heightened exposure reflects a broader pattern of housing insecurity and disinvestment
that particularly affects Black and Brown renters (DeLuca and Rosen 2022; Milletich et al.
2025).

When extreme weather occurs, such homes heat up or cool down faster and their systems fail
more often, leaving residents less protected. These risks are not just the result of aging
buildings, but they are reinforced by policy. Exclusionary zoning laws, such as those that
prohibit more affordable and diverse housing options, compound the problem by segregating
low-income families and families of color into specific districts and excluding them from
newer, well-resourced suburbs (Airgood-Obrycki, Maaoui, and Wedeen 2025). Over time,
these policies have shaped energy infrastructure investments, resulting in stark disparities:
wealthier and predominantly White areas have received modernized energy systems, like
modern distribution lines and backup resources, whereas redlined and economically
disenfranchised neighborhoods have seen their systems stagnate and deteriorate (Emiel 2024).

The influence of these policies extends beyond infrastructure; they continue to contribute to
socioeconomic conditions that weaken community resilience during prolonged outages.
(Andresen et al. 2023; Dugan, Byles, and Mohagheghi 2023). Consequently, numerous
communities facing the greatest risks from outages are affected by systemic barriers that
hinder their ability to withstand and recover. These barriers include:

e limited financial resources that restrict access to backup power and relocation options
during crises;

e aging and poorly insulated housing, which can lead to increased exposure to extreme
temperatures when heating and cooling systems fail;

e greater reliance on public transportation, which can become inoperable during power
outages, thus limiting mobility;

e higher rates of chronic illness and disability, often necessitating electricity-dependent
medical devices;

e limited access to grocery stores and pharmacies, directly exacerbating food insecurity
when refrigeration or supply chains are disrupted;

e reduced political and economic influence, which can result in longer delays in power
restoration and fewer investments in resilience; and

e cumulative environmental and health burdens, such as exposure to pollution, toxic
substances, and legacy contamination, which, when combined with social stressors like
housing insecurity and poor health care access, amplify a community’s overall
vulnerability during outages.
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When Power Outages Hit Vulnerable Communities

In the first hours of a power outage, impacts can be immediate and life-threatening, especially
for those reliant on electrically powered medical devices, such as ventilators, oxygen
concentrators, and dialysis machines (EPA 2022; Lathan 2024). Even a brownout, which is a
temporary drop in voltage rather than a full loss of power, can cause medical equipment to
malfunction, lights to flicker, and refrigeration systems to weaken. When refrigeration is lost,
temperature-sensitive medications like insulin begin to degrade, increasing risks for people
with chronic conditions. Unlike blackouts, which involve total loss of power, brownouts often
occur when utilities intentionally reduce voltage to prevent a total grid failure, typically
during heat waves or other high-demand periods. Our aging infrastructure makes these
disruptions more frequent and unpredictable (NERC 2023).

These risks are not experienced equally across communities. Research shows the use of
electricity-dependent medical devices to be more prevalent among individuals with lower
socioeconomic status, who often face additional barriers to backup power or medical support
during outages (Casey et al. 2020; Casey et al. 2021). A 2020 national study of over 12,000
census tracts found that areas with higher historic redlining scores had significantly higher
rates of chronic illness, poverty, and social vulnerability, highlighting how structural racism
continues to shape community health outcomes (Richardson et al. 2020).

Lower-income patients are also more likely to rely on public health care facilities (e.g.,
community clinics, public hospitals) that may lack reliable backup power, compounding the
challenge of managing medical needs during outages. For example, after Hurricane Maria
made landfall in Puerto Rico, over one-third of hospitals on the island had no electricity for
months, severely limiting care for those who could not afford to seek it elsewhere (Rodriguez-
Madera et al. 2021; Seervai 2017).

As an outage extends from hours into days, an already difficult situation can turn into a public
health emergency. Many low-income households are less likely to have basic emergency
supplies (e.g., food, water, medications) for even a three-day outage (Casey et al. 2020). Food
insecurity rises as perishable goods spoil, leaving families who cannot afford to replace
groceries without options. In areas where there is already limited access to healthy and
affordable food, blackouts can further limit access to fresh food, especially when local grocery
stores, supermarkets, and distribution centers shut down. Water access becomes another
serious concern. If the power fails at water treatment facilities, communities may go for days
without access to safe drinking water and struggle to afford bottled water to replace it (Ganz,
Duan, and Ji 2023). After Hurricanes Irma and Maria in 2017, some communities in Puerto
Rico endured water service disruptions for more than nine months (Roque et al. 2021).

Those without transportation or the financial resources to relocate remain in worsening
conditions. When Hurricane Beryl made landfall 100 miles south of Houston, Texas, in July
2024, its strong winds and heavy rainfall caused widespread devastation, leaving over 2.7
million households and businesses without power in the Houston metro area (NOAA 2024b).
The extended outage, intensified by the summer’s extreme heat and humidity, aggravated food
insecurity for groups most vulnerable to these conditions, including older adults, individuals
confined to the home, immigrants, and families with children.

Emergency planning research shows that socially vulnerable populations are less likely to
evacuate during disasters and prolonged outages, often because they lack access to vehicles,
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have other mobility challenges, or encounter language barriers (Franklin 2023; SAMHSA
2017). When emergency updates and alerts are not issued in multiple languages, non-English
speakers lack critical information on evacuation orders, shelter locations, and safety measures
(Uekusa and Matthewman 2023).

When power outages extend for weeks or longer, such as after a major hurricane, winter
storm, or wildfire, the long-term consequences erode community resilience. Multiweek
blackouts create multifaceted, cascading crises. In lower-income neighborhoods, children face
amplified challenges, including emotional trauma tied to housing instability, food insecurity,
parental job loss, and social disconnection, all factors that widen learning gaps (GAO 2022;
Wakeman 2024). Housing also becomes more precarious as public housing units and rental
properties often face delayed power restoration, leading to temporary displacement and added
financial pressure on tenants (Do et al. 2023; Ganz, Duan, and Ji 2023). In some cases, repeated
long-term outages accelerate patterns of disinvestment and displacement, pushing residents
out of their communities altogether (Coleman et al. 2023; Foster 2024; Yabe and Ukkusuri
2020). Meanwhile, public transit service shutdowns prevent residents from accessing work,
health care, and emergency shelters, further compounding hardship for those with the fewest
resources (Yabe and Ukkusuri 2020).

Economic, Physical, Emotional, and Societal Costs of Outages

The economic consequences of prolonged power loss can heighten existing inequalities. Local
economies stall, small businesses shutter, and workers lose wages, leading to lasting financial
downturns (Andresen et al. 2023; Sanstad et al. 2020). Workers in industries such as food
service, retail, and manufacturing, sectors that disproportionately employ people of color and
low-income individuals, often lack paid leave and face immediate financial strain when
outages persist (Bruess 2024).

In addition, extreme weather can trigger unpredictable energy price spikes and higher utility
bills, particularly in regions with fragile infrastructure or deregulated markets.? These sudden
costs increase the energy burden on low-income households, many of whom face difficulty
between paying energy bills and covering basic needs. Research shows that low-income
households are far less able to increase their energy spending during periods of extreme heat
or cold, often cutting back on food or forgoing cooling altogether (Doremus, Jacqz, and
Johnston 2022; Lei and Xu 2025). This financial precarity makes prolonged outages even more
dangerous and recovery more difficult because transmission system failures are often
preceded by severe energy price spikes.

In another clear disparity, power restoration is often prioritized based on economic activity
rather than human vulnerability, leaving lower-income communities waiting longer for
essential services to be restored (Ganz, Duan, and Ji 2023). In 2021, after Hurricane Ida caused
catastrophic damage to Louisiana’s grid, over a million residents were left without electricity
for weeks (EIA 2021; Morris 2021). With temperatures exceeding 100°F, many residents,
especially in low-income areas, endured extreme heat without air conditioning. Entergy, the
local power company, failed to restore power to more than 80 percent of residents within the

2 Deregulated markets are those where the state has privatized power generation and relinquished authority
to set wholesale electricity prices. Texas as well as many Mid-Atlantic and Northeast states have
deregulated markets. In these states, when power shortages occur and energy prices spike, there are no
regulatory protections to ensure energy prices remain affordable for consumers.
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first week after the storm, and in some areas, thousands remained without electricity a month
later (Bisaha 2021; National Low Income Housing Coalition 2021). Public housing and rental
properties were often the last to be repaired, leaving families displaced and relying on shelters
or temporary housing (Kutz 2023).

Beyond financial harm, prolonged power outages take a serious toll on people’s physical and
mental health. Homes can quickly become uninhabitable in extreme temperatures. In colder
months and during winter storm events, losing power means losing heating. This can
sometimes force residents to rely on unsafe alternatives, such as gas stoves or improvised fires,
increasing the risk of carbon monoxide poisoning and house fires (CDC 2024; Louzon and
Lysouvakon 2023). In summer, especially during heat waves, access to cooling can mean life or
death. During the 2021 Pacific Northwest heat wave, an estimated 500 excess deaths above
normal occurred across the region—many of people in their homes without air conditioning
(Mass et al. 2024; White et al. 2023). Risks to human health during heat waves are particularly
pronounced in older buildings with poor insulation or no cooling, where indoor temperatures
can reach fatal levels (Hampo, Schinasi, and Hoque 2024).

For individuals with disabilities or mobility challenges, outages can mean being trapped in
their homes without access to elevators, life-sustaining medical equipment, or other essential
assistive devices (S. Collins 2019). Those living in communities already burdened by
environmental pollution and substandard housing face even greater health risks, further
compounding existing vulnerabilities. In addition to these physical dangers, the mental health
impact can be profound (Andresen et al. 2023). The longer essential services like electricity
remain unavailable, the greater the risk of heightened stress, anxiety, depression, and, in some
cases, post-traumatic stress disorder (Rubin and Rogers 2019).

Compounding and Cascading Events

Compounding and cascading events challenge the capacity of energy systems and deepen
existing inequalities in how communities experience and recover from disaster. While isolated
weather events are devastating on their own, compounding weather events can create even
more complex and long-lasting challenges (Moddemeyer, Sobhani, and Oztekin-Gunaydin
2022). When extreme weather events occur back-to-back or simultaneously, they strain power
generation, destabilize infrastructure, and weaken emergency response systems, making
recovery much harder (Goncalves et al. 2024).

Florida’s 2024 hurricane season is a clear example. Multiple storms hit the state in just over
two months—Debby (Category 1) in early August, Helene (Category 4) in late September, and
Milton (Category 3) in early October. The rapid series of storms left communities with little
time to rebound between disasters and kept Florida in a near-constant state of response and
recovery (Landis 2024; Office of Resilience and Coastal Protection 2025). For residents already
living paycheck to paycheck, the repeated trauma of storms led to a surge in anxiety,
nightmares, and signs of post-traumatic stress (Garfin et al. 2022; Meyers 2024).

By contrast, cascading events are primary events like heavy rainfall, seismic activity, or rapid
snowmelt that cause a sequence of secondary impacts, often amplifying the overall damage
(Moddemeyer, Sobhani, and Oztekin-Gunaydin 2022). The 2023 Maui wildfires are an example
of both compounding and cascading events. Although strong winds from Hurricane Dora may
have contributed by bringing down power lines, the long drought and hot, dry summer—
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worsened by climate change—created the conditions for fires to ignite and spread rapidly,
damaging infrastructure and overwhelming emergency response (County of Maui Department
of Fire and Public Safety 2024; Dance 2023). A University of Hawai‘i survey reveals that the
share of fire-affected households living below the poverty line more than doubled after the
fires, rising from 14 percent to 29 percent, over three times the county average in 2023,
underscoring the deep economic toll on residents already vulnerable to the droughts’ effects.
More than a year after the disaster, poverty, unemployment, rent costs, and housing instability
remained widespread. The survey notes that 80 percent of residents were displaced, nearly
half left West Maui entirely, and many still lacked basic support (Bond-Smith et al. 2024).

Challenges to Incorporating Equity in Resilience

Despite growing recognition of disparities in vulnerability to power outages, current resilience
planning often falls short in addressing this issue. This is due to not only data limitations but
also deeper structural issues in how risk and recovery are prioritized. Research shows that
limited access to granular, real-time power outage data, which are often withheld by utilities
on the grounds of confidentiality, creates significant information asymmetries between
utilities and local governments. These gaps in data availability and transparency continue to
hinder efforts to design resilience strategies responsive to community-level needs (Dugan,
Byles, and Mohagheghi 2023).

Even when data are available, they are often too coarse to reflect neighborhood-level
disparities. Census tract or zip code data (~4,000 people) are often too broad to reveal block-
by-block differences in grid vulnerability. Without more granular, validated data at the level of
the distribution grid, system planners risk misallocating resources, thus overlooking those
most at risk and unintentionally worsening existing inequities (Dunn et al. 2019; Maes et al.
2023).

The challenge is not just technical. Standard grid restoration procedures prioritize critical
infrastructure, then commercial and industrial customers, and finally, residential areas—
regardless of those communities’ social and economic vulnerabilities. While designed for
efficiency and public safety, these routines can overlook the compounding risks faced by
communities that are more physically isolated or have weaker infrastructure (Ganz, Duan, and
Ji2023). And their residents do not have much recourse, as most grid planning processes
remain top-down with limited transparency and few opportunities for meaningful community
participation, particularly from frontline and environmental justice communities (Byers et al.
2023).

A persistent disconnect exists between large-scale grid planning and local resilience efforts.
Community-driven solutions, such as microgrids, resilience hubs, and mutual aid networks,
are often overlooked or underfunded in regional planning processes. And even when equity is
referenced in planning documents, few accountability tools exist to track whether those
commitments translate into meaningful, measurable outcomes.

Ultimately, resilience that fails to account for who is vulnerable, and where and when they are
vulnerable, is likely to be maladaptive. Without a clear commitment to data transparency,
community-driven decisionmaking, and equity-focused metrics, resilience strategies may end
up reinforcing the very disparities they aim to address.
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How to Work toward Equity in Resilience-Based Grid Planning

Equity in resilience planning starts with recognizing and addressing the unique vulnerabilities
and capacities that put some populations at greater risk of harm when grids fail. Many existing
frameworks prioritize system-wide efficiency and reliability but fail to account for the
disparities in resources, infrastructure, support, and lived experience that leave some
communities far less protected from the outcomes of grid failure than others (Twitchell et al.
2022; Kazimierczuk et al. 2023).

Resilience planning requires a shift away from traditional system-wide efficiency frameworks
toward an approach grounded in the broader concept of energy equity. Energy equity calls for
the fair distribution of risks and benefits across the energy system while addressing systemic
disparities in how energy systems are developed, maintained, and accessed across different
communities (Gastelum 2023). Advancing energy equity in resilience planning means building
systems, technologies, procedures, and policies that not only withstand disruption but also
reduce harm for those most affected historically. It also requires defining clear equity
objectives, creating metrics that reflect real-world community impacts, and giving regulators
the tools to ensure those goals shape utility decisions (Kazimierczuk et al. 2023).

For equitable and just resilience, system planners must consider both the capacity of energy
infrastructure—such as the electric grid—to withstand and recover from extreme weather
events and the capacity of communities to prepare for, adapt to, and recover from these
disruptions. As planning frameworks evolve to address resilience and adaptation, system
planners should take note of how equity is—and is not—embedded in their existing resilience
planning. Without meaningful metrics that capture both dimensions, system planners risk
overlooking critical vulnerabilities, and the subsequent resilience strategies may fail to serve
those most at risk (Byers et al. 2023).

Resilience planning will require moving beyond the traditional metrics that utilities typically
use to guide restoration and infrastructure investments, like overall load or the number of
customers served. While these metrics maximize system efficiency, they often neglect the
most vulnerable when the grid fails. Consequently, densely populated or high-demand areas
may be prioritized over communities with greater health, economic, or housing-related risks.

Including in resilience planning indicators such as household income, access to essential
services, housing quality, and exposure to environmental risks is essential. These indicators
align with broader climate resilience principles, which emphasize reducing systemic risk
through systems thinking, planning for future climate conditions, and centering in
decisionmaking those who are affected most. Resilience strategies should be shaped with
communities, not for them. They must also account for the long-term costs of inaction
(Spanger-Siegfried et al. 2016). These dimensions better reflect which communities are least
equipped to endure prolonged outages. System planners can take this notion further by
applying equity across four dimensions (Twitchell et al. 2022):

e Recognizing the historical harms of past infrastructure decisions
e Analyzing how costs and service disruptions are distributed

e Ensuring procedural inclusion through meaningful engagement, representation, and
capacity building
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e Prioritizing restorative action, such as retiring polluting infrastructure in
overburdened communities and evaluating alternatives that bring restorative outcomes

In short, community well-being must be treated as central—not secondary—to system
performance.

To build truly resilient energy systems, system planners must engage meaningfully with the
communities most affected by disruptions. This means not only gathering input but also
following energy democracy principles so that communities have real power, ownership, and
voice in shaping the systems that affect them. Energy justice frameworks remind us that
equity is about both the outcomes and the process: who decides, who benefits, and who is
accountable. While this report focuses on grid resilience through an energy justice lens, it is
important to recognize that energy justice, environmental justice, and climate justice are
interconnected pillars of the broader just transition framework (See Box 2).

Box 2. Energy Equity Is a Key Component of the Just Transition Framework

The just transition framework encompasses environmental justice, climate justice, and
energy justice to ensure that the shift to a sustainable energy future actively addresses
historic inequities rather than reinforces them (UCS 2025a).

Environmental justice focuses on the fair treatment and meaningful involvement of all
people in environmental decisionmaking, especially communities historically burdened by
pollution and environmental hazards.

Climate justice emphasizes that those least responsible for climate change—often
marginalized communities—are also the most vulnerable to its effects. It calls for policies
that prioritize these communities in climate adaptation and mitigation efforts.

Energy justice, as this report emphasizes, centers on who has power, who bears the costs,
and who benefits in our energy systems. This means fair access to clean energy, affordable
rates, and community participation in decisionmaking, particularly in building resilience
against grid disruptions.

Together, these principles deepen our understanding of the systems and processes that
shape energy access, distribution, and resilience, highlighting both the structural barriers
that have produced disparities and the opportunities to create more just and sustainable
solutions (UCS 2025b).

Centering Community Wisdom in Resilience-Based Grid Planning

Frontline and fenceline environmental communities have long borne the brunt of
environmental burdens and power outages—impacts that are worsening as the climate crisis
accelerates (Sultana 2021; Tuck 2009). For these communities, resilience is not an abstract
concept; it is a lived necessity. Yet, too often, grid planning processes are developed from the
top down, relying on limited engagement mechanisms that fail to reflect the knowledge,
priorities, or lived experiences of the people most negatively affected by the decisions made
(Byers et al. 2023).
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A truly equitable approach to grid resilience must be rooted in the wisdom and self-
determination of communities themselves. This means

e honoring Indigenous sovereignty and place-based knowledge systems that offer
generations-deep understandings of land, climate, and resilience (Maldonado et al.
2016);

e recognizing the leadership of community-based organizations that are developing
solutions like resilience hubs, local microgrids, and mutual aid networks; and

e understanding and supporting energy democracy so that communities have a
meaningful voice, decisionmaking power, and ownership in the systems meant to serve
them (Gastelum 2023).

To move toward a more community-centered model, the communities, states, utilities, and
RTO/ISOs ultimately responsible for building a resilient electricity system must reimagine
engagement not as a formality but as a relationship. Proactive, iterative, and trust-based
collaboration should be the standard. System planners must partner with trusted institutions,
respect local expertise, and support community readiness with resources, capacity building,
and transparency, taking particular care to do the following:

e Develop shared governance structures that create and compensate community
advisory boards with explicit decisionmaking power (Kazimierczuk et al. 2023).

o Engage early, including reaching out before plans are drafted to build trust and ensure
that community priorities guide project design (Ellickson 2024).

e Align with local resilience efforts so that bulk system investments support rather
than override community projects, such as resilience hubs and electrification goals
(Ross and Day 2022).

e Support community capacity by including funding for technical assistance, providing
translated and simplified planning tools, and compensating communities for their time
and expertise (EPA 2023; UCS 2024).

e Embed accountability tools by using equity impact statements, resilience benefit-cost
ratios, and dashboards so that outcomes are community informed and track progress
transparently over time (Byers et al. 2023).

Rethinking One-Size-Fits-VOLL

What is the value of not having your power go out for two hours? What would you pay to avoid
a two-day outage? System planners, who must strike a balance between the cost of an
investment and the benefits it provides, or the costs it avoids, regularly attempt to factor these
questions and their answers into transmission build-out plans.

Today, the industry relies on the “value of lost load” (VOLL), a metric meant to capture the
societal benefits of reduced power outages as a dollar amount that can be inserted into a cost-
benefit evaluation of a potential system investment. It is typically represented as a dollar
amount per unit of electricity, such as dollars per megawatt-hour, or $/ MWh (Gorman 2022).
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The most common way to calculate VOLL is through surveys that ask a statistically
representative sample of customers about their willingness to pay for reliable electricity
service under various circumstances.

Using VOLL is convenient for system planners, but it has significant shortcomings that must
be addressed if the objective is to build a more resilient and equitable power system. Using a
single number or a narrow set of numbers, which can, for example, represent residential,
business, and industrial customers separately, across a region as large as the FERC planning
regions (see Box 1), misses the significant differences in community vulnerabilities to power
outages and the variation in consumer willingness (and ability) to pay. This can lead to
underinvestment that leaves communities exposed to unacceptable risks. Accounting for
where and when outages occur and how long they last will produce different values for VOLL
that can better inform how system planners prioritize resilience investments across a region,
or even interregionally.

Another pitfall to using VOLL in investment decisions is the inherent biases that are present in
how VOLL is calculated. Measuring VOLL based on one customer’s willingness to pay to avoid
an outage indicates and assumes that the customer has the ability to pay (Gorman 2022). If
VOLL instead considers different customers’ willingness to pay, lower-income communities
may register lower VOLL based on financial constraints rather than on their level of
vulnerability to power outages (Gorman 2022). An economic approach such as willingness to
pay can also lead to perverse prioritizations, such as focusing restoration efforts on industrial
customers, who may face significant economic losses during extended outages, over
residential customers, who may face public health or even life-threatening conditions.

Even with refinement of the calculation of VOLL, the metric should be supplemented by
assessments of community-level vulnerability to extended power outages. Some of the factors
not typically captured in a VOLL methodology are public health impacts, costs of
compounding stressors on communities, disruptions caused by temporary relocations, and
differential abilities among communities to recover from setbacks (Kalra et al. 2022). Our
current methods for assigning a monetary value to the provision (or lack of provision) of
electricity are limited, and they cannot be applied accurately and equitably for understanding
how widespread or long-lasting power outages may disrupt communities.

The measures used by system planners, including VOLL and other supplementary metrics,
need to better account for health impacts, diversity of customer types, electrification and
changing technologies, effects on adjacent services (e.g., water, gas, transportation), and who
may be especially vulnerable to an outage. These considerations, whether quantitative or
qualitative, must be key inputs for valuing and prioritizing system resilience investments
(EPRI 2023). This requires inclusive planning processes that enable input from communities
and community-specific assessments.

Successful regional and interregional system planning also requires more robust coordination
among communities, utilities, and transmission system planners to identify right-sized
solutions and risk mitigation measures that meet specific community needs. Community-based
investments, distribution system level investments, and bulk transmission system investments
must be considered holistically to determine cost-effective solutions that can mitigate extreme
weather risk while meeting other needs of the system, such as electrification, decarbonization,
and improved reliability.
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To achieve more equitable and community-informed outcomes from regional and
interregional transmission planning and investment, we offer the following recommendations:

e Improve the metrics used to make decisions about transmission system
investment, such as the value-of-lost-load (VOLL) metric, to be more reflective of how
the costs of power outages vary significantly across time and space as well as among
communities.

e Complement economic-focused metrics with additional metrics or qualitative
assessments—transparently developed in coordination with local government, state
decisionmakers, and communities—that consider vulnerable communities and
populations in how we invest in a more resilient transmission system.

e Improve coordination and collaboration across transmission, distribution, and
community efforts so that regional and interregional transmission investments
complement resilience-based investments made at the utility and local levels.

¢ Make decisionmaking more inclusive and responsive to the unique needs of
communities by establishing and maintaining meaningful community engagement for
better-informed consideration of the impacts and trade-offs of different investment
options to build system resilience.

Current Planning Efforts Fall Short on Resilience

Current practices for planning and investing in the electric system reveal significant gaps and
shortcomings that ultimately put communities at risk of wide-scale, long-duration power
outages under extreme event conditions.

Box 3. Resilience Must Be Part of a Multivalued Planning Process

A wide range of benefits should be considered when evaluating transmission investment
options. Reduced operating costs, access to low-cost renewable energy resources, positive
environmental and public health impacts from a reduced reliance on fossil fuels, and
improved system efficiencies, as well as mitigated risks of climate change and extreme
weather, are all well recognized and reasonably quantifiable benefits of smart investments in
the bulk transmission system (Stenclik and Deyoe 2022). While certain investments might be
justified solely for resilience purposes to address system weaknesses and protect vulnerable
communities, in many cases, resilience considerations should be included alongside the
many other potential benefits of transmission system investments. In doing so, system
planners and decisionmakers make sound investment decisions that maximize the benefits
flowing to consumers. Some resilience investments should also be viewed as partial redress
for the harms caused by fossil fuel-driven climate change. By incorporating this
understanding, planning frameworks can more equitably prioritize new system investments.
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Federal Efforts Fail to Adequately Advance Resilience

FERC regulates the RTO/ISOs and regional transmission planning entities responsible for
regional and interregional transmission (see Box 1). In its role, the agency has recognized the
potential benefits to consumers from properly planned regional and interregional
transmission projects, including maintaining reliability, reducing electricity prices by enabling
lower-cost resources to meet demand, and helping to meet public policy requirements, such as
states’ clean energy standards (Zimmerman, Gramlich, and Hayes 2023).

FERC has attempted to promote better regional and interregional system planning with
several rulemakings over the years. Unfortunately, FERC’s efforts have not resulted in the
kind of benefits-focused or multivalue transmission planning that would ultimately meet
system needs—including improved resilience—in the most beneficial manner for consumers
(see Box 3).In 2021, FERC made an effort to drive more meaningful regional transmission
planning, recognizing that past efforts had failed to produce planning that

e incorporated a sufficiently long-term assessment of transmission needs;
e adequately accounted for expected changes to the system over time; or

e considered the broad set of benefits that new transmission system investments provide
to consumers, including improved resilience (FERC 2021).

Ultimately, FERC determined that much of the current transmission planning was either too
narrowly focused on near-term local needs or too reactive in nature and not holistic in
planning for future needs. Set in FERC’s findings was the recognition of an additional benefit
of regional and interregional transmission—that of mitigating the risks of extreme weather
events increasing in magnitude, scale, and frequency across the United States (Wayner 2024).

From these deliberations came FERC’s much-heralded Order 1920, released in 2024, that
requires forward-looking transmission system planning and investment strategies to meet the
needs of a rapidly evolving energy sector. Order 1920 requires the use of scenario-based
planning processes that analyze system needs under a variety of assumed future conditions (in
this case, 20 or more years out) that account for ongoing trends, such as increasing electricity
demand, the clean energy transition, and decarbonization commitments. As part of this order,
FERC made two explicit efforts to advance transmission system planning with respect to the
growing risks of extreme weather. It required transmission system planners to

e include analysis of the system under high-stress conditions due to an extreme weather
event as part of their modeling efforts, and

e consider the benefits of mitigating the impacts of future extreme weather events when
analyzing the economic benefits of a potential transmission investment.

Both moves, if implemented, would make progress toward consideration of climate risks in
transmission system planning while recognizing the benefits of a more resilient system. But
Order 1920 does not require anyone to build anything. It requires only the study of future
system needs and an exploration of the benefits of potential investments. Further, even with
these relatively modest requirements, the rule is currently hampered and delayed by ongoing
litigation over various provisions and the authority of FERC to impose such requirements. At
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the time of this writing, any meaningful impact Order 1920 may have on transmission planning
for resilience is uncertain.

Some progress has been made, however, with respect to new standards that will begin to
integrate the potential for extreme heat or cold events into transmission planning processes.
In June 2023, FERC issued Order No. 896, which acknowledges the increasing risks to the bulk
power system from extreme heat and cold, noting that “extreme weather events have occurred
with greater frequency in recent years, leading to load shed events that present an
unacceptable risk to life and have an extreme economic impact” (NERC 2024a). Order No. 896
directs transmission system planners and operators to evaluate systems under extreme heat
and cold conditions to identify potential weaknesses and establish corrective action plans to
help maintain reliability during these events.

While these new requirements are a step forward, key shortcomings will ultimately narrow
their effectiveness at building resilience into the system. First, the new standards are generally
near-term focused and directed primarily at localized or operational solutions that will not
drive the system-wide approach needed to meaningfully confront the challenges of climate
change. Also, the new standards address the system risks posed only by extreme heat and cold
events—not the full range of risks posed by climate change—and call for an evaluation of only
historical events to determine what conditions the system might encounter in the future. This
approach can still produce meaningful insights and is certainly better than no evaluation at all,
but a proper analysis of potential future extreme conditions must be informed by what climate
science is telling us about shifts in future conditions over time.

States Are Inconsistent at Best on Resilience

Despite limited leadership at the federal level, some states and the utilities they regulate are
taking action to improve grid resilience. But only a handful of states require their utilities to
conduct resilience planning. A mere 14 states and the city of New Orleans require electric
utilities to file some sort of resilience plan; these plans vary significantly from state to state
(Figure 2) (M. Collins et al. 2025).
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Figure 2. Too Few States Require Utility Resilience Planning
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Fourteen states and the city of New Orleans require electric utilities to file some sort of resilience plan.
Requirements vary from state to state. For example, some require a risk evaluation only for certain
events, such as wildfires, and others apply only to a subset of the state’s utilities.

Source: M. Collins et al. 2025

Best practices and lessons learned from these leading states can inform planning across the
nation. These include what processes to use to measure a system’s vulnerability to various
threats, how to incorporate unique community-level vulnerabilities and capabilities, and how
to prioritize potential cost-effective investment options to maximize resilience benefits.

With a few exceptions—notably California and New York, which have single-state RTO/ISOs—
lessons learned at the state level have not made their way up to regional and interregional
transmission planning processes. The result is a void in transmission system planning that
neglects the need for more regional- and interregional-focused resilience planning in the face
of climate change and ignores the possible benefits to communities from transmission system
investments that improve system resilience.

Time for RTO/ISOs to Do the Planning

Still, none of the hurdles or shortcomings discussed previously prevent the RTO/ISOs and
other designated regional planning entities from engaging in the types of forward-looking,
data-driven and community-centered planning processes needed to build greater resilience
into the system in a cost-effective manner. RTO/ISOs have broad latitude based on their
arrangements with member utilities to plan and approve investments to meet anticipated
system needs, including those presented by extreme weather risks. They have access to the
resources required to do robust system planning, and they have an established convening role
that enables them to include the broad range of entities whose input will be critical to success.
Currently, a hodgepodge of planning is taking place among these regional entities. Some
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employ best practices and sound processes. Other laggard regions continue to lean into a more
piecemeal, uncoordinated approach to transmission system planning.

In its 2023 Transmission Planning and Development Regional Report Card (Zimmerman,
Gramlich, and Hayes 2023), Americans for a Clean Energy Grid used multiple metrics to grade
each of the ten regions (merging the multiple Southeastern FERC-designated regions into
one). Six of the 10 regions scored a D+ or worse on deploying robust planning methods and
best practices sufficient to plan proactively for future uncertainty (see Figure 3). This report
and its 2024 update (Zimmerman and Gramlich 2024) detail some progress among planning
regions in evaluating extreme weather risks, but their extreme weather scenarios are typically
backward-looking rather than forward-looking assessments of potential climate change
impacts. Further, none of the progress detailed in these reports suggests the level of
engagement from communities and other interested parties necessary to drive optimal
solutions for the risks identified.

Figure 3. Few Regions Score Well on Transmission Planning
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Of the 10 regions graded by Americans for a Clean Energy Grid, six scored a D+ or worse on how well
they deployed robust planning methods and best practices sufficient to address future uncertainty.
Even among those regions that performed better, resilience considerations largely failed to implement
the recommendations presented in this report.

Source: Zimmerman, Gramlich, and Hayes 2023

Conclusion: Inclusive Planning for Climate Impacts
With limited leadership coming from the federal level, it will take a critical mass of

engagement to move states and RTO/ISOs and regional transmission planning entities toward
a more holistic, community-centered approach to building the resilience of the bulk power
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system. Communities, advocacy organizations, consumer advocates, local and state
decisionmakers, and other interested parties should be engaging in their regional planning
processes—either directly with their system planners or through their local and state leaders,
who should be representing them in these processes—to push for improved grid resilience
through science-informed climate risk assessments, modernized analytic capabilities,
community engagement, and reevaluation of the benefits of avoided power outages.

All these elements are achievable and well within the power of transmission planning entities
to implement. All that is needed is the will to invest the time and resources to meet the
challenge. A reliable, resilient power grid that keeps all people safe in our changing climate is
within reach.

Key Recommendations for a More Equitable and Resilient Bulk Power System

e Assess climate risks. Conduct forward-looking, science-informed climate risk
assessments using the best available, properly scaled climate data that project impacts
at least 30 years into the future and across multiple emissions pathways to capture a
reasonable range of extreme weather risks.

e Acknowledge the role of fossil fuel reliance in exacerbating grid vulnerabilities to
extreme weather. Maximize the value and impact of resilience investments by
integrating transmission planning with actions that accelerate the transition away from
fossil fuels.

e Reform planning processes. Establish transmission planning processes that analyze a
broad range of potential future conditions, including extreme weather risks and other
key drivers of change, such as demand growth, electrification, and the transition to
clean energy. Planning processes should be the foundation for cost-effective
investment in the transmissions system to build resilience to climate change and
extreme weather.

e Collaborate with researchers. Greater collaboration between climate science
researchers, electricity systems researchers, system planners, and decisionmakers can
help develop the tools required for robust planning, ensure their workability from day
one, and facilitate rapid adoption by the planning community.

e Improve the metrics used to make decisions about transmission system
investment, such as the value-of-lost-load (VOLL) metric, to be more reflective of how
the costs of power outages vary significantly across time and space as well as among
communities.

e Complement economic-focused metrics with additional metrics or qualitative
assessments—transparently developed in coordination with local government, state
decisionmakers, and communities—that consider vulnerable communities and
populations in how we invest in a more resilient transmission system.

e Improve coordination and collaboration across transmission, distribution, and

community efforts so that regional and interregional transmission investments
complement resilience-based investments made at the utility and local levels.
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e Make decisionmaking more inclusive and responsive to the unique needs of
communities by establishing and maintaining meaningful community engagement for
better-informed consideration of the impacts and trade-offs of different investment
options to build system resilience. To achieve this objective, we offer these further
recommendations:

o Incorporate energy justice principles that focus on achieving equity in social
and economic participation within the energy system while also addressing the
disproportionate burdens faced by marginalized communities. Integrating these
principles, including assessing cumulative impacts, shapes resilience planning
that actively works to remedy past injustices and prevent future disparities.

o Develop shared governance structures that create and compensate
community advisory boards with explicit decisionmaking power.

o Engage early, including reaching out before plans are drafted to build trust and
ensure that community priorities guide project design.

o Align with local resilience efforts so that bulk system investments support
rather than override community projects, such as resilience hubs and
electrification goals.

o Support community capacity by including funding for technical assistance,
providing translated and simplified planning tools, and compensating
communities for their time and expertise.

o Embed accountability tools by using equity impact statements, resilience
benefit-cost ratios, and dashboards so that outcomes are community informed
and track progress transparently over time.
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