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EXECUTIVE SUMMARY

Since the start of the 20% century, average annual
temperatures across the contiguous United States have
increased approximately 1.5°F (0.8°C) (NOAA 2013b, EPA
2012a). Recent weather conditions are no exception to this
trend. July 2012 was the hottest month in the United States
since record keeping began in 1895, and 2012 was the
warmest year overall, marked by historic high temperatures
and droughts, above average wildfires, multiple intense
storms that disrupted power to millions, and multiple
extreme heat waves (NOAA 2013c). More than 60% of the
country experienced drought during the summer of 2012,
including some areas of exceptional drought (NOAA
2013c, NOAA 2012c). These trends, which are expected to
continue (NOAA 2013b, IPCC 2012, USGCRP 2009),
could restrict the supply of secure, sustainable, and
affordable energy critical to the nation’s economic growth.
At least three major climate trends are relevant to the
energy sector:

e Increasing air and water temperatures

e Decreasing water availability in some regions and
seasons

e Increasing intensity and frequency of storm events,
flooding, and sea level rise

This report—part of the Administration’s efforts to support
national climate change adaptation planning through the
Interagency Climate Change Adaptation Task Force and
Strategic Sustainability Planning process established under
Executive Order 13514 and to advance the U.S.
Department of Energy’s goal of promoting energy
security—examines current and potential future impacts of
these climate trends on the U.S. energy sector. It identifies
activities underway to address these challenges and
discusses potential opportunities to enhance energy
technologies that are more climate-resilient, as well as
information, stakeholder engagement, and policies and
strategies to further enable their deployment.

Vulnerabilities in the U.S. Energy Sector

Increasing temperatures, decreasing water availability, more
intense storm events, and sea level rise will each
independently, and in some cases in combination, affect the
ability of the United States to produce and transmit
electricity from fossil, nuclear, and existing and emerging
renewable energy sources. These changes are also projected
to affect the nation’s demand for energy and its ability to
access, produce, and distribute oil and natural gas (ORNL
2012a, USGCRP 2009). An assessment of impacts—both
positive and negative—is necessary to inform forward-
looking efforts to enhance energy security. Significant
tindings include:

e Thermoelectric power generation facilities are at risk
from decreasing water availability and increasing ambient

air and water temperatures, which reduce the efficiency
of cooling, increase the likelihood of exceeding water
thermal intake or effluent limits that protect local
ecology, and increase the risk of partial or full
shutdowns of generation facilities

e Energy infrastructure located along the coast is at risk
from sea level rise, increasing intensity of storms, and
higher storm surge and flooding, potentially distupting
oil and gas production, refining, and distribution, as well
as electricity generation and distribution

e Oil and gas production, including unconventional oil
and gas production (which constitutes an expanding
share of the nation’s energy supply) is vulnerable to
decreasing water availability given the volumes of water
required for enhanced oil recovery, hydraulic fracturing,
and refining

e Renewable energy resources, particularly hydropower,
bioenergy, and concentrating solar power can be
affected by changing precipitation patterns, increasing
frequency and intensity of droughts, and increasing
temperatures

e FElectricity transmission and distribution systems carry
less current and operate less efficiently when ambient air
temperatures are higher, and they may face increasing
risks of physical damage from more intense and frequent
storm events or wildfires

e Fuel transport by rail and barge is susceptible to
increased interruption and delay during more frequent
periods of drought and flooding that affect water levels
in rivers and ports

e Onshore oil and gas operations in Arctic Alaska are
vulnerable to thawing permafrost, which may cause
damage to existing infrastructure and restrict seasonal
access, while offshore operations could benefit from a
longer sea ice-free season

e Increasing temperatures will likely increase electricity
demand for cooling and decrease fuel oil and natural gas
demand for heating

Some of these effects, such as higher temperatures of
ambient water used for cooling, are projected to occur in all
regions. Other effects may vary more by region, and the
vulnerabilities faced by vatrious stakeholders may differ
significantly depending on their specific exposure to the
condition or event. However, regional variation does not
imply regional isolation as energy systems have become
increasingly interconnected. Compounding factors may
create additional challenges. For example, combinations of
persistent drought, extreme heat events, and wildfire may
create short-term peaks in demand and diminish system
flexibility and supply, which could limit the ability to
respond to that demand.
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Adaptation Responses and Future Opportunities

Federal, state, and local governments and the private sector
are already responding to the threat of climate change.
These efforts include the deployment of energy
technologies that are more climate-resilient, assessment of
vulnerabilities in the energy sector, adaptation planning
efforts, and policies that can facilitate these efforts.
However, the pace, scale, and scope of combined public
and private efforts to improve the climate preparedness and
resilience of the energy sector will need to increase, given
the challenges identified. Greater resilience will require
improved  technologies, polices, information, and
stakeholder engagement. Possible future technology
opportunities include:

e Water-efficient technologies for fuels production,
including conventional oil and natural gas, shale gas,
shale oil, and coalbed methane

e Improved energy efficiency and reduced water intensity
of thermoelectric power generation, including innovative
cooling technologies, non-traditional water supplies (e.g.,
municipal wastewater or brackish groundwater), and
water capture/reuse

e Enhanced water efficiency of bioenergy (e.g., modified
agricultural practices and use of alternative water
sources), use of drought-tolerant crop varieties for
bioenergy production, and more water-efficient
conversion of biomass into biofuels

e Improved grid equipment and operations to manage
changing load conditions and increase reliability and
resilience

e Increased resilience of energy infrastructure to wildfires,
storms, floods, and sea level rise, including “hardening”
of existing facilities and structures (e.g., transmission and
distribution lines, power plants, oil and gas refineries,
and offshore oil and gas platforms)

e Enhanced demand-side management and development
of energy/water-efficient and energy-smart appliances,
equipment, buildings, and vehicles

An improved framework of enabling policies could help
facilitate the development and deployment of climate-
resilient energy technologies. Policy choices occur at the
federal, state, and local levels, and any adjustments to future
policies, existing federal efforts, or new undertakings would
need to be evaluated thoroughly with complete
consideration of an array of factors, including societal and
economic costs and benefits, and competing priorities.
Possible future opportunities include:

e Innovation policies to broaden the suite of advanced
technologies

e Enabling national and sub-national policies and
incentives to overcome existing market barriers,
accelerate deployment of more climate-resilient energy

technologies, and encourage design, operation, and siting
of energy infrastructure in a manner that increases
climate resilience

e Measures that promote integration of energy sector
climate risks into different levels of development
planning and maximize benefits of adaptation to
multiple sectors

Technology and policy development should be
accompanied by better information—data, models, tools,
and vulnerability assessments—to help decision-makers
understand climate risks, the potential for technological or
operational solutions, and the relative economic costs of
technology and policy strategies. Such improvements could
include:

e Better characterization of the aggregate vulnerabilities of
the energy sector to climate change, interdependencies
between the energy sector and other sectors that can
lead to cascading impacts, and low probability-high
impact climate scenarios with thresholds and tipping
points beyond which there are irreversible changes or
changes of unexpected magnitude

e Improved data collection and analysis of the costs and
benefits of adaptation and resilience measures, including
the benefits of preventing critical infrastructure damage
or loss, and preventing economic loss due to disruptions
in energy production and delivery

e FEnhanced tools and models that use information about
energy sector vulnerabilities and adaptation measures to
evaluate trade-offs between various forms of energy
production, between various adaptation measures, and
between climate change adaptation goals and other
relevant national priorities

Finally, a greater level of engagement between key
stakeholder and user communities could facilitate the
transition to a more climate-resilient energy sector. Current
efforts are analyzing the effects of global climate change on
the United States and promoting the integration of climate
change adaptation into energy system planning and
operations. However, all institutions involved—federal and
non-federal—will need to continue to work to better
facilitate  effective  planning,  development,  and
communication of these approaches. Future opportunities
could include:

e OQutreach initiatives built on existing communication and
education programs to improve dissemination of
information  regarding risks, vulnerabilities, and
opportunities to build climate-resilient energy systems

o FEffective coordination mechanisms with federal, state
and local governments to build capacity and to help
deploy the most appropriate approaches regionally and
nationally
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e Engagement of the investment, financial, and insurance
communities in climate change risk reduction through
the use of financial instruments

Quantifying the impacts of climate change on the nation’s
energy infrastructure is increasingly important to improve
understanding of the social and economic costs and
benefits of resilience measures and response strategies.
Decisions will continue to be made under uncertainty,
highlighting the need for risk-based assessments. Flexible

strategies will foster action while allowing course
corrections over the longer term. Ultimately, climate change
adaptation and mitigation actions are complementary
approaches that can jointly reduce the costs and risks of
climate change and extreme weather. Effective adaptation
strategies and the development and deployment of climate-
resilient energy technologies will facilitate resilient energy
systems in the United States and around the globe.

Table ES-1. Relationship between climate change projections and implications for the energy sector*

Energy sector

Climate projection

Potential implication

= Thawing permafrost in Arctic Alaska
= Longer sea ice-free season in Arctic Alaska

Oil and gas
exploration

and production = Decreasing water availability

= |ncreasing intensity of storm events, sea level rise,
and storm surge

= Reduction in river levels
Fuel transport = Increasing intensity and frequency of flooding

= Increasing air temperatures
Thermoelectric  |ncreasing water temperatures

power
generation = Decreasing water availability

(Coal, natural

gas, nuclear, o ] )
geothermal = |ncreasing intensity of storm events, sea level rise,
and solar CSP) and storm surge

= |ncreasing intensity and frequency of flooding

= |ncreasing temperatures and evaporative losses
Hydropower = Changes in precipitation and decreasing snowpack

= |ncreasing intensity and frequency of flooding

= Increasing air temperatures

Bioenergy and
biofuel
production

= Extended growing season
= Decreasing water availability

= Sea level rise and increasing intensity and
frequency of flooding

Wind energy = Variation in wind patterns

= |ncreasing air temperatures
= Decreasing water availability
= |ncreasing air temperatures

Solar energy

EEEIE g = More frequent and severe wildfires
= |ncreasing intensity of storm events
= |ncreasing air temperatures

Energy

demand = Increasing magnitude and frequency

of extreme heat events

Damaged infrastructure and changes to existing operations

Limited use of ice-based infrastructure; longer drilling season; new
shipping routes

Impacts on drilling, production, and refining

Increased risk of physical damage and disruption to offshore and
coastal facilities

Disruption of barge transport of crude oil, petroleum products, and coal

Disruption of rail and barge transport of crude oil, petroleum products,
and coal

Reduction in plant efficiencies and available generation capacity

Reduction in plant efficiencies and available generation capacity;
increased risk of exceeding thermal discharge limits

Reduction in available generation capacity; impacts on coal, natural
gas, and nuclear fuel supply chains

Increased risk of physical damage and disruption to coastal facilities

Increased risk of physical damage and disruption to inland facilities
Reduction in available generation capacity and changes in operations
Reduction in available generation capacity and changes in operations
Increased risk of physical damage and changes in operations

Increased irrigation demand and risk of crop damage from extreme heat
events

Increased production
Decreased production
Increased risk of crop damage

Uncertain impact on resource potential

Reduction in potential generation capacity

Reduction in CSP potential generation capacity

Reduction in transmission efficiency and available transmission
capacity

Increased risk of physical damage and decreased transmission capacity
Increased risk of physical damage

Increased electricity demand for cooling;
decreased fuel oil and natural gas demand for heating

Increased peak electricity demand

* Where possible, this report attempts to characterize the direction and magnitude of change at the national and regional level, as well as on an annual and seasonal
basis. However, given limitations in the available literature, statements about the direction of change do not necessarily imply judgment about the magnitude of

change unless explicitly stated.
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INTRODUCTION

Key Messages

o The nation’s ability to produce, deliver, and store energy is affected by climate change.

o Climate change impacts are expected to vary regionally, but vulnerabilities in one region may have broader implications due to the
interconnected nature of energy systems.

o Vulnerabilities of interdependent sectors, such as oil and gas production and electricity generation sectors, may compound one another
and lead to cascading impacts.

e Optimal public and private responses to climate change will depend on many factors, including the availability of climate-resilient
energy technologies and the cost of various adaptation strategies.

Our climate is changing. Observed trends include increases
in air and water temperatures; changes in precipitation,
water availability, and the hydrologic cycle; more intense
storm events, droughts, wildfires, and flooding; and rising
sea levels. These trends are projected to continue (NOAA
2013b, IPCC 2012, USGCRP 2009).

Energy production and distribution systems are designed
to respond to weather variability such as daily changes in
temperature that affect load or rapid changes in renewable
resource availability that affect supply. These short-term
fluctuations are managed by designing redundancy into
energy systems and using tools to predict, evaluate, and

optimize response strategies in the near term. However,
the tools, data, and technologies for longer-term
planning—particularly for planning in the context of
climate change—are less robust. Changes in climate have
the potential to significantly impact U.S. energy security by
forcing the present aging energy system to operate outside
of the ranges for which it was designed.

Figure 1 illustrates some of the many ways in which the
U.S. energy sector has recently been affected by climatic
conditions. These types of events may become more
frequent and intense in future decades.

Rhode Island
59 necticut
.-

D

New Hampshire
-
= —~Massachusetts
ew Jersey

. — Maryland
% Delaware

% —West Virginia

Figure 1. Selected events over the last decade illustrate the U.S. energy sector's vulnerabilities to climatic conditions
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Figure 1. Selected events over the last decade illustrate the U.S. energy sector's vulnerabilities to climatic conditions (continued)

Impacts Due to Increasing Temperatures
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August 2012: Dominion Resources’ Millstone Nuclear Power Station in Connecticut shut down one reactor because the temperature of
the intake cooling water, withdrawn from the Long Island Sound, was too high and exceeded technical specifications of the reactor. Water
temperatures were the warmest since operations began in 1970. While no power outages were reported, the two-week shutdown resulted
in the loss of 255,000 megawatt-hours of power, worth several million dollars (USNRC 2012, Wald 2012a).

July 2012: Four coal-fired power plants and four nuclear power plants in lllinois requested permission to exceed their permitted water
temperature discharge levels because the temperature of their cooling water pond is regulated to prevent adverse ecological impacts.
The lllinois Environmental Protection Agency granted special exceptions to the eight power plants, allowing them to discharge water that
was hotter than allowed by federal Clean Water Act permits (Eilperin 2012, Wald 2012b).

September 2011: High temperatures and high electricity demand-related loading tripped a transformer and transmission line near Yuma,
Arizona, starting a chain of events that led to shutting down the San Onofre nuclear power plant with power lost to the entire San Diego
County distribution system, totaling approximately 2.7 million power customers, with outages as long as 12 hours (FERC 2012).

Summer 2011: Consecutive days of triple-digit heat and record drought in Texas resulted in the Electric Reliability Council of Texas
declaring power emergencies due to a large number of unplanned power plant outages and at least one power plant reducing its output
(Fowler 2011).

Summer 2010: The Hope Creek Nuclear Generating Station in New Jersey and Exelon’s Limerick Generating Station in Pennsylvania
had to reduce power because the temperatures of the intake cooling water, withdrawn from the Delaware and the Schuylkill Rivers,
respectively, were too high and did not provide sufficient cooling for full power operations (Wald 2012b).

2007, 2010, and 2011: The Tennessee Valley Authority’s (TVA) Browns Ferry Nuclear Plant in Athens, Alabama, had to reduce power
output because the temperature of the Tennessee River, the body of water into which the plant discharges, was too high to discharge
heated cooling water from the reactor without risking ecological harm to the river. TVA was forced to curtail the power production of its
nuclear reactors, in some cases for nearly two months. While no power outages were reported, the cost of replacement power was
estimated at $50 million (PNNL 2012).

October 2007; The California Independent System Operator declared an emergency due to wildfire damage to the Southwest Power link
transmission system, including more than two dozen transmission lines out of service with damage to 35 miles of wire and nearly 80,000
customers in San Diego losing power, some for several weeks (PPIC 2008, SDG&E 2007).

August 2007: Drought, heat waves, and elevated water temperatures forced Duke Energy to curtail operations at two coal-fired power
plants (Riverbend Steam Station and Allen Steam Station), causing scattered power outages (Beshears 2007).

July 2006: One unit at American Electric Power's D.C. Cook Nuclear Plant was shut down because the high summer temperatures raised
the air temperature inside the containment building above 120°F (48.9°C), and the temperature of the cooling water from Lake Michigan
was too high to intake for cooling. The plant could only be returned to full power after five days, once the heat wave had passed (Krier
2012).

August 2006: Two units at Exelon's Quad Cities Generating Station in lllinois had to reduce electricity production to less than 60%
electricity capacity because the temperature of the Mississippi River was too high to discharge heated cooling water from the reactors
(USNRC 2006).

Impacts Due to Decreasing Water Availability
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July 2012: In the midst of one of the worst droughts in American history, certain companies that extract natural gas and oil via hydraulic
fracturing faced higher water costs or were denied access to water for 6 weeks or more in several states, including Kansas, Texas,
Pennsylvania, and North Dakota (Ellis 2012, Hargreaves 2012, Dittrick 2012).

Summer 2012: Drought and low river water depths disrupted the transportation of commodities, such as petroleum and coal, delivered by

¥ parges. The U.S. Army Corps of Engineers reported grounding of traffic along the Mississippi River (ASA 2012, EIA 2012f, Cart 2012).

Summer 2012; Reduced snowpack in the mountains of the Sierra Nevada and low precipitation levels reduced California’s hydroelectric
power generation by 38% compared to the prior summer (CISO 2013).

Fall 2011: Due to extreme drought conditions, the city of Grand Prairie, Texas, became the first municipality to ban the use of city water
for hydraulic fracturing. Other local water districts in Texas followed suit by implementing similar restrictions limiting city water use during
drought conditions (Lee 2011).
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Figure 1. Selected events over the last decade illustrate the U.S. energy sector's vulnerabilities to climatic conditions (continued)
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Summer 2010: Below-normal precipitation and streamflows in the Columbia River basin resulted in insufficient hydropower generation to
fulfill load obligations for the Bonneville Power Administration. As a result, BPA experienced a net loss of $164 million in fiscal year 2010,
which occurred largely due to low water volumes (BPA 2010).

2010: The Arizona Corporation Commission ruled that Hualapai Valley Solar LLC would have to use dry cooling or treated wastewater
rather than groundwater as a condition of its certificate of environmental compatibility for a proposed 340 MW solar power plant in Mohave
County, Arizona, due to concerns about the effects of the power plant on water availability from the Hualapai Valley aquifer (Adams 2010).

September 2010: Water levels in Nevada's Lake Mead dropped to levels not seen since 1956, prompting the Bureau of Reclamation to
reduce Hoover Dam’s generating capacity by 23%. As water levels continued to drop, dam operators were concerned that reductions in
generating capacity would destabilize energy markets in the Southwest (Quinlan 2010, Walton 2010, Barringer 2010).

2009: NV Energy abandoned a proposed plan for a 1,500 MW coal-fired power plant (Ely Energy Center) that would have used more than
7.1 million gallons of water per hour, which raised concerns among local residents and environmental groups (BLM 2009, Woodall 2009).

2007: Severe drought in the Southeast caused the Chattahoochee River, which supports more than 10,000 MW of power generation, to
drop to one-fifth of its normal flow. Overall, hydroelectric power generation in the Southeast declined by 45% (Ackerman et al. 2008, Bigg
2007).

2006: Power production of the North Platte Project (a series of hydropower plants along the North Platte River) was reduced by about half
as a result of multi-year drought (Cooley et al. 2011).

Impacts Due to Increasing Storms, Flooding, and Sea Level Rise
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February 2013: Over 660,000 customers lost power across eight states in the Northeast affected by a winter storm bringing snow, heavy
winds, and coastal flooding to the region and resulting in significant damage to the electric transmission system (DOE 2013c).

October 2012: Ports and power plants in the Northeast, as well as oil refineries, fuel pipelines, and petroleum terminals, were either
damaged or experienced shutdowns as a result of Hurricane Sandy. More than 8 million customers lost power in 21 affected states (DOE
2012a).

August 2012: Oil production in the U.S. Gulf of Mexico declined and coastal refineries shut down in anticipation of Hurricane Isaac.
Although the closures were precautionary, offshore oil output was reduced by more than 13 million barrels over an 18-day period, and
offshore Gulf natural gas output was curtailed by 28 billion cubic feet (BSEE 2012a).

June 2012: Almost three million people and businesses lost power due to the complexes of thunderstorms coupled with strong winds, also
known as a derecho, that swept across the Midwest to the Mid-Atlantic coast on June 29, 2012. In addition, damage to water filtration
facilities in Maryland caused the imposition of water restrictions (NOAA 2012d, NOAA 2012¢).

Summer 2011: Severe drought and record wildfires in Arizona and New Mexico burned more than one million acres and threatened the
U.S. Department of Energy’s Los Alamos National Laboratory as well as two high voltage lines transmitting electricity from Arizona to
approximately 400,000 customers in New Mexico and Texas (NOAA 2012k, AP 2011a, AP 2011b).

July 2011: ExxonMobil's Silvertip pipeline, buried beneath the Yellowstone River in Montana, was torn apart by flood-caused debris,
spilling oil into the river and disrupting crude oil transport in the region. The property damage cost was $135 million (DOT 2012).

June 2011: Missouri River floodwaters surrounded Fort Calhoun Nuclear Power plant in Nebraska. The nuclear reactor had been shut
down in April 2011 for scheduled refueling, but the plant remained closed during the summer due to persistent flood waters (USNRC
2011).

May 2011: Nearly 20% of barge terminals along the Ohio River were closed due to flooding, impacting coal and petroleum transport.

— Flooding along the Ohio and Mississippi rivers also threatened oil refineries and infrastructure from Tennessee to Louisiana (Reuters

2011, EIA 2011c).

2005: Hurricanes Katrina and Rita inflicted significant damage on the Gulf Coast, destroying 115 offshore platforms and damaging 52
others, damaging 535 pipeline segments, and causing a near-total shutdown of the Gulf's offshore oil and gas production for several
weeks. Nine months after the hurricanes, 22% of oil production and 13% of gas production remained shut-in, equating to the loss of 150
million barrels of oil and 730 hillion cubic feet of gas from domestic supplies (BSEE 2012b).

September 2004: Hurricane Jeanne shut down several power plants and damaged power lines, resulting in nearly 2.6 million customers
losing electrical service in northeast, central, and southwest Florida. Accompanying hot and humid weather forced voluntary, pre-arranged
load control programs for customers to reduce power consumption during peak usage (NEI 2012, DOE 2004).
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Continuing to accurately assess and address both acute and
chronic vulnerabilities in the energy sector will help to
ensure access to reliable electricity and fuels, a cornerstone
of economic growth and energy security. This report
reviews available information about climate trends,
examines how these changes could affect the U.S. energy
sector (Figure 2), identifies current response actions, and
considers opportunities for building a more resilient energy
sector. The crosscutting nature of the issues discussed
herein may illuminate opportunities for improvement and
for collaboration across government agencies, state and
local planning authorities, universities, and the private
sector, among others.

Climate Change
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Figure 2. Climate change implications for the energy sector

This report is part of a broader Department of Energy
(DOE) response supporting the Administration initiative
on climate change adaptation planning.! It provides a
summary of relevant information from scientific and peer-
reviewed literature, provides illustrative examples from
government and private sector sources, and incorporates
input from a DOE-supported July 2012 workshop
conducted by the Atlantic Council.?

This report also builds upon DOE efforts in support of
the U.S. National Climate Assessment (NCA), conducted

Interagency Climate Change Adaptation Task Force,
http:/ /www.whitehouse.gov/administration/eop/ceq/
initiatives/adaptation

2 Atlantic Council Workshop agenda and presentations,
http:/ /www.acus.org/event/ climate-change-and-extreme-
weather-vulnerability-assessment-us-energy-sector

under the auspices of the Global Change Research Act of
1990. The NCA provides an analysis of the effects of
global change on the natural environment, agriculture,
energy production and use, land and water resources,
transportation, human health and welfare, human social
systems, and biological diversity; analyzes current trends in
global change, both human-induced and natural; and
projects major trends for the next 25 to 100 years. The
second NCA report was released in 2009 (USGCRP 2009).
The third NCA report is expected to be issued in 2014,
and its energy-related chapters build upon technical input
from DOEFE’s Office of Science (ORNL 2012a, PNNL
2012).3

Although this report focuses on the U.S. energy sector, it
is likely that most countries, including those from which
the United States imports electricity and fuels, will face
similar impacts, which may in turn impact U.S. energy
security. This reality reinforces the importance of
continued research, development, demonstration, and
deployment of energy technologies that both mitigate
climate change (minimize the magnitude of climate
change) and improve adaptation and resilience to climate
change. Effective adaptation strategies, including the
development and deployment of climate-resilient energy
technologies, will facilitate not only a resilient energy
system in the United States, but also a more globally
resilient energy system to which the United States is
inherently linked. Such strategies will also create
opportunities in the United States to bring new
technologies into the global marketplace.

Regional Variation in Impacts

Climate change impacts are projected to vary regionally.
For example, annual precipitation is generally expected to
increase across the northern United States but decline in
the southern states (NOAA 2013b, USGCRP 2009). Fuels
production and processing may be most affected in the
Gulf of Mexico and along the coasts, due to an increase in
the intensity of storm events and relative sea level rise.
Vulnerabilities faced by any given stakeholder, whether a
utility, oil or gas developer, project financier, insurer, or
energy consumer, may result from differences in the
regional energy supply mix (e.g., use of hydropower, solar
and wind resources, coal, or nuclear), energy demand (e.g.,
heating and cooling), water availability and uses, and
climate change impacts. However, regional variation does
not imply regional isolation. As energy systems have
become increasingly interconnected, impacts that occur on
a local or regional level often have broader implications.
For example, climate impacts that affect resource

3 A draft of the third is NCA available at
http://ncadac.globalchange.gov
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availability in one region may put pressure on the electric
grid elsewhere to compensate for those changes.

Compounding Factors and Interdependencies

This report characterizes the impact of climate change and
extreme weather on the energy system by examining the
following  potential  climate  impacts:  increasing
temperatures, decreasing water availability, increasing
frequency and intensity of storms and flooding, and sea
level rise. However, these effects will likely not occur
individually, and they may exhibit compounding effects. In
addition, compounding factors and interdependencies
within and across the energy sector and other sectors must
be better understood to effectively assess the overall
impacts on the energy system.

For example, higher ambient air temperatures can increase
water temperatures, with both contributing to a reduction
in electricity supply and increases in electricity demand. In
addition, as air temperatures increase, transmission systems
carry less current and operate less efficiently. Such
simultaneous effects occurring within an interrelated
system can compound vulnerabilities. Due to the
complexity of these interactions, this report focuses
primarily on how climate change affects individual energy
system components (i.e.,, oil and gas exploration, fuel
transport, thermoelectric power generation, renewable
energy resources, electric grid, and energy demand).
However, understanding the compounding conditions and
the aggregate vulnerabilities of the energy sector are critical
areas for continued research and scientific investigation.

The energy impacts of recent hurricanes, including Sandy,
Rita, and Katrina, illustrate this interdependency among
energy system components. For example, electric power
outages affecting gas station pumps in the aftermath of
Hurricane Sandy limited gasoline available to customers.
Similar impacts occurred in association with electricity
supply and the operations of oil and gas refineries and
pipeline distribution. Thus, disruptions of services in one
energy sector (electricity supply, transmission, and
distribution) may result in disruptions in one or more
other sectors (petroleum production and distribution),
potentially leading to cascading system failures.

In addition to interdependencies across energy sector
components, the issue of interdependency is also relevant
between the energy sector and other sectors. Table 1
illustrates linkages between the energy, water, and land
systems, which are discussed in a recent technical report
developed by DOE in support of the National Climate
Assessment (PNNL 2012). For example, water pumping,
transport, treatment, and conditioning require energy,
while energy production requires water for extraction,

cooling, processing, and the future deployment of carbon
capture and storage (CCS).

National estimates indicate that moving and treating water
represents nearly 4% of total electricity consumption in the
United States (EPRI 2002), and when end uses of water
are considered, approximately 13% of total primary energy
consumption in the United States results from water use
(Sanders and Webber 2012). Another example of this
interdependency is the increase in the use of water for
agriculture, which can simultaneously impact energy
demand (e.g., increased energy requited to extract and
transport water for irrigation) and energy production (e.g.,
less cooling water available for thermoelectric generation).

Table 1. Nexus of energy, water, and land systems

Resource system
interaction

lllustrative components involved

Energy resource extraction

Water needed Fuel processing

for energy Thermal power plant cooling
Carbon capture and storage (CCS)
Agriculture

Water needed Industrial, municipal, commercial, and

for land residential uses
Natural ecosystems

Energy needed Water extraction

for water Water transport
Water treatment
Resource extraction and conversion
Agriculture

Energy needed J .

for land Transportation

Industrial, municipal, commercial, and
residential uses

Energy resource extraction
Energy infrastructure, including

damsfreservoirs, mines/wells, power plants,

Land needed . . L
solar and wind farms, power lines, pipelines,

for energy and refineries

Bioenergy cropland

CCS
Land needed Water capture and watershed
for water Ground cover vegetation

Source: Adapted from PNNL 2012

Interdependencies also link the energy sector to other
sectors, such as transportation and communications. The
transportation sector requires energy for motive power,
and the energy sector relies on transportation to provide
the necessary coal, oil, and natural gas resources to
operate. The communications sector requires electricity to
operate, and the energy sector increasingly requires
communication systems to monitor and manage the
electric grid.
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Hurricane Sandy: A Recent Example of
Interdependencies across the Energy Sector

Hurricane Sandy illustrates the interdependencies of the petroleum
sector and the electric sector. The total storm surge in New York
Harbor was approximately nine feet above average high tide
(NOAA 2012i, NOAA 2012j), and more than 8 million customers
lost power in 21 affected states (DOE 2012a). Utilities reported
damage to over 7,000 transformers and 15,200 poles throughout
the affected region (DOE 2013a). Fuel pumps at gas stations
would not operate due to power outages. The Colonial Pipeline,
which brings refined products from the Gulf of Mexico, was not fully
operational as a consequence of a power outage even though the
infrastructure was not damaged. Two oil refineries with total
capacity of more than 300,000 barrels per day were temporarily
shut down, and an additional four refineries with a cumulative
capacity of 862,000 barrels per day were forced to reduce their
output (DOE 2012a). Ports and several power plants in the
Northeast, including nuclear power units, petroleum/natural gas
refineries and pipelines, and petroleum terminals, were either
damaged or experienced temporary shutdowns due to high winds
and flooding (DOE 2013a).

Compounding conditions that create new vulnerabilities
may also emerge in coming decades. For example,
combinations of persistent drought, extreme heat events,
and wildfire may create short-term peaks in demand and
diminish system flexibility and supply, which could limit
the ability to respond to that demand. Compounding
factors may be important for climate preparedness from
both a local perspective as well as a regional or national
perspective focused on overall system resilience. They will
be critical to both assessing the economic rationale for
action and designing specific response strategies.

Thresholds and Tipping Points

When assessing, forecasting, and responding to potential
impacts of climate change and extreme weather on the
energy sector, consideration is needed not only for
predictable gradual changes but also for lower probability,
higher warming scenarios with potentially more severe
impacts. Lower probability, higher impact scenarios may
be characterized by thresholds or points beyond which
there are irreversible changes or changes of higher
magnitudes than expected based on previous experience.
These “tipping points” are hard to predict and have many
uncertainties due to a number of factors, such as
insufficient data, models that are not yet able to represent
the interactions and interdependencies of multiple stresses,
and incomplete understanding of physical climate
mechanisms related to tipping points (USGCRP 2009).

Response Optimization

Optimal public and private responses to climate variability
and climate change will depend on many factors, including
the attributes of individual technologies, energy supply
mix, nature and duration of the impact, the evaluation of
risk associated with potential tipping points or low
probability/high consequence events, availability of
climate-resilient energy technologies or political acceptance
of policies (including land use policies) to reduce the
impact, and the costs of various adaptation response
strategies.

Although the energy sector is already responding to
climate change in some ways—such as assessing
vulnerabilities and adaptation planning efforts, and
deploying climate-resilient energy technologies—existing
barriers may limit more widespread action. These include:

e Limited understanding of vulnerabilities based on their
probability and significance

e Lack of robust economic assessments of alternative
adaptation options

e Absence of a comprehensive suite of affordable
climate-resilient technologies

e Lack of a policy framework or adequate market signals
for investments in resilience

e Varying purviews, control, and perceptions of risk that
limit the influence of key stakeholders

Continued investments are required to promote energy
security in the face of a changing climate. Physical
investment in new technologies and approaches is
necessary, as is enhanced information, stakeholder
engagement, and enabling frameworks. The latter include
improved data, models, and vulnerability assessments;
greater outreach and collaboration to facilitate
communication and education; and forward-looking
innovation and deployment policies and strategies, which
may be federal or non-federal.

Report Snapshot

The first three chapters of this report examine the
potential impacts of climate change on the U.S. energy
sector, focusing on increasing temperatures (Chapter 1),
decreasing water availability (Chapter 2), and increasing
storms, flooding, and sea level rise (Chapter 3). Table 2
maps specific climate trends to potential energy sector
impacts discussed in these chapters. Chapter 4 highlights a
subset of current adaptation activities and identifies
opportunities that could enhance the preparedness and
resilience of the energy system.




U.S. ENERGY SECTOR VULNERABILITIES TO CLIMATE CHANGE AND EXTREME WEATHER

Table 2. Report organization and relationship between climate change projections and implications for the energy sector*

Energy sector Climate projection Potential implication Chapter
= Thawing permafrost in Arctic Alaska = Damaged infrastructure and changes to existing 1
operations
Oil and gas = Longer sea ice-free season in Arctic Alaska = Limited use of ice-based infrastructure; longer drilling 1
exploration and season; new shipping routes
production = Decreasing water availability = Impacts on drilling, production, and refining 2
= Increasing intensity of storm events, sea level = Increased risk of physical damage and disruption to 3
rise, and storm surge offshore and coastal facilities
= Reduction in river levels = Disruption of barge transport of crude oil, petroleum )
products, and coal
Fuel transport . . : . . : :
= |ncreasing intensity and frequency of flooding = Disruption of rail and barge transport of crude oil, 3
petroleum products, and coal
= [ncreasing air temperatures = Reduction in plant efficiencies and available 1
generation capacity
= [ncreasing water temperatures = Reduction in plant efficiencies and available
Thermoelectric generation capacity; increased risk of exceeding 1
power generation thermal diSCharge limits
(Coal, natural gas, = Decreasing water availability = Reduction in available generation capacity; impacts 9
nuclear, geothermal on coal, natural gas, and nuclear fuel supply chains
and solar CSP) = Increasing intensity of storm events, sea level = Increased risk of physical damage and disruption to 3
rise, and storm surge coastal generation facilities
= Increasing intensity and frequency of flooding = Increased risk of physical damage and disruption to 3
inland generation facilities
= [ncreasing temperatures and evaporative = Reduction in available generation capacity and 1
losses changes in operations
Hydropower = Changes in precipitation and decreasing = Reduction in availgble generation capacity and )
snowpack changes in operations
= Increasing intensity and frequency of flooding = Increased risk of physical damage and changes in 3
operations
= [ncreasing air temperatures = Increased irrigation demand and risk of crop damage 1
from extreme heat events
Bioenergy and = Extended growing season = Increased production 1
biofuel production = Decreasing water availability = Decreased production 2
= Sea level rise and increasing intensity and = Increased risk of crop damage 3
frequency of flooding
Wind energy = Variation in wind patterns = Uncertain impact on resource potential 1
= Increasing air temperatures = Reduction in potential generation capacity 1
Solar energy _ L o . . .
= Decreasing water availability = Reduction in CSP potential generation capacity 2
= |ncreasing air temperatures = Reduction in transmission efficiency and available 1
transmission capacity
Electric grid = More frequent and severe wildfires = Increased risk of physical damage and decreased 1
transmission capacity
= [ncreasing intensity of storm events = Increased risk of physical damage 3
= Increasing air temperatures = Increased electricity demand for cooling;
decreased fuel oil and natural gas demand for 1
Energy demand heating
= [ncreasing magnitude and frequency of = Increased peak electricity demand 1

extreme heat events

* Where possible, this report attempts to characterize the direction and magnitude of change at the national and regional level, as well as on an annual and
seasonal basis. However, given limitations in the available literature, statements about the direction of change do not necessarily imply judgment about the
magnitude of change unless explicitly stated.
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CHAPTER 1: Increasing Temperatures

Key Messages

o Increasing temperatures will likely increase electricity demand for cooling and decrease fuel oil and natural gas demand for heating.

e Thawing permafrost could damage oil and gas infrastructure and force changes to existing operations in Arctic Alaska, while decreasing sea
ice could generate benefits for oil and gas exploration and production in Arctic Alaska.

e Increasing temperatures reduce transmission system efficiency and could decrease available transmission capacity, while more frequent and
severe wildfires also increase the risk of physical damage to transmission infrastructure.

e Increasing air and water temperatures reduce the efficiency of thermoelectric power generation and could decrease available generation

capacity.

Recent Trends and Projections

Average temperatures across the United States have
increased during the past 100 years, and the rate of
warming has increased over the past several decades
(NOAA 2013b, WMO 2013, EPA 2012a, USGCRP 2009).
Nearly the entire United States has experienced increased
average temperatures, with the extent of warming varying
by region, as illustrated by Figure 3 (NOAA 2013b, EPA
2012a, USGCRP 2009). The warmest year since record
keeping began in 1895 for the contiguous United States
was 2012, and the hottest month for the nation was July
2012 (NOAA 2013c). The average annual temperature for
2012 was 55.3°F (12.9°C), which was 3.2°F (1.7°C) above
the 20t century average (NOAA 2013c).

Rate of temperature change (°F per century):

-4 -3 -2 -1 ] 1 2 3 4
Gray Interval:-0.1 to 0.1°F

Figure 3. Rate of warming in the United States by region,
1901-2011

Source: EPA 2012a

Higher average temperatures have been accompanied by
the following impacts:

e Heat waves (a period of several days to weeks of
abnormally hot weather, often with high humidity)
have generally become more frequent and intense
across the United States in the decades since 1960
(NOAA 2013b, EPA 2010a, USGCRP 2009, CCSP
2008b). High humidity and very high nighttime
temperatures have characterized recent heat waves
(USGCRP 2009, CCSP 2008b).

e Wildfire season has increased by nearly 80 days in the
past three decades (NIFC 2012). The average duration
of large fires has almost quadrupled, from 7.5 days to
37 days (IPCC 2007a), and the size of wildfires has
also increased (NOAA 2013¢c, USGCRP 2009).

o Permafrost has thawed, and Alaskan Arctic sea ice
cover has decreased (WMO 2013, NASA 2012,
USGCRP 2009). In September 2012, Arctic sea ice
cover reached its lowest seasonal minimum extent in
the satellite record (i.e., since 1979), reinforcing the
long-term trend (NOAA 2013c, NASA 2012).

e The growing season has increased by about two weeks
since the beginning of the 20t century (EPA 2012a).

These trends are projected to continue. In the period
2021-2050, average annual temperatures across the United
States ate projected to inctease by approximately 2.5°F
(1.4°C) in a lower emissions scenario (B1), and by 2.9°F
(1.6°C) in a higher emissions scenario (A2), when
compared to the climate of 1971-1999 (NOAA 2013b). By
2070-2099, temperatures are projected to increase by
4.8°F (2.7°C) under a lower emissions scenario (B1) and by
8°F (4.4°C) under a higher emissions scenatio (A2) in the
United States (NOAA 2013b), and conditions currently
characterized as heat waves may become dominant
summer conditions (Duffy and Tebaldi 2012). There are
seasonal differences in projected warming trends; greater
warming is projected in the summer and fall than in the
winter and spring for most of the United States (NOAA
2013b, USGCRP 2009).




U.S. ENERGY SECTOR VULNERABILITIES TO CLIMATE CHANGE AND EXTREME WEATHER

Warmer temperatures are also expected to contribute to
the following climate trends (see Appendix for additional
details):

e Increase in frequency and intensity of heat waves
(NOAA 2013b, Duffy and Tebaldi 2012)

e Increased frequency, intensity, and total acreage
affected by wildfires in some parts of the United
States, particularly Alaska and parts of the West
(USGCRP 2009, Spracklen et al. 2009)

e Decreased average extent of sea ice in the Arctic by
about 15% for every 2°F (1.1°C) of warming (EPA
2012b), with the possible disappearance of summer
sea ice by the end of the century (Stroeve et al. 2012,
Kay et al. 2011, Wang and Overland 2009, IPCC
2007d)

e Longer growing season throughout the United States
(NOAA 2013b, USGCRP 2009)

Implications for the Energy Sector

Increasing temperatures can affect key aspects of the
energy supply chain. Higher temperatures that thaw
permafrost can disrupt onshore oil and gas operations in
Arctic Alaska. Higher temperatures also create a longer sea
ice-free season in the Arctic, which can limit ice-based
infrastructure but allows a longer season for drilling.
Increases in ambient air and water temperatures across the
United States reduce thermal efficiencies of electricity
generation from nuclear, coal, natural gas, concentrating
solar power (CSP), bioenergy, and geothermal facilities,
which can reduce available capacity and increase fuel
consumption by power plants. Higher temperatures reduce
the current carrying capacity and decrease the transmission
efficiency of electricity lines. Finally, electricity demand for
cooling increases when temperatures are higher, while
demand for heating decreases.

Oil and Gas Exploration and Production

Oil and gas in Arctic

Alaska are important ' ghe effects from climate change

sources of energy and  goyid add $3.6 to $6.1 billion (in

are Paftic}llaﬂy 2006 dollars) to Alaska public
vulnerable to climate  infrastructure costs through 2030
change because  (Larsen et al. 2008).

temperatures in the P———

Arctic are increasing

twice as fast as the

global average (IPCC e
2007b). The region
contains an estimated — —
90 billion barrels of = [l e o
Oﬂ, 1,669 trillion cubic Photo source: NETL 2013
feet of natural gas,

and 44 billion barrels of natural gas liquids, which amount

to approximately 22% of the world’s undiscovered oil and
gas resources (Harsem et al. 2011, USGS 2008). Both
onshore and offshore exploration and production have
been, and are projected to continue to be, affected by
increasing temperatures, as permafrost thaws and sea ice
continues to melt (Burkett 2011, SPE 2010).

Thawing permafrost could damage 0il and gas infrastructure and force
changes to existing operations in Arctic Alaska. As permafrost
thaws, the tundra loses its weight-bearing capabilities.
Risks to onshore fossil fuel development could include the
loss of access roads

built on permafrost, In addition to the thawing of

1 fth . permafrost, other risks could
088 Of the OpPOTUNILY jherease including lightning strikes,
to establish new roads,  ndra fire, storm surge, and coastal

problems due to frost  grgsion (SPE 2010).
heave and settlement

of pipelines set on
pilings or buried in
permafrost, and
reduced load-bearing
capacity of buildings

and StruCtures ppoi source: SPE 2010
(Burkett 2011, ADEC

2010). The trans-Alaska oil pipeline was constructed with
thousands of thermosyphons, or pipes that remove heat
from permafrost, which may now be having problems
caused by increasing temperatures (Larsen et al. 2008). In
addition, drilling wastes are typically disposed of using in-
ground sumps that rely on the permafrost to prevent
subsurface movement of the wastes into the surrounding
environment; thawing  permafrost could require
modifications to this practice or the adoption of alternative
waste disposal methods. To protect the tundra, the Alaska
Department of Natural Resources limits the amount of
travel on the tundra, and over the past 30 years, the
number of days when travel is permitted has dropped from
more than 200 to 100, thereby reducing by half the
number of days that oil and gas exploration and extraction
equipment can be used (ADEC 2010, USGCRP 2009,
ADNR 2004).

Decreasing sea ice conld create other challenges for offshore oil and gas
development in Arctic Alaska. The extent and thickness of
Arctic sea ice has decreased by an average of 2.7% per
decade, and by more than 7% per decade in the summer,
according to satellite data going back to 1978 (IPCC
20072). Reduced sea ice coverage could trigger new
environmental regulations and protections for Arctic
mammals, which may limit development opportunities
(Burkett 2011). Reduced sea ice coverage limits ice-based
infrastructure and transportation (Burkett 2011, SPE
2010). Sea ice melting can also result in more icebergs,
which may pose a risk to oil and gas operations in the
Arctic because increased sea ice movement could interrupt
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drilling and damage rigs and vessels (Harsem et al. 2011).
Climate change may increase the frequency of polar storms
in the years to come, further disrupting drilling,
production, and transportation (Harsem et al. 2011).

Decreasing sea ice conld generate benefits for offshore oil and gas
exploration and production in Arctic Alaska. A longer sea ice-
free season creates a longer exploration, production, and
drilling season and may increase the rate at which new oil
and gas fields are discovered (Burkett 2011, Harsem et al.
2011, ADEC 2010). Warmer temperatures could open new
shipping routes through the Northwest and Northeast
Passages and expand the spatial extent of Arctic
exploration (Burkett 2011, SPE 2010), a particularly
noteworthy opportunity if the Alaskan and Canadian
coastal shelf becomes permanently ice-free (Burkett 2011).
The Arctic Climate Impact Assessment estimated that a
reduction in Arctic sea ice could result in 90-100 navigable
days per year by 2080, compared to the current 20-30 days
per year, which would expand resource accessibility from
sea routes (AMAP 2004).

The combination of risks posed by warming and the
opportunities gained through increased access to offshore
resources makes it unclear whether oil and gas
development in Arctic Alaska will be improved or
hindered as temperatures rise.

Thermoelectric Power Generation

Increases in ambient air and water temperatures atre
projected to reduce the thermal efficiencies of
thermoelectric power plants. Reduced thermal efficiencies
can result in reduced power output and additional fuel
consumption. Because almost 90% of the electricity
generated in the United States comes from thermoelectric
power (EIA 2012a, EIA 2012b), such decreases in power
output or increases in fuel consumption will hinder system
flexibility or increase costs across the United States.

Increasing air and water temperatures reduce the efficiency of
thermoelectric power generation and conld reduce available generation
capacity. Natural gas, coal, nuclear, CSP, bioenergy, and
geothermal power plants are all affected by elevated air
temperatures. Warmer air and heat waves can increase
ambient cooling water temperatures, which affects
generation efficiency regardless of fuel source (NETL
2010c¢). For thermoelectric power plants, heat is used to
produce high-pressure steam, which is expanded over a
turbine to produce electricity. The driving force for the
process is the phase change of the steam to a liquid
following the turbine, from which arises the demand for
cooling water. A vacuum is created in the condensation
process that draws the steam over the turbine. This low
pressure is critical to the thermodynamic efficiency of the
process. Increased backpressure will lower the efficiency of

the generation process. Increases in ambient air
temperatures and cooling water temperatures will increase
steam condensate temperatures and turbine backpressure,
reducing power generation efficiency (NETL 2010c¢).

The magnitude of the impact from increasing air and water
temperatures on specific power plants will vary based on a
number of plant- and site-specific factors. For example,
the power output of natural gas-fired combustion turbines
(often used for peaking) is estimated to decrease by
approximately 0.6%—0.7% for a 1.8°F (1°C) inctease in air
temperature (Davcock et al. 2004). For combined cycle
power plants, output can decrease by approximately 0.3%—
0.5% for 1.8°F (1°C) increase in air temperatute
(Maulbetsch and DiFilippo 20006). Plant output losses for
combined cycle plants with dry cooling may be more
sensitive to warmer air temperatures, with reductions in
plant output of approximately 0.7% for a 1.8°F (1°C)
increase in air temperature. For nuclear power plants,
output losses are estimated to be approximately 0.5% for a
1.8°F (1°C) increase in air temperature (Linnerud et al.
2011, Durmayaz and Sogut 2000).

While these studies project relatively small changes in
percentage terms, when extended over the nation they
could have significant impacts on net electricity supplies, if
such losses in available capacity are not compensated by
reduced demand or greater supplies elsewhere in the
system when they are needed (CCSP 2007a).

When projected increases in air and water temperatures
associated with climate change are combined with changes
to water availability (discussed in Chapter 2), electric
generation capacity during the summer months may be
significantly reduced. For example, the average summer
capacity at thermoelectric power plants by mid-century
(2031-2060) is projected to decrease by between 4.4% and
16%, depending on climate scenario, water availability, and
cooling system type, as compared to the end of the 20t
century (van Vliet et al. 2012).

Increasing water temperatures pose other risks to thermoelectric power
plants and conld reduce available generation capacity. Increasing
water temperatures put power plants at risk of exceeding
thermal discharge limits established to protect aquatic
ecosystems and incurring financial penalties or forcing
temporary curtailments (PNNL 2012). For example,
during the heat waves that hit the Southeast in 2007, 2010,
and 2011, the temperature of the Tennessee River
exceeded 90°F  (32.2°C); these increased water
temperatures forced curtailments at once-through cooling
facilities along the river, such as the Browns Ferry Nuclear
Plant, where cooling water discharge would have exceeded
the thermal limit (PNNL 2012). During the 2007 heat
wave, Duke Energy was forced to curtail operations at two
coal-fired power plants (Beshears 2007). In 2012, several
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power plants across the country temporarily shut down or
obtained special exemptions from their operating permits
to exceed thermal discharge limits (see Figure 1).

Even if an individual power plant could safely continue to
discharge its cooling water, the cumulative effect of
multiple plants discharging high-temperature waters into a
receiving body with already elevated temperatures may
result in violation of environmental regulations. For
example, multiple plants in the Ohio River Basin share the
same water body. As this watershed becomes warmer, the
cumulative impact of the energy system as a whole will
likely need to be considered, not just the impact of an
individual plant (ORNL 2012a).

In addition to the regulatory limits on thermal discharges
from once-through cooling for power plants, several other
factors influence the vulnerability of these power plants to
higher water temperatures. These factors include the
location of the water intake (depth and distance from
shore), the location of the outlet, the fluid velocities of the
inlet and outlet, screening mechanisms, measures to reduce
bio-fouling on heat-exchanger surfaces, turbulence and
pressure changes within the heat exchangers, and natural
temperature distributions within the water column. For
example, Unit 2 at the Millstone Nuclear Power Station
was shut down in August 2012 after temperatures in Long
Island Sound exceeded the maximum temperature at
which the nuclear power plant is permitted to extract
cooling water (Wald 2012a). However, Unit 3, which pulls
water from deeper and cooler waters in the sound,
continued to operate (Eaton 2012).

Renewable Energy Resources

In recent years, renewable electricity generation capacity in
the United States has increased considerably. Despite the
relatively small share of non-hydroelectric renewable
sources in the current electricity generation portfolio
(approximately 4%, NREL 2012), about 30 states,
including those with large energy markets such as
California, have established renewable portfolio standards
and other policies that will encourage higher penetration of
these technologies in the future.* Wind capacity increased
from 2.6 gigawatts (GW) in 2000 to approximately 60 GW
in 2012, while solar capacity has also begun to grow rapidly
(FERC 2013). The potential impact of climate change will
vary across renewable energy technologies and regions.

4 Renewable energy contributed about 10% of total U.S.
electricity generation in 2010: 6.4% from hydropower, 2.4%
from wind energy, 0.7% from biopower, 0.4% from
geothermal energy, and 0.05% from solar energy (NREL
2012).

Hydropower

Increasing  temperatures could affect the operation of hydropower
Sacilities and decrease available generation capacity in some regions.
Increasing temperatures will increase evaporative water
losses and consumptive water use in upstream watersheds,
decreasing water availability for hydropower and the
operational flexibility of hydropower projects (CCSP
20072). Increasing air and water temperatures may
intensify stratification of some reservoirs behind dams and
deplete dissolved oxygen both in the reservoirs and
downstream, which may degrade habitat for fish and other
wildlife. Such water quality changes can affect growth,
reproduction, migration, and survival of aquatic fauna and
may cause changes in community structure and
biodiversity (McCullough et al. 2009, Jager et al. 1999).
This may impel regulatory limits on hydropower flow
releases to mitigate adverse ecological effects of water
quality fluctuations (Bevelhimer et al. 1997, FERC 1996).
These limits can reduce the peak generation capacity of
hydropower facilities and diminish the ability of
hydropower facilities to respond quickly to electric system
demands.

Bioenergy and Biofuel Production

A longer growing season could increase bioenergy production, while
increasing temperatures could decrease bivenergy production in some
regions. Warmer temperatures lead to a longer growing
season and could lead to gained acreage for multiple crops
using land that otherwise could not be cultivated
effectively. However, the overall effect of warmer
temperatures on bioenergy production will vary by
location, crop type, soil conditions, and producers’
adaptive responses to the warmer temperatures (such as
modifying their crop mix). For some crops and locations,
increasing temperatures will increase evapotranspiration
(ET) rates, thereby increasing water demand; if increased
water demand is not met by increased irrigation (or
precipitation), the increased ET rates could reduce average
yields. Extreme heat could damage crops, and extended
petiods of drought could destroy entire yields. Such
shortfalls may lead to increased price volatility in
associated commodities. A recent study found that impacts
from climate change could increase corn price volatility by
a factor of more than four over the next three decades
(Diffenbaugh et al. 2012). Warmer temperatures and
drought can also stress forests and make stands vulnerable
to mortality from pest infestations such as the pine beetle,
which can reduce bioenergy production and increase fire

risk (USGCRP 2009).
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Wind Energy

Changes in dinrnal and seasonal wind patterns conld influence future
wind power resource potential as significantly as changes in average
annual wind speeds. Projections of wind patterns vary by
region, emissions scenatio, and climate model. As a result,
there is not yet consensus as to how a changing climate
will ultimately affect wind resources in the United States.
From an energy generation perspective, changes to wind
speed and direction are important at a range of temporal
scales, from annual averages to changes in diurnal patterns.
Average annual wind speeds in the United States could
decrease by 1%-3% (Breslow and Sailor 2002) by mid-
century, and by as much as 3%—14% at times in the
Northwest according to a 2008 study (Sailor et al. 2008).5
However, a more recent evaluation of several regional
climate models suggests that changes in U.S. wind
resources through the middle of this century will not
exceed changes associated with historic variability (Pryor
and Barthelmie 2011).

Solar Energy

Increasing temperatures could reduce potential generation capacity of
solar P17, Annual and seasonal photovoltaic (PV) output
could be affected by increases in ambient air temperature;
changes in cloud cover; and changes in haze, humidity, and
dust (Omubo-Pepple et al. 2009, Chow et al. 2007).
However, limited information has been published on the
potential impacts of higher temperatures on solar
resources in the United States.

Increasing temperatures decrease the efficiency of PV
systems. The extent to which PV efficiencies are affected
by temperature depends on the semiconducting material
used. Crystalline silicon PV cells are more susceptible to
heat-related efficiency losses (Omubo-Pepple et al. 2009,
Chow et al. 2007) compared to newer technologies such as
thin film PVs, which do not rely on crystalline silicon to
produce electricity (Huld et al. 2010). The conversion
efficiency of a crystalline silicon PV cell decreases by about
0.08% per 1.8°F (1°C) increase in air temperature when
the ambient air temperature is above 77°F (25°C)
(Radziemska 2003).

Studies of the potential change in irradiance are not
consistent in either direction. Although the magnitude of
the change could be as high as 15% or 20% at very high
latitudes, the change would be smaller in most regions
(Bartok 2010, Cutforth and Judiesch 2007, Pan et al. 2004).
One study suggests that solar potential will generally
decrease, with the most notable decreases being in the
western United States in the fall, winter, and spring (Pan et

5 Wind power is proportional to the cube of wind speed, so it
is important to distinguish quantitative estimates of changes
in wind speed from changes in wind power.

al. 2004). In most of the United States, this study projects a
trend toward decreased seasonal-mean daily global
radiation in the range of 0% to 20% by mid-century (Pan
et al. 2004). One study in Europe estimated that a 2%
decline in solar radiation paired with a 6.7°F (3.7°C)
increase in average ambient temperature could decrease
solar panel power output by 6% (Fidje and Martinsen
2006). Understanding how cloud cover changes, including
the types of clouds, will be important for understanding
future solar resource potential. For example, increases in
high thin cirrus clouds that are highly transparent to solar
radiation will not have the same impact as lower clouds,
such as stratocumulus clouds that are not as transparent
and will result in less solar energy reaching the earth’s

surface (NASA 2013b).

Electric Grid

The U.S. electric grid is a large and complex system that
consists of more than 9,200 electric generating units with
more than 1,000 GW of generating capacity connected to
more than 300,000 miles of transmission lines (DOE
2008a). Increasing temperatures are expected to increase
transmission losses, reduce current carrying capacity,
increase stresses on the distribution system (ORNL 2012b,
CEC 2012, USGCRP 2009), and decrease substation
efficiency and lifespan (CEC 2012).

Increasing temperatures reduce transmission system efficiency and
conld reduce available transmission capacity. Approximately 7%
of power is lost in transmission and distribution (EIA
2012j), and these losses increase as temperatures increase.
In addition, as temperatures increase, the current carrying
capacity of electricity lines decreases. For example, one
study of the California power grid projected that during
the hot periods of August in 2100, under a higher
emissions scenario, a 9°F (5°C) increase in air temperature
could decrease transmission line capacity by 7%—8%
(Sathaye et al. 2013). The same study projects that 9°F
(5°C) warming in 2100 could cause substation capacity to
fall by 2%-4% (Sathaye et al. 2013). However, these
capacity losses could be reduced by modifying future
operating practices and system designs. The effects of high
temperatures may be exacerbated when wind speeds are
low or nighttime temperatures are high, preventing
transmission lines from cooling. This is a particular
concern because nighttime temperatures have been
increasing at a faster rate than daytime temperatures, and
they are projected to continue to increase (CCSP 2008b).

System transmission losses during a heat wave could be
significant and contribute to electric power interruptions
and power outages. During a 2006 heat wave, electric
power transformers failed in Missouri and New York,
causing interruptions of the electric power supply
(USGCRP 2009). In addition, more than 2,000 distribution
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line transformers in California failed during a July 2006
heat wave, causing loss of power to approximately 1.3
million customers (PPIC 2008).

Increasing temperatures can also cause sag of overhead
transmission lines due to thermal expansion. A relatively
small increase in thermal expansion can produce a
significant increase in sag. This initial sag increases with
line temperature because the conducting material of which
the line is made expands as line temperature increases,
effectively lengthening the line (Gupta et al. 2012). This
can pose many risks, including fire and safety hazards, and
increased chance of power outages due to lines contacting
trees or the ground. Replacing or retrofitting transmission
lines can be expensive and may include reducing the
distance between transmission towers or increasing tower
heights (Gupta et al. 2012, Oluwajobi et al. 2012).

More frequent and severe wildfires increase the risk of physical
damage to electricity transmission infrastructure and conld decrease
available transmission capacity. Increasing temperatures and
drought could exacerbate the risk of wildfire, which poses
a risk to electricity transmission (Figure 4). Wildfires can
cause physical damage to wooden transmission line poles,
and the associated heat, smoke, and particulate matter can
also impact the capacity of a transmission line.

Figure 4. Wildfire disrupting electricity transmission

Source: NPS 2013

Soot can accumulate on the insulators that attach
transmission lines to towers, causing leakage currents, and
ionized air in the smoke could act as a conductor, causing
arcing between lines (CEC 2012). Either of these can cause
an outage. In addition, fire retardant used in firefighting
can foul transmission lines (CEC 2012). The probability of
exposure to wildfires for some lines in California is
projected to increase by 40% by the end of the century
(CEC 2012).

Wildfire Impacts on Electricity Transmission and
Distribution

In 2007, the California Independent System Operator Corporation
(Cal-ISO) declared an emergency when, in two days, one wildfire
caused the Southwest Power link transmission system to go out
of service, and another fire caused two additional high-voltage
transmission lines to trip offline. Cal-ISO asked San Diego Gas
and Electric (SDG&E) and Southern California Edison to reduce
electric load by a total of 500 MW and also requested voluntary
energy conservation in San Diego. Over the course of the week,
the fires knocked more than two dozen transmission lines out of
service, and only one 230-kilovolt transmission line was serving
San Diego. Estimates indicate that more than 1,500 utility poles
were burned, more than 35 miles of wire were damaged, and
nearly 80,000 SDG&E customers in San Diego lost power (PPIC
2008).

Energy Demand

As temperatures increase, energy demand for heating is
projected to decrease, while energy demand for cooling is
projected to increase (ORNL 2012a, USGCRP 2009,
CCSP  2007b). However, the impacts of higher
temperatures on net delivered energy and primary energy
consumption are uncertain (ORNL 2012a, CCSP 2007b).
In addition, as temperatures increase, annual electricity
demand for cooling is projected to increase (ORNL 2012a,
USGCRP 2009, CCSP 2007b).

Increasing temperatures will likely increase electricity demand for
cooling and decrease fuel 0il and natural gas demand for heating.
Many factors can affect energy demand, including
temperature and other weather conditions, population,
economic conditions, energy prices, consumer behavior,
conservation programs, and the characteristics of energy-
using equipment (USGCRP 2009). While the effects of
rising temperatures on overall energy demand are difficult
to estimate, it is expected that where cooling (largely from
electricity) accounts for the largest share of energy use in
residential, commercial, and industrial buildings, such as in
southern states, increases in cooling will exceed declines in
heating (from a combination of natural gas, fuel oil, and
electricity), with net energy use in buildings in such regions
expected to increase (ORNL 2012a). In contrast, for
northern states, where energy demand for heating
currently dominates, there could be a net reduction in
energy demand (ORNL 2012a). However, climate-induced
switching from heating to cooling may contribute to
increased primary energy demand even if site energy
demand declines, since primary energy demand includes
losses in generation, transmission, and distribution that are
greater for cooling (ORNL 2012a).
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Figure 5. Changes in cooling degree days and heating degree days in the United States by 2080-2099,
under a lower emissions scenario (B1) and a very high emissions scenario (A1FI)

See appendix for scenario descriptions.

Source: USGCRP 2009

Chicago

Energy demand is often estimated as a function of heating
degree days (HDDs) and cooling degree days (CDDs).6
HDDs and CDDs measure the sum of the daily variation
of temperature below or above a reference temperature.
Projected changes in CDDs and HDDs under different
emissions scenarios are shown for some cities in Figure 5.
By the end of the century, the number of CDDs for these
four cities is projected to increase by approximately 55%,
and the number of HDDs is projected to fall by
approximately 20% under a lower emissions scenario (B1)
(USGCRP 2009). For a northern city such as Chicago, the
reduction in HDDs is projected to exceed the increase in
CDDs, whereas for a southern city such as Dallas, the
increase in CDDs is projected to exceed the reduction in
HDDs.

Changes in HDDs and CDDs change the demand for
heating and cooling services, respectively. For example,
many regions of the United States have market saturation
of air conditioning in excess of 90%, yet there remain a
large number of regions where moderate increases in
temperature could further increase market penetration of
air conditioning (Sailor and Pavlova, 2003). Such increases
in market penetration of air conditioning and greater use
of existing air conditioning (e.g., longer air conditioning
season and increased use during warmer nights) will both
contribute to increased demand for energy services and

6 “Degree-days” are climate metrics that can be used to project
the energy demand required for space heating and cooling as
outdoor temperatures depart from a range of comfortable
t