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Executive Summary

Changes in climate create diverse challenges across the U.S.
energy system. Some energy infrastructure assets have
already suffered damage or disruption in services from a
variety of climate-related impacts, such as higher
temperatures, rising sea levels, and more severe weather
events. In the absence of concerted action to improve
resilience, energy system vulnerabilities pose a threat to
America’s national security, energy security, economic well-
being, and quality of life.

Building climate change resilience into our energy
infrastructure planning is a challenging and complex
undertaking. Planning horizons can span several decades
(the typical service life of most energy assets), associated
investments can extend into the billions of dollars, and
relevant technologies can change rapidly. Some climate
change impacts may trigger cascading effects on natural
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resources, energy demand, and supply chains. Challenges
are compounded when addressing climate risks at the
regional or local level, where climate change projections are
subject to less certainty than at the national scale.

The U.S. Department of Energy (DOE) has proactively
launched numerous initiatives to support and facilitate
energy sector climate preparedness and resilience at
national, regional, and local levels. In addition to enhancing
resilience to climate change, these actions may also have
co-benefits that accommodate non-climate resilience needs
(e.g., aging infrastructure, cybersecurity, physical attacks,
geomagnetic storms). To assist infrastructure owners and
utility planners, DOE has compiled this report on region-
specific energy vulnerabilities to climate change (see Figure
ES-1) and current resilience solutions.
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Figure ES-1. Potential climate change impacts on the U.S. energy infrastructure vary by region. Energy subsectors considered most
vulnerable to projected climate impacts are listed first for each region.1

! “Thermoelectric” generally refers to power plants that use a steam turbine to generate electricity. Examples of thermoelectric power plant fuel sources
include coal, natural gas, oil, nuclear, biomass, geothermal, and concentrated solar power. “Oil & Gas E&P” refers to upstream oil and gas operations, primarily
exploration and production (E&P). “Fuel Transport” refers to movements of energy resources by rail, truck, marine vessel, and pipeline, and it includes
associated facilities such as ports, pumping stations, terminals, and storage facilities. Hurricane impacts in Hawaii refer to a projected increase in the frequency
of all hurricanes striking the islands, not just intense hurricanes; see Chapter 10 for specific projections. The order of subsector vulnerabilities shown in the
figure is based on judgments by the report authors as well as experts from government agencies, national laboratories, and private sector energy companies.

Regional Vulnerabilities and Resilience Solutions | Executive Summary | i



Key Climate Impacts and Regional
Vulnerabilities

Vulnerabilities to climate change vary across regions
depending upon the nature of the climate impacts (see text
box), the types and age of energy systems present, and the
projected combined impacts on operations, energy
demand, and energy supply chains. Major energy systems
affected by regional climate impacts include the following:

e Qil and gas upstream operations are most vulnerable in
the Southeast, Southern Great Plains, and Alaska.

e Fuel transport in every region is vulnerable to a variety
of climate impacts, including increasing heavy
precipitation, heat waves, drought, hurricanes, and sea
level rise-enhanced storm surge.

e Thermoelectric power generation is vulnerable to
increasing temperatures and reduced water availability
in most regions, particularly in the Midwest, Great
Plains, and southern regions.

e Hydropower is vulnerable to reduced snowpack, earlier
melting, and changes to precipitation patterns, mainly
in western regions.

e Bioenergy crops in the Midwest and Northern Great
Plains may be harmed by higher temperatures and
more frequent droughts and floods.

e Electric grid operations and infrastructure in every
region is vulnerable to a variety of climate impacts,
including increasing temperatures, heavy rainfall
events, wildfire, hurricanes, and storm surge.

e Electricity demand is affected by increasing
temperatures and is a key vulnerability in nearly every
region.

Critical regional vulnerabilities are summarized below.

Northwest: Hydropower

provides more than 70% of

the Northwest's electricity

and is an important export

to California and Canada

(EIA 20144, EIA 2014b).

Warmer temperatures and

less mountain snowpack will shift peak streamflow in the
region from summer toward spring (BPA 2011, CIG 2009,
DOE 2012, Doppelt 2009, USGCRP 2014). Meanwhile,
warmer temperatures will likely increase electricity demand
for cooling in the summer, when available hydropower
generation is reduced (BPA 2011, DOE 2012, DOE 2013,
USGCRP 2014). Warmer and drier summers may also
increase the threat of wildfires, which have the potential to
disrupt electricity transmission (DOE 2013, USGCRP 2014).

Key climate impacts projected by region

Climate impact

Increasing temperatures
and heat waves

Regions with energy

systems that are most
affected
All regions

Increasing heavy
downpours

Northern regions

Decreasing water
availability

Western and southern
regions

Increasing wildfire

Western regions

Increasing sea level rise

Nearly all coastal regions

and storm surge

Gulf and Atlantic
regions, including

Increasing frequency of
intense hurricanes

Puerto Rico
Permafrost thaw Alaska
Southwest:
Many energy

systems in the

Southwest are

already designed

for hot and arid

conditions, but

system reliability

is increasingly threatened by higher temperatures, declining
water availability, and greater risk of wildfire (DOE 2013,
NOAA 2013, USGCRP 2014). More frequent and severe heat
waves are likely to amplify demand for cooling energy
(NOAA 2013, Sathaye et al. 2012, USGCRP 2014). Higher
temperatures and reduced water availability may limit the
ability of natural gas-fired, coal-fired, and other
thermoelectric power plants in the region to meet demand
(DOE 2013, Sathaye et al. 2012). Hydropower resources will
be affected by reductions in streamflow and shifts in
streamflow timing (AEG and Cubed 2005, Cayan et al. 2013,
NOAA 2013, USGCRP 2014). Electricity transmission lines
essential to connecting remote generation assets to
demand centers are vulnerable to projected increases in
wildfire as forests and shrub lands become drier (DOE 2013,
Sathaye et al. 2012, USGCRP 2014).
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Northern Great

Plains: The Northern

Great Plains produces

coal, crude oil, and

biofuel for use across

the nation (EIA 2012,

EIA 2014c). Delivery is

mainly by railroad and

pipeline, which are vulnerable to damage or disruption
from increasing heavy precipitation events and associated
flooding and erosion (USGCRP 2014). Summer heat waves
could also damage railroad tracks and are likely to reduce
thermoelectric power plant and transmission line capacity
(DOE 2013, USGCRP 2014). Higher temperatures could
lower the yields of crops used for biofuels while expanding
northward the range in which certain biofuel crops (e.g.,
corn) can be cultivated (NOAA 2013, Roberts and Schlenker
2011, USGCRP 2014).

Southern Great Plains: The

Southern Great Plains is home

to substantial oil and gas

production, refining, and

transportation assets, with an

especially high concentration

near the Gulf Coast. Projected

increases in the intensity of

Atlantic hurricanes and

associated rainfall, combined

with rising global sea levels

and subsiding coastlines, escalate the risk of coastal
flooding and wind damage to many of these assets (DOE
2013, USGCRP 2014, DOE 2015). Heat waves and higher
temperatures are also projected for the region, increasing
electricity demand for cooling while reducing the
generation capacity of thermoelectric power plants and the
transmission capacity of power lines (DOE 2013, NOAA
2013, USGCRP 2014). Drought and increased competition
for water could limit the water available for power plant
cooling and oil and gas operations (Cook et al. 2013, DOE
2013, USGCRP 2014).

Midwest: More than 90%
of the region’s electricity
is generated by coal-fired
and other thermoelectric
power plants, which are
vulnerable to increasing
temperatures (DOE 2013,
EIA 2013). Warmer
temperatures reduce the

generation capacity of power plants and the transmission
capacity of power lines, while simultaneously increasing
electricity demand for cooling (DOE 2013, USGCRP 2014).
Energy-related infrastructure, including roads, railroads,
and electric grid equipment, may also be at increased risk of
damage due to flooding, as heavy precipitation events are
projected to occur more frequently (DOE 2013, NOAA 2013,
USGCRP 2014). Increased risk of floods and droughts may
disrupt fuel transport on inlands waterways. Changing
water availability and increasing temperatures may also
affect biofuel production and refining capacity in the
Midwest (NOAA 2013, USGCRP 2014).

Northeast: The Northeast

region is comparatively

cool, so as temperatures

rise, increased electricity

demand for cooling is

likely to be driven in part

by increasing market

penetration of air

conditioners

(Auffhammer 2011, DOE

2013, NOAA 2013,

USGCRP 2014). Warmer temperatures and more intense
heat waves also reduce the capacity of thermoelectric
power plants and electric grid transmission during periods
of peak electricity demand (DOE 2013, USGCRP 2014). Sea
level rise and storm surge increasingly threaten coastal
energy infrastructure, including ports, electric grid
equipment, and power plants (DOE 2013, USGCRP 2014).
Farther inland, low-lying infrastructure, such as roads,
railroads, refineries, and power lines, is vulnerable to more
frequent flooding from heavy precipitation events (DOE
2013, NOAA 2013,

USGCRP 2014).

Southeast: The

Southeast, especially

the northern Gulf

Coast, hosts a large

amount of energy

infrastructure in low-

lying coastal plains

that are vulnerable to

increases in flooding

(DOE 2013, USGCRP

2014). High winds, coastal erosion, flooding, and large
waves from hurricanes and sea level rise-enhanced storm
surge threaten oil and gas production, ports, pipelines,
refineries, and storage facilities, as well as electricity
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generation and transmission assets (DOE 2013, USGCRP
2014, DOE 2015). Higher temperatures and more frequent,
severe, and longer-lasting heat waves are also projected for
the Southeast, potentially increasing peak electricity
demand for cooling while reducing the capacity of the
thermoelectric generation and transmission systems
needed to meet the increased demand (DOE 2013, NOAA
2013, USGCRP 2014).

Alaska: Northern

latitudes,

including all of

Alaska, are

warming faster

than temperate

regions, and the

permafrost

underlying much

of Alaska's

interior and

northern coastlines is at risk of thawing (USGCRP 2014).
Thawing permafrost causes underlying land to shift and
soften. These structural changes can potentially damage the
foundations of pipelines as well as roads and airstrips used
for fuel shipments to Alaska's remote rural communities
(USGCRP 2014). Thawing permafrost and declining sea ice
have already accelerated the erosion of coastlines in rural
communities, resulting in damaged or destroyed
infrastructure for fuel transfer and storage (Alaska AAG
2010, DOE 2013, USGCRP 2014). Warmer temperatures are
likely to shorten the season during which ice roads can be
used to reach oil and gas operations in the North Slope
(DOE 2013). Alaska's extensive energy assets may also be
vulnerable to projected increases in wildfire (USGCRP
2014).

Islands: Hawaii and

Puerto Rico share

many similarities in

their energy systems,

including reliance on

imported petroleum and other fuels. In both of the island
regions, projected sea level rise and hurricane-driven storm
surge threaten ports and other essential coastal energy
infrastructure with flooding, wave damage, and erosion,
while hurricane winds pose a danger to structures and
power lines (DOE 2013, Murakami et al. 2013, PRCCC 2013,
USGCRP 2014). Higher temperatures reduce the efficiency
of oil-fired and other thermoelectric power plants,
significantly restricting electricity supply if such losses are
not offset by reduced demand or supplies added elsewhere

in the system (DOE 2013). Other U.S. islands in the Pacific
and in the Caribbean are not separately examined in this
report but are likely to have climate impacts and resilience
solutions similar to those in Hawaii and Puerto Rico.

Challenges and Opportunities to
Accelerate and Expand Resilience

Building a reliable and resilient 21* century U.S. energy
sector will require a concerted effort to overcome an array
of challenges, including those that are technological and
financial, informational and behavioral, institutional, and
policy-related. Informational shortcomings, for example,
may prevent energy sector owners from making an
attractive business case for resilience actions. The public
and private sectors are working together to overcome these
challenges and better understand the implications of
projected climate impacts and the suitability of various
resilience solutions.

The private sector, which owns and operates the majority
of energy assets, holds central responsibility for identifying
and implementing appropriate measures to ensure the
climate resilience of those assets. However, DOE fills an
important role by facilitating basic scientific discovery;
enhancing research, development, demonstration, and
deployment; providing technical information and
assistance; designing, analyzing, recommending, and
fostering enabling policies; and convening and partnering
with stakeholders. As a result, a range of organizations are
sharing their experiences, conducting research to identify
vulnerabilities and evaluate resilience strategies, and
incorporating projected climate impacts into risk
management decision making.

While government, academia, and technical institutions
continue to provide supporting research, data, and tools,
energy system planners, owners, and operators are already
identifying vulnerabilities, monitoring resources, investing
in resilient technology, and planning for rapid recovery.
Continued and expanded efforts by states, localities, and
tribes will build regional energy resilience capabilities. This
proactive approach will improve access to critical
information for decision making and assist in building the
body of knowledge required to cope effectively. Smart
decisions today will help to provide a robust and resilient
energy system for tomorrow. Working together, the private
and public sectors can make sure that the United States
continues to deliver the reliable, affordable, and
increasingly clean power and fuels required to maintain a
healthy economy and comfortable standard of living.
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Preface

Changes in the global climate system will profoundly affect

the U.S. energy sector, which powers the nation’s economy.

The energy sector provides the electricity and fuels that
underpin every facet of the economy, including commerce,
manufacturing, transportation, communications, health
care, water supply and treatment, and other critical
infrastructure and systems. The clear potential for
disruptions to the energy sector raises concern for normal
economic operations and American’s quality of life.

In addition to efforts to reduce the greenhouse gas
emissions that cause climate change, the Administration
recognizes the importance of adapting to and preparing for
climate impacts that can no longer be avoided (see
sidebar). This report is part of a broad U.S. Department of
Energy (DOE) effort to inform preparedness, resilience
planning, and response initiatives (see sidebar on following

page).

While this report focuses on resilience to climate change
impacts, DOE is also pursuing resilience initiatives that
address other energy sector risks not related to climate
change (e.g., aging infrastructure, cybersecurity, physical
attacks, geomagnetic storms, etc.) that will increase
resilience, reliability, safety, and asset security of U.S.
energy infrastructure. For example, the Administration
recently released the first installment of the Quadrennial
Energy Review (QER) that addresses this broader set of
challenges and recommends policies and investments to
modernize energy transmission, storage, and distribution
infrastructure that will promote economic competitiveness,
energy security, and environmental responsibility.1

Previously, DOE’s 2013 report U.S. Energy Sector
Vulnerabilities to Climate Change and Extreme Weather
provided a national perspective on U.S. energy system
vulnerabilities to potential climate impacts, including
increasing temperatures, decreasing water availability, and
increasing storms, flooding, and sea level rise (as
summarized in Table P-1).2 That report identified
vulnerabilities in the system and highlighted opportunities
to enhance preparedness and resilience at a national level.

! Quadrennial Energy Review: Energy Transmission, Storage, and
Distribution Infrastructure. U.S. Department of Energy.
http://energy.gov/sites/prod/files/2015/04/f22/QER-
ALL%20FINAL_O.pdf.

2u.s. Energy Sector Vulnerabilities to Climate Change and
Extreme Weather. U.S. Department of Energy.
http://www.energy.gov/downloads/us-energy-sector-
vulnerabilities-climate-change-and-extreme-weather.

Federal leadership on climate change resilience

initiatives
In June of 2013, President Obama announced the
Climate Action Plan, which identifies activities to
prepare for a changing climate—impacts of which are
already evident across the country. Executive Order
(EO) 13653: Preparing the United States for the Impacts
of Climate Change (November 2013) directs federal
agencies to take steps to help American communities
strengthen their resilience to extreme weather and
prepare for other impacts of climate change. EO 13653
also instructs agencies to provide the information, data,
and tools that local, state, and private sector leaders
need to take timely and informed actions to improve
preparedness and resilience in critical systems,
including energy systems.

EO 13653 created the Council on Climate Preparedness
and Resilience, which led to the development of
national principles for adaptation and is leading to
crosscutting and government-wide adaptation policies.
The Council is also facilitating development of
information, data, and tools for climate change
preparedness and resilience to support federal,
regional, state, local, tribal, private sector, and
nonprofit sector efforts to prepare for the impacts of
climate change. For example, see
http://www.data.gov/climate/energy-infrastructure/.

EO 13653 also established a short-term task force of
state, local, and tribal officials to advise on key actions
the federal government can take to better support local
preparedness and resilience-building efforts. In the fall
of 2014, this task force recommended removing barriers
to resilient investments, modernizing grant and loan
programs, and developing information and tools to
better serve communities.

This new report builds upon the 2013 report, the QER, and
other DOE preparedness and resilience initiatives by
examining energy sector vulnerabilities to climate impacts
at the regional level. To improve understanding of the
vulnerabilities in each region, this document reviews the
composition, operation, and management of regional
energy systems—including regional energy resources,
private and public infrastructure, imports and exports, and
energy consumption patterns. It also examines regional
energy planning efforts, state and local regulations, and
measures taken by energy sector owners and operators to
enhance climate resilience.
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Energy infrastructure has always been vulnerable to many
natural phenomena, such as earthquakes, extreme heat,
thunderstorms, high winds, ice storms, landslides, erosion,
and floods. This report focuses on potential energy
infrastructure impacts of weather-related hazards that are
likely to worsen because of climate change. These hazards
include changes in average and extreme temperatures;
changes in average, seasonal, and extreme precipitation
and hydrology; more intense hurricanes; increasing sea
level rise and storm surge; and changes to ecosystems,
which could increase the risk of wildfire. Some of these
phenomena have already become more frequent or severe
because of climate change—and these trends are expected
to continue. The introduction of this report describes these
trends, and their national and regional implications in more
detail.

Analyses of the changing climate and impacts on energy

systems at the regional level are valuable for several

reasons:

¢ Energy systems are designed for and often depend upon
regional features, such as the historical climate and
presence of natural resources.

* Projected near- and long-term climate change threats
and vulnerabilities to energy systems vary considerably
by region.

¢ Interdependencies between regions and energy
subsectors may exacerbate or, conversely, reduce
energy sector vulnerabilities.

e Appropriate resilience strategies for energy systems
depend on regional and local circumstances, such as
available resources, population trends, energy demand,
and the mix of projected climate impacts.

This report is intended as a resource for private entities,
institutions, governments, and other decision makers in
need of regional and localized information and insights to
assist in assessing risks and developing effective resilience
strategies for energy systems vulnerable to climate impacts.
The aim is to provide decision makers with a base of
regional information that they can use to (1) further explore
what the projected changes in climate might mean for their
specific energy assets and (2) evaluate a range of strategies
for effectively increasing local, regional, and national energy
system resilience to climate change.

Examples of DOE initiatives that address preparedness, resilience planning, and response

¢ Climate Action Champions: DOE conducted a national competition to identify local and tribal community organizations pursuing
preparedness and resilience activities that can serve as models for other communities. The agency initially selected 16 organizations
working on a range of ambitious activities at the frontier of climate action—from creating climate-smart building codes to installing
green infrastructure. Federal agencies facilitate peer-to-peer learning and mentorship, provide targeted support, and foster
coordination and communication across agencies and organizations. See http://www.energy.gov/epsa/climate-action-champions.

* Preparedness Pilots: In cooperation with the State of Colorado, DOE and the National Renewable Energy Laboratory are leading a
pilot program that connects local communities with key federal agencies (e.g., NASA, U.S. Army Corps of Engineers, Departments of
Defense, Interior, and Agriculture) to assess and plan for region-specific interdependencies and climate change vulnerabilities. This
effort promotes preparedness planning and helps create models for other communities.

o State Energy Assurance Plan Assistance and Risk Assessment Initiative: DOE works with state and local governments on energy
resilience, developing information and tools and conducting forums, training, and tabletop exercises with energy officials,
emergency managers, policy makers, and industry asset owners and operators. DOE initiatives include support to State Energy
Emergency Assurance Coordinators (EEACs) on information sharing and coordination protocols, as well as grants to help state and
local governments develop or refine their energy assurance plans and develop in-house expertise on infrastructure
interdependencies and related vulnerabilities. DOE is also leading a State Energy Risk Assessment Initiative, in collaboration with
the National Association of State Energy Officials, National Association of Regulatory Utility Commissioners, National Conference of
State Legislatures, and National Governors Association, to increase state officials' awareness of risk considerations and be prepared
to make informed decisions related to energy systems and infrastructure investments, energy assurance planning, resilience
strategies, and asset management. See http://www.energy.gov/indianenergy/downloads/tribal-energy-system-vulnerabilities-

climate-change-and-extreme-weather.

¢ Strengthening Tribal Energy Systems: In September 2015, DOE released a report on Tribal Energy System Vulnerabilities to Climate
Change and Extreme Weather (DOE 2015b). The report describes climate-related events that threaten the economic and energy
security of Indian Tribes, who are among the nation’s most impoverished communities. The report is part of a broad DOE effort to
support tribal climate preparedness that includes technical assistance to help tribes identify, assess, and respond to specific

vulnerabilities and resilience options.

¢ Partnership for Energy Sector Climate Resilience: On April 21, 2015, the White House and DOE announced the establishment of the
Partnership for Energy Sector Climate Resilience with initially 17 companies representing a range of utilities, including investor-
owned as well as federal, state, municipal, and cooperative organizations. Through the Partnership, DOE works with the private
sector to develop and deploy effective strategies for enhancing resilience to extreme weather and climate change. The Partnership
will assist in the dissemination of user-friendly climate data and decision tools; assessment of costs and benefits of climate
resilience actions; and identification of gaps, opportunities and metrics for developing and deploying climate-resilient energy
technologies, practices, and policies. See http://www.energy.gov/epsa/partnership-energy-sector-climate-resilience.
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Table P-1. Potential effects of climate change on the energy sector

Energy sector

Climate projection

Potential implication

Oil and gas .
explorationand ,
production

Fuel transport =

Thermoelectric =
power .
generation
(Coal, natural
gas, nuclear,
geothermal,
andsolarCSP) "

Hydropower .

Bioenergyand =
biofuel
production .

Wind energy =

Solar energy .

Electric grid u

Energy demand =

Thawing permafrost in Arctic Alaska

Longer sea ice-free season in Arctic Alaska

Decreasing water availability

Increasing frequency of intense hurricanes,
and increasing sea level rise and storm surge

Increasing intensity and frequency of flooding

Reduction in river levels

Increasing intensity and frequency of flooding

Increasing air temperatures

Increasing water temperatures

= Decreasing water availability

Increasing frequency of intense hurricanes,
and increasing sea level rise and storm surge

Increasing intensity and frequency of flooding

Increasing temperatures and evaporative
losses

Changes in precipitation and decreasing
snowpack

Increasing intensity and frequency of flooding

Increasing air temperatures

Extended growing season
Decreasing water availability

Sea level rise and increasing intensity and
frequency of flooding

Potential variation in wind patterns
Increasing air temperatures

Decreasing water availability

Increasing air temperatures

More frequent and severe wildfires
Increasing frequency of intense hurricanes,
and increasing sea level rise and storm surge

Increasing air temperatures

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

Increased risk of physical damage and disruption to inland 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 concentrated solar power (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 heating3

Increased peak electricity demand

Source: Adapted from DOE 2013

3 Energy demand is often reported as a function of heating degree days (HDDs) and cooling degree days (CDDs). Degree days measure the
difference between mean air temperature and a standard baseline temperature at which buildings would begin using air conditioning on warm
days and heating on cool days; this standard baseline temperature is typically 65°F. On an annual basis, HDDs and CDDs measure the time-
integrated difference over a year between the mean daily temperature and the baseline temperature (DOE 2013).
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1. Introduction

Across the country, energy systems are increasingly
vulnerable to the effects of a changing climate. This section
describes the key climate change trends, including rising
temperatures and sea levels, changing precipitation
patterns, and more frequent and severe episodes of
extreme weather, that are already forcing energy systems
to operate outside of the conditions for which they were
designed and are threatening to damage or disrupt critical
energy infrastructure.

Climate change and extreme weather can damage
equipment and facilities, disrupt supply chains and
operations, and cause shifts in energy supply and demand.
Disruptions in energy services can have serious
consequences at the local and regional level and can hurt
the national economy. U.S. competitiveness and economic
health depend upon an energy system that is prepared to
meet the demands and threats of the 21st century. The
climate and weather impacts that are evident today are
expected to become more frequent and more intense in the
decades ahead. Planning and investment will be required to
ensure that the nation’s energy systems can continue to
deliver high performance while anticipating and reducing
vulnerabilities to climate change and extreme weather.

Influence of climate on energy systems
Energy production, transport, and delivery infrastructure
and operations are typically tailored either to take
advantage of or to address regional differences in climate
conditions, available resources, and demand for energy (see
Figure 1-1). A region’s resources, including water availability
and energy resources (fossil and renewable resources), are
primary considerations in the design of energy systems. For
example, the Northwest has high volumes of water flowing
through mountainous terrain, making the region well-suited
for hydroelectric power generation. Similarly, the
Southeast, Midwest, and Northeast are served by navigable
waterways, so marine vessels are used extensively in these
regions to transport energy products such as petroleum and
coal. Regional differences in water availability are also
reflected in technologies used in power plant cooling water
systems. In the Southeast, many large generating stations
incorporate once-through cooling technologies that rely on
an abundant supply of fresh surface water. In the
Southwest, where fresh surface water is scarce, most power
plants rely on alternative sources of water (e.g., municipal
waste water), or they use water-efficient cooling systems
(e.g., recirculating systems or dry cooling). In fact, less than
1% of Southwest generating capacity uses once-through
surface water for cooling (UCS 2012).

Figure 1-1. Energy systems are designed for regional climate
conditions, resources, and energy demand

Beyond the available resources, which tend to influence the
type of energy systems used, energy demand typically
drives the amount of energy system infrastructure needed
in an area. High demand centers require numerous high-
voltage transmission lines. Across the country, natural gas
and crude oil pipelines have been built to serve energy
supply centers such as power plants and refineries, which,
in turn, are located in proximity to large demand centers for
electricity and fuel.

The climate (historical norms) influences multiple factors,
including many of the resources that are available for
generating energy (e.g., water, solar, wind, and biomass) as
well as the level of energy demand (e.g., requirements for
heating and cooling). For example, precipitation patterns
and temperatures affect the amount of water and biomass
resources available for bioenergy. Additionally, ambient
temperatures and humidity are among the biggest factors
in determining energy demand; more than 40% of U.S.
household energy is used for heating and cooling (EIA
2013).

In addition to influencing natural resources and energy
demand, climate also directly influences the technology,
design, and operations of regional energy systems. For
example, thermoelectric power plants design and operate
their cooling water intakes and effluent systems based, in
part, on an expected range of air and water temperatures.
In addition, utilities typically equip their transformers with
cooling systems that are adequate to prevent overheating
in regions that historically experience extremely hot
weather. Similarly, pipelines constructed on permafrost in
Arctic Alaska are designed for an expected range of historic
temperatures.
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The energy used for space heating and cooling is also
affected by climate and varies by region. In the northern
states, more energy is used for winter heating (often in the
form of natural gas or oil) than for cooling; in the southern
states, the opposite typically holds true. In parts of the
Northeast, many homes use electric window air
conditioners to address the limited need for cooling but rely
on natural gas for heat. In the Southeast, by contrast, many
homes are equipped with electric heat pumps for efficient
summer cooling and rely on electricity for winter heat (EIA
2013).

Weather and climate patterns—including the prevalence of
storms, wildfires, floods, and drought—have long shaped
energy system design and operations. Hurricanes can have
devastating impacts on local or regional energy systems.
Companies operating oil and gas infrastructure along the
Gulf Coast in the Southern Great Plains and Southeast, for
example, typically incorporate the historical likelihood of
severe hurricanes into risk management planning.
Transmission line operators in wildfire areas incorporate
vegetation management and other techniques to mitigate
fire risk. Utilities in tornado-prone regions are commonly
prepared with emergency response and recovery plans. The
QER examines these and other hazards that impact energy
transmission, storage, and distribution systems. Figure 1-2
from the QER shows the regional distribution of certain
natural hazards.

The annual frequency of billion-dollar weather events and
associated costs from these events has increased during the
last 30 years (Figure 1-3). These storm-related damages
affect the energy sector and many other sectors.

Figure 1-3. Billion-dollar disaster events and aggregate costs by
year4
Data source: NOAA 2015

As climate change progresses, energy infrastructure that
has been designed to perform across the known range of
historical conditions in a region may not be designed to
withstand the projected changes to temperatures,
precipitation, hurricanes, wildfire, and sea level rise. A
regional climate’s departure from the historical averages
could significantly impede energy system performance and
expose the system to much greater risks, particularly with
aging energy infrastructure. Geographic variations in
climate change and energy infrastructure underscore the
value of a regional approach to analyzing infrastructure

Figure 1-2. Regional distribution of hazards, of which fires, hurricane intensity, and storm surge are projected to intensify because of

climate change
Source: DOE 2015a

* Number of events exceeding $1 billion using 2014 consumer
price index (CPI) adjustment
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vulnerabilities and developing and implementing effective
climate resilience solutions.

Regional variations in projected climate
impacts

Projected changes to local and regional climates differ from
national or global average projections. In general, the
United States is expected to become warmer, and periods
of extreme heat are likely to become more severe, more
frequent, and more extended. However, the degree of
projected warming varies; Alaska and the northern and
interior areas of the nation are expected to experience
more rapid warming, while the Pacific, South Atlantic, and
Gulf coastal areas are likely to see their warming trends
moderated by the oceans (Figure 1-4) (NOAA 2013, USGCRP
2014).

Figure 1-4. Increase in annual mean temperature by mid-century5

Source: NOAA 2013

Annual average precipitation is generally expected to
increase across the northern United States but decline in
the southern states (NOAA 2013, USGCRP 2014). Other

Certainty of regional climate projections

Climate models have improved dramatically over
the last several decades, particularly at a national or
global scale. However, the complexity of climate
systems and scientific uncertainty about some
aspects of climate mean that small variations in
inputs and assumptions can produce a range of
outcomes. Small differences at the global scale can
create large changes to projected climate impacts
for a region. Figure 1-4, Figure 1-5, and Figure 1-6
show averages from multiple models. Hatched lines
indicate areas with the greatest agreement among
models.

® Simulated difference in annual mean temperature (°F) for 2041-
2070 compared to 1971-2000 under a high (A2) emissions
scenario. Climate projections for Alaska, Hawaii, and Puerto Rico
are based on different sources and can be found in Chapters 9 and
10.

changes in precipitation patterns, such as increased
frequency or severity of heavy precipitation events and
changes in the length of dry spells, are also projected to
vary across regions. The largest increases in heavy
precipitation events are projected for the northern regions,
including the Northern Great Plains and the Northeast, as
well as interior areas of the West (Figure 1-5), while the
largest increases in consecutive dry days are anticipated in
the Southern Great Plains and Southwest (Figure 1-6)
(NOAA 2013).

Figure 1-5. Change in annual heavy precipitation events by mid-
century®
Source: NOAA 2013

Figure 1-6. Change in consecutive days with minimal
precipitation by mid-century7
Source: NOAA 2013

® Simulated percentage difference in the mean annual number of
days with precipitation of greater than one inch for 2041-2070
compared to 1980-2000 under a high (A2) emissions scenario.
Climate projections for Alaska, Hawaii, and Puerto Rico are based
on different sources and can be found in Chapters 9 and 10.

7 Simulated difference in the mean annual maximum number of
consecutive days with precipitation of less than 0.1 inches for
2041-2070 compared to 1980-2000 under a high (A2) emissions
scenario. Climate projections for Alaska, Hawaii, and Puerto Rico
are based on different sources and can be found in Chapters 9 and
10.
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The severity of climate change impacts on a region or locality
will depend on baseline climate conditions as well as the scale
of the projected change. In colder parts of the country, for
example, higher winter temperatures may reduce net energy
consumption, as reductions in energy demand for winter
heating may more than offset increases in energy demand for
summer cooling, at least in the near term. In western forests,
higher temperatures and reduced precipitation are projected
to increase the risk of wildfire, while forests in the East are less
likely to see an immediate increase in fires than those in the
West—despite also experiencing increases in temperatures
and summer drying (USGCRP 2014).% Increases in sea level rise
and hurricane intensity are most likely to affect regions with
low-lying coastal energy infrastructure, high rates of land
subsidence, and gently sloping continental shelves, such as
parts of the Gulf and Mid-Atlantic Coasts (USGCRP 2014).
Figure 1-7 illustrates the projected exposure of a portion of the
Gulf Coast to sea-level rise and storm surge from a Category 1
hurricane.

Figure 1-7. Storm surge inundation zones from a Category 1
hurricane under different sea level rise scenarios; exposure to
electrical substations shown®

Source: DOE 2015a

Key sources

Projected climate impacts in this report are primarily based
on assessments by the U.S. Global Change Research
Program (USGCRP) and the National Oceanic and
Atmospheric Administration (NOAA). The projections
represent an average of multiple climate models, as
presented in in the 2014 Third National Climate Assessment
(NCA) and its supporting analyses. The NCA, conducted

8 Although both western and eastern forests may experience
increasing disturbances caused by climate change, western forests
are already more vulnerable to large-scale die-offs resulting from
drought, disease, and pests than eastern forests, so climate
impacts on western forests are expected to be more severe.

° Baseline vulnerability corresponds with sea level in 1992. Future

vulnerabilities correspond with a high-end sea level rise scenario
of 10 inches in 2030, 23 inches in 2050, and 32 inches in 2060.

under the auspices of the Global Change Research Act of
1990, assesses the effects of global climate change on
human and natural systems, analyzes current trends in
global change, and projects major trends for the next 25 to
100 years. The NCA provides the United States' most
comprehensive scientific assessment of how climate change
affects each region of the country.

This report also draws upon valuable studies and resources
from several federal agencies, including the U.S.
Department of Energy (DOE), U.S. Department of
Transportation (DOT), U.S. Environmental Protection
Agency (EPA), U.S. Geological Survey (USGS), U.S. Army
Corps of Engineers (USACE), and NOAA, among others.
Supplemental resources used in this report include state,
regional, and local publications and planning documents;
regulatory filings; and peer-reviewed studies and datasets
published in major scientific journals. News articles and
press releases are used to illustrate climate change impacts
and resilience solutions.

Using this report

Each of the next nine chapters of this report focuses on a
single region of the United States. These nine regions
broadly correspond with the geographic breakdown used in
the Third National Climate Assessment (Figure 1-8).1° By
aligning the regional boundaries of this report with the
NCA, this report is able to better leverage the scientific
findings of the authoritative NCA and its series of
supportive analyses. Each of the chapters in this report is
structured as a stand-alone regional profile and includes a
brief overview of the regional energy infrastructure and key
vulnerabilities, a more detailed description of the critical
energy subsectors that are most vulnerable to the impacts
of climate change, a one-page description of regional
climate change trends and projections, and its own
references section. The final chapter provides crosscutting
observations relevant to multiple regions.

Figure 1-8. Regions of the United States addressed in this report

10 Report chapters correspond to the regions in the Third National
Climate Assessment with two main exceptions: the Great Plains
region, which is separated into two regions in this report, and the
Islands region, which discusses Hawaii and Puerto Rico.
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Chapter 2: Northwest

Climate Change and the Energy Sector

Overview

The Northwest has a diverse topography with rocky shorelines,
lush forests, mountains, farmlands, and arid regions. Major
climate change impacts projected to increasingly threaten the
region’s energy infrastructure include the following:

Higher temperatures may increase the amount of
precipitation falling as rain rather than as snow and cause
mountain snowpack to melt earlier in the spring.
Combined with projected declines in summer
precipitation, these changes may lead to reduced summer
streamflow.” The Northwest is highly dependent on
hydroelectric power to supply its electricity. Together, these
changes may contribute to higher streamflows in the winter
and spring and decreased streamflows and hydropower
generation in the summer.”

Average temperatures are projected to increase by 3°F—
10°F over the course of the century, and annual cooling
degree days (CDDs) for some areas could increase by 400
by mid-century. The region is also projected to experience
longer and more severe heat waves and higher overnight
low temperatures.® Greater seasonal demand for electricity
for cooling could occur simultaneously with reduced
availability of hydropower in the summer.*

Wildfire activity is projected to increase, with median burn
area projected to quadruple by the 2080s.° Wildfires in the
region’s forests threaten to disrupt or damage critical
transmission infrastructure. Fires can burn poles, and smoke
and fire retardants can foul lines, increasing the chance of
arcing to ground.f

Sea levels are projected to rise more slowly in the
Northwest than in other regions because of tectonic uplift,
which has elevated much of the Northwestern coast.® The
uplift is not consistent, however, and infrastructure in the
Puget Sound may be more vulnerable than in other areas.

QUICK FACTS

Northwest States: Washington, Oregon, Idaho

Population (2013)
Area (square miles)

13,000,000 (4% of U.S.)
245,000 (7% of U.S.)

Energy Expenditures $49 billion
ENERGY SUPPLY Annual Annual %fo‘r
& DEMAND Production Consumption el
power
Electric power TWh 193 163 n/a
Petroleum million barrels 0 232 <1%
Coal million tons 0 5 89%
Natural gas Bcf 1 569 24%
ELECTRIC Pro:uncrtlil:) anl % of To.tal Capacity :JT::’:;
POWER (TWh) Production (GW) >1 MW*
Natural gas 19 10% 9 39
Coal 6 3% 2 4
Nuclear 9 5% 1 1
Hydroelectric 140 72% 32 209
Wind 15 8% 7 87
Biomass 3 2% 1 48
Solar <1 <1% <1 6
CRITICAL INFRASTRUCTURE
Petroleum Electric Power
Wells (>1 boe/d): 0 Power plants (>1 MW): 394
Refineries: 5 Interstate transmission lines: 10
Liquids pipelines: 5 Coal
Ports (>200 tons/yr): 6 Mines: 0
Natural Gas Waterways
Wells: 27 Coal and petroleum routes: 10
Interstate pipelines: 3 Railroads
Market hubs: 3 Miles of freight track: 7,200

Note: Table presents 2012 data except number of oil wells, which is 2009 data.
*Some plants use multiple fuels, and individual generating units may be <1 MW.
Sources: AAR 2014, EIA 2011, EIA 2013b, EIA 2013d, EIA 2013f, EIA 2014a, EIA 2014e,
EIA 2014f, EIA 2014g, EIA 2014h, EIA 2014i, EIA 2014j, USACE 2014, U.S. Census
Bureau 2014

Table 2-1. Examples of important energy sector vulnerabilities and climate resilience solutions in the Northwest

Subsector Vulnerability

Magnitude

lllustrative Resilience Solutions

Hydroelectric Reduced availability of summer
power generation due to
declining summer streamflow”
Increased summer demand

due to warmer air

Power
2080s'

Electricity Demand

Summer hydropower generation
may decrease by 18%-21% by the

Peak load may increase by almost
3,200 MW (about 8%) by 2030 due

Water conservation, integrated water
management, water availability
forecasting, energy storagej

Capacity expansion, energy efficiency,
demand management, energy storage™

k
temperatures

Electric Grid Increased risk of damage from
more frequent and severe
wildfires"

Coastal Threats from rising sea levels

INTaSiTCiute to power plants, terminals, and

other low-lying assets'

to temperature alone'

Recent wildfires have burned
through transmission and
distribution lines® and threatened
the critical Pacific Intertie”

Four power plants are at or below
four feet above sea level®

Vegetation management, improved
design standards for transmission
equipment, redundant systems®

Hardening and elevating structures,
incorporating sea-level rise projections

into infrastructure project planning
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Regional Energy Sector Vulnerabilities

and Resilience Solutions

Key energy subsectors and illustrative examples of
resilience solutions in the Northwest are discussed below.
System components that are most vulnerable to climate
change are described first.

Hydroelectric Power

Subsector Vulnerabilities

Hydroelectric power dominates the Northwest’s
electricity generation mix, providing 72% of the region’s
power (Table 2-2). Washington is the leading producer of
hydroelectric power in the United States, followed by
Oregon. The region supplies both Canada and U.S.
markets® with significant electricity (EIA 2014l). Oregon
and Washington both produce more electricity than they
consume, while Idaho is a net power importer and
dependent on interstate transmission lines (EIA 2014a).

Table 2-2. 2012 net electricity generation (percentage of total

electricity generated)

Generation Type OR WA ID Total
Region
Natural Gas 19% 5% 12% 10%
Coal 4% 3% - 3%
Nuclear - 8% - 5%
Hydroelectric 65% 77% 71% 72%
Other Renewables  12% 7% 16% 9%

Source: EIA 2013f

Federal agencies—including the U.S. Bureau of
Reclamation, the U.S. Army Corps of Engineers, and the
Bonneville Power Administration (BPA)—and private
owners operate 203 hydroelectric facilities in the region,
which produced almost 140 TWh in 2012. Hydroelectric
power is generated from multiple dams in the Columbia
River Basin, which provides more than 40% of the nation’s
total hydropower (Figure 2-1) (EIA 2014k). The Grand
Coulee Dam in Washington is the largest electric power
plant in the United States and sixth largest in the world,
with a capacity of over 6,800 MW (EIA 2014k). The nation’s
largest privately owned hydroelectric facility is located in
Idaho, at the Hells Canyon complex on the Snake River (EIA
2013a, EIA 2014a).

Climate change is expected to affect hydropower in the

Northwest in a number of ways, including:

e Decrease in summer hydropower production from a
combination of earlier spring snowmelt, reduced
snowpack, and declining summer precipitation (BPA
2011a, CIG 2009, DOE 2012a, Doppelt 2009, USGCRP
2014).

! Three Northwest states are discussed here; however, it is
recognized that the vulnerabilities could substantially affect the
electricity supply in Canada and California.

Figure 2-1. Federal and non-federal dams in the Columbia River Basin
Source: EIA 2014k

e Increase in winter/early spring hydropower production
and spills at dams (BPA 2011a, USGCRP 2014).

e Decrease in water available for hydropower production
as competition for water increases (USGCRP 2014).

Climate change is affecting the supply of water for
hydropower. Projected changes in the timing of snowmelt
and streamflow in the summer would reduce hydropower
generating capacity due to reduced available water (see
Figure 2-2 for one scenario’s projection of changes in
streamflow). One recent study simulated streamflows in the
Columbia River watershed for historical and future climates
under two scenarios,” and found that annual hydropower
production could decrease by 3.0%—3.5% by the 2080s
compared to 20™ century levels. This is the net effect of a
projected increase of 7%—10% in the winter and a projected
decrease of 18%—21% in the summer (CIG 2009).

At the same time, increasing temperatures are causing
larger percentages of precipitation to fall as rain instead of
snow, reducing snow water equivalent in mountain
snowpacks (CIG 2009, Doppelt 2009, USGCRP 2014). For the
winter through early spring (January through April),
increased winter rainfall would provide more power
generation due to increased streamflows, but also increase
occurrences of dam spilling due to exceeding available
generation, most notably in April and May (BPA 2011a, BPA
2011c). Streamflows in some watersheds are expected to
increasingly be driven by rainfall rather than snowmelt (CIG
2009), and with summer precipitation expected to decline

2 I . . ..
B1 (low emissions) scenario and A1B (medium emissions)
scenario
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by as much as 30% by the end of the century (USGCRP
2014), the availability of hydropower at periods of higher
demand could be further diminished.

Reduced availability of hydropower generation in the
summer coincides with anticipated greater demand for
cooling energy due, in part, to temperature increases
during the same period (see Electricity Demand section).

Abundant and low-cost hydropower has helped maintain
what have been historically low regional wholesale power
prices. If hydropower becomes less dominant, prices in the
region may be increasingly determined by the cost of
natural gas generation (EIA 2014c).

Changes to the supply of water in the Northwest due to
climate change not only affect hydropower but other
competing consumers of water reservoir supplies, including
irrigation, municipal, and industrial uses; flood control;
water quality; navigation; recreation; and aquatic species
habitat preservation. In the summer (especially during drier
years), not all competing water needs can be met all of the
time. By the 2080s, it is projected that hydropower
production could be reduced by as much as 20% in order to
preserve Columbia River Basin in-stream flow for fish
(USGCRP 2014).

Hydroelectric Power

Resilience Solutions

A comprehensive resilience approach to climate change will
need to include strategies for optimized hydropower
production as part of an integrated water management
plan. The approach should also consider options for

electricity supply diversification and demand management
to reduce reliance on hydropower.

Actions to enhance resilience will need to take into account
formal agreements, such as those regarding hydropower in
the Northwest, including the Columbia River Treaty and the
agreement between Canada and the United States that
addresses Columbia River Basin flooding and water
resources regulation. While the agreement is due to expire
in 2024 and would have to be renegotiated, the U.S. Bureau
of Reclamation, the U.S. Army Corps of Engineers, and BPA
are integrating climate change data in their review of the
treaty (BPA 2011a). A significant amount of the Columbia
River Basin storage capacity is located in Canada (USACE and
BPA 2013a). As a part of the treaty, Canada is entitled to 50%
of power generated downstream in the Columbia River; this
power is delivered to British Columbia and either used in
Canada or re-sold to the western United States (USACE and
BPA 2014). Renegotiation of the Columbia River Treaty that
affects the dispensation of water rights in the region could
also affect future levels of available hydropower production
(Dalton et al. 2013).

For the Columbia River Basin, recommendations from the
United States for modernizing the Columbia River Treaty
post-2024 will consider competing interests for water in
Canada and the Northwestern United States and the
possibility of reduced hydropower generation capability and
other effects due to climate change and other factors.

Figure 2-2. (Left) Projected increased winter flows and decreased summer flows by the 2020s, 2040s, and 2080s in the Yakima River Basin
under the A1B emissions scenario (compared to 1916-2006). (Right) Projected changes in local runoff (shading) and streamflow (colored
circles) for the 2040s summer (compared to 1915-2006) under the A1B Scenario.

Source: USGCRP 2014
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Additional hydropower capacity, either through new
facilities or through increased turbine efficiency and/or
capacity at existing dams, could help address some issues
related to reduced water availability. However, recent
assessments of capacity expansion at existing federally
owned dams found minimal opportunity for economic
expansion in the Northwest (DOI et al. 2007, USBR 2011).

Engineering solutions to control water supply for
hydroelectric power production must be balanced with
potentially competing requirements for flood control and
wildlife conservation (USGCRP 2014). Water conservation
measures in other sectors may help to reduce conflicting
demands on water resources, and improved planning can
help to better manage competing demands (DOE 2013,
Doppelt 2009). Increased deployment of technologies such
as pumped storage can improve short-term response to
changes in power demand; however, alternative sources of
power generation may be more economically efficient (DOE
2013, MWH 2009, NPCC 2010).

Examples of recent hydropower shortages

2015: Above average temperatures and below average
precipitation in the winter led the Northwest River
Forecast Center to project lower-than-average runoff in
the Columbia River Basin for the summer of 2015.
Runoff projections are below historical averages for
almost every measurement site, including major dams
such as The Dalles (projected to see only 67% of
average runoff), John Day (69%), and Grand Coulee
(74%) (Hernandez 2015, NWRFC 2015).

2010: BPA experienced basin-wide precipitation and
streamflows well below normal during the first half of
2010. By year’s end, runoff at The Dalles Dam was 16%
below normal (BPA 2011b).

2001: The second-lowest flow of river runoff ever
recorded led BPA to declare a power emergency and
stop spills along the Columbia and Snake rivers. Power
shortages led to industrial plant shutdowns and rate
increases (Harrison 2008).

2000: A summer water shortage in the Northwest helped
spur a power crisis and soaring market prices on the
West Coast. In response, BPA deployed a power trading
strategy to keep reservoirs full by restricting
hydropower production during the day while importing
power from the Southwest and sending power to
California utilities at night (Harrison 2008).

The provision of accurate information about future
resource availability and demand is critical for avoiding
shortfalls. Forecasting snowmelt timing based on snowpack
and temperature trends gives system operators critical
information in predicting seasonal availability of
hydropower generation, which can be used to prepare and

execute contingency plans if shortfalls are projected.
Forecasts of snowmelt timing are provided by the
Northwest River Forecast Center, operated by the U.S.
National Oceanographic and Atmospheric Administration
(EIA 2014c). Utilities, such as Seattle City Light, have
projects underway to assess climate change impacts on
hydropower generation and characterize present and
future glacier contribution to summer streamflow, update
streamflow projections with multiple climate scenarios and
glacier runoff, and develop regional climate model
projections of changes in windstorm and convective storm
frequency and timing (Seattle City Light 2012, Raymond
2014a, Raymond 2014b).

Greater supply diversification may also be an effective
strategy to increase system resilience to climate change.
Since the western power crisis in 2000, the region has relied
on natural gas and wind power to supply additional capacity
needs. Those two sources accounted for 96% of new
capacity added between 2000 and 2012 (EIA 2013d). If
shortages in hydropower lead to increased dispatch from
these new sources, electricity prices in the region (currently
at a historic low) may also increase. In addition, the recent
significant expansion of wind generation capacity will
require grid system operators to explore options to
appropriately balance supply from variable wind energy
production with other energy sources, such as hydropower,
to optimize supply and demand and enhance resilience.
Frequent cycling of hydropower to compensate for wind’s
intermittent supply is a sub-optimal generation practice and
causes significant wear on hydroelectric turbine gates (BPA
2011c).

Storage systems could allow intermittent renewable
generation sources such as wind power to store energy and
then deliver it when needed. This ability could prove
especially useful in the Northwest, as wind power
generators have faced curtailments in the past due to the
availability of lower-cost hydropower (McKenna 2011). A
recent study of pumped hydropower storage in the
Northwest found that wide-scale deployment could allow
economic integration of intermittent generation. Over
13,000 MW of pumped storage projects have received
preliminary permits in the region (MWH 2009).

Electricity Demand

Subsector Vulnerabilities

The changing demand profile for electric power is critically
important to the region’s energy sector. Historically, the
Northwest’s electricity prices have been the lowest in the
nation, and a substantial amount of built infrastructure,
such as building heating, has come to rely upon low-cost
electricity (CIG 2009, EIA 2014a). Climate change is only one
of several factors (including population growth and
changing technologies, such as electric vehicles) that may
drive changes in electricity demand (DOE 2012a). While
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these factors are likely to increase the region’s demand for
electricity, existing constraints on water usage and
ecological considerations mean that relatively little
potential hydropower capacity remains untapped to offset
demand increases (CIG 2009, DOE 2012b).

Climate change is projected to have the following impact on

electricity demand in the Northwest:

e Higher maximum temperatures, longer and more severe
heat waves, and higher overnight lows are expected to
increase electricity demand for cooling in the summer
(BPA 2011a, DOE 2012a, DOE 2013, USGCRP 2014).

Climate change is projected to increase the annual number
of CDDs in the region by up to 400 degree days, depending
on the emissions scenario (NOAA 2013).

Several studies indicate that the region’s peak load and
total electricity demand may increase significantly as a
result of rising temperatures. The Northwest Power and
Conservation Council (NPCC) estimated that, by 2030,
increases in peak load due to temperature alone would
exceed 2,800 MW in July and approach 3,200 MW in August
under a scenario of a 2°F increase in annual average
temperature. The study also found declines in December
and January of over 1,000 MW (NPCC 2010). Another
study—the 2009 Washington Climate Change Impacts
Assessment—found that, by 2080, Washington’s demand
for cooling energy alone may be 11 to 20 times higher than
demand in the 1980s, depending on the emissions scenario,
population growth, and air conditioning market penetration
rates (CIG 2009). The assessment also found that, while
heating energy demand would likely fall significantly under
a warming climate, population growth could more than
offset this effect, leading to increased energy demand for
both heating and cooling (CIG 2009).

Excluding population growth, warmer winter temperatures
are expected to decrease demand for heating energy due to
less frequent extremely cold nights and a decrease in the
number of heating degree days (HDDs) (DOE 2012a, DOE
2013, USGCRP 2014).

Increasing summer demand for power can also affect other
regions that rely on power exports from the Northwest.
California depends on power imports to supplement its
generation during periods of peak demand, much of which
comes from hydropower in the Northwest (DOE 2012a, EIA
2014d). In addition, California—where summer electricity
demand is greater than in the Northwest—could face CDD
increases that are more than double those in the
Northwest, as well as declines in water availability that
could affect California’s in-state generation (EIA 2014d,
NOAA 2013, USGCRP 2014).

Electricity Demand

Resilience Solutions

Measures to address increasing electricity demand include
adding new electric generating capacity and implementing
technologies, policies, or measures to reduce overall
demand or reduce consumption at peak hours. New
generating capacity can be designed to operate year-round
(baseload) or only during periods of greatest demand
(peaking). Likewise, overall demand can be reduced by
improving the energy efficiency of buildings, appliances,
and other significant loads, and peak demand can be
reduced by incentivizing large industrial and commercial
consumers or groups of residential consumers to turn off
equipment or reduce their cooling energy consumption
(e.g., by turning up their thermostats) during peak hours.
Because the Northwest exports electricity outside the
region, demand management measures being implemented
in other states, particularly California, may help mitigate
potential supply shortages during summer season peaks
(FERC 2013).

Decisions to invest in new capacity are typically made in the
context of integrated resource planning, a process that may
consider a number of factors affecting future demand,
including population change, technology change, policy risk,
and climate change, as well as existing and future
resources. The NPCC considered a number of scenarios in
its Sixth Power Plan (in 2010) and proposed a near-term
strategy to 2030. The plan involves an additional 4.5 GW of
new wind capacity (assumed to produce an average of 1.45
GW), 1.0 GW of combined-cycle natural gas capacity, and
expanded energy efficiency measures. The primary factor
driving wind development in the strategy is the mandate for
new renewables in state renewable portfolio standard (RPS)
policies. In scenarios considered by the NPCC that did not
consider RPS policies, new wind development is
considerably lower (NPCC 2010). NPCC’s analysis finds that
in scenarios that involve greater retirements of existing
capacity, natural gas capacity would be deployed to fill the

gap.

Although hydropower provides the large majority of
generating capacity in the region, capacity expansion at
federally owned dams in the Columbia River basin is not a
strategy currently under consideration (BPA 2012).
Moreover, the most recent assessment of all federally
owned dams in the region found only two dams with
potential for economic expansion of capacity. Together,
these projects could add 17 MW of capacity (DOI et al.
2007).

Renewable energy development is a means of expanding
clean energy capacity and diversifying generating resources
to enhance resilience, which are goals supported by the
federal government. For example, DOE issued a $1.3 billion
partial loan guarantee to finance one of the largest wind
farms in the world. The Caithness Shepherds Flat wind
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project is an 845 MW wind-powered electrical generating
facility located in eastern Oregon. To leverage the region’s
low-temperature geothermal resources, DOE issued a $97
million partial loan guarantee to USG Oregon LLC for the
construction of the Neal Hot Springs geothermal power
plant (Figure 2-3). This technology more efficiently extracts
heat from lower-temperature geothermal wells, allowing
energy generation from previously untapped locations (DOE
2011, DOE 2014).

Figure 2-3. Neal Hot Springs 20 MW geothermal power plant in
Malheur County, Oregon
Source: DOE 2015

Energy efficiency, load management, and other programs
administered by regional power producers have already
helped reduce total and peak electricity demand in the
Northwest. For example, to delay the construction of new
peaking facilities, Idaho Power has implemented a number
of energy efficiency and load management programs. The
program strategy includes incentives for residential
customers who implement home upgrades and install
energy efficient appliances and remote-controlled
thermostats, and incentives for commercial customers
participating in the FlexPeak load-shaving program that
allows businesses to customize which load reductions they
will make at what times. Together, Idaho Power’s demand
reduction programs cut summer peak load by 101 MW,
with a total demand reduction capacity of 438 MW in 2012
(EIA 2013e, Idaho Power 2013).

In the Northwest, a total of 37,000 residential customers,
3,100 industrial customers, and 170 commercial customers
are participating in price-responsive, incentive-based
demand-side management programs, while more than
46,000 residential customers, 600 industrial customers, and
680 commercial customers are in time-based rate demand-
side management programs (EIA 2013e). By 2012, a total of
almost 800 MW in peak load reductions had been achieved
from existing demand management programs across
residential, commercial, and industrial customers, with
approximately 700 MW achieved through energy efficiency

programs and 100 MW achieved through load management
(EIA 2013e).

The NPCC identified almost 7,000 MW of technically
achievable conservation potential by 2029 (NPCC 2010).
Although not all technically achievable efficiency measures
were identified as cost-effective, almost 6,000 MW were
estimated to be achievable at a levelized cost of less than
$200/MWh (with more than half of that estimated to be
achievable at a price of $30-$40/MWh), including 2,600 MW
from residential buildings and appliances, 1,400 MW from
commercial buildings (especially from lighting), 800 MW
from consumer electronics, and 800 MW from industry.
Additionally, while the plan assumed 1,500 MW and 1,700
MW of available demand response by 2030 in the winter
and summer respectively, the NPCC found that the region
lacks sufficient experience with demand response to
provide a detailed estimate of potential resources. Looking
forward, the NPCC anticipates that the levelized cost of
efficiency developed in its resource strategy is $36/MWh
(NPCC 2010).

Grid-scale energy storage systems can also contribute to
meeting the region’s changing demand profile (see the
Hydroelectric Power section for a discussion of the use of
pumped hydropower storage). Other potentially feasible
grid-scale energy storage technologies include compressed
air, flow batteries, and sodium-sulfur batteries (NPCC 2010).

Electric Grid

Subsector Vulnerabilities

The Northwest is part of the Western Interconnection, the
wide-area AC power transmission grid that stretches from
Western Canada southward to Baja California and eastward
to the Great Plains (EIA 2014a). The region is also the
northern terminus of the Pacific Intertie, a high-voltage DC
(HVDC) power line that connects Columbia River
hydropower resources to demand in the Los Angeles-area
(EIA 2014a). About three fourths of the region's
transmission infrastructure is owned and operated by BPA
(BPA 2013a).

Climate change is expected to have the following impacts
on energy transmission, storage, and distribution in the
Northwest:

. Increased risk of physical damage from wildfires—
including associated heat, soot, and fire retardants—
causing damage to transmission infrastructure and
disruption of power supply (DOE 2013, USGCRP 2014).

. Increased transmission and distribution equipment
losses, damage to transformers, and reduced capacity
due to higher temperatures (Bérubé 2007, DOE 2013).

Energy transmission, storage, and distribution
infrastructure are vulnerable to physical damage from
increasing wildfires. Fires can damage wooden transmission
line poles, and the associated heat, smoke, and soot can
affect transmission line capacity (Figure 2-4) (DOE 2013,
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SDG&E 2008). For example, following the Soda Fire in 2015,
Idaho Power Company had to replace 129 poles and 2.5
miles of power lines (Kahn 2015). Soot can also reduce the
electrical resistance of the air, increasing the risk of
transmission lines arcing to other lines or to nearby
vegetation (DOE 2013). Other lasting effects from wildfires
that can impact the energy system can include increased
soil erosion and risk of landslides and changes in water
quality (through increased amounts of sediment) (Dalton et
al. 2013, FS 2014, USGS 2015).

Figure 2-4. Transmission lines following wildfire in Washington
Source: BPA 2014

Since the 1970s, wildfires have increased in number and
extent in the Northwest, with the trend expected to
continue (USGCRP 2014). Under one scenario, the median
area burned each year by wildfires in the Northwest would
quadruple (to 2 million acres, with a range of 0.2 million
acres to 9.8 million acres for the entire region) by the
2080s, compared to the average for the 20" century
(USGCRP 2014).°

Higher temperatures can reduce the efficiency and capacity
of power lines and other power grid components, such as
transformers, and can increase the risk of disruption to
transmission lines (DOE 2013). Increased temperatures can
also cause conductors to expand, leading to sagging power
lines that are more likely to strike trees and automatically
close, shutting off the power line (DOE 2013). Tree strikes
can cause power outages if sufficient redundancy is not
available and can ignite brush fires, which may cause even
more damage. Temperature-related risks are exacerbated
by the relationship between temperatures and summer
peak energy demand; the greatest demand for electricity
typically occurs during periods of highest temperature and
thus is when temperature effects on grid capacity are
greatest. Increased temperatures also shorten the lifetime
of transformers. At higher temperatures, transformers age
at accelerated rates, typically up to 100 times faster than
normal during emergency overloading conditions (Bérubé
2007). On very hot days, grid operators must reduce

3 Under the A1B scenario; 20" century baseline includes the
period covering 1916—-2007

transformer loading or risk causing additional damage
(Hashmi et al. 2013, USBR 2000).

Electric Grid

Resilience Solutions

Strategies to improve the resilience of new and existing
transmission infrastructure will rely upon improved
technology, designs, and planning, as well as improved
vegetation management practices to reduce the build-up of
hazardous fuels near key power lines (DOE 2013).
Increasing redundancy in the transmission grid can also
improve system resilience to climate change impacts (DOE
2013).

Strengthening power lines and towers to resist physical
damage—e.g., replacing wood towers with steel towers for
the most vulnerable lines—can improve individual lines’
resilience to wildfires, limiting damage and expediting
restoration (Figure 2-5) (SDG&E 2008). Approximately one
third of BPA’s transmission line circuit miles are supported
by wood poles, many with aging and outdated equipment
(BPA 2013a). Other technological measures may include
development of new compounds safe for use around active
power lines that may improve firefighting crews’ ability to
protect key lines without causing disruptions.

Figure 2-5. Structural failure of wooden power poles
Source: BPA 2013b

Proactive vegetation management is also an important
practice for increasing resilience against transmission and
distribution line damage resulting from increased wildfires,
as well as for reducing the risk of wildfires caused by
transmission line tree strikes. Management practices
include tree trimming, forest thinning, and prescribed
burning to reduce fuel buildup, as well as reducing potential
ignition points (SDG&E 2008, USGCRP 2014). In 2008, an
overgrown tree struck one of BPA’s 230 kV feeder lines,
resulting in $20 million in damages (BPA 2013a). In
response, BPA has redeveloped its vegetation management
practices, including establishing metrics for the program
and reaching agreements with stakeholders, and has since
achieved zero “grow-in” outages (outages caused by
vegetation growing into the path of a line) (BPA 2013a).

Expansion of regional transmission capacity can address
capacity reductions resulting from higher temperatures and
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increasing summer demand for cooling energy. To facilitate
coordinated grid planning, the region’s utilities have formed
two regional planning groups: ColumbiaGrid, oriented
around BPA and Washington utilities, and Northern Tier
Transmission Group, which extends from the Northwest
into Montana, Wyoming, and Utah. Recently, ColumbiaGrid
implemented a significant number of projects based on
BPA’s innovative queuing process for analyzing, costing, and
financing transmission expansions (NPCC 2010). Load
management measures that reduce peak demand on hot
days can also improve grid resilience (see Electricity
Demand section).

Examples of recent wildfire events

2014: The Carlton Complex Fire, the largest fire in
Washington State history, led to several weeks of
power outages (Burns 2014, La Ganga and Muskal
2014).

2009: An Oregon wildfire damaged a transmission line
and left 25,000 customers without power (Crombie
2009).

2006: Wildfires threatened the Pacific Intertie, which
transmits power from the Pacific Northwest to Los
Angeles, California (AP 2006).

Operational practices can also help prevent physical
damage to overheating power transformers. By monitoring
temperatures and managing loading of transformers on
hotter days, operators can prevent excessive damage and
premature aging. Physical measures to prevent damage to
transformers include upgraded insulators capable of
handling higher operating temperatures and installation of
cooling fans to reduce thermal loading on hot days (Bérubé
et al. 2007, USBR 2000).

Thermoelectric Power Generation

Subsector Vulnerabilities

Electricity from thermoelectric power plants represents
approximately 18% of the generation mix in the region
(Table 2-2). Washington has 21 natural gas-fired power
plants, eight biomass-fired power plant, one nuclear power
station, and one large coal-fired power plant. The coal-fired
plant is scheduled to shut down in 2025, while the nuclear
plant is licensed through 2043 (EIA 2014a, NRC 2012). In
Oregon, a coal generating station in Boardman is the state’s
only coal power plant, and it is scheduled to close in 2020
(EIA 2014a). In Idaho, coal is used for two industrial co-
generation facilities but not for any commercial power
production (EIA 2014a). There are 39 natural gas power
plants across the region, many of which are simple-cycle gas
turbines (EIA 2014a).

The region also has several geothermal generating stations,
including the 20 MW Neal Hot Springs plant, Oregon’s only
commercial unit (Oregon Dept. of Geology and Mineral

Industries 2013). Washington has fewer high-temperature
resources, which are located in the volcanic Cascade Range.
Idaho has 13 MW of commercial geothermal generation at
the Raft River facility in the southeastern portion of the
state (EIA 2014a).

Climate change could have the following impacts on

thermoelectric power generation in the Northwest:

e Higher average temperatures and extreme
temperatures that lower thermoelectric plant
efficiency, reducing generating capacity (DOE 2013,
Sathaye et al. 2012, USGCRP 2014).

e Increased height of storm surge and tidal action due to
sea level rise, resulting in a higher rate of coastal
erosion and higher risk of flooding for coastal
infrastructure (including the Puget Sound) (USGCRP
2014).

Higher average temperatures are expected to reduce the
efficiency of thermoelectric power generation, reducing the
total amount of power a plant can produce (DOE 2013). As
thermoelectric power plants are increasingly relied upon to
provide peaking power during periods of maximum demand
on the hottest days, reduced peak capacity may increase
the risk of generation shortfalls. One study of natural gas
power plants found that most plants are designed to
operate optimally at 15°C (59°F) and that a 1°C increase in
ambient temperature above the design point could reduce
capacity 0.7% for a combined-cycle gas plant and 1% for a
simple-cycle plant (Sathaye et al. 2012).

Coastal power plants in the Northwest are also vulnerable
to the impacts of rising sea levels. However, along much of
the region’s coastline, sea levels are expected to rise more
slowly than in other regions, as much of the Pacific
Northwest coastline is undergoing tectonic uplift, which
reduces the rate of relative sea level rise compared to the
global average (USGCRP 2014). The rate of local tectonic
uplift varies significantly, and some areas (including the
Puget Sound) are more vulnerable to sea level rise than
others (Verdonck 2006). For example, over the last century,
tide gauges in Seattle show sea level rise at a rate of 2.1
mm per year (over the period 1900-2005), while in Astoria,
Oregon (on the mouth of the Columbia River), sea levels
have been falling at a rate of 0.3 mm per year (1925-2005)
(Verdonck 2006).

Although most of the region’s thermoelectric power plants
are well above sea level, four plants in Washington’s Puget
Sound are situated on properties in which at least part of
the land is at or below four feet above sea level —the upper
end of expected increases in global average sea levels by
the end of the century (Climate Central 2014, USGCRP
2014). In addition, three more plants, as well as one of the
region’s oil refineries, are at or below seven feet above sea
level (Climate Central 2014). Coastal flooding is typically the
product of storm surge and wave action on top of average
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sea levels, and increasing sea levels in the Puget Sound can
make flooding during storms more likely (USGCRP 2014).
The record highest tide in Seattle occurred on December
17, 2012, when a storm combined with an especially high
tide to produce tide levels of 14.5 feet (Broom 2012).

Thermoelectric Power Generation

Resilience Solutions

Reduced available generation capacity due to higher
average or extreme air temperatures can be addressed
primarily by building new dispatchable capacity or by
ensuring adequate transmission infrastructure exists to
import additional power during peak hours. Capacity
reductions can also be ameliorated by demand-side
efficiency and load-shedding programs (discussed in the
Electricity Demand section), and storage systems are
another option to accommodate the Northwest’s changing
demand profile (discussed in the Hydroelectric Power and
Electricity Demand sections).

Engineered barriers such as levees can effectively protect
vulnerable thermoelectric power plants from flooding.
Utilities may also elevate critical equipment to protect
against flooding. Planners can protect new capacity by
locating new generators at higher elevations that are not at
risk of flooding due to sea level rise.

Fuel Transport

Subsector Vulnerabilities

Washington serves as the principal refining center for
regional markets and is ranked fifth in the nation for crude
oil-refining capacity. The largest refinery is the Cherry Point
Refinery operated by British

Petroleum, followed by Shell’s

Anacortes Refinery, Tesoro’s

Anacortes Refinery, Phillips’ Ferndale

Refinery, and U.S. Oil’s Tacoma

Refinery. Refineries receive crude oil

primarily from Alaska but are

increasingly receiving imports from

Canada (EIA 20144, EIA 2014b). The

regional network of petroleum

refining and distribution systems is

illustrated in Figure 2-6.

Oregon and ldaho do not have any
refineries; most petroleum is
imported into these states by
pipeline and barge. The three main
pipelines in the region are the
Olympic, Yellowstone, and Chevron
Pipelines. The Olympic pipeline is
operated by Enbridge and provides
Oregon with refined petroleum from
refineries in northwest Washington.
The Yellowstone pipeline, operated

- S : WDOC 2013
by Phillips 66, runs from Montana ouree

into Washington through northern Idaho. The Chevron
pipeline transfers petroleum products from Utah to
southern Idaho, northeast Oregon, and southeast
Washington (EIA 20144, EIA 2014b, WDOC 2013).

Idaho, Oregon, and Washington rely primarily on natural
gas supplied from Canada and receive natural gas by three
pipelines (the Mist gas field in Oregon is the only producing
natural gas field in the region, but production has declined
during the past 30 years) (EIA 2014a). The Northwest
pipeline runs from Canada southward into western
Washington and Oregon and turns eastward from Oregon
into southern Idaho. The Gas Transmission—Northwest
pipeline runs southward from Canada through northern
Idaho and into eastern Washington and Oregon. The Ruby
pipeline runs along the southern border of Oregon (EIA
2014a). Two proposed LNG export terminals in Oregon are
seeking federal permits (EIA 2014a).

In recent years, a number of shipping terminals for coal
export have been proposed in the region. Current proposals
include two ports in Washington (Cherry Point and
Longview) and one in Oregon (Boardman) (ODOEQ 2014,
WDOE 2013). All of the proposed terminals would export
coal transported from the Powder River Basin in Wyoming
via new or existing rail lines and barge routes. There are no
active coal mines in the Northwest (EIA 2014a), nor are
there any estimated coal resources (USGS 2014b). Coal is
shipped into the region from Montana, Utah, and Wyoming
(EIA 2014a).

Figure 2-6. Movement of gasoline in the Northwest, 2010
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Climate change may have the following impacts on
petroleum refining and fuel transportation in the
Northwest:

e Increased height of storm surge and tidal action due to
sea level rise, resulting in more damage, a higher rate of
coastal erosion, and higher risk of flooding for coastal
infrastructure, including refineries, terminals, pipelines,
and railroads (CIG 2013, USGCRP 2014).

e Increasing precipitation increases the risk of inland
flooding for riparian infrastructure in rain-fed and
mixed-source basins, including railroads and pipelines at
river crossings or that follow river courses (CCSP 2008,
CIG 2013, USGCRP 2014).

Coastal infrastructure, including petroleum ports and
refineries, coal terminals, and pipelines may be threatened
by the effects of rising sea levels, including heightened
wave action and storm surge during storms. Along much of
the region’s coastline, sea levels are expected to rise more
slowly than in other regions, as the underlying land is rising
(USGCRP 2014). However, as noted above in the
Thermoelectric Power Generation section, local rates of
relative sea level rise vary significantly, and the Puget Sound
is expected to experience greater sea level rise than other
coastal areas in the region (Verdonck 2006). For example,
low-lying rail yards in the Port of Seattle are vulnerable to
permanent inundation if sea levels rise more than three
feet (CIG 2013).

Most of the region’s refinery facilities are well above

sea level, with the single exception of U.S. Oil’s

Tacoma Refinery, which is located in the Port of Tacoma
(Figure 2-7). Coastal equipment, petroleum ports, and
pipelines located at sea level may be exposed to heightened
sea levels and coastal flooding as well as greater rates of
erosion (DOE 2013, USGCRP 2014).

Figure 2-7. Aerial image of U.S. Oil's Tacoma Refinery
Source: WDOE 2015

Inland flooding of river valleys and flood plains can affect
pipelines, railroads, and other infrastructure at river
crossings, or that follows river courses (DOE 2013). Flooding
can wash-out rail track beds and cause disruptions, and
increased streamflow can erode riverbanks, undercutting
railroads and scouring bridge piers (CCSP 2008, DOE 2013).
Buried pipelines are less vulnerable to flooding impacts, but
may be subject to damage from flood-borne debris if high
streamflow erodes the soil and exposes pipelines buried in
riverbanks or under a riverbed (CCSP 2008, GAO 2014).
Projected increases in precipitation are more likely to
increase the risk of flooding in river basins that are primarily
rain-fed and mixed rather than those that are primarily
snow-fed (USGCRP 2014). However, as winter precipitation
shifts from snow to rain, more watersheds in the region are
expected to become primarily rain-fed (CIG 2013).

Fuel Transport

Resilience Solutions

As the threats of coastal flooding, heightened storm surge,
and increasing erosion mount, coastal hardening measures,
including the construction of sea walls or natural barriers
such as wetlands to reduce the impacts of storm surge, may
be necessary for existing infrastructure, (CCSP 2008, DOE
2013). Planning future infrastructure—including LNG or coal
export terminals—for higher sea levels is also critical to
build resilience (DOE 2013). For example, the Army Corps of
Engineers directs analysts to consider what effect changing
relative sea level rates could have on designs, and agency
reports are required to contain scenarios that include
accelerating future sea level rise (USACE 2011).

Railroads can be protected from wash-out from flooding
with engineering solutions and track upgrades such as
elevating rails and bridges; however these can be costly
(CCSP 2008, DOT 2009). Additional resilience solutions
include upgrading drainage systems and ensuring culverts
can handle increased runoff from heavy precipitation
events (DOT 2009). Policy measures that restrict new rail
line development in floodplains or revised standards for
drainage capacity or elevating tracks can also improve
resilience. The risk of erosion can be reduced through the
use of manmade or natural barriers along vulnerable
riverbanks. At crossings, bridge piers can be protected with
riprap, and vulnerable buried pipelines can be protected by
using horizontal drilling techniques to bury the pipe
significantly deeper than traditional trenching methods
(Brown 2013, DOT 2009, Miller and Bryski 2012). Pipelines
at risk from erosion can also be replaced with materials that
are less likely to leak or rupture from impacts (e.g., coated
steel rather than cast iron or bare steel).
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Wind Energy

Subsector Vulnerabilities

Oregon has more than 3,000 MW in operational wind
farms, and Washington has an installed capacity of more
than 2,500 MW. Idaho has substantial wind energy
potential, and wind-generated electricity in the state was
almost six times greater in 2013 than in 2010 (EIA 2014a).

There is not yet substantial agreement among sources as to
how a changing climate will ultimately affect wind
resources in the United States in general, and in the
Northwest in particular (DOE 2013). One study of the
Northwest region found significant seasonal declines in
wind speed in parts of the Northwest, but this result has
not been confirmed by additional studies (DOE 2013). It is
uncertain how wind power production may be disrupted by
climate change-driven changes to wind patterns, or if wind
power will see an increase in available capacity.

Despite the uncertainty of potential climate impacts on
wind speeds, additional wind capacity has created the need
for new transmission lines, often in remote locations
(Durbin 2010). Compared to other sources of power, wind
generators may be especially vulnerable to wildfires
threatening power transmission infrastructure.

Wind Energy

Resilience Solutions

When siting wind farms in the Northwest, the threat of
wildfire on power lines connecting the wind farms to the
grid should be considered in the risk management of the
projects and in long-term asset planning.

Ensuring adequate transmission capacity to optimize the
use of available energy sources, including renewable
energy, is also important for resilience. For example, states
such as Montana may have relatively large wind energy
resources that exceed energy demand in the state, and
could serve a role as a major exporter of wind energy,
helping other western states to meet their energy demand
(NREL 2014). However, transmission infrastructure is
needed to tap this resource and transfer the electricity out
of Montana, while states like California and Nevada have
the demand, but may not have the wind capacity.

As noted in the Hydroelectric Power and Electricity Demand
sections, energy storage systems could allow wind power,
an intermittent renewable generation source, to store
energy and then deliver it when needed.
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Regional Climate Change Observations
and Projections in Detail

Higher Temperatures

Historical observations

e Average temperatures have increased 1.3°F from 1895
to 2011 (USGCRP 2014).

Future projections

e Average temperatures are projected to increase at a
faster rate: Increases of 3.3°F=9.7°F" are projected by
2070-2099, compared to 1970-1999 levels (USGCRP
2014).

o Extremely hot days are projected to become slightly
more common: Under a higher emissions scenario (A2),
across most of the region, 0—6 more days with a daily
maximum >95°F are projected by mid-century (2041—
2070) compared to 1980-2000; southern Idaho may see
up to 15 more hot days per year (NOAA 2013).

o Extremely cold nights are projected to become much
less common: Under a higher emissions scenario (A2),
across most of the region, 10-30 fewer days with daily
minimums <10°F are projected by mid-century (2041—
2070), with inland regions seeing the largest decrease;
the coasts may see 0-5 fewer cold nights per year
(NOAA 2013).

e CDDs are expected to increase, but less so than in other
regions: Under a higher emissions scenario (A2), an
increase of 0—400 CDDs is projected across the region by
mid-century (2041-2070) compared to 1980-2000,
although this increase is large when compared to
relatively low historical averages (NOAA 2013).

¢ Heating degree days (HDDs) are projected to fall more
severely: Under a higher emissions scenario (A2),
declines of 700-1,100 HDDs along the coasts, and up to
1,600 HDDs in the mountains, are projected by mid-
century (2041-2070) compared to 1980-2000 (NOAA
2013).

Drier Summer Seasons and Changing Water Patterns

Historical observations

e Average annual precipitation has increased, but the
trend is small from 1895 to 2011 (USGCRP 2014).

e Spring snowpack has decreased: Area-averaged
snowpack in the Cascades, as measured on April 1, has
fallen 20% since 1950 (USGCRP 2014).

¢ Spring snowmelt has been occurring earlier: Since 1950,
spring snowmelt has occurred 0—-30 days earlier
depending on location, late winter/early spring
streamflows have been a 0%—20%+ greater share of
annual flow, and summer flows have decreased 0%—15%
(USGCRP 2014).

4 Range largely dependent on total global heat-trapping gas
emissions

Future projections

¢ Future changes to total annual precipitation are
uncertain: Changes of -11% to +12% are projected by
2030-2059 and -10% to +18% by 2070-2099, compared
to 1970-1999 (USGCRP 2014).

o Seasonal changes are expected to be much larger:
Decreases in summer precipitation as great as 30%
below 1970-1999 levels are projected by the end of the
century under a higher (A2) emissions scenario, while
average projected decreases are 10% (USGCRP 2014).

e Snowmelt is projected to occur much earlier,
decreasing summer flow: By 2050, snowmelt may occur
three to four weeks earlier than the 20" century
average, even under a lower-emissions scenario
(USGCRP 2014).

Extreme Precipitation, Wildfires, and Sea Level Rise

Historical observations

o Dry spells are projected to increase: The maximum
number of consecutive dry days with <3 mm of
precipitation are projected increase up to 9% by mid-
century (2041-2070) compared to 1980-2000, with
increases of 9%—15% along the coast (NOAA 2013).

Future projections

¢ Increasing fire activity is projected to continue in the
future: By the 2080s, the median annual area burned in
the region is projected to be four times greater than the
20" century median (1916-2007), increasing to 2 million
acres under the A1B scenario (USGCRP 2014).

Figure 2-8. Increases in area burned that would result from
regional temperature and precipitation changes associated with
1°C warming, relative to 1950-2003

Source: USGCRP 2014

¢ Increases in extreme precipitation are projected in
some areas: The number of days with precipitation >1
inch is projected to increase by an average of 13% by
mid-century (2041-2070) across the region compared to
1971-2000 (USGCRP 2014).°

« Relative sea level rise is not as severe in the region as
elsewhere in the United States: Tectonic uplift across
most of the Northwestern coastline is countering the

> For the high emissions (A2) scenario
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effects of sea level rise, meaning local sea levels are
rising more slowly than elsewhere in the country,
although uplift is varied. However, a major earthquake
(as is expected in the region in the next several hundred
years) may lead to rapid sea level rise of 40 inches or
more (USGCRP 2014, Verdonck 2006).
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Chapter 3: Southwest

Climate Change and the Energy Sector

Overview

The large and geographically diverse Southwest region includes
mild coastal climates, an arid interior, and mountain ranges that
store critical water supplies as snow. The region is home to a
large and growing population. Key energy infrastructure includes
oil and gas refineries and large amounts of power plant capacity.
Major climate change impacts projected to increasingly threaten
the region’s energy infrastructure include the following:

Average temperatures and cooling degree days (CDDs) are
projected to increase across the region, with hotter, more
frequent, and longer-lasting heat waves.’ Increases in
CDDs, extreme temperatures, and heat waves result in
expanded air conditioner use. These projections are also
expected to increase both average and peak demand for
cooling while reducing the efficiency and available capacity
of power plants and transmission lines.”

Average and summer seasonal precipitation is projected to
decrease, droughts are projected to intensify, and
streamflow in major river basins is projected to decline.
Power plants that rely on surface water for cooling may face
shortages and ecological or safety-related curtailments that
reduce available generation capacity. Oil producers may also
face water shortages.d

Spring thaws are projected to occur earlier, and a greater
fraction of precipitation is projected to fall as rain rather
than as snow, reducing mountain snowpack.® Alongside
reduced overall precipitation, less snowpack could reduce
total potential hydropower production at high-elevation
dams. Changing streamflow timing, decreased precipitation,
and increased evaporation may impair hydropower
production during peak summer electricity demand.

The risk of wildfire and the annual average area burned is
expected to increase across the region.® Wildfires threaten
physical damage to power lines, including fouling of lines
and increased risk of arcing.h

QUICK FACTS

O S Arizona, California, Colorado, Nevada, New Mexico,

Utah

Population (2013) 58,000,000 (18% of U.S.)
Area (square miles) 686,000 (19% of U.S.)
Energy expenditures $208 billion

0,
ENERGY SUPPLY Annual Annual eli{r‘x
& DEMAND Production Consumption
power

Electric power TWh 474 476 n/a
Petroleum MMbbls 362 948 <1%
Coal million tons 76 75 96%
Natural gas Bcf 3,662 3,920 38%
ELECTRIC oro :u"c't'i‘:)ar: % of Total Capacity :‘I’;""‘::
POWER (TWh) Production (GW) >1 MW*
Natural gas 202 44% 84 398
Coal 136 30% 24 42
Nuclear 50 11% 9 3
Hydroelectric 38 8% 19 347
Wind 19 4% 9 147
Geothermal 15 3% 3 57
Biomass 7 1% 2 119
Solar 3 <1% 2 214
CRITICAL INFRASTRUCTURE
Petroleum Electric Power

Wells (>1 boe/d): 64,400 Power plants (>1 MW): 1,346

Refineries: 29 Interstate transmission lines: 32

Liquids pipelines: 21 Coal

Ports (>200 tons/yr): 6 Mines: 26
Natural Gas Waterways

Wells: 68,500 Coal and petroleum routes: 5

Interstate pipelines: 30 Railroads

Market hubs: 5 Miles of freight track: 14,000

Note: Table presents 2012 data except number of oil wells, which is 2009 data.
*Some plants use multiple fuels, and individual generating units may be <1 MW.
Sources: AAR 2014, EIA 2011a, EIA 20133, EIA 2013b, EIA 2013d, EIA 201443, EIA
2014b, EIA 2014c, EIA 2014e, EIA 2014h, EIA 2014i, EIA 2014k, US Census Bureau

2014, USACE 2014

Table 3-1. Examples of important energy sector vulnerabilities and climate resilience solutions in the Southwest

Subsector

Vulnerability

Magnitude

lllustrative Resilience Solutions

Electricity Demand

Thermoelectric
Power Generation

Hydropower
Generation

Electric Grid

Increased demand for cooling energy
from increasing CDDs and average and
peak temperatures'

Increases of up to 1,000 CDDs by
mid-century, with peak demand
increasing 12%—24% owing to higher

Capacity expansion, increased
power imports, efficiency, and
demand-side management

extreme temperatures’

Reduced power plant capacity due to
higher temperatures and reduced
water availability, and coastal plants
vulnerable to sea level rise

Reduced capacity in some seasons
from earlier peak streamflow, and
declining snowpack and precipitation™

Reduced capacity from higher
temperatures, and threat of
disruptions from increased wildfires®

Capacity reductions of up to 4.5%, up
to 12 coal-fired power plants
vulnerable to water shortages, and
25 coastal plants vulnerable to sea
level rise’

Snowpack reductions of up to 43% in
California by the end of the century”

Transmission line capacity losses of
1.5%—2.5%, substation losses of 1%—
3% from rising temperatures’

Capacity expansion and
diversification, water-efficient
technologies, coastal hardening

Integrated water planning to
optimize water use, upgraded
equipment to increase efficiency

Transmission capacity expansion
and redundancy, improved
vegetation management
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Regional Energy Sector Vulnerabilities

and Resilience Solutions

The following sections discuss key energy subsectors and
illustrative examples of resilience solutions in the
Southwest. System components that are most vulnerable to
climate change are described first.

Electricity Demand

Subsector Vulnerabilities

Electric power demand in the Southwest is dominated by
end-use in California, accounting for more than half of the
region’s electricity consumption (EIA 2013¢)." Interregional
electricity flows are oriented towards serving California’s
load. In the Western Interconnection (shown Figure 3-1),
hydropower resources in the Northwest and mixed
generation in the interior Southwest supply almost 25% of
California’s electricity (EIA 2011b). Power imports from the
Northwest peak during spring and early summer (DOE 2012,
EIA 2011b, EIA 2014d). Arizona, New Mexico, and Utah are
net power exporters, producing 48%, 58%, and 33% more
power than they consume, respectively (EIA 2013c).

Figure 3-1. Annualized net electricity flows within the Western
Interconnection in 2010 (Million MWh)
Source: EIA 2011b

'ona per capita basis, California's electricity consumption is
about 40% lower than other states in the region (EIA 2013c). This
is partly due to the relatively low number of CDDs experienced in
California’s coastal cities, as well as the lower rate of air
conditioning use in California households. In California, 56% of
households are air conditioned, while the average rate is 71% for
other states in the region and 91% in Arizona, the region's second
most populous state (EIA 2013c, EIA 2013g).

Climate change is expected to affect the region’s electricity

demand in the following ways:

e Higher average temperatures will increase the number
of CDDs, increasing demand for cooling energy (NOAA
2013, USGCRP 2014).

e  Hotter summer temperatures and an increase in the
length, intensity, and frequency of heat waves are
expected to increase peak electricity demand,
potentially exceeding current generation and
transmission capacities in some areas (NOAA 2013,
Sathaye et al. 2012, USGCRP 2014).

Changes to temperature and to the total annual number of
CDDs are expected to be largest where temperatures are
already highest. For example, southeastern California and
southwestern Arizona could see an increase of up to 1,000
CDDs per year (Figure 3-2). Important changes in electricity
demand may also occur where populations are
concentrated and the percentage of homes currently with
air conditioners is low, such as coastal California. In these
areas, large scale adoption of air conditioners may result in
significant increases in electricity demand (EIA 2013g, NOAA
2013).

Figure 3-2. Increase in annual CDDs by mid-century under an A2
emissions scenario
Source: NOAA 2013

Under a higher emissions scenario, higher temperatures
alone could increase average per capita peak energy
demand in California by 12%—24% by the end of the century
(compared to 2003-2009), according to an analysis
conducted by the California Energy Commission (CEC)
(Sathaye et al. 2012). This study supports the findings of an
earlier CEC study that estimated end-of-century increases in
peak demand due to temperature increases alone could be
4%—-19% (compared to 1961-1990), depending on
emissions scenario (Miller et al. 2007). When population
and economic growth are considered, increases in peak
electricity demand could be even larger, as regional
population is projected to increase 68% by 2050 (DOE
2015a). Almost half of California households do not
currently have air conditioning; cooling energy demand may
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grow at a faster rate than increases in CDDs if efficiency
improvements do not offset additional air conditioning
penetration (Auffhammer 2011, EIA 2013c). In states with
already-high air conditioning use, such as Arizona and
Nevada, increases in demand for cooling energy may
increase faster than the rise in average temperatures
(Aroonruengsawat and Auffhammer 2009).

The effects of extreme temperatures on electricity demand
will be exacerbated by the influence of urban heat islands
since air conditioning use is focused in urbanized areas. The
three most extreme urban heat islands in the previous
decade, as measured by the temperature difference
between urban centers and surrounding areas, are located
in the region: Albuquerque, Denver, and Las Vegas (Figure
3-3) (Climate Central 2014b).

Figure 3-3. Satellite images showing population growth in Las
Vegas, Nevada, from 1982 (left) to 2013 (right), which
contributes to increasing electricity and water demand
Source: USGS 2015

The seasonal timing of peak energy demand and the
potential for reduced availability of power imports from the
Northwest may compound the effects of increased energy
demand from temperature alone. California relies heavily
on power imports from the Northwest during the summer
(EIA 2011b). The Northwest, which generates more than
70% of its power from hydroelectric plants, is projected to
experience shifts in the timing of snowmelt and peak
streamflows away from the summer and towards the early
spring, potentially making less power available to export to
the Southwest region in the summer (USGCRP 2014).

In the winter, the region is expected to experience a
decrease in the number of heating degree days, reducing
the demand for heating energy (USGCRP 2014). Heating
energy is provided by electricity and other fuels, such as
natural gas. Southwest states with cold winters, including
Colorado, use primarily natural gas as a space heating fuel;
while states with mild winters, including Arizona, use mainly
electricity for space heating (EIA 2013g). On average,
electric utilities in the region have a summer demand peak
about 25% higher than their winter peak, and warmer
temperatures in the Southwest are likely to increase the
summer electricity peak more than they will decrease the
winter electricity peak (ANL 2008, EIA 2013h).

Electricity Demand

Resilience Solutions

Strategies to address increasing electricity demand include
capacity expansion, energy efficiency, and implementation
of measures that reduce demand at peak hours. New
generating capacity can be designed to operate year-round
(baseload) or only during periods of greatest demand
(peaking). Demand can be reduced through improved end-
use energy efficiency and demand management strategies.

Because of economic and population growth trends, new
technologies such as electric vehicles, as well as climate
change-driven reductions in existing generation capacity,
new capacity may be a necessary part of a comprehensive
response strategy to increases in peak demand. Evolving
emissions regulations and existing water constraints
suggest that new baseload thermoelectric plants in the
region may employ water-efficient combined-cycle natural
gas turbines similar to the Public Service Company of New
Mexico’s (PNM’s) Afton plant, which uses hybrid cooling
technology (PNM 2011). A study of demand growth and
capacity changes found that gas-fired peaking generators
may be required to meet peak electricity demand (Sathaye
et al. 2012). New solar power can also contribute to
meeting growing peak demand.

Efficiency standards reduce total energy demand, and most
states in the region have integrated energy efficiency into
statewide electric sector planning and regulations (ACEEE
2014a). In the past decade, Arizona, California, Colorado,
and New Mexico state legislatures have all passed new
energy efficiency resource standards (EERS) with
guantitative targets for investor-owned utilities requiring
that they achieve consumption reduction goals. In addition,
both California and New Mexico have policies in place that
decouple utility profits from the amount of electricity sold
to customers (ACEEE 2014a). In 2008, California adopted a
strategic plan for energy efficiency that ensures that energy
efficiency is the highest priority resource for meeting
current and future energy demand (CPUC 2008). CEC also
approved new building codes that exceed International
Energy Conservation Code (IECC) standards by 25% for
residential buildings and 30% for nonresidential
construction (CEC 2014a). Many regional utilities offer
rebates for energy efficiency measures. For example,
Colorado Springs Utilities offers rebates to residential
customers of up to $250 each for upgraded windows,
appliances, and other improvements (CSU 2014). In
response to energy savings goals set by the Public Utilities
Commission of the State of Colorado in 2008, the state's
largest investor-owned utility, Xcel Energy, has spent almost
$320 million on energy efficiency incentives through 2013
(SWEEP 2014). Similarly, Pacific Gas and Electric Company
(PG&E) has an energy efficiency program that covers a
diverse array of programs and services, some of which

Regional Vulnerabilities and Resilience Solutions | Southwest = 3-3



helped customers save more than $155 million in 2013
(PG&E 2014a).

Salt Lake City actions for greater climate resilience

Salt Lake City, Utah, which has been recognized as a
Climate Action Champion by the White House, is
working to improve resilience in part by reducing its
energy consumption (White House 2015). As outlined
in Sustainable Salt Lake—Plan 2015, goals for 2015
include reducing city-wide building energy use by 5%,
increasing the number of LEED and EnergyStar
buildings, and converting all city facilities to “net-zero”
energy use (SLC 2014).

Demand response is another method for reducing peak
demand. California’s demand response resource represents
slightly more than 5% of California’s 2012 peak load (FERC
2013). In addition, the California Public Utilities
Commission, CEC, and the state’s independent system
operator (CAISO) have been working to allow residential
ratepayers to participate in demand response, potentially
expanding the resource (FERC 2013). Arizona Public Service
(APS) offers a cooling energy load management program
with financial incentives that allows APS to control
customer thermostats to reduce air conditioning load
during summer peak demand periods (DOE 2014b).
Similarly, Las Vegas utility NV Energy offers commercial
customers rate incentives for use of remotely controllable
thermostats that reduce cooling during peak demand
periods. Tucson Electric Power offers its commercial,
institutional, and industrial customers a year-round
program that compensates participants for reducing
electricity usage during peak demand events (DOE 2014b).

Thermoelectric Power Generation

Subsector Vulnerabilities

Power in the Southwest is generated from diverse sources;
natural gas, coal, nuclear, biomass, and geothermal power
plants produced 87% of the region’s net electric generation
in 2012 (EIA 2013c). The efficiency of thermoelectric power
plants is sensitive to ambient air and water temperatures,
and the plants need large amounts of water to generate
steam and to cool process components. The Southwest is
predominantly arid, and much of the region has
traditionally experienced water constraints. For this reason,
few thermoelectric plants in the region use freshwater-
intensive once-through cooling systems and instead employ
recirculating cooling and, increasingly, advanced
technologies such as wet—dry hybrid and dry cooling (UCS
2012). Climate change is projected to further reduce water
availability in some seasons and parts of the region, and
increasing temperatures may exacerbate the impacts of
water scarcity by reducing the efficiency of power
production and increasing the volume of water required for
cooling. Additionally, many thermoelectric plants along the

coast that use seawater for cooling are vulnerable to the
threats posed by accelerating sea level rise.

Climate change is projected to have the following impacts

on thermoelectric power generation in the Southwest:

e Increasing average temperatures and more frequent
and severe extreme temperatures are expected to
reduce the efficiency and available generating capacity
of thermoelectric power plants (DOE 2013, Sathaye
et al. 2012, USGCRP 2014).

e  Reduced availability of surface water resources and
changing seasonal flow patterns of some sources of
cooling water may increase the risk of thermoelectric
power plant de-ratings (Cayan et al. 2013, DOE 2013,
USGCRP 2014).

e Accelerating sea level rise increases the vulnerability of
coastal energy infrastructure to inundation (Climate
Central 2014a, NRC 2012, USGCRP 2014).

As temperatures increase, efficiency of thermoelectric
power plants will decrease and, in turn, reduce available
capacity. Plant equipment is typically designed for optimal
operation at a set ambient temperature; deviation from
those conditions can affect both efficiency and available
capacity. The standard design conditions for air-breathing
combustion turbines are 59° F (15°C) at pressure at sea
level , and a 1°C increase in ambient temperature above the
design point could reduce capacity by 0.7% for a combined-
cycle gas plant and 1% for a simple cycle plant (Sathaye et
al. 2012). Based on these rates, climate change-driven
temperature increases could lead to reductions of 1.7%—
4.5% of peak capacity across California's natural gas power
plants by the end of the century (2070-2099), depending
on emissions scenario (Sathaye et al. 2012).

Electric impedance in assets also increases with higher
temperature, which leads to higher electric losses, and
hotter processes require more cooling water to operate,
meaning more power is required to pump greater volumes
of water (DOE 2013). Higher air temperature also leads to
warmer water temperature, which exacerbates the need
for pumping. In some cases, hotter sources of cooling water
can lead to mandatory plant shutdowns for environmental
reasons (DOE 2013).

Only about half of the installed generating capacity in

the region uses water-intensive once-through cooling, and
of the plants that do, very few use freshwater sources
(Figure 3-4) (UCS 2012). Most thermoelectric plants use
recirculating cooling or use ocean water for cooling, and
many of those that use freshwater for once-through cooling
are set to retire or are inactive. Groundwater is a significant
water source, although 74% of groundwater withdrawals
for thermoelectric cooling are saline and do not currently
compete with fresh groundwater users (UCS 2012, USGS
2005).
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Figure 3-4. Types of cooling systems for U.S. plants (note limited
once-through cooling systems that use freshwater sources in the

Southwest)
Source: EIA 2012

Coal power plants in the interior may be particularly
vulnerable to declining water supplies. One 2010 study
found that, without taking future climate change into
account, the water sources for 12 coal-fired power plants in
the Southwest’s Great Basin and Colorado River watersheds
are already vulnerable to decreasing supply or increasing
demand (Figure 3-5). Several of these plants have since
reduced generation or closed (NETL 2010, PNM 2011).

Figure 3-5. Coal power plants identified as vulnerable to water

supply and demand concerns
Sources: EIA 2014c, NETL 2010

Coal-fired power plants are facing increasing economic
pressure and may be retired before their lifetimes expire
because of higher coal prices, lower wholesale electricity
prices, increasing deployment of natural gas and renewable
capacity, and environmental regulations that require
investment in emissions reduction (EIA 2014l) (see side bar:
The changing face of Southwest coal). For example,
following passage of Colorado’s Clean Air, Clean Jobs Act,
which requires that utilities reduce emissions by 30% by
2020, Xcel Energy announced that 702 MW of coal-fired
generation would be retired and replaced with new natural
gas-fired generation (Xcel Energy 2015). Retirements of
coal-fired generation may reduce the burden on the water
supply. One study that considered aggregate thermoelectric
water demand in the region found that in the reference
case, freshwater withdrawals are estimated to fall 30% by

2050 (Macknick et al. 2012).2 These declines are primarily
due to the retirement of older thermoelectric units and
introduction of natural gas-fired combined-cycle plants,
which require significantly less cooling water than existing
coal and nuclear plants (DOE 2013, Macknick et al. 2012).

Consumption of freshwater for thermoelectric power
generation is projected to decrease in the Lower Colorado
Basin, though total region-wide water consumption for
power generation is not projected to change significantly
(Macknick et al. 2012).

The changing face of Southwest coal

During the last decade, a number of large coal power
plants in the region shut down, reduced their output,
or secured new sources of water to cope with
developing regulations and changes to water supplies
(PNM 2011).

2013: PNM announced the decommissioning of two of
four coal-fired units at the San Juan Generating Station,
replacing the capacity with new natural gas plants and
uprated nuclear capacity (EIA 2013d). Also, in response
to the U.S. Environmental Protection Agency’s (EPA’s)
Regional Haze Program, three of the five coal-fired
units at the APS Four Corners Power Plant closed
(Randazzo 2013).

2005: The 1,580 MW Mohave Generating Station
closed after Southern California Edison was unable to
secure necessary water and coal contracts to fulfill its
obligations under a consent decree with the EPA
(Edwards 2009).

2002: In response to drought conditions, PNM sought
additional water sources for its San Juan Generating
Station and entered into shortage sharing agreements
with local tribes and other water users in the region
(PNM 2011).

Sea level rise poses a threat to low-lying coastal power
plants in California. Rising sea levels accelerate erosion and
can increase the risk of inundation during high tides and
storm surges. Approximately 25 coastal power plants have
been classified as at risk of inundation from a 100-year
flood with a 1.4-meter sea level rise, although site-specific
analyses are required in order to establish actual risk
(Sathaye et al. 2012).

? Estimate does not account for increased demand due to climate
change but does include economic and population growth as well
as the retirement and replacement of older plants.
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Thermoelectric Power Generation

Resilience Solutions

Strategies to increase power plant resilience include the
addition of new capacity (including low-water renewables
such as wind or solar photovoltaics [PV]), deployment of
water-efficient technologies and non-traditional water
sources for cooling, and coastal hardening for plants
vulnerable to sea level rise.

Reduced available generation capacity is primarily
addressed by building new capacity or by importing
additional power. Capacity reductions can also be
ameliorated by demand-side efficiency and demand
response programs (discussed in the Electricity Demand
section).

Declining water availability can be addressed through
deployment of technologies that increase water efficiency,
use non-traditional water sources, or provide alternative
generation sources that inherently require less or no water.
Many thermoelectric power plants in the region already use
recirculating cooling technology, and almost all plants in the
region that use once-through cooling are supplied by ocean
water (Table 3-2) (UCS 2012). In 2010, California opted to
phase out once-through systems in coastal power plants,
which will reduce withdrawals and the impact of discharge
on California estuaries (CEC 2014c). Under a previous CEC
policy, new power plants in California are essentially
prohibited from using freshwater for cooling (CEC 2003).

Table 3-2. Southwest thermoelectric capacity by type of cooling
technology, 2005

Once-through cooling 51.4%
Ocean water 50.3%
Surface 0.9%
Municipal 0.2%

Recirculating/cooling pond 42.9%
Groundwater 14.5%
Surface 13.7%
Wastewater 8.3%
Municipal 6.2%
Unknown 0.2%

Dry cooling 4.4%

Unknown/other 1.3%

Source: UCS 2012

Some new plants in the region are being built to use
extremely water-efficient hybrid wet—dry cooling
technology, which allows the plant to use cooling water
when it is available but, in case of a shortage, to operate on
dry cooling or with advanced dry cooling technologies that
use minimal water. PNM’s Afton Generating Station is a
natural gas combined-cycle (NGCC) plant that uses hybrid
cooling to reduce water intensity by 60% compared to
PNM'’s other NGCC plant (PNM 2011). Three of PG&E’s

natural gas-fired power plants rely on dry cooling systems
that minimize water use and discharge. The Humboldt Bay
Generating Station uses minimal amounts of water by
implementing a closed-loop liquid coolant cooling system
with air radiators (PG&E 2014a). Compared to a plant with a
traditional once-through cooling system, PG&E’s Gateway
Generating Station’s air-cooled condenser requires about
97% less water and discharges about 98% less wastewater,
and PG&E’s Colusa Generating Station has a zero liquid
discharge system that recycles wastewater (PG&E 2014a).

However, plants with dry cooling systems are more
susceptible to decreasing efficiency due to high
temperatures than those with wet cooling systems (GAO
2014, Garfin et al. 2013). Plants with dry cooling systems
can lose 0.5% of capacity for every 1°F increase in peak
temperature, about twice the capacity lost in plants with
wet cooling systems under the same conditions (Garfin
et al. 2013, Gordon and Ojima 2015).

Switching to non-traditional water sources, such as saline
groundwater, municipal and industrial wastewater, and
recycled brown water from landscaping, also present viable
options for resilient water supplies (PNM 2011). For
example, the Palo Verde Nuclear Generating Station in
Arizona has been converted to use municipal wastewater
(Figure 3-6) (PNM 2011).

Figure 3-6. The Palo Verde Nuclear Generating Station, which
uses municipal wastewater for cooling
Source: USNRC 2015

Expanded deployment of renewable technologies such as
wind and solar PV could significantly reduce water demand
for energy. In low-carbon scenarios with wider deployment
of solar PV and wind technologies, 2050 water withdrawals
and consumption could decline up to 90% and 72%,
respectively, depending on technology assumptions
(Macknick et al. 2012). To support clean renewables in the
region, the U.S. Department of Energy (DOE) has granted a
number of loan guarantees for solar PV and wind projects.
For example, DOE issued a loan guarantee to support the
550 MW Desert Sunlight solar PV project in California, the
nation’s largest solar project on public lands. Deployment of
solar PV projects near thermoelectric power plants can
provide additional benefits by shading water supply for
these plants, potentially reducing evaporation from the
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water supply and decreasing the temperature of the intake
water.

DOE has also supported expanded deployment of solar
thermal technologies that employ low-water strategies in
the Southwest. One such project is the 392 MW lvanpah
Solar Generating Station in California (Figure 3-7). The plant
employs advanced dry cooling technology for its steam
condensers to reduce its burden on freshwater resources,
and it uses groundwater to supplement evaporative losses
as well as to wash its mirror array, while it also recycles on-
site wastewater to further reduce water needs (CEC 2014b).

Figure 3-7. lvanpah Solar Electric Generating System
Photo Credit: BrightSource Energy

Beyond technology changes, operations and planning can
also improve resilience to water shortages. For example,
the Public Utilities Commission of the State of Colorado
requires that generators bidding to serve new power to
investor-owned utilities must disclose information about
the source and cost of their water supplies (WWA 2011).
For coastal impacts from sea level rise and erosion,
resilience solutions include hardening shorelines and sub-
sea infrastructure (such as water intakes) to resist erosion
and scouring, installing engineered barriers such as levees,
raising vulnerable equipment, ensuring critical equipment is
submersible, upgrading plants with watertight doors, and
building coastal defenses like wetland habitats, where
relevant.

Hydroelectric Power

Subsector Vulnerabilities

Hydropower is a significant resource in the Southwest, with
approximately 19 GW of installed capacity providing 8% of
electricity generation (EIA 2013c, EIA 2013d). More than
70% of the region’s capacity is located in California, where
most dams are powered by highly seasonal melting
snowpack from the Sierra Nevada mountains (Figure 3-8). In
addition to its own hydropower generation, California also
relies on hydropower imports from the Northwest to meet
its peak summer power demands.’ The Colorado River
watershed hosts a smaller number of large dams, including
the Glen Canyon and Hoover dams (Figure 3-9).

* Northwest hydropower production and climate vulnerabilities
are discussed in the Northwest regional profile.

Figure 3-8. Hydroelectric facilities (blue) in the Sierra Nevada
Source: DOE 2015b

Figure 3-9. The 1,312 MW Glen Canyon Dam on the Colorado
River watershed in Arizona
Source: USBR 2009

Hydropower production in the region is vulnerable to the

following climate impacts:

e Declining April 1 snowpack and earlier spring snowmelt
is expected to shift peak streamflow timing in
snowmelt-fed rivers, potentially reducing summer
water availability and hydropower generation (AEG and
Cubed 2005, Cayan et al. 2013, NOAA 2013, USGCRP
2014).

e  Winter precipitation is expected to increase, with a
greater fraction expected to fall as rain rather than as
snow. Overall, annual average precipitation is expected
to decline (Barnett et al. 2008, NOAA 2013, USGCRP
2014).

Regional Vulnerabilities and Resilience Solutions | Southwest = 3-7



Climate impacts affecting hydropower generation are
expected to result from changes to both the total amount
of water available in the region and to the timing of
seasonal snowmelt and water flows. These changes could
diminish the availability and capacity of hydropower
resources.

From 2012 through 2014, California experienced historic
drought conditions and a reduction of approximately
34,000 GWh of hydroelectricity compared to average water
years. The cost of reduced hydroelectricity production and
the use of additional natural gas to meet energy demand
was estimated at $1.4 billion dollars (Pacific Institute 2015).
The drought has continued in 2015, and is projected to
contribute to a 10.4% decrease in annual hydropower in the
United States in 2015 compared to 2014 (EIA 2015b).

Changes in regional precipitation and increasing
evapotranspiration are generally expected to reduce water
availability across the region. During the last decade,
precipitation declines compared to the historical average in
both the Sacramento—San Joaquin and Colorado River
basins have been correlated to significant declines in
streamflow (Garfin et al. 2013).” In the Colorado River
watershed, reduced precipitation may exacerbate water
management issues already being faced by the basin’s
major dams. One study estimates that without taking
climate changes into account, there is already a 50% chance
that the lakes could hold insufficient quantities of water to
produce power by 2021 (Barnett and Pierce 2008).

Of California’s fleet of dams, high-elevation dams are the
most important for hydropower generation,S but they
typically have much smaller reservoirs than low-lying dams
and are more reliant on snowpack to supply water in the
spring and early summer (AEG and Cubed 2005). For
California’s hydropower resources, changes to total annual
precipitation may be less important than a number of
factors affecting the accumulation and timing of winter
snowpack, including increases in winter precipitation, shifts
from snow to rain, and earlier spring snowpack melting.

Winter precipitation is projected to increase by mid-century
(NOAA 2013). But as winters become warmer, more winter
precipitation is expected to fall as rain rather than snow,
decreasing snowpack (Barnett et al. 2008, USGCRP 2014).
The trend toward increased winter rainfall is strongest in

4 During the last decade (2001-2010), streamflow in the
Sacramento—San Joaquin basin was 37% lower and precipitation
7% lower than average amounts for the period 1931-2000. On the
Colorado River, streamflow was 16% lower and precipitation 4%
lower than the average levels for 1901-2000.

> The primary purpose of many low-elevation dams in California is
flood control and water supply, not power production (AEG and
Cubed 2005).

California’s Sierra Nevada range, where most of California’s
high-elevation hydropower is located (EIA 2014c, Knowles
et al. 2007). Furthermore, the annual pattern of spring
snowpack melting is expected to occur earlier across the
region as winter and spring temperatures increase (USGCRP
2014). Earlier peak melting presents problems for power
planning since greater hydropower production is desirable
during the summer when electricity demand is the highest.
The total amount of snowpack available on April 1 has fallen
at measurement sites across much of the region since
1955.° In 2015, April 1 snowpack was 6% of the long-term
average, the lowest water content on record, owing to high
temperatures and dry conditions that a recent study
suggests are more likely to co-occur in the future (CDWR
2015, Diffenbaugh et al. 2015). Climate change is expected
to lead to significant continued reductions in snowpack
(EPA 2014, USGCRP 2014). Under a higher emissions
scenario (A2), California snowpack could fall to 43% of
recent levels by the end of this century (2070-2099)
compared to 1971-2000 (USGCRP 2014).

It is uncertain how these changes will interact to affect the
total accumulation of high-elevation snowpack, and thus
the region's ability to produce hydropower, but the effects
could be substantial. One study estimates annual
streamflow changes could drive changes in generation in
California's American River Watershed ranging from a 13%
decrease to a 14% increase by 2070-2099, depending on
emissions scenario and other modeling uncertainties
(Vicuna et al. 2007).”

Hydroelectric Power

Resilience Solutions

Operational measures to increase hydropower resilience
will require consideration of a larger integrated water
management approach, as seasonal and extended water
scarcity continues to have an impact on the region. In the
face of competing demands, and depending on available
alternatives, hydropower may not be seen as the highest-
priority user. Reducing spill and better utilizing or storing
early-spring runoff can improve hydropower resilience but
may conflict with other water management goals, such as
flood control. Expanding and diversifying non-hydro
capacity would help ensure reliable electricity delivery
during dry periods.

® In the southern Sierra Nevadas, the recent historical trend has
not followed the regional pattern of earlier melting, as wetter-
than-average conditions have acted to increase April 1 snowpack
(EPA 2014, Pierce et al. 2008). Long-run warming is expected to
reverse this trend and lead to declines in snowpack in the
southern range (Cayan et al. 2013, USGCRP 2014).

" The study examined the 11 reservoirs and 8 hydroelectric
facilities that compose the Sacramento Municipal Utility District's
Upper American River Project and modeled system impacts under
the A2 and B1 climate change scenarios.
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PG&E has actively engaged with state and local
stakeholders and developed strategies to adapt to
reductions in snowpack in the Sierra Nevada Mountains.
These strategies include maintaining higher winter
carryover reservoir storage levels, reducing discretionary
reservoir releases, and developing new modeling tools for
forecasting runoff (GAO 2014, PG&E 2014a).

For dams facing declining water availability, technological
options to increase resilience include overhauling and
upgrading plant equipment to minimize water leaks and
increase turbine efficiency. In 2001, in response to falling
water levels in Lake Mead, ongoing work by the Bureau of
Reclamation to overhaul the Hoover Dam’s 17 turbine-
generator pairs shifted focus to increasing efficiency and
regaining lost capacity. By reducing water leaks and
overhauling the turbines, efficiency is now 3%—4% higher at
each overhauled unit, and more water is being conserved
for power generation (HydroWorld 2009). On a much
smaller scale, the City of Boulder replaced the nearly 50-
year-old turbine and generator at its Boulder Canyon
Generating Station with a significantly more efficient 5 MW
unit, increasing capacity by 30% (City of Boulder 2014).

To reduce the impact of decreasing hydropower production
in dry years on customers, Sacramento Municipal Utility
District (SMUD) has implemented a rate-stabilization fund,
which uses savings from high-production years to buy
power during drought years (Kasler 2014).

Electric Grid

Subsector Vulnerabilities

The operational structure of the electric grid varies within
the Southwest region. In California, the grid is operated by
CAISO, while interior states mainly have vertically
integrated utilities that plan and operate generation and
transmission capacity internally (DOE 2014a). In some parts
of the Southwest, including parts of Arizona and New
Mexico, there is less redundancy built into the grid system
compared to other parts of the country (BLM 2013).

Figure 3-10. Power flows between the Southwest and Mexico,
including a synchronous tie between California and Mexico
Source: EIA 2013i

small amount of power flows internationally between
Mexico and California (EIA 2013i). The Comisién Federal de
Electricidad (CFE) Baja California Control Area is connected
by two 230 kV transmission lines to the Western
Interconnection (Figure 3-10) (CEC 2008). The CFE Baja
Control Area transmits power generated at two plants in
Mexico with a combined capacity of 1,120 MW to supply
demand in the San Diego area (CEC 2008). The tie in Baja
California is the only synchronous cross-border tie between
Mexico and the United States (EIA 2013i).

Interstate power flows in the region are generally oriented
toward California (discussed in the Electricity Demand
section). Several major power corridors, including the
Pacific DC Intertie, the California—Oregon Intertie (Path 66),
and the Intermountain Power Project DC line, supply
significant peaking capacity to California from neighboring
states (CAISO 2012). Across the region, construction of new
transmission lines has accelerated in recent years, as
electricity flows need to keep up with changing demand and
distribution of existing generation, including upcoming
retirements and new generating capacity (DOE 2014a).

Climate change could have the following impacts on the

electric grid:

e Increasing frequency and size of wildfires and
associated heat, soot, and application of fire retardants
may damage and disrupt power transmission
infrastructure (DOE 2013, Sathaye et al. 2012, USGCRP
2014).

e Increasing average and extreme temperatures reduce
the capacity of power lines and substations and
increase the risk of damage to power transformers
(Bérubé et al. 2007, DOE 2013, Sathaye et al. 2012,
USGCRP 2014).

e Rising sea levels increase the exposure of low-lying
coastal substations to inundation during storm surges
(Sathaye et al. 2012, USGCRP 2014).

Projected increases in the frequency and extent of wildfires
heighten the risk of grid outages and safety shutdowns.
Both tree mortality and wildfires have increased
dramatically in the past several decades, with the area
burned in western mid-elevation conifer forests increasing
almost sevenfold during the late 20" century (USGCRP
2014).8 Wildfires can burn and destroy wooden power poles
that typically hold smaller transmission lines, and the
associated smoke, soot, fire retardants, and heat from fires
can damage and disrupt larger grid assets by fouling lines
and insulators, increasing risk of arcing and reducing
transmission capacity (DOE 2013, Sathaye et al. 2012,
SDG&E 2008). For example, in early September 2015, the
Valley, Butte, and Rough Fires damaged grid infrastructure

® The measurement period is 1970—2003.
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Wildfire disrupts electricity in San Diego

In 2007, wildfire knocked out the Southwest Power
Link, a transmission line connecting San Diego to
distant generation, requiring 500 MW of load shedding
in San Diego by San Diego Gas & Electric and Southern
California Edison. Over the next week, fires took out
two dozen additional transmission lines, destroying 35
miles of wire and 1,500 poles. Nearly 80,000
customers in San Diego lost power, some for more
than two weeks (PPIC 2008, SDG&E 2007).

Figure 3-11. The Witch Creek/Guejito wildland urban
interface fire of October 2007
Source: U.S. Department of Commerce 2013

and knocked out power to more than 15,000 PG&E
customers in Northern and Central California (DOE 2015d).

Wildfire models have estimated the impact that climate
change, in concert with other changes such as future
development, may have on the extent of wildfires in the
Southwest. In the southern Rockies, the average area
burned each year may double by mid-century (Litschert
et al. 2012, USGCRP 2014).9 In California, projections
indicate that under a higher emissions scenario, wildfires
could increase in all forested areas by the end of the
century (Sathaye et al. 2012). In the Sierra Nevada, fires are
projected to increase by almost 75% by the end of the
century (compared to 1960-1990) (USGCRP 2014).

Models estimating the probability of wildfire impacts on
transmission lines in California have shown that lines in two
regions—the state’s northern border and the region north
of Los Angeles—are particularly vulnerable to wildfire under
higher emissions scenarios (Sathaye et al. 2012).
Compounding the vulnerability of northern California is the

% Increases are for the period 2041-2070, compared to 1970—
2006.

lack of alternate or redundant routes to the Northwest
power market and the projection that Path 66 —the artery
that connects northern California loads to low-cost
Northwest hydropower and the Diablo Canyon nuclear
plant—will become significantly more vulnerable to wildfire
(Sathaye et al. 2012). Southern California relies on even
greater amounts of power imports to meet peak demand in
the summer, although with a larger number of transmission
corridors; about one-third of peak capacity is provided via
transmission lines connecting to interior states (Sathaye

et al. 2012).

Higher temperatures may result in decreases in the
available current-carrying capacity of power lines and
substations and exacerbate vulnerabilities of the broader
energy system in the region, particularly during peak
demand periods (Figure 3-12) (DOE 2013). High
temperatures cause thermal expansion of power line
materials, and greater sag in transmission lines increases
the risk of widespread power outages when lines arc to
trees, the ground, or other power lines (DOE 2013).
Furthermore, when transmission lines arc, they may ignite
overgrown vegetation. To prevent damage to lines,
operators may reduce the capacity on transmission lines. By
the end of the century the combined effects of higher
demand and temperature could increase total loss factors
for the transmission and distribution grids by 1.5%—-2.5%,

Impacts of higher electricity demand are compounded
by efficiency reductions in power sector

A CEC study found that increasing energy demand and
capacity losses across power sector infrastructure
could, under a higher emissions scenario, require a
38.5% increase in the nameplate capacity of gas-fired
peaking generators by the end of the century (Sathaye
et al. 2012). Figure 3-12 shows how efficiency penalties
along generation, transmission, and substations serve
to compound the impacts of increasing energy demand
on system resource requirements.

Figure 3-12. Required increase in capacity in California due
to higher temperatures, in order to provide 1961-1990
levels of per-capita peak power by the end of this century.
Assumes A2 scenario, and a 90'h-percentile temperature.
Source: Based on Sathaye et al. 2012
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while reducing capacity by 7%—8% (for a 9°F increase in air
temperature) (Sathaye et al. 2012). Higher temperatures
may also reduce substation capacity 1%—3% compared to
current capacity (Sathaye et al. 2012).

Increased temperatures also shorten the lifetimes of power
transformers. At higher temperatures, the insulation in
transformers breaks down at an accelerated rate (Bérubé
2007). At extreme temperatures, such as those
encountered during grid emergencies when some
transformers may be overloaded, significant overheating
can rapidly shorten transformer lifetime. On very hot days,
grid operators must reduce transformer loading or risk

causing additional damage (Hashmi et al. 2013, USBR 2000).

Increasing nighttime temperatures will prevent equipment
from cooling off, which may exacerbate the effects of high
temperatures on power lines and transformers (DOE 2013).

As climate change leads to higher relative sea levels, coastal
flooding may pose a risk to some low-lying electric
substations, especially when combined with storm surge. In
a scenario with a 4.6-foot rise in sea level, one study
determined that 3% of California’s electric substations
would be vulnerable to a 100-year coastal flood (Sathaye

et al. 2012)." Increases in winter precipitation may also
affect inland flooding via rain-on-snow events, which
produce large amounts of runoff in mountain drainages.
However, recent trends in the Western United States have

shown these events occurring less frequently (McCabe et al.

2007, USGCRP 2014).

Electric Grid

Resilience Solutions

Measures to improve the resilience of new and existing
electric transmission infrastructure include engineering
structures to better withstand sea-level rise and hotter
conditions, increased fire management practices to reduce
short-term threats such as overloaded equipment, long-
term planning to increase network redundancy where
wildfires are likely to occur, and transmission capacity
expansion when necessary (DOE 2013).

To reduce wildfire risk, utilities engage in vegetation
management, including tree trimming, as well as thinning
and prescribed burning to reduce fuel buildup (USGCRP
2014). Adequate vegetation management can also reduce
the risk of wildfires caused by tree strikes, and California
regulators have cleared the way for utilities to take more
proactive measures by requiring management on lower-
voltage power lines and by allowing utilities to cut off
service to properties that will not allow tree trimming (EEI
2014). Three California utilities—San Diego Gas & Electric
(SDG&E), PG&E, and Southern California Edison—are also
jointly funding the development of a statewide fire-threat

1% Out of 2,690 substations, 86 are at risk (Sathaye et al. 2012).

map that will indicate physical and environmental
conditions that are associated with higher risk of power line
fires (EEI 2014). PG&E has also partnered with local fire safe
councils to help fund fuel reduction and emergency
response access projects, such as installing remote fire
detection cameras on lookout towers in critical fire risk
areas (PG&E 2014b). To help ensure that power outages are
identified and restored quickly, advanced communications
and control technologies, such as state-of-the-art
automated switch technologies, can “self-heal” the grid
(PG&E 2015).

Technologies to improve transformer resilience include
installing or upgrading cooling fans or replacing transformers
with more expensive, higher-temperature-rated units
(Bérubé et al. 2007, USBR 2000). Management practices for
protecting grid equipment, such as reducing loading on
transformers during heat waves, can help prevent short-
term damage (Hashmi et al. 2013). In 2014, Colorado
Springs Utilities partnered with Landis+Gyr to install an
advanced load management program to protect distribution
system assets during peak power consumption by
dynamically reducing loads. The utility is planning to deploy
1,900 smart thermostats and software applications to
enable load shedding on specific feeder circuits to protect
transformers and other distribution equipment, while
maintaining reliable electric service (Landis+Gyr 2014).

lllustrative electric grid resilience solutions

Following the damaging wildfires of 2007, SDG&E
implemented greater minimum clearances for
vegetation and has explored using LiDAR to identify
clearance issues (Fotland 2012). The utility has also
hardened critical portions of its lines, including
replacing wood poles with steel, replacing power
conductors with stronger steel-core lines, increasing
transmission line spacing, and installing advanced line
closers to protect lines in case of emergency. In June
2012, SDG&E activated the Sunrise Powerlink
transmission line connecting San Diego to the Imperial
Valley to improve reliability during summer heat waves
(SDG&E 2012). SDG&E also partnered with the U.S.
Forest Service and University of California, Los Angeles,
to develop the Santa Ana Wildfire Threat Index, a web-
based tool available to the public that assesses the risk
of wildfires during Santa Ana wind events (Rolinski

et al. 2014).
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0il and Gas Exploration and Production

Subsector Vulnerabilities

The Southwest’s oil and gas infrastructure includes oil and
gas wells, oil refineries, and natural gas processing facilities.
About 13% of domestic oil production is in the region,
mostly in California, but also in New Mexico, Colorado, and
Utah (EIA 2014a). The region's refinery capacity is also
concentrated in California, mostly along the coast, and
locally produced oil is primarily refined and consumed in
the region (EIA 2014f, EIA 2014g). About 14% of the nation's
natural gas is produced in the region, with Colorado and
New Mexico as the largest producers (EIA 2013f).

Climate change may have the following impacts on oil and

gas exploration and production:

e Rising sea levels, when combined with land subsidence
and storm surge, could accelerate erosion and inundate
low-lying and coastal oil and gas infrastructure (DOE
2013, USGCRP 2014).

e Declining water availability, including increased risk of
drought, may affect production and refining operations
that require freshwater resources (DOE 2013,
Tiedeman et al. 2014, USGCRP 2014).

Flooding and inundation risks associated with rising sea
levels may affect facilities along the entire California
coastline, although land subsidence and concentrations of
energy assets localize the impact to a few areas. Over the
last century, sea levels in California have increased 6.7-7.9
inches. South of Cape Mendocino, where tectonic shifts are
causing land subsidence, sea levels are expected to increase
another 1.4-5.5 feet by 2100, depending on emissions
scenario and other uncertainties (NRC 2012).

The vulnerability of specific energy assets is sensitive to
their elevation and proximity to coastlines. An analysis of
flooding impacts on utilities in Los Angeles (including
electric power, water, and fuel systems) found that
assuming 1.4 meter (4.6 feet) of sea level rise, combined
with a once-in-100-year flood, caused moderate damage to
three of the city's oil refineries but affected none of the
city's power plants or natural gas facilities (Grifman et al.
2013).

Energy production can also be affected by prolonged
drought. California's oil production is mostly composed of
older wells undergoing water-intensive secondary and
tertiary enhanced recovery processes. For the period 1999—
2012, the water intensity of the median California oil well
increased more than 20%, and many wells are located in
areas that may experience moderate to severe water stress
by 2025 (Tiedeman et al. 2014). In the midst of a recent
drought, California has passed new legislation mandating
that oil drillers report the amount and source of water used
in oil recovery (California Department of Conservation
2015, Carroll 2014). Throughout the region, hydraulically
fractured wells, which require about 3—6 million gallons of

water per well for drilling and fracturing (Mantell 2011), are
located in areas with water stress challenges that could be
exacerbated by declining precipitation. One study found
that over 95% of hydraulic fractured wells in Colorado and
California are in locations considered “high” or “extremely
high” water stress (Ceres 2014).

Like thermoelectric power plants, oil refineries require a
substantial amount of cooling water and may face
escalating costs as droughts and critical water shortages
become more frequent (DOE 2013).

0il and Gas Exploration and Production

Resilience Solutions

Resilience strategies to protect the Southwest’s coastal oil
and gas infrastructure from inundation include both
hardening and management solutions.

Oil and gas companies facing periodic water constraints on
drilling and refining operations can use degraded water or
wastewater to reduce demand for municipal or freshwater.
For example, a BP oil refinery in Los Angeles recently
switched to recycled municipal wastewater to meet some
of its process water needs (Troeh 2012). Oil production
operations using water-intensive enhanced oil recovery
could expand use of brackish groundwater or reuse
produced water (DOE 2013). Alternative fracturing
techniques that are typically used to promote enhanced
product recovery in select shale formations may also reduce
water use; these includelLiquid Petroleum Gas (LPG)
fracturing, which uses propane and chemical additives in
lieu of water; foam-based fracturing, which uses water, a
foaming agent, and nitrogen or carbon dioxide; and channel
fracturing, which uses proppant-laden fluid and gelled fluid
to create channels (GAO 2015). In addition, enhanced oil
recovery using carbon dioxide injection from carbon
capture, storage, and use activities could contribute to
reduced greenhouse gas emissions (climate mitigation) as
well as enhanced resilience to climate change. Because
water management is already a high-priority issue for most
Southwestern states, solutions to problems of increased
energy infrastructure vulnerability will continue to require
comprehensive resilience strategies that address
stakeholders in multiple sectors.

Fuel Transport

Subsector Vulnerabilities

Much of the Southwest region is dependent on the
extensive fuel transport infrastructure located along the
California coast (Figure 3-13) (EIA 2014c). In particular,
refineries in California rely on coastal infrastructure, such as
ports in Los Angeles, Long Beach, and the Bay area, for
imports of crude oil (EIA 2014c, CEC 2015). Once refined,
gasoline and other petroleum products are transported
primarily by pipelines to customers in California, Nevada,
and Arizona (CDPC 2010). In addition, the region has
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become increasingly dependent on domestic shipments of
crude oil by rail.

Figure 3-13. Natural gas and other fuel pipelines in the
Southwest
Source: Adapted from EIA 2014c

New Mexico and Colorado are major producers of natural
gas, which is consumed in-state and transported via
pipeline to other western states. Markets in California are
served by natural gas from Arizona, Nevada, and the
Northwest (EIA 2014c). California exports and imports a
limited amount of natural gas by pipeline to and from
Mexico (EIA 2014m, EIA 2015a).

Climate change may have the following impacts on fuel

transport:

e Rising sea levels could result in a higher rate of coastal
erosion and a greater likelihood of flooding coastal
infrastructure, including ports, terminals, pipelines, and
railroads (CEC 2012, Sathaye et al. 2012, USGCRP 2014).

Coastal ports and facilities are vulnerable to increased flood
regimes along the coast due to higher sea levels, and may
be at greater risk of being forced to stop or delay
operations during floods. According to one study, 80% of
the Port of San Francisco, 60% of the Port of Oakland, and
approximately 50% of the Port of Richmond in the Bay Area
could be inundated during a 100-year flood event with 1.4
meters (4.6 feet) of sea level rise (CEC 2012). A 100-year
flood event combined with sea level rise could also flood
almost 1,700 miles of roadway in the Bay area, including
almost 170 miles of major highways, stalling port
operations by hindering the transport of personnel and
goods (CEC 2012). Much of northern California’s
Sacramento—San Joaquin River Delta region has subsided
below sea level and is already highly vulnerable to flooding.
The delta contains significant natural gas infrastructure,
including the McDonald Island natural gas storage facility
and multiple pipelines, that supplies the Bay Area and
Sacramento/Stockton (Sathaye et al. 2012).

Pipelines along the coast and in low-lying areas may be
vulnerable to corrosion as coastal flooding associated with
rising sea levels may increase saltwater intrusion of

groundwater. As sea levels rise, pipelines may also be
increasingly at risk from flooding that can expose buried
pipe, making it susceptible to impact from flood-borne
debris (DOE 2013). Pumping stations, terminals, low-lying
railroad equipment and other fuel transport infrastructure
near the coast are also at increased risk of damage from
flooding and erosion as sea level rise accelerates.

Fuel Transport

Resilience Solutions

Fuel transport assets, including port facilities, can be
hardened to mitigate the risks from sea level rise, reducing
the likelihood of damaging coastal erosion and flooding
events. For instance, sea walls and natural barriers such as
wetlands can dampen the impacts of sea level rise and
prevent coastal erosion in some instances. Pipelines may be
upgraded to more robust materials such as coated steel or
plastics to prevent corrosion and damage from flood-borne
debris. Another resilience measure is elevating or relocating
critical equipment such as pumping stations, port assets,
and railroad structures out of coastal floodplains. For
example, the McDonald Island natural gas storage facility is
designed so that the compressor and wellhead controls can
still operate under a 20 foot head of water (Sathaye et al.
2012). Some equipment can also be sealed in waterproof
enclosures to prevent damage during flood events (DOE
2010). Planning for future sea level rise when siting and
designing coastal transport infrastructure will improve long
term resilience.
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Regional Climate Change Observations
and Projections in Detail

Higher Temperatures
Historical observations

Since 1895, temperatures have increased an average
of 0.17°F per decade, or almost 2°F (NOAA 2013).
Heat waves are occurring more often and cold waves
less often: For 1895-2011, there is a statistically
significant increase in the number of heat waves across
the region (NOAA 2013).

Future projections

Average temperatures are expected to increase at a
faster rate, with summer and autumn increases most
severe: Under a higher emissions scenario (A2),
temperatures are projected to increase 5.5°F-8.5°F by
the end of the century (2070-2099, compared to the
climate of 1971-1999), with the lowest increases along
the coast. Under a lower emissions scenario (B1),
increases may be 3.5°F-5.5°F (NOAA 2013).

Extremely hot days are projected to become more
common, and consecutive number of days of extreme
heat are expected to grow longer: In the southern part
of the region, especially in deserts, arid regions, and
high plains, 25—-40 more days with a daily maximum
temperature >95°F are expected by mid-century
(2041-2070, compared to 1980-2000), and the
maximum number of consecutive hot days is projected
to increase by 16—-32; through most of the rest of the
region, 10-25 more extremely hot days per year are
projected, with annual maximum consecutive hot days
growing by 4-16 (NOAA 2013).

Cooling degree days (CDDs) are expected to increase:
In much of the region, an increase of 400-1,000 CDDs is
expected by mid-century (2041-2070, compared to
1980-2000); increases of 200—400 CDDs are expected
in northern parts, and fewer in the Rockies (NOAA 2013).
Heating degree days (HDDs) are expected to decrease,
cold nights to occur less frequently, and freeze-free
season to grow: The northern and mountainous parts
of the region are expected to experience a decline in
HDDs of 1,100-1,700 by mid-century (2041-2070,
compared to 1980-2000); in the south and along the
coast, declines of 500-1,100 HDDs are projected. The
freeze-free season is expected to be 20—45 days longer
by mid-century, and days with daily minimums less
than 10°F are no longer expected to occur, except in
high-elevation areas (NOAA 2013).

Changing Water Patterns and Wildfires
Historical observations

More winter precipitation has been falling as rain
rather than as snow: Across western mountain regions,
October-to-March snow water equivalent (SWE),
normalized by total precipitation, has fallen over the
period 1950-1999, with a strong indication that up to

60% of the changes are due to climate change (Barnett
et al. 2008).

Future projections

Annual mean precipitation is expected to decrease:
Under a higher emissions scenario (A2), end-of-century
(2070-2099) precipitation is projected to be 3%—12%
lower in the southern portion of the region than the
period 1971-1999. Under a lower emissions scenario
(B1), models are less certain (NOAA 2013).

Spring and summer are projected to be drier and
winter wetter: Spring and summer average
precipitation may decline by more than 15% in parts of
the region by mid-century (2041-2070, compared to
1971-2000); summer coastal precipitation is projected
to increase more than 15%; winter precipitation is
generally expected to increase, with regions seeing
greater than 15% increases (NOAA 2013).

Periods with little or no precipitation are likely to
become longer: Across most of the region, the annual
maximum number of consecutive days with less than
three millimeters of precipitation is projected to
increase 5-25 days per year by mid-century (2041—
2070, compared to 1980-2000). Projected increases
are smallest in eastern Colorado (NOAA 2013).
Snowpack may decline across the region: By mid-
century (2041-2070), April 1 SWE is projected to fall by
more than 40% compared to 1971-2000 (Cayan et al.
2013).

Streamflow in many major basins is expected to
decline: By the 2070s, annual streamflow in the
Klamath, Sacramento—San Joaquin, Colorado, and Rio
Grande rivers is projected to decline relative to the
1990s (USGCRP 2014). For all but the Colorado River,
declines are projected to be greatest between April and
July (USGCRP 2014).

Droughts are expected to intensify across the region:
Future droughts in the region, and especially in the
Colorado River watershed, are projected to become
more frequent, intense, and longer-lasting than in the
historical record (USGCRP 2014).

Risk of wildfire is expected to increase: The area of
land burned in wildfires is projected to increase,
including a doubling of area in the southern Rockies by
mid-century (2041-2070, compared to 1970-2006) and
an almost 75% increase in northern California by end-
of-century (compared to 1960-1990) (USGCRP 2014).

Sea Level Rise
Future projections

Sea level rise is expected to accelerate: Along most of
the California coastline (south of Mendocino), relative
sea levels are projected to increase by 17-66 inches by
2100 compared to 2000, depending on emissions
scenario and other uncertainties (NRC 2012).
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Chapter 3 Endnotes

® Source: NOAA 2013

® Sources: DOE 2013, NOAA 2013, USGCRP 2014

“ Sources: NOAA 2013, USGCRP 2014

4 Sources: DOE 2013, Tiedeman et al. 2014, USGCRP 2014

€ Sources: Cayan et al. 2013, NOAA 2013, USGCRP 2014

fSources: AEG and Cubed 2005, Garfin et al. 2013, Vicuna et al. 2007, USGCRP 2014

& Source: USGCRP 2014

.h Sources: Sathaye et al. 2012, USGCRP 2014

'Sources: NOAA 2013, USGCRP 2014

i Changes in CDDs are regional (see Figure 2), compared to 1980-2000 (NOAA 2013). Increases in per capita average peak demand by end of the
century compared to 2003—-2009 under A2 scenario (Sathaye et al. 2012).

¥ Sources: NOAA 2013, NRC 2012, USGCRP 2014

! Capacity reductions represent effects of increased ambient temperature on California's natural gas-fired generators and include projections of
incremental increased temperature in 2070-2099 (Sathaye et al. 2012). Coal plants identified by NETL 2010. There are 25 plants located in 100-
year floodplain assuming 1.4 meter relative SLR (Climate Central 2014a).

™ Sources: Cayan et al. 2013, NOAA 2013, USGCRP 2014

" 1971-2000 compared to 2070-2099 (USGCRP 2014)

° Sources: NOAA 2013, Sathaye et al. 2012, USGCRP 2014

P Increases in transmission line and substation capacity losses are for California, by the end of the century, depending on region, and compared
to current levels (Sathaye et al. 2012).
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Chapter 4: Northern Great Plains

Climate Change and the Energy Sector

Overview

The Northern Great Plains is home to less than 2% of the U.S.
population but is a major supplier of critical energy resources
used throughout the nation. These resources include coal from
the Powder River Basin, electricity exported via interstate
transmission lines, and rapidly growing oil production from the
Bakken formation. Extensive rail and pipeline networks
transport energy resources across the region. Major climate
change impacts projected to increasingly threaten the region’s
energy infrastructure include the following:

Climate change is projected to increase both the frequency
and severity of heavy precipitation events in northern
states, increasing heavy runoff and the risk of flooding.’
Floods threaten low-lying assets such as power plants, oil and
gas facilities, and rail lines located in flood plains, and they
can disrupt delivery of fuels and damage infrastructure.”
Average temperatures are projected to increase, and
extremely hot days are projected to occur more
frequently. Heat waves are likely to become more
frequent, more severe, and longer-lasting.” Extreme heat
can delay or disrupt rail service, affecting fuel shipments. As
air and water temperatures rise, thermoelectric power
plants operate less efficiently, and electricity demand for
cooling increases. Higher temperatures also cause sag and
increase resistance in transmission lines. Together, these
effects may reduce available power supply during the
hottest months when demand is highest.d

Decreasing water availability is projected in the summer
for parts of the region as a result of seasonal changes in
precipitation patterns from climate change and competing
uses for water.® Limited water availability may reduce the
availability of thermoelectric power generation and affect
biofuel production and oil and gas operations. Power plants,

QUICK FACTS

Northern Great Montana, Nebraska, North Dakota, South Dakota,

Plains States: Wyoming
Population (2013) 5,036,423 (1.6% of U.S.)
Area (square miles) 464,000 (13% of U.S.)
Energy expenditures $33 billion
0,
ENERGY SUPPLY Annual Annual I’ﬂf".'
& DEMAND Production Consumption electric
power
Electric power TWh 160 88 n/a
Petroleum MMbbls 333 166 1%
Coal million tons 466 85 88%
Natural gas Bcf 2,280 528 3%
ELECTRIC oro :u"c':i‘:)an' % of Total Capacity ::IJ:\:;
POWER (TWh) Production (GwW) >1 MW*
Natural gas 2 1% 4 55
Coal 114 71% 18 42
Nuclear 6 4% 1 2
Hydroelectric 22 14% 5 55
Wind 15 9% 5 72
Biomass <1 <1% <1 4
Solar 0 0% 0 0
CRITICAL INFRASTRUCTURE
Petroleum Electric Power
Wells (>1 boe/d): 15,900 Power plants (>1 MW): 277
Refineries: 11 Interstate transmission lines: 18
Liquids pipelines: 29 Coal
Ports (>200 tons/yr): 0 Mines: 28
Natural Gas Waterways
Wells: 29,000 Coal and petroleum routes: 1
Interstate pipelines: 26 Railroads
Market hubs: 1 Miles of freight track: 13,500

Note: Table presents 2012 data except number of oil wells, which is 2009 data.
*Some plants use multiple fuels, and individual generating units may be <1 MW.
Sources: AAR 2014, EIA 2011, EIA 20133, EIA 2013c, EIA 2014b, EIA 2014e, EIA 2014m,
EIA 2014n, EIA 20140, EIA 2014p, EIA 2014q, USACE 2014, US Census Bureau 2014

biorefineries, and agriculture are all major water users and require more water as temperatures increase. Competing uses for
water, such as crop irrigation, may also contribute to limited availability.

Table 4-1. Examples of important energy sector vulnerabilities and climate resilience solutions in the Northern Great Plains

Subsector

Vulnerability

Magnitude

lllustrative Resilience Solutions

Fuel Transport

Thermoelectric
Power
Generation

Electricity
Demand

Increased disruption from roadbed
washouts and erosion from heavy
precipitation and flooding®

Increased disruption of coal and
oil by rail from extreme heat and
rail bucklingh

Reduced efficiency from
increasing air and water
temperatures and decreasing
water availability

Increased electricity demand in
the summer from higher

n . o
temperatures region

From the Bakken fields, rail accounts for
more than 70% of total oil shipments and
100% of deliveries to the West Coast'

Almost 50% of the coal produced in the
United States travels along a small number
of central rail lines in the region’

The region exported over 70 TWh of
electricity in 2012, so reductions in
available generation may also affect
neighboring regions™

An additional 200—800 CDDs per year is
projected by mid-century for most of the

Preventive maintenance, track
inspection, and reliability

k
standards

Improved detection of track
defects including buckling and
weak points|

Alternative water sources,
recirculating, dry, or wet-dry
hybrid cooling systems

Capacity expansion, energy
efficiency, and demand-side
management programs
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Regional Energy Infrastructure

Vulnerabilities and Resilience Solutions
Key energy subsectors and illustrative examples of
resilience solutions in the Northern Great Plains are
discussed below. System components that are most
vulnerable to climate change are described first.

Fuel Transport

Subsector Vulnerabilities

The Northern Great Plains is a major supplier of both coal
and crude oil to U.S. energy markets (see sidebar). The
Powder River Basin in Wyoming alone produces almost half
of the nation’s coal (EIA 2012a), and the rapid development
of the Bakken shale in North Dakota has made it one of the
top-producing oil fields (EIA 2014a). Railways are an integral
part of the transportation infrastructure for both of these
resources. Rail is also the primary mode of transport for
ethanol.

The Northern Great Plains is also traversed by a substantial
network of high-capacity natural gas and oil pipelines. The
region is the proposed location of several major new crude
oil pipeline routes, with 12 crude oil pipeline projects
(ranging from 10,000 barrels per day to 800,000 barrels per
day) proposed in the region as of 2012 (KLJ 2012). Gas
pipelines are also undergoing expansion, largely as a result
of the development of coal bed methane and tight sands
natural gas in the Powder River Basin and shale gas
production in the Bakken formation (EIA 2014g, EIA 2014i).
Since 2005, over $17 billion has been invested in natural gas
pipelines connecting to states in the Northern Great Plains
(EIA 2014h).

Climate change is expected to have the following impacts

on fuel transport in the Northern Great Plains:

e Projected increases in the frequency of heavy
precipitation, as well as total annual precipitation, may
increase the frequency of damage and disruption to
railways and pipelines from flooding (CCSP 2008,
USGCRP 2014).

e Rising temperatures, including increases in the
frequency, severity, and duration of heat waves, may
increase the risk of delays and disruptions to rail
shipments, as well as cause damage to—and higher
maintenance costs for—rail infrastructure (USGCRP
2014).

Annual precipitation (Figure 4-3) and the frequency and
severity of heavy precipitation events are projected to
increase in the northern and eastern portions of the area
(NOAA 2013a), increasing the risk of flooding impacts on
fuel transport.

Powder River Basin coal

The nine largest U.S. coal mines are located in the
Powder River Basin (EIA 20140). Coal from Wyoming
supplies power plants in more than 30 states (EIA 2014b).
In the western United States, a small number of routes
handle very large amounts of coal. Much of this coal is
transported in trains of 120 coal cars going from a single
mine to a single power plant over distances that can
exceed 1,000 miles (EIA 2012b, EIA 2014c).

The Joint Line, a 100-mile rail line, links Powder River
Basin coal to the nation's rail network. The Joint Line is
the busiest freight railroad in the world as measured by
gross ton-miles. Approximately 130 trains, weighing as
much as 19,000 tons, move on the Joint Line on a normal
day (DOE 2007).

Powder River Basin

/

Figure 4-1. Coal deliveries by rail from the Powder River Basin
Source: EIA 2012b

Bakken oil

Crude oil production in the Bakken shale formation of North
Dakota has increased more than 750% since 2007 (EIA
2014d). North Dakota currently produces over one million
barrels per day, representing over 10% of domestic oil
production (EIA 2014e). As the region's crude oil resources
become more important to the national energy economy
and pipeline capacity remains limited (EIA 2014f), railroads
are playing a more important role in transporting crude oil
(CRS 2014, EIA 2012c, EIA 2012d).

Figure 4-2. Crude-by-rail loading (blue) and unloading (red)
terminals
Source: EIA 2014f
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Figure 4-3. Mean change in annual precipitation by mid-century1
Source: NOAA 2013c

Both heavy precipitation events and extended periods of
rainfall can lead to regional flooding events (NOAA 2013a).
Heavy precipitation events can cause high runoff and
flooding that can disrupt train traffic and damage
submerged track and roadbed (Union Pacific 2011). High
streamflows can cause erosion of track beds, especially
where railroads run in low-lying areas adjacent to rivers and
streambeds (DOE 2013a, USGCRP 2014). In the Red River
Valley of North Dakota, one of the most flood-prone rivers
in the country, peak streamflows have been steadily
increasing from rapid spring snowmelt combined with
rainfall (Hirsch and Ryberg 2012, NOAA 2013a).

Intense precipitation events and flooding can also affect
buried pipelines by eroding soil cover and exposing the
pipeline to damage from flowing water and collisions with
flood debris or even vehicles or boats (DOE 2013a, DOT
2014, NRC 2008). Pipelines that are near creeks, rivers, or
where water is funneled away are more vulnerable to
erosion (DOT 2014). Intense precipitation can also cause
ground subsidence, where the soil underneath the pipeline
sinks, causing stress on the pipeline structure (NRC 2008). A
flooding event in Montana was a key contributing factor in
the rupture of the ExxonMobil Silvertip Pipeline that
resulted in damages of more than $100 million (DOE
2013a). Historically, however, pipeline damage from natural
events is responsible for only a small fraction of damages to
pipelines; corrosion and equipment failure are the biggest
causes of accidental crude oil pipeline releases (DOT 2012).

Any damage or disruption to major interstate and
international pipelines crossing the Northern Great Plains
could have a significant impact on energy markets outside
the region. Several of the largest interstate natural gas
pipelines that operate in the region deliver to customers
outside of the region (EIA 2014i).

Temperature increases due to climate change and increased
rail traffic may cause the rails to exceed temperature design

! Projected changes for mid-century (2041-2070) relative to the
end of the last century (1971-2000) under an A2 emissions
scenario

limits, which can cause track buckling under heat stress
(also known as “sun kinks,” pictured in Figure 4-4) (CCSP
2008, NRC 2008). Tracks buckle when excessive
compressive stress along the track leads to deformation or
misalignment (Volpe 2003). Compressive stress can come
from both increased track temperature (as the rail material
expands) and loading from train traffic (FRA 2011). Since
2003, there have been 49 derailments in the Northern
Great Plains directly attributable to buckled or sun-kinked
track, and the average temperature at the time of
derailment was about 89°F (FRA 2014).

Figure 4-4. Examples of track buckling
Source: Volpe 2003

Railroad operators respond to high ambient temperatures
by slowing traffic along rail lines (called slow orders) and
reducing loads to prevent buckling and related derailments
(CCSP 2008, FRA 2011). Slow orders are costly, as they
consume rail capacity, lead to higher operating costs and
delays in deliveries, and increase equipment cycle time,
requiring railroads to maintain larger fleets (CCSP 2008).

Fuel Transport

Resilience Solutions

Risks to railroads from increased flooding can be mitigated
through system and track upgrades, but they can be costly.
Resilience solutions include upgrading drainage systems,
ensuring culverts can handle increased runoff from heavy
precipitation events, and increasing pumping capacity in
tunnels (DOT 2009). Policy measures that restrict new rail
line development in floodplains, revise standards for
drainage capacity or elevating tracks, or require more
frequent track inspection can also improve resilience. Track
integrity inspections are shifting from visual methods to
sophisticated sensing techniques operated from vehicles
such as hi-railers (trucks that ride on rails).

Resilience of natural gas and liquid fuels transmission
pipelines could be improved by upgrading to pipes made
from more robust materials such as coated steel or modern
plastics. Pipeline operators may also install barriers (such as
berms) or plant grass above pipelines to reduce the risk of
erosion and subsequent exposure of buried pipelines, and
horizontal directional drilling can be used to bury pipelines
deeper to reduce the risk of pipeline exposure (Brown 2013,
DOT 2014, Miller & Bryski 2012). After the Silvertip pipeline
ruptured in Montana, ExxonMobil was ordered to replace
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the existing Yellowstone River, Clarks Fork, and Rock Creek
river crossings with horizontal directionally drilled pipelines
(Katchmar 2012).

Examples of rail damage and disruption

2011: Exceptional spring rains, combined with rapid
snowmelt, produced flooding in the Missouri River
basin, threatening Union Pacific's Central Corridor
line near North Platte, Nebraska. When the Platte
River began to carve a new channel near the rail
line, the Nebraska National Guard and Nebraska
Highway Department contributed to an effort to
build an emergency levee. During the same floods,
levee breaks on additional Union Pacific lines near
Omaha, Nebraska, led to closures for portions of
June and July. To reopen the line, rail workers raised
the track bed before the floodwaters had receded
(Union Pacific 2011).

2007: Severe flooding in March and April resulting
from a blizzard significantly disrupted service on the
Powder River Basin's Joint Line. Rail facilities were
shut in, and 170 rail loadings were cancelled (DOE
2007).

2005: Greater-than-normal rainfall and accumulating
coal dust caused a series of three major derailments
and significant damage to Powder River Basin’s Joint
Line. The derailments caused significant delays in coal
deliveries and led to a restriction on new customers
that lasted almost two years. Many power plant
customers were forced to draw down stockpiles
because of delayed or cancelled deliveries, and some
had limited coal supplies for the summer when high
temperatures led to greater-than-normal energy
demand. Following the derailments, production at
Powder River Basin mines was curtailed for several
months, and problems with deliveries to generators
persisted through the spring of 2006 (DOE 2007).

Temperature impacts affecting railroads can be reduced by
incorporating climate projections into design considerations
when replacing tracks. Rails are designed to withstand
temperature gradients based on expected ambient
temperatures and heat generated from railcar traffic (FRA
2011, Volpe 2003). Railroad companies that are
incorporating higher baseline temperatures into their
planning would most likely upgrade tracks when they are
replaced for other reasons, including normal wear and tear,
upgrades for traffic reasons, or damage from other extreme
events, including flooding (CCSP 2008).

Management practices, such as ensuring rails are regularly
inspected for signs of damage, can also increase resilience
to climate impacts. Manual inspection remains the
preferred method to detect erosion damage, buckles, and
sun kinks, although rail breakage can be inspected via the
application of an electrical current to detect faults remotely
(CCSP 2008, Volpe 2003).

Thermoelectric Power Generation

Subsector Vulnerabilities

Electricity from coal-fired thermoelectric power plants
dominates the generation mix in Northern Great Plains
states (Table 4-2).

Table 4-2. Electricity generation by type for states in the
Northern Great Plains

Generator MT ND NE SD WY Total
Type

Coal 50% 78% 73% 24%  88% 71%
Hydroelectric  41% 7% 4% 50% 2% 14%
Wind 5% 15% 4% 24% 9% 9%
Nuclear 0% 0% 17% 0% 0% 4%

Natural Gas 2% 0% 2% 2% 1% 1%
Other 3% 0% 0% 0% 1% 1%

Source: EIA 2013c

Climate change is projected to have the following impacts
on thermoelectric power generation in the Northern Great
Plains:

e Higher average and extreme temperatures are expected
to reduce electricity generation and transmission
capacity (DOE 2013a, USGCRP 2014).

e Reduced precipitation in the southern and western
portions of the region, as well as higher evaporative loss
from reservoirs, may affect water availability for
thermoelectric power generation (DOE 2013a, NOAA
2013a, USGCRP 2014).

e Increased average and extreme precipitation may
heighten the risk of damage or disruption caused by
flooding (NOAA 2013a).

Projected changes in precipitation and temperature—both
independently and in combination—may restrict the
available capacity of thermoelectric power generation in
the region. The efficiency of thermoelectric power
generation decreases with increasing air and water
temperatures (DOE 2013a). Because of projected increases
in average and extreme temperatures in the Northern Great
Plains, climate change may reduce regional power
generation capacity during times of high demand for
cooling (USCGRP 2014). Furthermore, high air temperatures
reduce transmission capacity (DOE 2013a), which can
compound problems of reduced power supply. As shown in
Table 4-3, all states in the region except South Dakota
export electricity to other states, and capacity restrictions
may affect neighboring regions.

Table 4-3. Net interstate trade of electricity for states in the
Northern Great Plains, Terawatt-hours (2012)
MT ND NE SD wy

12.8 21.5 0.8 -0.5 30.1
Source: EIA 2014u
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As shown in Figure 4-5, precipitation is projected to
increase throughout the region during the winter, but
precipitation is projected to decrease in the southern and
western portions of the region during warmer seasons,
when demand for power is highest. Affected regions include
Montana, Nebraska, and Wyoming (NOAA 2013a).

Figure 4-5. Change in seasonal precipitation by mid-cen’turyZ
Source: NOAA 2013c

Decreased availability of water could pose an operational
risk to thermoelectric facilities using freshwater for cooling
(DOE 2013a). For example, the Platte River, which flows
through Wyoming and Nebraska, is a heavily managed and
over-appropriated river system (NOAA 2013a). The coal-
fired power plants using the Platte River and its tributaries
for cooling water are vulnerable to water stress (DOE
2013a). When water shortages occur, power plants in the
region are likely to draw from groundwater and compete
with irrigated agriculture for scarce water resources (NETL
2009, UCS 2011).

Projected increases in extreme heat could accelerate the
loss of surface water reservoirs through evaporation and
may compound local water scarcity issues. Across most of
the region, 5-20 more days with a daily maximum
temperature >95°F are projected by mid-century (NOAA
2013a). Nebraska is likely to be the most affected, including
increases of as many as 25 more extremely hot days per
year projected (NOAA 2013a). Moreover, because high
temperatures decrease thermal efficiency of power
generation (DOE 2013a), more extreme high-temperature
days could compound the risks to these facilities,
particularly during periods of low water availability.

2 Projected changes for mid-century (2041-2070) relative to the
end of the last century (1971-2000) under an A2 emissions
scenario

Thermoelectric power plants are also vulnerable to
flooding. They are typically located near rivers or other
sources of water and are susceptible to physical damage
and disruption from flooding. The eastern portion of the
Northern Great Plains has experienced an increasing
frequency and magnitude of flooding events (Hirsch and
Ryberg 2012) and is projected to see higher levels of total
precipitation and heavy precipitation events as a result of
climate change (NOAA 2013a).

Examples of impacts to power plants from
flooding and limited water availability

2011: Missouri River floodwaters surrounded Fort
Calhoun Nuclear Power plant in Nebraska. The
nuclear reactor remained closed during the
summer because of persistent flood waters (DOE
2013a).

2008: Owners of the 1,710 MW Laramie River
Station in Wyoming installed a 90,000-foot-long
pipeline to deliver groundwater to supplement
water from the Grayrocks Reservoir, but a drought
lowered the reservoir to 10% of its capacity and
forced the utility to purchase water from the
Wheatland Irrigation District (NETL 2009, UCS
2011).

2004: The Nebraska Public Power District spent
$12 million and installed 40 wells at its 1,300 MW coal-
fired Gerald Gentleman Station to ensure there would be
enough water in the event that its reservoir goes dry
(NETL 2009).

Thermoelectric Power Generation

Resilience Solutions

New generation capacity can help address falling capacity
due to decreased plant efficiency during periods of higher
air and water temperatures. New generation capacity with
sources and supply chains less affected by increasing
temperatures and decreased water availability (e.g., wind
and solar photovoltaics [PV]) may help make the region’s
power sector more resilient to climate change. Programs
that reduce total and peak electricity demand can also
reduce the water needs of thermoelectric generators.

Water scarcity has already threatened major power plants
in the region, and several generation facilities have
undertaken major infrastructure projects to ensure access
to alternative sources of water (NETL 2009). Many facilities
have installed recirculating water cooling systems, which
withdraw significantly less water than once-through plants
(DOE 2013a). Power plant owners in the Northern Great
Plains have turned to groundwater to supply cooling water
needs when surface water reservoirs have reached critically
low levels. Future competition for limited surface and
groundwater resources may lead power plants to consider
adoption of more water-efficient cooling technologies (e.g.,
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dry cooling, wet—dry hybrid cooling, etc.), use of
nontraditional water (e.g., saline and brackish groundwater,
municipal waste water, etc.), and additional water
conservation measures.

Diversification of power generation sources to fuels
requiring little or no water input, such as wind power and
solar photovoltaic systems, may help to make the region’s
power sector more resilient to water scarcity events. For
example, in response to Minnesota's Renewable Portfolio
Standard (RPS) and North and South Dakota renewable
energy objectives, the Otter Tail Power Company has
expanded its wind generation resources, which require no
cooling water. Through the TailWinds program, customers
can choose to purchase 100% of their electricity from wind
generation (Otter Tail Power Company 2014).

Programs that reduce total and peak electricity demand can
also reduce the water needs of thermoelectric generators,
as discussed in the Electricity Demand section.

Engineered barriers such as levees can be effective in
protecting vulnerable thermoelectric power plants from
flooding during heavy precipitation events. Utilities may
also elevate critical equipment to protect against flooding
or upgrade low-lying components with submersible
equipment or watertight doors. Planners can protect new
capacity by locating new equipment at higher elevations or
outside of flood plains.

Electricity Demand

Subsector Vulnerabilities

The Northern Great Plains exports more than 50% of the
electricity generated in the region and on the whole has
sufficient generating capacity to meet increased demand
within the region (EIA 2014b). However, neighboring states
that receive electricity exports from the Northern Great
Plains states, including states in the Midwest, Southwest, and
Southern Great Plains, may be affected if local demand grows
or generating capacity falls.

The region is situated far from the moderating effects of the
oceans and has a distinctly continental climate, with
average low temperatures in January about 0—15°F and
average high temperatures in July about 80—88°F (NOAA
2015). Like other regions with cold winters, the Northern
Great Plains uses primarily natural gas for space heating,
with electricity a distant second (EIA 2014l, EIA 2014r). The
region’s power consumption is typically summer-peaking,
with utilities in the region experiencing peak demand about
16% higher in summer than in winter (EIA 2013b). Much of
the electricity demand is driven by non-residential uses,
including irrigation, food processing, fertilizer and pesticide
production, and manufacture of farm and construction
equipment (EIA 2014b).

Climate change is projected to have the following impacts

on electricity demand in the Northern Great Plains:

e Higher maximum temperatures, longer and more severe
heat waves, and higher overnight lows are expected to
increase electricity demand for cooling in the summer
(DOE 20133, NOAA 2013a).

Hotter summers will increase electricity demand for air
conditioning and refrigeration, while warmer winters may
lead to reduced heating demand, with the summer increase
in electricity demand outweighing the winter decrease
(USCGRP 2014). As shown in Figure 4-6, an increase of 200—
800 cooling degree days (CDDs) per year is projected by
mid-century for most of the region, with the exception of
the higher elevations of Montana and Wyoming (USGCRP
2014). Although the annual CDDs in the region are lower
than most other regions, an increase in CDDs may lead to
an increased proportion of households and businesses
installing air conditioning units (USGCRP 2014). For
example, Williston, North Dakota, is projected to
experience 200-400 additional CDDs, which is an increase
of 43%—86% compared to its historical average (NOAA
2013b). In addition, buildings already with air conditioning
are expected to increase electricity demand for cooling
(USGCRP 2014).

Figure 4-6. Change in annual CDDs by mid-century3
Source: NOAA 2013c

Climate change is only one of several factors projected to
drive changes in demand for electricity. Population shifts
from rural to urban areas and electricity use associated with
growing oil production in the Bakken region are also
altering the demand profile, as well as other unrelated
changes to demand resulting from new devices and
technologies. One study projects electricity demand
(electrical load) in the Bakken region will increase more
than 200% in 20 years, from 1,209 MW in 2012 to 3,721
MW in 2032, excluding demand shifts expected due to
climate change (KLJ 2012).

3 Projected changes for mid-century (2041-2070) relative to the
reference period (1980-2000) under an A2 emissions scenario
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With the region being a net exporter of electricity, there is
likely adequate electricity supply to meet additional
demand. However, shifting demand loads within the region
may also require additional investments in transmission
capacity to reach the expanding areas (Basin 2014), which is
further discussed in the Electric Grid section.

Electricity Demand

Resilience Solutions

Capacity expansion, energy efficiency, load management,
and other programs administered by regional power
producers can help reduce total electric power demand and
peak loads. Power producers in the Northern Great Plains
states have already implemented a number of demand-side
management practices to reduce the load and improve
energy efficiency. These efforts have so far reduced the
region’s peak load by 2,100 MW, and over 4,000 industrial
customers are enrolled in price-responsive programs to
reduce consumption during peak demand (EIA 2013b).
Because the Northern Great Plains exports electricity
outside of the region, measures being implemented in
other states can also help mitigate critical summer season
peaks.

Demand response resources program

Montana—Dakota Utilities Co. has contracted with
Constellation Energy to offer a demand response
resources program for commercial and industrial
customers. Participants in Montana, North Dakota, and
South Dakota agree to curtail non-critical load during
demand response events initiated by the utility and
will receive financial compensation (both capacity and
energy payments) in return (Constellation Energy
2011).

Many agricultural-heavy electric utilities use demand
response programs to manage a large number of small
users connected to the grid. For example, Nebraska's
Dawson Public Power partners with agricultural customers
who allow the utility to control the electric usage of these
systems when demand for electricity is high (EIA 2014j).

Energy storage systems provide one potential solution to
addressing the region's changing demand profile. The
region has seen expanding wind power assets, with net
generation from wind power increasing by over 300% from
2002 to 2012, and storage systems could allow these
intermittent sources to store generated energy and then
deliver it when needed (EIA 2013c).

Capacity expansions may also help alleviate growing
demand for electricity, especially in remote areas where the
cost of installing new transmission capacity is high. Owing
to the region's extensive wind resources, new generation is
likely to include expanded wind capacity (NREL 2014). For

example, Montana—Dakota Utilities Co. announced in 2013
that, to meet growing customer demand, the company was
purchasing a 107 MW wind farm (Capital Journal 2014).

Electric Grid

Subsector Vulnerabilities

As Northern Great Plains states are net exporters of
electricity, neighboring regions are dependent on a reliable
flow of power from those states. The region straddles the
divide between the western and eastern electricity grids,
with Montana and Wyoming largely part of the Western
Interconnection, and most of Nebraska, North Dakota, and
South Dakota connected to the Eastern Interconnection.
The Northern Great Plains is home to four of the six DC ties
between the western and eastern grids (WAPA 2015).

Climate change is expected to have following impacts on

the electric grid in the Great Plains North region:

e Higher average and extreme air temperatures are
expected to reduce the efficiency and capacity of
transmission lines and substations, and may damage
power transformers (Bérubé 2007, DOE 2013a).

e Increased wildfire activity in the western, forested part
of the region is expected to increase the risk of physical
damage to transmission lines and distribution systems
(DOE 2013a, USGCRP 2014).

Higher temperatures decrease the current-carrying capacity
of transmission lines and reduce the efficiency of substation
equipment (DOE 2013a). High temperatures also cause
thermal expansion of transmission line materials, and
sagging lines increase the risk of power outages when they
make contact with other lines, trees, or the ground (DOE
2013a). When energized transmission lines come into
contact with vegetation, they can also spark wildfires,
potentially leading to much greater damage. Additionally,
elevated ambient air temperatures may also put
transformers at a greater risk of damage and force
operators to reduce the loading of transformers on the
hottest days (Hashmi et al. 2013, USBR 2000). Incremental
changes in transformer operating temperature lead to
exponentially larger rates of irreversible transformer
insulation breakdown, so even small increases in ambient
air temperatures can lead to extensive damage if protective
measures are not taken (Bérubé 2007, Hashmi et al. 2013).

Electricity transmission and distribution infrastructure is
also vulnerable to physical damage from increasing
wildfires, which can destroy wood poles and steel towers,
damage extensive miles of conductor, and foul lines with
soot and fire retardant (DOE 2013a). Wildfires can also
cause operators to shut down or derate lines to protect
them from wildfire-associated heat and smoke (CPUC and
DOI 2008, DOE 2013a). Soot and smoke can reduce the
electrical resistance of air, increasing the likelihood of tree
strikes or arcing between lines. In addition, wildfires
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remove vegetation and can increase exposure of electricity
poles to erosion resulting from subsequent heavy
precipitation events.

The risk of wildfires is projected to increase in the
mountainous forest and shrubland areas of Montana and
Wyoming, as warmer temperatures, increased
evapotranspiration, and a longer growing season can dry
soils and contribute to a buildup of combustible biomass
(USDA 2013). Some ecosystems may experience a four-fold
increase or more in the average area burned per year for
each 1°C global temperature rise (NRC 2011). Increased
wildfire risk areas coincide with the location of several large
transmission lines (>345 kV) in the region (Figure 4-7). In
2005, the Tarkio fire burned under two of the Bonneville
Power Administration’s (BPA's) 500 kV transmission lines in
western Montana, causing BPA to preemptively shut the
lines down (Montana Standard 2005). In another recent
example, the 2012 Ash Creek Complex Fire in southeast
Montana caused significant damage to the area's grid as it
burned through a major transmission line (KTVQ 2012).

Figure 4-7. Electric transmissions lines (>345 kV), shown by
dashed lines on the map, and projected percentage increase in
burned areas for a 1°C increase in global average temperature"
Sources: NRC 2011, EIA 2014k

Electric Grid

Resilience Solutions

Both operational and hardening measures can be taken to
improve the resilience of new and existing transmission
infrastructure. The detrimental effects of increased
temperatures on grid capacity may require expanding
capacity or reducing demand, while assets can be protected
from increased fire activity with both system upgrades and
improved management practices.

* Wildfire projections are based on temperature and precipitation
patterns associated with a 1°C increase in global average
temperature and are relative to the median area burned during
1950-2003.

Adding grid capacity and redundancy can increase resilience
to falling capacity on extremely hot days, especially as the
hottest days will likely see the highest demand for
electricity (DOE 2013a). Utility measures to reduce demand,
including energy efficiency and load management
programs, can also reduce the need for new transmission
capacity (DOE 2013a). As the region is a significant
electricity exporter, local demand management programs
may have limited efficacy when addressing falling
transmission capacity on long-distance interstate
transmission lines. However, such measures may be
effective for reducing burdens on transmission lines
connecting small communities to the grid. Such programs
are discussed in the Electricity Demand section.

To prevent damage to transformers, operators can reduce
transformer loads when air temperatures are high (Hashmi
et al. 2013). Operators can also install or upgrade cooling
systems for large transformers and invest in newer
thermally upgraded transformers (USBR 2000, Bérubé
2007).

Proactive vegetation management is an important practice
for increasing resilience to both increasing temperatures
and wildfire. Managers can reduce the risk of tree strikes
resulting from sagging lines by trimming trees along
transmission rights-of-way. Vegetation management is a
key practice for reducing transmission line vulnerabilities to
wildfire. Active forest management includes measures to
reduce build-up of hazardous fuels near key power lines—
such as forest thinning and prescribed burning—and reduce
the likelihood of human-caused ignition (e.g., campfires,
short circuits from faulty equipment on power lines) (CPUC
and DOI 2008, DOE 2013a, USGCRP 2014). PacifiCorp, a
power company that operates Rocky Mountain Power in
the Northern Great Plains and Southwest region, has
developed an app to monitor wildfires that could damage
lines and disrupt service to customers. The app allows the
utility to monitor and protect transmission lines and
prevent power outages even when lines are damaged (ESRI
2014).

Strengthening of power lines and towers to resist physical
damage, including the installation of steel towers for the
most vulnerable lines, can improve the resilience of
individual lines to wildfires, limiting damage and expediting
restoration (DOE 2013a). Resilience could also be improved
through increased redundancy in the transmission networks
(DOE 2013a).

Hydroelectric Power

Subsector Vulnerabilities

Hydroelectric generation produces 14% of the region's
electric power (see Table 4-2 on page 4-4) (EIA 2013c).
Hydroelectric facilities in Montana and South Dakota make
up the majority of the region’s total output of hydropower,
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generating about 11 million MWh per year and 6 million
MWh per year, respectively (Figure 4-8) (EIA 2013c).

Figure 4-8. Canyon Ferry Dam and Reservoir near Helena,
Montana
Source: USBR 2013

Climate change in the Northern Great Plains may affect

hydropower in the following ways:

e In the Columbia River Basin, decreasing summer
streamflows may reduce downstream hydropower
production, and increasing winter and early spring
streamflows may increase production (BPA 2011, DOE
2013a, USGCRP 2014).

e In the Missouri River basin, projected seasonal declines
in precipitation in the southern and western portion of
the region may reduce the water available to generate
hydropower (USGCRP 2014).

The Northern Great Plains largely lies to the east of the
Continental Divide; however, four dams in Montana are
located in the Columbia River Basin on the Flathead,
Kootenai, and Clark Fork Rivers (EIA 2014t). Spring
snowpack and summer precipitation in far western
Montana are expected to decline in a warming climate,
contributing to decreased summer streamflows for power
plants in the Columbia River Basin (BPA 2011, DOE 2012).

The Missouri River basin stretches across most of the
region, and its drainage provides water to many of the
hydroelectric generators in both Montana and South
Dakota. For example, the Platte River basin in Wyoming and
Nebraska, which is part of the Missouri River system, is the
source of numerous hydropower facilities (EIA 2014b). The
Missouri River basin draws from a large area where climate
models project both increasing and decreasing
precipitation, depending on the season, location, and
emissions scenario. The gradient towards reduced
precipitation in the southwestern portion of the region
suggests that facilities drawing on water flows from those
areas could face reductions in available generating capacity,
although there is uncertainty about these projections.

Hydroelectric Power

Resilience Solutions

Most of the Northern Great Plains is projected to see higher
precipitation during the winter (Figure 4-5). If excess river
flow remains within the reservoir capacities of dams, then
hydropower facilities may be able to store the water for
generation (DOE 2013a). Otherwise, potentially reduced
summer flows may have an impact on generation.

In the western, mountainous parts of the region,
forecasting snowmelt timing based on snowpack and
temperature trends will facilitate the prediction of seasonal
availability of hydropower generation. Leveraging these
data resources can improve the resilience of regional power
production—not only by supporting the preparation and
execution of contingency plans for hydropower production
but also by improving the effectiveness of overall regional
water management strategies that affect thermoelectric
generation and other water users.

Bioenergy

Subsector Vulnerabilities

As a major producer of biofuels, the Northern Great Plains
is vulnerable to climate impacts that affect the cultivation,
transportation, and conversion of crops to fuel. Bioenergy
production and consumption in the region is dominated by
ethanol production from corn and also includes a small
amount of biodiesel from canola oil and electricity
generation from captured landfill and wastewater gases.

The region is home to almost a quarter of the nation's
ethanol refining capacity, with operational facilities
capable of producing 3.2 billion gallons of ethanol per year
(Figure 4-9) (NEO 2014). Of the 48 ethanol biorefineries in
the region, all but one use corn as a feedstock (RFA 2014).
The region harvested 22% of the nation's corn acres in 2013
(USDA 2014).

Figure 4-9. Industrial biorefinery in York County, Nebraska
Source: ORNL 2006

Regional Vulnerabilities and Resilience Solutions | Northern Great Plains  4-9



Climate change in the Northern Great Plains may affect

bioenergy production in the following ways:

e Increasing temperatures may benefit certain crops, but
extreme temperatures may harm them; warmer
temperatures may also benefit weeds, disease, and
pests (USGCRP 2014).

e Lower numbers of freezing days and a lengthening of
the frost-free growing season may extend the range
where biofuel crops can be grown (Bjerga 2012, NOAA
2013a, Roberts and Schlenker 2011).

e Changes to precipitation and evapotranspiration,
including an increasing risk of periodic drought or floods,
may either benefit or harm agricultural production
(NOAA 20133, USGCRP 2014).

Climate change impacts on corn growth are complex, with a
mix of outcomes depending on the region, and are evolving
over time. Changes in the length of the frost-free season in
the plains are projected to be favorable, with increases of
15-24 days per year by mid-century, depending on the
location (NOAA 2013a). A longer growing season will
improve northern farmers' ability to grow a more diverse
set of crops, expanding from wheat in the northern parts of
the region to include both corn and soy (Bjerga 2012,
Roberts and Schlenker 2011). Plant growth is generally
aided by increased average temperatures and CO, levels;
however, beneficial effects to crops may be outpaced by
adverse impacts such as increased growth of weeds and
survival of diseases and pests farther north as winters warm
(USGCRP 2014). Projected increases in winter and spring
precipitation may also benefit agricultural productivity as
soil moisture reserves are recharged, although increased
heavy precipitation events can erode soils, flood fields, and
damage or destroy crops (USGCRP 2014).

Higher temperatures increase evapotranspiration, and
declining summer precipitation may increase instances of
drought (USGCRP 2014). In 2012, drought coincided with a
16% decline in Nebraska corn production compared to 2011
levels, and surface water irrigation withdrawals were halted
in some areas to maintain sufficient streamflow (Plume
2012, USDA 2012a, USDA 2014). The corn shortage resulted
in Nebraska’s ethanol plants operating at 70% of capacity,
and eight ethanol plants in Nebraska and Minnesota
stopped production (Nebraska Ethanol Board 2012, Salter
2013).

Biorefineries are also vulnerable to decreasing water
availability during drier summers and periods of drought
(DOE 2013a, USGCRP 2014). Biorefineries use about

2.7 gallons of water per gallon of ethanol produced (Wu
et al. 2011). A typical 100 million gallon-per-year ethanol
plant requires approximately one million gallons of water
per day (DOE 2013a).

Bioenergy

Resilience Solutions

Resilience strategies for agriculture include diversification
of crops, increased and efficient application of pesticides,
and additional practices associated with sustainable
agriculture, such as no-till farming to better retain soil
moisture and reduce erosion (USGCRP 2014).

Although water efficiency in biorefineries has significantly
improved over the past decade, there are additional
opportunities for process improvements (Wu et al. 2011).
Freshwater demand could be substantially reduced by
recycling water or using alternative water resources (DOE
2013a). For example, Tharaldson Ethanol LLC in Casselton,
North Dakota, uses wastewater from Fargo, North Dakota,
as its main source of water (Schuh 2010).

Water use efficiency in cellulosic ethanol plants

The Dakota Spirit AgEnergy cellulosic ethanol plant is
expected to function as a prototype for a high level
of water-use efficiency when it is constructed. The
plant in Jamestown, North Dakota, will use steam
from the Spiritwood Energy Station, an electricity
generating station that uses wastewater from the
City of Jamestown as its main water source (Schuch
2010).

0il and Gas Exploration and Production

Subsector Vulnerabilities

The region’s oil and gas industry is driven by increasing
crude oil production from the Williston Basin's Bakken and
Three Forks formations in North Dakota and eastern
Montana. Advances in drilling methods and technology,
high oil prices for the past decade, and a better
understanding of the geology of the Bakken have
contributed to the growth of the region’s oil industry (EIA
2014s).

Climate change is projected to affect oil and gas exploration

and production in the Northern Great Plains as follows:

¢ Declining water availability in the summer may increase
costs for oil production operations, which require
freshwater resources (DOE 2013a, USGCRP 2014).

e More frequent and intense heavy precipitation events
increase the likelihood of associated flooding, which
could damage facilities and disrupt operations (DOE
2013a, USGCRP 2014).

Under a high emissions scenario, some models project
summer precipitation to decline in the Missouri River basin
(USGCRP 2014). Decreasing precipitation in the summer
and warmer temperatures accelerating evaporation of
surface water could limit local water available in the Bakken
region for oil and gas operations, which mainly uses surface
water sources such as Lake Sakakawea in North Dakota
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(Figure 4-10). Other surface water systems in the Bakken
region do not provide a reliable source of water because of
seasonal flow variations (NDIC 2010). Lake Sakakawea is a
main water supply source for competing uses, such as the
large agriculture sector, and decreasing water availability
can increase costs and amplify current challenges for the oil
industry in obtaining water. Water used in North Dakota’s
Bakken for hydraulic fracturing can be as high as 60,000
barrels (bbl) (3 million gallons) per shale well, depending on
the number of stages in the fracture. Companies must truck
water to many well site locations in 7,500—-8,000 gallon
tanker trucks, and resulting transport costs can lead to
purchased water costs ranging from $0.88/bbl to $6.05/bbl
(NDIC 2010).

Figure 4-10. Proximity of Lake Sakakawea to Bakken oil and gas
operations
Source: EIA 2014k

While seasonal water availability could decline, annual
average precipitation and heavy rainfall events are
expected to increase (NOAA 2013a). Extreme precipitation
events cause large volumes of runoff to flow quickly over
farmland and rangeland into streams and rivers, increasing
the chance of overland and river flooding. Oil and gas
equipment and operations in low-lying areas are
susceptible to physical damage and disruption from floods.
In June 2015, North Dakota oil regulators ordered an oil
producer to shut-in 15 oil wells near the confluence of the
Missouri River and Yellowstone River after more than 1.5
inches of rainfall sparked flooding concerns (DOE 2015).

In the winter, warmer temperatures could benefit oil
production. Cold and icy weather can strand wells, cause
producers to scale back on drilling and completions, and
reduce output (DOE 2014b). Cold waves are projected to be
less intense in the future (USGCRP 2014).

0il and Gas Exploration and Production

Resilience Solutions

As competition for limited water resources increases, oil
and gas companies can take measures to reduce their
vulnerability to freshwater scarcity. Resilience solutions
include water reuse/recycling and switching to lower-
quality water, such as produced water, degraded water,
wastewater, or brackish groundwater sources, which do not
compete with irrigation and municipal water needs.
Companies may also be able to utilize alternative fracturing
techniques such as foam-based fracturing, Liquid Petroleum
Gas (LPG) fracturing, or channel fracturing. These methods
use alternate fluids for fracturing and may reduce water
requirements while promoting enhanced recovery, but only
work in formations with specific characteristics (GAO 2015).

Planners can protect oil and gas operations from flooding
by locating new equipment at higher elevations or outside
of flood plains, where practical. Levees or other engineered
barriers can also be an effective option to prevent damage
to valuable equipment from floods.

Wind Energy

Subsector Vulnerabilities

The Northern Great Plains region has over 5,100 MW of
operational wind generating capacity, or almost 15% of
total electricity generation capacity in the region, and some
of the best onshore wind resources in the country (EIA
2013a, NREL 2014). In the region, there are 38 utilities
operating 72 wind generation stations (EIA 2013a).

There is not yet substantial agreement among sources as to
how a changing climate will ultimately affect wind
resources in the United States in general and in the
Northern Great Plains in particular (DOE 2013a). It is
uncertain whether wind power production will be disrupted
by climate-driven changes to wind patterns or whether it
will see an increase in available capacity.

Wind Energy

Resilience Solutions

Sophisticated wind forecasting systems allow operators to
better predict available wind generation and determine
when wind power needs to be supplemented with other
generation sources to meet customer demand. Xcel Energy,
a utility operating throughout the midwestern and western
United States, has deployed the WindWX system, which
uses real-time, turbine-level operating data to forecast wind
generation (Edison Foundation 2013).

Regional Vulnerabilities and Resilience Solutions | Northern Great Plains  4-11



Wyoming’s Foote Creek Rim project has 183 wind turbines
with a generating capacity of 135 MW. These turbines are
designed to withstand 125-mph gusts and are also
adapted to operate reliably in extremely cold conditions (

Figure 4-11). The project also has electronic control systems
that point each turbine into the wind and adjust the pitch of
the blades to make the best use of wind in variable
operating conditions (BLM 2011).

Figure 4-11. Foote Creek Rim wind project in southeastern
Wyoming, which is equipped with technology to maximize
generating output under a range of conditions

Source: BLM 2011
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Regional Climate Change Observations
and Projections in Detail

Higher Temperatures
Historical observations

Since 1895, average temperatures have increased 0.2°F
per decade, or almost 2.2°F (NOAA 2013a).

Winters have warmed faster than other seasons: Since
1895, average temperatures have increased 0.33°F per
decade in the winter, compared to 0.20°F per decade in
the spring, 0.14°F per decade in the summer, and 0.13°F
per decade in the fall (NOAA 2013a).

Freeze-free season has been growing: Across all of the
Great Plains, the length of the freeze-free season has
grown since 1895. The average freeze-free season was
about six days longer during 1991-2010 than during
1961-1990 (NOAA 2013a).

Future projections

Average temperatures are projected to increase at a
faster rate: Increases of 3.5°F-9.5°F are projected by
2070-2099 compared to 1971-1999 levels, depending
on the region and greenhouse gas emissions (NOAA
2013c).

Extremely hot days are projected to become more
common: Across most of the region, 5-20 more days
with a daily maximum >95°F are projected by mid-
century (2041-2070, compared to 1980-2000);
Nebraska is likely to be most affected, including
increases of as many as 25 more extremely hot days per
year projected (NOAA 2013c).

Consecutive number of days of extreme heat are
expected to become longer: The annual maximum
number of consecutive days with a daily high >95°F is
projected to increase by 0-12 days by mid-century
(2041-2070, compared to 1980-2000) across most of
the region, with larger increases in the southern part
(NOAA 2013c).

Extremely cold nights are projected to become much
less common: Across the region, 10-30 fewer days with
daily minimums <10°F are projected by mid-century
(2041-2070, compared to 1980-2000), with
mountainous regions seeing the largest decrease and
Nebraska and South Dakota seeing the smallest change
(NOAA 2013c).

Freeze-free season is projected to lengthen: Across
most of the region, the freeze-free season is projected
to be 18-24 days longer by mid-century (2041-2070,
compared to 1980-2000), with larger increases in the
mountains (NOAA 2013c).

Cooling degree days (CDDs) are projected to increase:
In Nebraska and South Dakota, an increase of 400—-800
CDDs is projected by mid-century (2041-2070,
compared to 1980-2000), while increases are projected

to be lower elsewhere in the region, especially in the
mountains (NOAA 2013c).

Heating degree days (HDDs) are projected to decrease:
Across the region, declines of 850-1,650 HDDs are
projected by mid-century (2041-2070, compared to
1980-2000), with the lowest declines in Nebraska and
the highest declines in the western and northern
portions of the region (NOAA 2013c).

Changing Precipitation Patterns and Wildfire
Historical observations

Historical trends in precipitation are not statistically
significant, neither annually nor seasonally (NOAA
2013a).

Across the Great Plains, extreme precipitation events
have occurred more frequently: An index of one-day
precipitation events projected to occur once every five
years shows a statistically significant upward trend since
1895 (NOAA 2013c).

April snowpack in Montana and Wyoming has declined:
From 1955 through 2013, annual total snowpack in April
has declined at most observation sites in the region's
mountains (EPA 2014).

Snowmelt in Wyoming has occurred earlier over the
last half-century: From 1961-2002, snowmelt in
Wyoming has occurred earlier (USGCRP 2014).

Future projections

Across most of the region, annual precipitation is
projected to increase: By the end of the century (2070-
2099, compared to 1971-1999), precipitation is
projected to increase 0%—9% across the entire region
excluding Nebraska and depending on both latitude and
emissions scenario. Generally, the projected increase
increases with latitude (NOAA 2013c).

Winter and spring precipitation is projected to
increase: In general, northern state winters and springs
are projected to see increased precipitation relative to
the 1970-1999 period average under a higher emissions
(A2) scenario, while changes to summer and fall
precipitation are small (USGCRP 2014).

Drier summers are projected: In the central Great
Plains, a trend toward drier summers is projected
(USGCRP 2014).

Extreme precipitation is projected to occur more
frequently in the northern states: Very heavy
precipitation events are projected to increase in
northern states, leading to increased runoff and flooding
(USGCRP 2014).

Risk of wildfire is projected to increase: For every 1°C
rise in global temperature, the area burned by wildfire in
the western Northern Great Plains region is projected to
increase by 73% to over 600% (compared to the median
annual burned from 1950-2003), depending on the
ecosystem (NRC 2011).
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Chapter 5: Southern Great Plains

Climate Change and the Energy Sector

Overview
The Southern Great Plains region, comprising Kansas,
Oklahoma, and Texas, contains oil and gas infrastructure critical
to the nation’s energy supply, including numerous offshore
platforms, onshore oil and gas wells, oil refineries, natural gas
processing plants, pipelines, and shipping terminals. Many of
these assets are located near the Texas Gulf Coast. Key climate
change impacts projected for the region include the following:
e The intensity of Atlantic hurricanes is projected to
increase, and the most intense hurricanes (Category 4 and
5) are projected to occur more frequently. Associated

storm surge impacts may be enhanced by higher sea levels.

Sea level rise is expected to be greater in some areas
because of local land subsidence.” Critical oil and gas
infrastructure, power plants, and transport infrastructure
such as bridges and pipelines located along the Texas Gulf
Coast may be at risk of damage from more powerful
hurricanes and storm surges amplified by sea level rise. High
winds from more intense hurricanes may increase risk of
damage to power lines.”

e Average temperatures are projected to increase, and
extremely hot days are likely to occur more often. Heat
waves are projected to become more severe and last
longer. By mid-century, the average number of cooling
degree days (CDDs) may increase by 600—1,000 per year.*
Increasing air and water temperatures in the Southern
Great Plains will reduce the efficiency and available capacity
of power plants and transmission lines while also increasing
average and peak electricity demand for electricity for
cooling in the summer.’

e Precipitation is projected to decrease across most of the
region, with the largest declines occurring in the summer.
Dry spells may become longer. These changes may lead to

b
Southern Great Plains States: Kansas, Oklahoma, Texas
Population (2013) 33,000,000 (11% of U.S.)
Area (square miles) 412,000 (12% of U.S.)
Energy expenditures $190 billion
ENERGY SUPPLY Annual Annual %fo‘r
& DEMAND Production Consumption el
power
Electric power TWh 552 465 n/a
Petroleum MMbbls 861 1,460 <1%
Coal million tons 45 135 99%
Natural gas Bcf 9,800 4,800 39%
ELECTRIC Pro:ur::r:il:) ar: % of To'tal Capacity I:;I):rv;;
POWER (TWh) Production (GW) >1 MW*
Natural gas 256 46% 95 257
Coal 195 35% 36 35
Nuclear 47 8% 6 3
Hydroelectric 2 <1% 2 36
Wind 46 8% 18 146
Biomass 2 <1% <1 30
Solar <1 <1% <1 6
CRITICAL INFRASTRUCTURE
Petroleum Electric Power
Wells (>1 boe/d): 133,000 Power plants (> 1 MW): 555
Refineries: 36 Interstate transmission lines: 24
Liquids pipelines: 32 Coal
Ports (>200 tons/yr): 13  Mines: 20
Natural Gas Waterways
Wells: 161,000 Coal and petroleum routes: 11
Interstate pipelines: 41 Railroads
Market hubs: 8 Miles of freight track: 18,600

Note: Table presents 2012 data except number of oil wells, which is 2009 data.
*Some plants use multiple fuels, and individual generating units may be <1 MW.
Sources: AAR 2014, EIA 20113, EIA 2013b, EIA 2013d, EIA 2013e, EIA 20143, EIA
2014d, EIA 2014f, EIA 2014g, EIA 2014h, EIA 2014i, EIA 2014j, U.S. Census Bureau
2014a

more frequent droughts.’ Combined with increasing demand and competition for water from other sectors, climate change
may further limit the availability of water for energy. This includes withdrawals for critical operations such as power
generation, oil refining, and the region’s growing unconventional oil and gas production.f

Table 5-1. Examples of important energy sector vulnerabilities and climate resilience solutions in the Southern Great Plains

Subsector Vulnerability Magnitude lllustrative Resilience Solutions
Oil and Gas Heightened exposure to damage Increasing numbers of Category 4 and 5  Infrastructure hardening and
Exploration and and disruption from an increasing hurricanes by the end of the centuryh elevation, improved operations
Production intensity and frequency of the most protocols, restoration of coastal
intense hurricanes® habitats
Electricity Increased demand for cooling Increasing CDDs by as much as 1,000 Energy efficiency, demand-side
Demand energy in the summer, coinciding degree days by mid-century compared management programs and
with reduced available capacity of  to historical averages' policies, new peak load capacity
power generation and transmission'
Thermoelectric Reduced available generation Increasing air temperatures by 3.5°F— Alternative water sources and
Power capacity from higher temperatures 8.5°F and decreasing summer rainfall by  water-efficient power generation
Generation; and decreased water availability, 10%—-30% by the end of the centuryI technologies, new generation and

Electric Grid and reduced capacity of electric
lines from higher temperaturesk

. . . m
transmission capacity
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Regional Energy Sector Vulnerabilities

and Resilience Solutions

Key energy subsectors and illustrative examples of
resilience solutions in the Southern Great Plains are
discussed below. System components that are most
vulnerable to climate change are described first.

0il and Gas Exploration and Production

Subsector Vulnerabilities

The Southern Great Plains is a principal element of the U.S.
oil and gas supply network. The region includes extensive
upstream exploration and production infrastructure, as well
as downstream refining and product delivery systems. The
region accounts for 40% of total domestic crude oil
production, with Texas the leading crude oil-producing
state in the nation (EIA 2014a). Qil refineries in the region
account for one third of the nation’s capacity (Table 5-2).

Table 5-2. Southern Great Plains crude oil production and
refinery capacity, 2013

KS OK TX Total

Crude Oil Production (millionbbl) 47 114 924 1,084
Share of U.S. Total 2% 4% 34% 40%
Refinery Capacity (million bbl/d) 03 05 5.1 6.0

Share of U.S. Total 2% 3% 29% 34%

Sources: EIA 2014a, EIA 2014b

Climate change is projected to have the following impacts

on the subsector:

e Increasing frequency of intense hurricanes increases
the risk of damage or disruption to coastal and offshore
oil and gas facilities (DOE 2013, USGCRP 2014).

e Rising sea levels, combined with projected increases in
hurricane intensity and associated heavy rainfall, leads
to intensified flood regimes along coasts (USGCRP
2014).

e Decreasing water availability and drought could affect
unconventional oil and gas production and oil refining
operations (DOE 2013).

More intense hurricanes and rising sea levels will expose
the region’s extensive oil and gas exploration, production,
and refining infrastructure to increased risk of damage and
disruption (DOE 2013). The intensity, frequency, and
duration of North Atlantic hurricanes, as well as the
frequency of the strongest storms (Category 4 and 5), have
all increased since the early 1980s. As the climate continues
to warm, hurricane-associated storm intensity and rainfall
rates are projected to increase (USGCRP 2014).

Examples of Gulf Coast infrastructure damage from
hurricanes*

Hurricanes Gustav and lke (2008)

e At peak of disruptions, more than 20% of U.S.
refinery capacity was offline (APl 2014a).

e Significant destruction to electric power
infrastructure delayed the restart of pipeline and
refinery operations (APl 2014a).

e 60 offshore platforms (approximately 1% of total
offshore oil production) were destroyed (API
2014a).

e Three of the four Strategic Petroleum Reserve
sites sustained extensive damage (DOE 2010a).

Hurricanes Rita and Katrina (2005)

e The storms destroyed 115 platforms and
damaged 52 others, and 19 drilling rigs were set
adrift (API 2014a).

e  Hundreds of platforms were shut down, and over
400 offshore pipelines were damaged (DOE
2009).

e An estimated 29% of U.S. refinery capacity was
taken offline (APl 2014a).

Hurricane Ivan (2004)

e Seven platforms were destroyed and 24 damaged
(API 2014a).

e At the time, Hurricane lvan was considered the
costliest hurricane season ever to the oil and gas
industry (Cruz and Krausmann 2008).

* Includes all Gulf Coast states

Offshore oil and gas platforms are vulnerable to high winds
and damaging surf caused by hurricanes. One study found
that approximately 3%—6% of offshore platforms exposed
to hurricane force winds' typically experience damage that
can take less than a month to over six months to repair, and
2%—4% are typically destroyed (Kaiser and Yu 2009). As the
frequency of Category 4 and 5 hurricanes increases,
damage from these intense storms will increase as well.

Offshore platforms typically follow the design specifications
of the American Petroleum Institute (API), which sets
performance standards for withstanding stresses such as
wind speeds and wave heights for a 100-year storm.
However, some of these threshold limits have been
significantly surpassed in recent years (Cruz and Krausmann
2008). Furthermore, as oil exploration and production
operations move farther offshore into deeper waters, the
potential for damage increases (DOE 2013).

! Hurricane force winds typically extend 25-50 miles from the eye
of the storm (Kaiser and Yu 2009).
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Dependence of refineries on electricity

Many refineries rely on offsite power generation and
transmission systems to operate at full capacity. This
interdependence with the electric grid means that
interrupted electricity supply, transmission, and
distribution may result in broad disruptions to petroleum
production and distribution systems.

Hurricane force winds can also cause severe damage to
refineries, including refining cooling towers. For example,
during Hurricane Rita, 50% of the cooling towers at facilities
in Port Arthur, Texas, were damaged (NIST 2006).

Hurricanes also destroy wetlands and other features that
help protect coastal infrastructure, increasing the
vulnerability of coastal and inland infrastructure to future
storms. Moreover, the exposure of coastal energy facilities
to damage and disruption from hurricanes is magnified by
sea level rise, which amplifies the height of storm surges
(Figure 5-1) (DOE 2013). In Texas, 17 major energy facilities
are located less than four feet above sea level (Climate
Central 2014).”

Figure 5-1. Flooded Texas refinery in 2008 following Hurricane
lke
Source: PBS 2008

Depending on location, relative mean sea level in Texas has
already increased by approximately one to three inches per
decade because of a combination of global sea level rise
and land subsidence in the region (NOAA 2009). Future sea
level rise is projected to climb between one and five inches
per decade in the first half of the 21% century and to
accelerate over time (USGCRP 2014).

Decreasing water availability may negatively affect the oil
and gas sector. Under a high emissions scenario, spring and
summer precipitation is projected to decrease by 10%—30%

% Climate Central data uses the FEMA HAZUS dataset to define
major energy facilities. These include electricity generating
stations and substations, natural gas control stations and
compressor stations, oil refineries, control stations, and tank
farms, among others (Climate Central 2014, FEMA 2014).

by the end of the century for most of the region (USGCRP
2014). A recent study found that under a high emissions
scenario, droughts are likely to be longer, with 80%
likelihood that the region will experience a decadal or multi-
decadal drought between 2050 and 2099 (Cook et al. 2015).
Effects from climate change, including decreasing rainfall,
higher temperatures, and increasing evaporation rates, in
combination with increasing competing demands for water
from increasing population and other factors, are expected
to increase water stress on both surface water and
groundwater resources.

One of the sectors that may face increasing water stress is
the region’s rapidly growing unconventional oil and gas
industry (Figure 5-2). Ninety percent of hydraulic fracturing
operations in Texas currently use groundwater reservoirs
(Arnett et al. 2014). In the Eagle Ford shale formation,
where hydraulic fracturing is the third-largest consumer of
groundwater (after irrigation and municipal districts),
aquifers are being depleted 2.5 times faster than the rate of
recharge (Arnett et al. 2014).

Figure 5-2. Growth of crude oil production (in millions of barrels
per day) at two major shale formations in the Southern Great
Plains

Source: EIA 2014c

Qil refineries may also be affected by decreasing water
availability. Conventional oil refining typically consumes
between 0.5 and 2.5 gallons of water per gallon of gasoline
equivalent, and securing access to diminishing water
supplies may increase costs (DOE 2013).

Example impact from water shortages

2011: During the worst drought ever recorded in Texas,
the river that provided water for the ConocoPhillips
refinery near the town of Sweeny, Texas, ran dry,
forcing the company to construct an emergency
pipeline to tap into groundwater (Galbraith 2012).
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0il and Gas Exploration and Production

Resilience Solutions

The oil and gas industry is experienced with managing

hurricane risk and actively pursues measures to mitigate

these risks. For example, the API has developed guidance

and recommendations for improving the resilience of

offshore platforms to hurricane-related damage and

operations disruption. In response to heavy damage

inflicted by recent storms, new engineering and operations

guidance has been developed that provides:

e Modified design specifications for new platforms

e  Operations protocols for hurricane season, such as
positioning platform decks higher above the sea
surface, methods for securing platform equipment to
rigs, and locating “jack-up” rigs on more stable areas of
the sea floor

e Improved data for wind, wave, current, and surge
conditions at higher spatial resolution

e  Protocols for post-hurricane structural assessment
(API 2014a)

Better coordination between government and industry will
also improve the preparation for and response to future
hurricanes. The Bureau of Ocean Energy Management,
Regulation and Enforcement (BOEMRE), formerly the
Minerals Management Service, has adopted measures to
improve pre-season planning and communications among
federal agencies and help industry develop new standards
and guidelines (Cruz and Krausmann 2008).

Refineries can reduce wind damage to cooling towers
through multiple actions, including special braces to stop
fan blades from dislodging, and installation of wind girders
to deflect wind and reinforce the structural integrity of the
tanks to prevent collapse (DOE 2010b).

Engineered barriers such as levees can be effective in
protecting vulnerable coastal areas. In addition, wetland
restoration and development of other natural barriers
(“green infrastructure”) may be a cost-effective resilience
technique (TNC-DOW 2012). These types of structures—
natural and manmade—help protect coastal infrastructure
from storm surges and wave impacts (DOE 2013).
Historically, the economic value of natural landscape
features has not been incorporated into the risk
management decisions involved in the planning and
construction of coastal infrastructure. Recently, however,
projects undertaken between private industry and natural
resource conservation stakeholders have shown that
collaboration and data sharing can be a successful strategy
for integrating the value of environmental features into
coastal facilities planning (TNC-DOW 2012).

As competition for declining water resources increases, oil
and gas producers using hydraulic fracturing can take
measures to reduce vulnerability to water scarcity. In the

short term, many producers are resorting to hauling water
over long distances by truck (Dittrick 2012). Another option
is to switch to brackish groundwater sources, which do not
compete with irrigation and municipal water needs but
which require additional treatment steps and costs (Nicot
and Scanlon 2012). Additional options for some operations
include recycling and reuse of produced fracking water or
dry fracking. Dry fracking uses highly pressurized gas
instead of water to crack rock formations, and at least two
companies in Texas are using dry fracking technology
(Processing Magazine 2013). Along with technological
solutions, market-based approaches to water conservation
may be an effective strategy to improve the sector’s
resilience to climate change (Arnett et al. 2014).

Fuel Transport and Storage

Subsector Vulnerabilities

The Southern Great Plains is a critical node in the
nationwide natural gas and liquid fuels transport and
distribution network (Figure 5-3). The Cushing oil hub in
Oklahoma is the world’s largest crude oil storage hub,
which transfers approximately 1.7 million barrels per day
(zawadski 2013). The port of Houston is the second largest
petrochemical complex in the world and is the location of
ExxonMobil’s Baytown Refinery, the nation’s second largest
petrochemical refinery behind Valero’s Port Arthur facility
(EIA 2014d, Port of Houston 2014).

Figure 5-3. Extensive petroleum transport infrastructure in Texas
and Oklahoma
Source: DOE 2015b
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The Gulf Intracoastal Waterway is a key asset in the
distribution of petroleum products (Figure 5-4) (CCSP 2008).
In 2010, the Texas portion of the Gulf Intracoastal
Waterway transported 67 million short tons of petroleum
and chemical products—comprising 91% of the waterway’s
traffic by weight—and the total value of all shipments was
over $25 billion (TxDOT 2013).

Figure 5-4. Gulf Intracoastal Waterway
Source: TxDOT 2013

Offshore, a network of more than 25,000 miles of seafloor
pipeline carries the daily production of oil and gas platforms
in the Gulf to facilities along the Texas coast and other Gulf
states (NOAA 2014). The Texas coast is also the location of
two of the nation’s four storage sites of the Strategic
Petroleum Reserve (SPR) (EIA 2014d). The SPR provides a
government-owned emergency stockpile of crude oil,
should disruption in commercial oil supplies threaten the
U.S. economy.

Climate change is projected to have the following impacts

on fuel transport and storage:

e Increasing hurricane intensity, and increasing
frequency of the most intense hurricanes (Category 4
and 5) along with associated storm surges and rising
sea levels, increases the risk of damage or disruption
to coastal and offshore oil and gas transportation and
storage facilities from wind, coastal flooding, and storm
surge (DOE 2013, USGCRP 2014).

Coastal ports and facilities are vulnerable to high wind
speeds and storm surge associated with intense hurricanes.
Storm surge has the capacity to knock down terminal
buildings, dislodge cargo containers, damage terminal
equipment, and damage wharf and pier structures (CCSP
2008). Hurricane- and sea level rise-related impacts may
also increase the risk of damage to waterway assets and
disruption of operations (CCSP 2008). Storm debris can
block navigation channels, and markers and barrier islands
can be affected (CCSP 2008). Rail terminals, docks, and
ships located along the coast are also vulnerable.
Aboveground storage facilities can be damaged by high
winds associated with intense hurricanes, and storage tanks
can be lifted by floodwaters, which may cause spills of
hazardous materials (APl 2014a, DOE 2010b, DOE 201543,
Santella et al. 2010). SPR facilities may also be exposed to

hurricane damage, including inundation caused by storm
surge (DOE 2015a).

Large surface waves and strong near-bottom currents from
hurricanes can scour the seafloor and create underwater
mudslides that damage subsea pipes and other equipment
that rests on the bottom (Burkett 2011). In fact, during the
2005 hurricane season, pipelines were identified by
industry experts as the weakest link and were a major cause
of delays in bringing production back online (Cruz and
Kraussman 2008). The majority of damage to offshore
pipelines during previous hurricanes has occurred at or near
platform interfaces (DOE 2015a).

Onshore pipelines are vulnerable to damage from coastal
and inland flooding events, which can alter the water table
or soil stability and damage buried pipes (DOT 2014, GAO
2014). Buried onshore pipes may be further damaged by
storm surge and flooding by corrosion due to saltwater
intrusion of groundwater (DOT 2014). During hurricanes,
debris from high winds and flooding can damage
aboveground pipeline infrastructure such as compressor
and pumping stations and metering stations, and
aboveground infrastructure is vulnerable to flood damage
and subsequent scour (DOT 2014).

Dependence of pipelines on electricity

The vulnerability of oil and gas pipelines is closely
connected to the operability of the electric grid.
Pipeline operations rely on electricity to deliver
products to consumers. Electricity is needed for
operations of pumps and valves that control the flow
of fuel through pipelines. Power disruptions can shut
down oil and gas operations, even when there is no
direct structural damage (DOE 2013).

The projected increase in intense hurricanes may lead to
increased natural gas and oil supply disruptions due to
damage and disruption of pipeline and refinery
infrastructure, which could in turn affect short-term fuel
prices. Supply disruptions during hurricanes may cause
natural gas and petroleum product prices to spike while
crude oil prices fall (API 2014b).

Fuel Transport and Storage

Resilience Solutions

Options for improving resilience of onshore pipelines
include installing manmade or natural barriers to reduce
risk of erosion, which could expose buried pipes. Another
risk reduction measure is upgrading pipes with more robust
materials that are less likely to leak or rupture from
seawater-induced corrosion—such as coated steel pipes
instead of cast iron or bare steel.
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Similar to other low-lying and coastal infrastructure, some
fuel storage and transport assets can be hardened to better
withstand more intense hurricanes and storm surges.
Example measures include installing water-tight doors,
elevating critical equipment (substations, control rooms,
pump stations), relocating vulnerable facilities, and building
or strengthening berms, levees, and floodwalls. Shorelines
of critical waterways can be hardened to prevent and offset
erosion, and dredging can be employed to maintain
shipping access (CCSP 2008, DOE 2010b).

Resilience efforts for wind protection may include installing
wind girders on storage tanks (DOE 2010b).

Thermoelectric Power Production

Subsector Vulnerabilities

Fossil fuel-fired power plants dominate the electricity
source mix in the region, with natural gas and coal
representing over 80% of the total generation (Table 5-3).
Thermoelectric power from nuclear plants provides another
8% of generation. Projected changes in temperature and
water availability—both independently and in
combination—may restrict the available capacity of
thermoelectric power generation in the region.

Table 5-3. Net electric power generation by fuel type, 2012

Kansas Oklahoma Texas chtal

Region

Natural Gas 6% 50% 50% 46%
Coal 63% 38% 32% 35%
Nuclear 19% 0% 9% 8%
Wind 12% 10% 7% 8%
Other 0% 2% 2% 2%

Source: EIA 2013b

Climate change is projected to have the following impacts

on thermoelectric power generation in the region:

e Reduced surface water availability for cooling in most
locations and seasons and higher evaporative loss from
surface water sources could reduce generation
capacity.

e Higher air and water temperatures reduce plant
efficiencies and increase the risk of exceeding thermal
water discharge limits (DOE 2013).

e Increased intensity of hurricanes and sea level rise-
enhanced storm surge increase risk of damage and
disruption to coastal power plants (DOE 2013, USGCRP
2014).

The vast majority of thermoelectric power water
withdrawals in the region are from fresh surface water
sources® (UCS 2012, USGS 2005), making the region’s

* Two different sources provide different estimates: the U.S.
Geological Survey provides an estimate that 84% of thermoelectric
withdrawals are from fresh surface water, while the Union of
Concerned Scientists' EW3 model calculated 94% in 2008.

thermoelectric power production infrastructure vulnerable
to increasing droughts, including a possible multi-decadal
drought by the end of the century projected as a result of
climate change (Cook et al. 2015, USGCRP 2014).

A number of power plants have been stressed by limited
water availability in recent years. For example, water
shortages forced one power plant to curtail operations and
threatened more than 3,000 MW of generating capacity in
Texas during a historic drought in 2011, and the grid
operator put an emergency action alert system in effect to
deal with coincident increases in electricity demand (CRS
2013, ERCOT 2011, USGCRP 2014). The impact of drought
on electricity supply was exacerbated in Texas by the fact
that the state is nearly isolated from the rest of national
electricity grid; marginal electricity prices reached the
market ceiling of $3,000 per MWh, and daily day-ahead
prices reached over $600 per MWh (CRS 2013, EIA 2011b,
USGCRP 2014).

Thermoelectric power infrastructure may also face
increased stress from higher temperatures. Average annual
temperatures in the region are projected to increase by
3.5°F-8.5°F by the end of the century, depending on the
emissions scenario, with extremely hot days (>95°F)
occurring more frequently and for longer stretches of time
(NOAA 2013). Increasing air and water temperatures reduce
the efficiency and available generation capacity of
thermoelectric power plants (DOE 2013). Higher surface
water temperatures will also heighten the likelihood that
power plants will exceed thermal water discharge limits
mandated to protect aquatic ecosystems, which could
further reduce available power capacity. One study found
that under a high emissions scenario, curtailments of power
plants in Texas could remove up to 5,500 MW of peak load
capacity from the ERCOT grid in 2030 (Cook 2013).

Similar to the risk posed to coastal oil and gas
infrastructure, increased frequency of intense (Category 4
and 5) hurricanes and sea level rise-enhanced storm surge
threatens power plants located near the Texas Gulf coast.
Plants farther inland, which are often located along rivers
and in low-lying areas, may also be at increased risk from
flooding caused by heavy precipitation associated with
intense hurricanes. Specific vulnerabilities to hurricanes and
sea level rise vary significantly from site to site and are
largely dependent on facility elevation, distance from coast,
and mitigating measures the facility may have taken to
improve its resilience.

Thermoelectric Power Production

Resilience Solutions

Installing water-saving technologies at power plants could
significantly reduce water withdrawals. Cooling towers with
condensing technology, recirculating cooling, or dry cooling
systems are examples. Other solutions include retrofitting
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or replacing plant equipment to accommodate use of
nontraditional water (e.g., brackish groundwater or
municipal wastewater). For example, the 1,080 MW coal-
fired Harrington Station in Amarillo, Texas, uses treated
wastewater rather than freshwater to meet cooling needs
(UCS 2011). One analysis suggests that most plants
vulnerable to drought could be retrofitted for less than
S4/MWh, or for less than a 10% increase in the levelized
cost of electricity (Tidwell et al. 2013).

Water availability issues could be partly addressed through
policy measures employed at the state and local levels and
informed by technical assistance at the federal level. Some
areas have established market-driven solutions to address
the vulnerability of critical shortages in supply. For example,
nineteen water districts using the Edwards Aquifer in San
Antonio, Texas, have formed an alliance that creates a
streamlined market for trading water rights for sustainable
water development through 2060 (USGCRP 2014).

Examples of state policy measures addressing storm
damage

In Texas, utilities are required to submit annual reports
that describe their efforts to identify areas within their
service territories that are particularly susceptible to
severe weather damage and harden facilities in those
areas (EEI 2014).

New generation capacity with sources and supply chains
less affected by increasing temperatures and decreased
water availability, such as wind power and solar PV, will also
help make the region’s power sector more resilient to
climate change. Fuel sources that are less dependent on
water availability can help supply peak power generation
during critical summer days. Indeed, new wind turbines
represent about 38% of the new capacity additions in the
region since 2000 (Figure 5-5), and in most cases, ERCOT
anticipates that new generation resources will primarily be
renewables that do not require cooling water (ERCOT
2012).

Figure 5-5. Recent additions in Southern Great Plains electric
generation nameplate capacity (MW) by fuel type, 2000-2012
Source: EIA 2013d

Shifting from coal-fired power plants to natural gas
combined cycle plants (NGCCs) can also reduce annual
freshwater consumption. Estimates of the potential effects
of coal-to-natural-gas fuel switching in Texas’ power sector
projected savings of 53 billion gallons of freshwater per
year, or 60% of Texas coal power’s water footprint, largely
due to the higher efficiency of NGCCs (Grubert et al. 2012)

Retrofitting facilities to harden them against more intense
hurricanes and storm surges can also reduce vulnerabilities.
Improved engineered barriers such as levees can be
effective in protecting vulnerable thermoelectric power
plants from flooding. Utilities may also elevate critical
equipment to protect against flooding or upgrade plants
with submersible equipment or watertight doors. Planners
can protect new capacity by locating new generators at
higher elevations that are not at risk of flooding due to
hurricanes or storm surges.

Electricity Demand

Subsector Vulnerabilities

Compared to other areas of the United States, the warmer
weather in Texas and its neighboring states means that air
conditioning accounts for a greater portion of home energy
use (18% compared to 6% nationally), while space heating
accounts for a much smaller portion (22% compared to 41%
nationally) (EIA 2014d). Almost all residents in the region
use air conditioning equipment, with over 80% using central
air conditioners. Along with the Southeast region, the
Southern Great Plains has among the highest per capita
electricity use in the nation (EIA 2014d).

Hotter temperatures and more frequent extreme high
temperatures are projected for the Southern Great Plains;
these increases are expected to contribute to higher energy
demand from increased use of air conditioning (USGCRP
2014).

Climate change is expected to affect electricity demand in

the Southern Great Plains as follows:

e Higher maximum temperatures, longer and more severe
heat waves, and higher overnight lows are expected to
increase electricity demand for cooling in the summer
(NOAA 2013, USGCRP 2014).
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Example impact from heat waves

2011: During a summer of intense heat, the electricity
demand in Texas surpassed a previous record for three
consecutive days (Tweed 2012).

Figure 5-6. Days above 100°F in summer 2011
Source: NOAA 2013

NOAA climate models project that, by mid-century, there will
be more than 15 additional days with temperatures reaching
100°F and upwards of 30 more warm nights (>80°F) per year.
These warmer temperatures will increase cooling energy
demand. Over the same period, the region is expected to
have 600 to 1,000 more CDDs per year compared to the end
of last century (Figure 5-7) (NOAA 2013).

Figure 5-7. Increase in annual CDDs by mid-century4
Source: NOAA 2013

Other factors, such as population growth and changing
technologies such as electric vehicles, are also important to
consider in long-range electricity demand projections,
especially in Texas, which contains three of the five fastest-
growing cities in the nation and which has faced declining
reserve margins in recent years (EIA 2012, U.S. Census

4 Projected changes for mid-century (2041-2070) relative to the
end of the last century (1980-2000) under an A2 emissions
scenario

Bureau 2014b). These trends will have significant implications
for the power sector in the region, as predicted increases in
air conditioning demand will require a system that can
handle more extreme peak loads. Current forecasts from the
Electricity Reliability Council of Texas (ERCOT) anticipate that
summer peak reserve margins could fall to 7.3% by 2024
without capacity expansion (ERCOT 2014). ERCOT’s forecast
did not take future warming into account and instead relied
on recent weather averages.

In the winter, warmer temperatures and fewer days below
freezing are expected to reduce demand for heating energy
(DOE 2013, USGCRP 2014). Almost all homes in the region
are heated, and about half of residents use electricity for
heating, a greater proportion than the U.S. average (EIA
2013g). However, peak electricity demand in the winter is
about 25% less than in the summer,5 and this difference
may increase with warmer temperatures (EIA 2013a,
USGCRP 2014).

Compounding power sector vulnerabilities from higher
temperatures and reduced water availability

High temperatures stress multiple components of the
electric power system. At the same time that higher
temperatures increase demand for air conditioning, they
also decrease the efficiency of thermoelectric power
plants and transmission lines. Meanwhile, power plants
require more water for cooling in hot temperatures,
when water availability and thermal discharge restrictions
are already more likely to be risk factors (DOE 2013).

Electricity Demand

Resilience Solutions

Alongside measures to reduce demand, such as energy
efficiency measures and demand-side management
programs, capacity expansion can help mitigate falling
summer reserve margins.

Capacity expansion in the region is likely to be a necessary
component of any adaptive response. In Texas, ERCOT has
identified a need to replace 13 GW of retiring natural gas
generation, in addition to addressing growing summer peak
demand (ERCOT 2012). In its latest Integrated Resource
Plan, ERCOT found that demand for new capacity will be
met over a 20-year planning horizon by new natural gas
combined-cycle units, by wind and solar generation, or by a
combination of the three. For example, in one scenario
(BAU [business as usual] with Updated Wind Shapes),
capacity requirements are met by 17 GW of new wind, 3.6
GW of natural gas combined-cycle units, and 10 GW of solar
PV (ERCOT 2012). Wind power currently generates 8% of

> 0On average across all utilities located in the region, peak winter
electricity generation is about 25% less than peak summer
generation.
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the region’s electricity, with 18 GW of wind turbines
installed (EIA 2013d). The market penetration of solar PV is
also increasing in the region. Since wind and solar PV do not
require cooling water, they are inherently more resilient to
water stress than many other power generation
technologies. Wind and natural gas plants represent most
of the new capacity planned to come online in the region
(Figure 5-8).

Figure 5-8. Utility-scale generating plants planned to come online
from December 2014 to November 2015
Source: EIA 2015

Approximately 3,000 MW of peak load have been avoided
through demand-side management programs in the Southern
Great Plains (EIA 2013a). Approximately 180,000 residential,
commercial, and industrial customers are enrolled in price-
responsive programs. The city of San Antonio by itself
accounts for almost half of these customers. Time-sensitive
programs such as demand response are also established in
the region, with almost 120,000 customers enrolled (EIA
2013a). However, on the whole, demand response is mostly
an untapped mechanism in the region. As of 2012, demand
response potential within ERCOT represented only 2.6% of
the total system peak load (FERC 2013).

Grid-scale energy storage systems and other developing
technologies can also contribute to meeting the region's
changing demand profile. Storage systems could allow
intermittent renewable generation sources, such as the
region’s burgeoning wind power capacity, to store
generated energy and then deliver it when needed.

Electric Grid

Subsector Vulnerabilities

The Southern Great Plains encompasses two regional
electricity grids: ERCOT, which covers most of Texas, and
the Southwest Power Pool (SPP) market in Kansas,
Oklahoma, and the Texas panhandle, which is part of the
Eastern Interconnection power grid. Small portions of

Texas’ grid are also part of the grid operated by the
Midcontinent Independent System Operator (MISO). ERCOT
is unique in that, unlike SPP and MISO, it operates as an
independent interconnection—i.e., it is not synchronously
connected to the Eastern and Western Interconnections
that cover the other lower 48 states (FERC 2014). ERCOT is
also connected to the Mexican states of Tamaulipas and
Chihuahua, although trade between ERCOT and Mexico
represents a small portion of electricity supply and typically
occurs during periods of constrained supply (EIA 2013h). Six
of the seven connections between Mexico and ERCOT are
for emergency use only (Center for Energy Economics
2006).

Climate change is projected to have the following impacts

on the region’s electric grid:

e Increases in average and extreme temperatures reduce
the efficiency and available capacity of transmission
lines and substations and could damage power
transformers (DOE 2013, USGCRP 2014).

e Hurricane intensity and the frequency of the most
intense hurricanes (Category 4 and 5) are projected to
increase, and sea level is expected to rise at an
accelerating rate, increasing the risk of physical damage
to grid infrastructure from wind and coastal flooding
(DOE 2013, USGCRP 2014).

Higher temperatures can force transmission operators to
decrease the current-carrying capacity of transmission lines,
which can exacerbate supply constraint issues during
extreme heat events when demand for power is the
highest. For example, one California study estimated that a
9°F increase in air temperature could decrease transmission
line capacity by 7%—8% (Sathaye et al. 2013). Higher
temperatures cause thermal expansion of transmission line
materials, and sagging lines increase the risk of power
outages when the lines make contact with other lines,
trees, or the ground (DOE 2013). More than 825,000
customers in Texas have been affected by electric
transmission outages caused by heat waves between 1992
and 2009 (DOE 2015b).

The risk of damage to transformers from higher ambient
temperatures can also impel operators to constrain
transmission capacity (USBR 2000). As transformers are
forced to operate above their rated ambient temperature,
their insulation begins to break down at an exponentially
increasing rate, eventually destroying the transformer
(Bérubé et al. 2007, Hashmi et al. 2013). Transformers are
critical to system operations and may be overloaded during
system emergencies (such as when transmission capacity is
insufficient), pushing temperatures to critical limits.

The infrastructure associated with electric power
transmission is also likely to be increasingly threatened by
more frequent intense hurricanes. The damage to the
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electric grid during the 2008 hurricane season, for example,
left 2.5 million Texas customers without power (APl 2014a).
The combined effects of rising sea levels, increasing storm
surges, and increases in hurricane rainfall may expose low-
lying substations near the Gulf Coast to flooding and
inundation, threatening lengthy shutdowns during and after
hurricanes (DOE 2013, USGCRP 2014). Furthermore, higher
wind speeds associated with higher-intensity hurricanes will
increase the threat of damage and disruption to power lines
(Figure 5-9). Finally, because of the relative isolation of
ERCOT, it is more difficult to import power from other
regions when the grid is stressed by capacity limitations,
and the risk of cost increases or supply disruptions to power
customers in Texas may be higher than in surrounding
states and regions.

Figure 5-9. Linemen repairing downed distribution poles
following Hurricane lke near Galveston, Texas
Source: FEMA 2008

Electric Grid

Resilience Solutions

Resilience could be improved through increased
transmission redundancy and capacity (DOE 2013). For
infrastructure located near the Gulf Coast, hardening
measures include activities such as replacing wood power
poles with steel, concrete, or composite structures, along
with installing guys and other structure supports; burying
power lines in areas of high wind exposure; elevating critical
equipment and relocating substations to areas less
susceptible to flooding; and investing in spare/backup
equipment (CCSP 2008, DOE 2010b, EOP 2013).

Utilities also use mobile transformers and substations to
temporarily replace damaged energy infrastructure. These
temporary units can include a trailer, switchgear, breakers,
emergency power supply, and transformers with enhanced
cooling capability that allows restoration of grid service
while circumventing damaged substation equipment,
allowing time to repair grid components (DOE 2010b).

In some instances, energy storage systems can be a viable
option for improving resilience to vulnerable areas. For
example, AEP, the serving utility in Presidio, Texas, has

procured a large-scale energy storage system to provide
islanding for the entire town. Presidio is particularly
vulnerable to extended outages because the town is
supplied by a single transmission line that is difficult to
access (NEMA 2013).

Wind Energy

Subsector Vulnerabilities

The Southern Great Plains contains some of the best
onshore wind resources in the country (Figure 5-10) and
represents almost a third of total installed wind power in
the United States. Texas, with over 12,000 MW installed, is
the national leader, while Kansas and Oklahoma together
contribute about 6,000 MW (EIA 2013d).

Figure 5-10. Annual average wind speed at 80 meters
Source: NREL 2014

Wind turbines in close proximity to the Gulf Coast may be
vulnerable to wind damage from more intense hurricanes.
Most wind turbines are designed to withstand sustained
wind speeds of 112 mph (Rose et al. 2012), and many
hurricanes have winds that significantly exceed this speed.
Some climate models have suggested that climate change
may lead to changes in average wind speeds, although
there is not yet substantial agreement among sources as to
how a changing climate will ultimately affect wind
resources (DOE 2013).

Wind Energy

Resilience Solutions

There is limited research examining hurricane force wind
speeds as pertains to resilience of wind turbine design and
construction (Pryor and Barthelmie 2010). While the
industry standard design criteria call for turbines to
withstand sustained 112 mph wind speeds, more research
may be necessary regarding updates to these standard
practices and other potential strategies for improving wind
turbine resilience.
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Regional Climate Change Observations
and Projections in Detail

Higher Temperatures
Historical observations

Since 1895, average temperatures have increased
0.09°F per decade, or almost 0.99°F (NOAA 2013).
Frost-free season has been lengthening: The average
duration of the frost-free season across the entire
Great Plains region increased by about ten days (1991—
2012, compared to 1901-1960) (USGCRP 2014).

Future projections

Average temperatures are expected to increase at a
faster rate: Depending on the region and greenhouse
gas emissions, increases of 3.5°F—8.5°F are expected by
2070-2099 compared to 1971-1999 levels (NOAA 2013).
Extremely hot days are projected to become more
common: Across most of the region, 15-30 more days
with a daily maximum temperature >95°F are expected
by mid-century (2041-2070, compared to 1980-2000);
Texas is likely to be the most affected and may see over
30 more extremely hot days per year (NOAA 2013).
Consecutive number of days of extreme heat are
expected to become longer: The annual maximum
number of consecutive days with a daily high >95°F is
projected to increase by 8-20 days by mid-century
(2041-2070, compared to 1980-2000) across most of
the region; West Texas is likely to be the most affected
and may see the number of consecutive days with a
daily high >95°F increase by up to 24 days (NOAA
2013).

Extremely cold nights are expected to become less
common: Across the region, 0—10 fewer days with daily
minimums <10°F are expected by mid-century (2041—
2070, compared to 1980-2000) (NOAA 2013).
Freeze-free season is expected to lengthen: Across the
region, the freeze-free season is expected to be 21-30
days longer by mid-century (2041-2070, compared to
1980-2000) (NOAA 2013).

Cooling degree days (CDDs) are expected to increase:
Across the region, an increase of 600—1,000 CDDs is
expected by mid-century (2041-2070, compared to
1980-2000), with Texas and Oklahoma seeing the
largest change (NOAA 2013).

Heating degree days (HDDs) are expected to decrease:
Across most of the region, declines of 450-850 HDDs
are expected by mid-century (2041-2070, compared to
1980-2000); Kansas is likely to be the most affected,
with declines of up to 1,050 HDDs possible by mid-
century (NOAA 2013).

Changing Precipitation Patterns
Historical observations

Historical trends in precipitation are not statistically
significant, neither annually nor seasonally (NOAA
2013).

Across the Great Plains, extreme precipitation events
have occurred more frequently: An index of one-day
precipitation events expected to occur once every five
years shows a statistically significant upward trend
since 1895. In 2011, a linear trend of the series showed
a 30% increase over the period (NOAA 2013).

Future projections

Across most of the region, annual precipitation is
expected to decrease: By the end of the century
(2070-2099), precipitation across the region is
expected to decrease 0%—12% compared to the period
1971-1999, depending on both latitude and emissions
scenario. The decrease in precipitation is expected to
be greatest in Texas and southwestern Oklahoma
(NOAA 2013).

Spring precipitation is projected to decrease in Texas:
Texas is expected to see a 10%—30% decrease in
precipitation by the end of the century (2071-2099,
compared to 1971-1999) under a higher-emissions
scenario (USGCRP 2014).

Drier summers are expected across most of the
region: Summer precipitation is expected to decrease
by 10%—-30% by the end of the century (2071-2099,
compared to 1971-1999) under a higher emissions
scenario across the entire region, excluding
southwestern Texas (USGCRP 2014).

Consecutive number of days with little or no
precipitation are likely to become longer: The annual
maximum number of consecutive days with less than
3 mm of precipitation is projected to increase 3-15
days by mid-century (2041-2070, compared to 1980—
2000) across most of the region, excluding Kansas
(NOAA 2013).

Hurricanes and Sea Level Rise
Historical observations

Relative mean sea level in Texas has risen because of
a combination of global sea level rise and land
subsidence in the region: Relative mean sea level on
the Texas coast rose 0.08-0.27 inches/year, depending
on the location, between the middle of the 20™ century
and 2006 (NOAA 2009).

Future projections

Sea level rise is expected to accelerate: Between 1992
and 2050, sea level on the Texas coast is projected to
rise at an average rate of 0.14—0.35 inches/year (no ice
sheet melt) or 0.27-0.48 inches /year (ice sheet melt),
depending on the location (USGCRP 2014).

Frequency of intense hurricanes (Category 4 and 5) is
projected to increase (USGCRP 2014).
Hurricane-associated storm intensity and rainfall are
projected to increase: Rainfall rates within 100 km of
tropical storm centers are projected to increase by 20%
by 2100 (USGCRP 2014).
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Chapter 6: Midwest

Climate Change and the Energy Sector

Overview QUICK FACTS

The Midwest is home to expansive agricultural lands, forests in Vidwest States; _M1iN01S, Indiana, lowa, Michigan, Minnesota, Missour,
the north, the Great Lakes, substantial industrial activity, and " Ohio, Wisconsin
major urban centers. The region has an energy-intensive Population (2013) 61,000,000 (19% of U.S.)
. . . . . . i 0
economy, and its electricity mix is heavily dependent on Area (square miles) 447,000 (13% of U.S.)
. . . Energy expenditures $260 billion
thermoelectric plants, with coal- and natural gas-fired power 5
- - ENERGY SUPPLY Annual Annual % for
plants accounting for about 70% of annual generation and WLITE] WIITE electric
. & DEMAND Production Consumption
nuclear power representing more than 20%. More than one power
quarter of national installed wind energy capacity, one third of Electric power Wh ELS 7oL n/a
biodi | it d than t thirds of eth | Petroleum MMbbls 24 1,150 <1%
io |es§ capacity, an more a.n wo thir _so g ano Coal million tons 112 285 90%
production are located in the Midwest. Major climate change Natural gas Bcf 225 4,600 17%
. . . . .,
!mpacts pro;ec.ted to |ncreasmgIY threaten the region’s energy AT ; é—\nn'ual % of Total Capacity PcI)wer
infrastructure include the following: POWER £0 :"If\tl:/(:; P (GW) 1pl\/7\7\;:
. . >
e Average temperatures are projected to increase, extremely
hot days are projected to occur more frequently, and heat Natural gas o7 12% 69 347
ys are proj quently, Coal 476 58% 105 208
waves are projected to become longer and more severe. Nuclear 183 22% 25 17
The average number of cooling degree days (CDDs) is Hydroelectric 6 1% 2 174
projected to increase by 150-900 by mid-century.’ Higher Wind 38 5% 15 261
. d tert t lants t t Biomass 8 1% 2 140
air an .V\./a er emp.era ures cause power plants to opera e. Solar - <1% - 10
less efficiently and in some cases may force plants to curtail CRITICAL INFRASTRUCTURE
production or temporarily shut down. Transmission line Petroleum Electric Power
capacity also declines with higher temperatures, reducing Wells (>1 boe/d): 5,230  Power plants (>1 MW): 1421
- . . . Refineries: 14 Interstate transmission lines: 48
the available power supply in the Midwest and in other R
. ' T Liquids pipelines: 27 Coal
regions that depend on its electricity exports. At the same Ports (>200 tons/yr): 6 Mines: 94
time, higher temperatures increase demand for cooling Natural Gas Waterways
energy, increasing the potential for shortfalls.” wells: 47,000 Coal and petroleum routes: 17
e H initati t iected t Interstate pipelines: 33 Railroads
eavy precipitation even S are projec e. o OCC_U': m?re Market hubs: 2 Miles of freight track: 35,600
frequently, and average winter and spring precipitation Note: Table presents 2012 data except for the number of oil wells, which is 2009 data.
levels are projected to increase' increasing the risk of high *Some plants use multiple fuels, and individual generating units may be <1 MW.
. c . Sources: AAR 2014, EIA 20133, EIA 2013b, EIA 2013c, EIA 2013d, EIA 20144, EIA
streamflows and flooding.” Floods can disrupt energy 2014b, EIA 2014c, EIA 2014d, EIA 2014e, EIA 2014g, EIA 2014m, NEO 2014, US Census
service and damage assets located in flood plains, such as Bureau 2014, USACE 2014

power plants and rail lines. Varying water levels on important shipping routes, including the upper Mississippi River, lllinois
River, Missouri River, and Ohio River, as well as the Great Lakes, could disrupt fuel transport along these waterways.d

Table 6-1. Examples of important energy sector vulnerabilities and climate resilience solutions in the Midwest

Subsector Vulnerability

Magnitude

lllustrative Resilience Solutions

Thermoelectric Reduced power plant generation

Power capacity and reduced electric grid
Generation; capacity due to higher temperatures®
Electric Grid

More than 90% of power generation
is from thermoelectric plants. The
region exports significant quantities
of electricity, so reductions in

Improved operations protocols,
expanded capacity, alternative
water sources, recirculating, dry,
or wet-dry hybrid cooling systems

generation also affect neighboring

regionsf

The Midwest produces 11% of U.S.
coal, and 58% of the region’s power
plant capacity is coal-fired.
Disruptions in rail and barge
transport also affect other regionsh

Fuel Transport Increased risk of disruption to rail and
barge transport of coal and petroleum
due to flooding, drought, and

changing waterway levels®

Electricity
Demand

Increased demand for electricity for
cooling in the summer due to higher

The region is projected to experience
150-900 CDDs per year by mid-

Elevating infrastructure, upgrading
drainage systems, ensuring
culverts can handle increased
runoff, waterway dredging and
maintenance'

Energy efficiency, load
management, capacity additions

temperatures, severe heat waves, and
higher humidity’

century, as well as increased
ek
humidity
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Regional Energy Sector Vulnerabilities

and Resilience Solutions

Key energy subsectors and illustrative examples of
resilience solutions in the Midwest are discussed below.
System components that are most vulnerable to climate
change are described first.

Thermoelectric Power Generation

Subsector Vulnerabilities

Electricity generation in Midwestern states is dominated by
thermoelectric power plants, accounting for about 92% of
total electricity production, with over half generated from
coal-fired plants (EIA 2013d). Projected changes in
precipitation and temperature—both independently and in
combination—may restrict the available capacity of
thermoelectric power generation in the region.

Climate change is projected to have the following impacts

on thermoelectric power generation in the Midwest:

e Increasing air and water temperatures are expected to
reduce the generation capacity and efficiency of
thermoelectric units (DOE 2013).

e Expected increases in heavy precipitation events will
increase the likelihood of associated flooding, which
could damage facilities and disrupt operations (USGCRP
2014).

e Decreasing summer precipitation and longer periods
between rainfall events may limit water availability,
affecting power plant operations (DOE 2013, USGCRP
2014).

Projected climate change-induced increases in average and
extreme temperatures in the Midwest may reduce regional
power generation capacity. Increases in ambient air and
water temperatures reduce the thermal efficiencies of
thermoelectric power plants, which can result in reduced
power output and additional fuel consumption.
Approximately 95% of electrical generating infrastructure in
the region is susceptible to decreased efficiency due to
higher temperatures (USGCRP 2014). In addition, the
Midwest is a net exporter of electricity; decreases in power
output or increases in fuel consumption could hinder
system flexibility or increase costs across the eastern United
States (USGCRP 2014).

Increasing water temperatures put power plants at risk of
exceeding thermal discharge limits established to protect
aquatic ecosystems, and nuclear power plants face safety
limits on the intake temperature of water used for cooling
(DOE 2013). Plants facing elevated water temperatures may
be forced to temporarily shut down or curtail generation.
The sidebar presents examples of nuclear and coal plants
that, over the last few years, have had to take action
because of incoming or outgoing water being inadequate or
too warm. These plants have reduced generation, shut

down, or sought special exemptions from state regulators
to continue to operate.

Examples of high temperatures affecting
thermoelectric power generation in the Midwest

2012: Four coal-fired power plants and four nuclear
power plants in lllinois requested permission to
exceed the permitted water temperature discharge
levels, established to prevent adverse ecological
impacts. The Illinois 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).

2012: The Braidwood nuclear plant in lllinois had to get
special permission from the U.S. Nuclear Regulatory
Commission to continue operating after the
temperature of the water in its cooling pond rose to
102°F (Eilperin 2012).

2012: The Powerton coal plant in central lllinois had to
temporarily shut down a generator during peak
summer heat when water in the cooling pond
became too warm for effective cooling (Bruch 2012).

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, and the
temperature of the cooling water from Lake
Michigan was too high for cooling intake. The plant
could not be returned to full power until the heat
wave passed five days later (Krier 2012).

2006: Two units at Exelon’s Quad Cities Generating
Station 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).

Thermoelectric power plants are also vulnerable to
flooding. Winter and spring precipitation for much of the
Midwest could increase by 20% or more by the end of the
century, although summer rainfall is projected to decline
(NOAA 2013b, USGCRP 2014). In addition, more intense
rainfall events are expected, increasing the chance of
flooding from rapid runoff channeled from farm fields and
urban areas. Power plants are typically located near rivers
or other sources of water and may be susceptible to
physical damage and disruption from flooding. Many areas
in the Midwest have experienced increasing frequency and
magnitude of flooding events (Hirsch and Ryberg 2012), and
this trend is projected to continue (Figure 6-1) (USGCRP
2014).
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Figure 6-1. Rainfall increase during the wettest five-day period

. 1
over a year by mid-century
Source: USGCRP 2014

While annual average precipitation and heavy rainfall
events are expected to increase, summer rainfall is
projected to decline, and the number of consecutive days
with no precipitation is projected to rise (Figure 6-2)
(USGCRP 2014).Models indicate more precipitation when it
rains but increased duration between rainfall events, which
increases the chance of seasonal drought. Over 90% of
electricity generation in the Midwest requires freshwater
for cooling (UCS 2012), and low flow conditions in rivers and
lakes pose an operational risk to thermoelectric facilities
that require cooling water. Summer droughts can also
contribute to warmer surface water temperatures,
exacerbating power plant vulnerabilities associated with
higher temperatures.

Figure 6-2. Increase in the number of consecutive dry days over a
year by mid-century1
Source: USGCRP 2014

! Projected changes for mid-century (2041-2070) relative to the end
of the last century (1971-2000) under an A2 emissions scenario

Thermoelectric Power Generation

Resilience Solutions

New generation capacity can help address falling capacity
due to decreased plant efficiency. Capacity expansion with
low water requirements (e.g., thermoelectric power plants
with dry cooling or wet—dry hybrid cooling technology) or
no water requirements (e.g., wind and solar photovoltaics)
would help make the region’s power sector more resilient
to climate change. Programs that reduce total and peak
electricity demand can also reduce the water needs of
thermoelectric generators.

Technologies such as wind energy that are more resilient to
climate change impacts can play an important role in future
capacity additions. The region has abundant wind
resources, and new generation is likely to include expanded
wind capacity (NREL 2014a). For example, lllinois, lowa, and
Minnesota are among the top five states in the nation in
existing and planned wind capacity additions in 2014 and
2015 (Figure 6-3). Policy measures play an important role in
encouraging wind energy development. Michigan’s wind
capacity is among the fastest growing in the nation and is
boosted by Michigan's Clean, Renewable, and Efficient
Energy Act, which requires that all electricity providers
obtain at least 10% of their power from renewable
resources (EIA 2013e). lllinois' renewable portfolio standard
requires that investor-owned electric utilities with more
than 100,000 Illinois customers obtain 25% of retail sales
from renewable resources by May 2026, with at least 75%
of the requirement from wind (EIA 2015).

Figure 6-3. Existing wind capacity (green) and planned wind plant
installations in 2014 (dark blue) and 2015 (light blue)
Source: Adapted from EIA 2014j

Engineered barriers such as levees can be effective in
protecting vulnerable thermoelectric power plants from
flooding during heavy precipitation events. Utilities may
also elevate critical equipment to protect against flooding
or upgrade plants with submersible equipment or
watertight doors. Planners can protect new capacity by
locating new generators at higher elevations or outside of
flood plains.
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To better understand the implications of changing water
availability for cooling thermoelectric generation, advances
are being made in modeling and projecting future impacts.
For example, Exelon is developing tools to predict near- and
long-term (decades) changes in water availability, including
impacts linked to climatic changes, increased population
density, and upstream use (Exelon 2013). In 2013, Exelon
completed a pilot hydrological/climate modeling study of
the Kankakee River in northern lllinois, which supplies
water to the Braidwood nuclear plant. The facility had to
suspend its withdrawals for several days during the summer
of 2012 because flows in the river dipped below the
threshold specified in the facility’s public water withdrawal
permit from the lllinois Department of Natural Resources.
The Braidwood study was conducted as an analytical pilot
to determine the extent to which watershed flows could be
predicted and the extent to which climate change could
potentially alter future water availability. In addition, Exelon
and the U.S. National Oceanic and Atmospheric
Administration (NOAA) are examining approaches to
“downscale” NOAA climate models, which would be
required before such models could be applied to
operational decision making on a facility level.

Fuel Transport

Subsector Vulnerabilities

The Midwest is reliant on rail, barge, pipeline, and truck
transport of energy products, notably coal. The region
produces about 11% of the coal produced in the United
States and imports significant quantities from the Northern
Great Plains and Northeast regions (EIA 2013a). The
Midwest depends heavily on coal for electricity, with coal-
fired generation making up 58% of all electricity generated
in the region (EIA 2013d). Rail is the primary means of
transporting coal, but another key fuel transportation
method is shipping of coal (and other energy products) by
barge, utilizing the Mississippi and Ohio Rivers, as well as
the Great Lakes. Energy commodities make up the largest
proportion of total inland U.S. waterborne cargo traffic, and
waterborne commerce is essential to the energy sector
(USACE 2012). New domestic energy production is spurring
rapid growth in the waterborne transport of energy
commodities and related products, increasing the demands
on waterborne traffic.

Midwest refineries and consumers rely on supplies of crude
oil and refined petroleum products imported from other
regions by barge and pipeline. In 2013, almost 580 million
barrels of crude oil and refined petroleum products were
moved via pipeline from PADD 3 (a region including the Gulf
Coast states) to PADD 2 (which includes the Midwest, as
well as some Great Plains and Southeast states) (EIA 2014k).
As supplies of crude oil from the Northern Great Plains and
Canada continue to grow, the Midwest is becoming less
dependent upon pipeline shipments of crude oil from the
Gulf Coast. Movements by barge or tanker are smaller but

still important. In 2013, 80 million barrels of crude oil and
petroleum products were shipped from PADD 2 to PADD 3
by barge and tanker, and 18 million barrels of petroleum
products were moved in the opposite direction (EIA 2014f).
In 2012, crude oil, refined petroleum products, and coal
accounted for 55% of all U.S. waterborne cargo traffic by
weight (DOE 2015c).

Climate change is projected to have the following impacts

on energy transport in the Midwest:

e Expected increases in extreme precipitation events will
increase the frequency of associated floods, which
could damage and disrupt transport infrastructure
(DOE 2013, NOAA 2013b, USGCRP 2014).

e More frequent and intense heat waves could damage
rail infrastructure, increasing the likelihood of rail
congestion and disruption to energy commodities
transport (DOE 2013, NOAA 2013b, USGCRP 2014).

e  Barge transport of energy products on rivers and lakes
faces increased risk of disruption from changes in water
levels due to flooding, droughts, and evaporation (DOE
2013, USGCRP 2014).

Both heavy precipitation events and extended periods of
rainfall that saturate the soil can lead to regional flooding
events (NOAA 2013b, USGCRP 2014). High water levels
increase flow velocities and make river navigation by barge
difficult or dangerous (Posey 2014, USGCRP 2009). Heavy
precipitation events can also cause high runoff and flooding
that can disrupt train traffic and submerge track and
roadbed, causing extensive damage (Figure 6-4) (Union
Pacific 2011). High streamflows during heavy precipitation
events erode track beds, especially where railroads run in
low-lying areas adjacent to rivers and streambeds (DOE
2013, USGCRP 2014). Higher current velocities can also
affect river crossings, including rail and pipeline bridges, by
scouring bridge piers (Posey 2014). Buried pipelines are less
vulnerable to flooding impacts but may be subject to
damage from flood-borne debris, as high streamflow could
erode the soil and expose pipelines buried in riverbanks or

Figure 6-4. A railroad bridge is partially swept away by Cedar
River floodwaters in Waterloo, lowa, in 2008
Source: NOAA 2015
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under the riverbed (GAO 2014). For example, in 2011,
flooding along the Missouri River in lowa submerged and
damaged a pipeline, causing the pipeline to spill over 800
barrels of natural gas liquids into the river (EPA 2012,
Gebrekidan 2011).

As the frequency, length, and intensity of heat waves
increase, railroads and roadbeds are more susceptible to
material stress and damage (Posey 2012). Heat waves also
increase the likelihood of rail buckling, and railroads may
reduce the loading of rail cars and issue “slow orders" to
prevent derailments due to rail buckling (CCSP 2008, FRA
2011, USGCRP 2014). These measures can be costly, as they
lead to delays, consume rail capacity, increase operating
costs, and require railroads to maintain larger fleets of
rolling stock (CCSP 2008). Heat waves can also cause
bridges to expand, stressing thermal expansion joints and
causing a need for more frequent maintenance (Posey
2012).

Fuel transport during the 2008 Midwest floods

Parts of lllinois, Indiana, lowa, and Wisconsin received
more than a foot of rain over 15 days in 2008, causing
widespread flooding along the Mississippi River and
regional rivers. The floods caused extensive damage to
the region and disrupted barge, truck, and rail transport
of energy products (NOAA 2008). The U.S. Army Corps
of Engineers was forced to close locks on a 250-mile
stretch of the upper Mississippi River, disrupting
transport of petroleum products, coal, and ethanol
(lowa DOT 2008). Major rail infrastructure in the region
was destroyed by floodwaters as railroad bridges were
swept away, disrupting rail service in lowa and other
portions of the Midwest (DOE 2008). Damage to the
railroad system in lowa was estimated to be between
$68 and $83 million and repairs lasted up to 12 months.
In addition, 125 miles of primary highway were washed
out, and 1,500 miles of road needed replacement
(NOAA 2009).

Increasing episodes of flooding (see text box) and drought
affect waterway levels and may have an impact on barge
transport of energy commodities in the region, particularly
along the Mississippi River. For example, during the 2012
drought, Mississippi River levels were near historic lows,
and the U.S. Army Corps of Engineers allowed barges to
move in only one direction for eight hours a day and closed
the river to barge traffic for the remaining 16 hours for
dredging operations (Fears 2013). In December 2012, total
barge cargo in the portion of the Mississippi River running
from St. Louis to Cairo, lllinois, was down more than 1,100
kilotons compared to December 2011. By February 2013,
barges that typically run 12 feet deep were only allowed to
run 8-9 feet deep (Rizzo 2013). A tow (chain of barges

pulled or pushed as a group) on the upper Mississippi,
Illinois, and Ohio Rivers typically has 15 barges, each
capable of carrying more than 1000 tons. A one-inch drop in
river level reduces tow capacity by 255 tons, resulting in
transport delays and higher costs (NOAA 2012).

There is still considerable uncertainty in projections for
Great Lakes water levels (USGCRP 2014). Increasing
temperatures may lead to drops in lake levels due to
increased evaporation, but increases in precipitation may
offset this effect (Posey 2012). While lower water levels
could reduce the amount of cargo ships could transport, if
lake ice levels decline, the St. Lawrence Seaway may remain
open longer and increase the shipping season (USGCRP
2014, Posey 2012).

Fuel Transport

Resilience Solutions

Measures to harden fuel transportation infrastructure to
better withstand flooding include building or improving the
design of dams and levees, some of which failed to hold
during the 2008 floods in the Midwest. The dams and
levees along the upper Mississippi River were not
constructed according to a comprehensive plan, and the
level of protection provided by these structures varies,
ranging from protection from flood events occurring once in
5 years or less up to once in 500 years (CRS 2009). To
improve resilience to drought conditions, increased
maintenance dredging can increase river depths, reducing
the likelihood of barge transport restrictions.

Risks to railroads from flooding can be mitigated through
system and track upgrades, but these can be costly.
Resilience solutions include upgrading drainage systems,
ensuring culverts can handle increased runoff from heavy
precipitation events, and increasing pumping capacity in
tunnels (DOT 2009). Policy measures that restrict new rail
line development in floodplains, revise standards for
drainage capacity or elevating tracks, or require more
frequent track inspection can also improve resilience. Track
integrity inspection is shifting from visual methods to
sophisticated sensing techniques operated from vehicles
such as hi-railers (trucks that ride on rails).

Riverbank transport assets, including railroads and buried
pipelines, can be protected through the use of manmade or
natural barriers to reduce the risk of erosion. Pipelines
under river crossings can be protected by using horizontal
drilling techniques to bury the pipe significantly deeper
than traditional trenching methods (Brown 2013, Miller and
Bryski 2012). Pipelines at risk from erosion can also be
replaced with materials that are less likely to leak or
rupture from impacts (e.g., coated steel rather than cast
iron or bare steel).
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Rails are designed to withstand temperature gradients
based on expected ambient temperatures and heat
generated from railcar traffic (FRA 2011, Volpe 2003). New
or replacement tracks can be installed to function at higher
temperatures, reducing the likelihood of derailment.
Railroad companies that are incorporating considerations of
higher temperatures from climate change into their
planning would most likely upgrade tracks when they are
replaced for other reasons, including normal wear and tear,
upgrades for traffic reasons, or damage from other extreme
events, including flooding (CCSP 2008).

To increase resilience to disruptions in fuel supply, utilities
may also consider increasing fuel stockpiles. For example,
Ameren is implementing new fuel inventory policies and
developing alternative delivery options at facilities to
mitigate the risk of fuel supply disruption (Ameren 2013).

Electricity Demand

Subsector Vulnerabilities

The Midwest on the whole is an electricity exporter,
providing power to adjacent states in the Northeast
(USGCRP 2014). However, several states in the region,
including Indiana, Michigan, Minnesota, Ohio, and
Wisconsin, are net importers of power from neighboring
states and Canada (EIA 2014a, EIA 2012b). Some localities in
the Midwest, as well as adjacent states in the Northeast,
may be affected if electricity demand in the region grows.

Winters in the region are cold, and in most cities, total
energy demand for winter heating is five to seven times
greater than energy demand for cooling (USGCRP 2014).
But since heating is traditionally provided by fossil fuels,
including natural gas and heating oil, utilities in the region
are typically summer peaking, with summer peak demand
an average of 14% higher than winter peak demand (EIA
2013c). The region is highly energy-intensive and more
industrial than the rest of the country, with 34% of total
electricity consumption in the industrial sector (EIA 2013c,
USGCRP 2014).

Climate change is projected to have the following impact on

electricity demand in the Midwest:

e Higher maximum temperatures, longer and more severe
heat waves, higher humidity, and higher overnight lows
are likely to increase electricity demand for cooling in
the summer (NOAA 2013b, USGCRP 2014).

As shown in Figure 6-5, an increase of 300—900 CDDs is
projected by mid-century for most of the region, with the
exception of the northern portions of Minnesota and
Wisconsin and the upper peninsula of Michigan (NOAA
2013b). Relative to historical climate, and depending on the
region, these increases represent up to a doubling of CDDs
by mid-century (NOAA 2013b).

Figure 6-5. Increase in annual total CDDs by mid-century2
Source: NOAA 2013b

Additional CDDs will likely impel consumers to use more air
conditioning as daytime and nighttime temperatures rise. In
addition, it is likely that warmer temperatures will increase
the number of homes and businesses with air conditioners
in the region, which would amplify the electricity demand
effects of increasing CDDs. One study projects that
temperatures in much of the Midwest will be similar to
current temperatures in the South by the end of the
century, including more days over 95°F each year in Chicago
than the average Texas resident experiences today (RBP
2015). Market penetration of air conditioners in the South
is currently 98%, compared to 91% in the Midwest (EIA
2011b). As temperatures increase, the market penetration
of air conditioners in the Midwest may approach that of the
South. These changes could contribute to rapid increases in
total and peak energy demand.

Demand for cooling energy depends on not only
temperature but also humidity (Beecher and Kalmbach
2012). Projected changes for the region include increasing
heat waves coinciding with increased humidity,
compounding factors driving growth in peak energy
demand (USGCRP 2014).

Increasing use of air conditioning is likely to heighten power
sector vulnerability to service disruptions unless it is offset
by demand management programs, improvements in air
conditioner energy efficiency, or new generation and
transmission capacity (refer to Thermoelectric Power
Generation and Electric Grid sections).

In the winter, increasing temperatures are expected to
reduce demand for heating. One study found that heating
degree days may decrease by 15% across the Midwest by
mid-century (CMAP 2013). Having fewer heating degree

2 Projected changes for mid-century (2041-2070) relative to the
end of the last century (1980-2000) under an A2 emissions
scenario
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days is likely to reduce demand for heating fuel, primarily
natural gas (EIA 2013f).

Electricity Demand

Resilience Solutions

Energy efficiency, load management, and capacity
expansion (including more climate-resilient technologies) all
play roles in reducing the exposure of the Midwest’s power
sector to increasing electricity demand. One study found
that increased demand in the Midwest associated with
climate change could exceed 10 GW, which would require
more than $6 billion in infrastructure investments (Gotham
etal. 2012).

As changes to electricity demand depend on not only
climate but also population change, economic growth, and
the deployment of new technologies, investments in
capacity expansion will likely be made as part of an
integrated planning process. Growth in power consumption
in the region has been slower than the national average
over the last two decades and has fallen in several states
(Beecher and Kalmbach 2012). This decrease is partly due to
slow population growth, which has been slower than any
other region over the same period (U.S. Census Bureau
2014).

Energy efficiency, load management, and other programs
administered by regional power producers can help reduce
total electric power demand and peak loads (Beecher and
Kalmbach 2012). Midwest utilities have already
implemented a number of demand-side management
(DSM) practices to reduce loads and improve energy
efficiency. For example, Hoosier Energy is expanding DSM
efforts targeting water heaters, air conditioners, and heat
pumps, contributing to lower costs and better reliability in
times of high energy demand. The utility also offers
incentives to encourage installation of higher efficiency
heating and cooling systems, helps customers meet
enhanced energy efficient design and construction
standards to lower energy costs, and supports appliance
recycling programs to remove inefficient refrigerators and
freezers (Hoosier Energy 2014).

Increasing resilience through flexible demand

Columbia Water & Light (CWL) in Missouri offers a load
shedding program to commercial and industrial
customers. Customers who reduce their electric
demand during peak demand periods can receive a
credit of $36 per year per kilowatt based on the
average reduction in demand during requested
periods. Customers can receive credits for up to 50%
of the customer’s normal base load demand prior to
load shedding (CWL 2014b).

DSM programs have so far achieved peak load reductions of
over 3,700 MW and enrolled over 5,000 industrial
customers, 32,000 commercial customers, and 1.2 million
households in price responsive programs (EIA 2013c). A
survey of 37 Midwest Independent System Operator (MISO)
utilities indicated a peak load reduction potential of over
4,700 MW from retail demand response programs (LBNL
2008).

Capacity expansion can also help alleviate the stresses that
increasing peak electricity demand will place on the region’s
electricity supply. In addition, new capacity investments

2003 Blackout: A lesson in regional interdependencies

On August 14, 2003, a major blackout struck the
northeastern United States and parts of Canada,
including areas in Connecticut, Maryland, Michigan,
New Jersey, New York, Ohio, Vermont, and the
Canadian provinces of Ontario and Quebec. Some 50
million people were affected. The blackout occurred on
a hot summer day, with temperatures exceeding 87°F
and elevated power demand throughout the region
(DOE 2004).

Figure 6-6: New York City skyline during the 2003 blackout
that was initiated in the Midwest
Source: DHS 2013

The blackout was initiated by outages on transmission
lines operated by First Energy (FE) in Ohio. High
ambient temperatures and high demand caused a

345 kV transmission line to sag low enough to arc to a
tree, causing the line to trip (DOE 2004). This outage
caused increased loads on other lines, causing those
lines to trip, and soon a surge of power propagated
throughout the northeastern grid. While management
practices allowed the outage to spread across the
region, the sensitivity of FE's transmission lines to
elevated temperatures were also to blame (DOE 2004).
Subsequent investigations found that FE made
optimistic assumptions about transmission line cooling
when setting summer emergency ratings, and that FE
had failed to trim trees in its rights-of-way, precipitating
the line strike (DOE 2004).
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may be needed to replace a substantial number of baseload
coal plants that may be retiring (see Thermoelectric Power
Generation section) (EIA 2014l).

Electric Grid

Subsector Vulnerabilities

The Midwest region includes portions of MISO and PJM
Interconnection, as well as a small part of the Southwestern
Power Pool (SPP). The region’s grid is dense, with total
regional power production and consumption second only to
the Southeast and significant mileage of 345 kV lines (EIA
2013b, EIA 2013c, EIA 2014a).

Climate change is expected to have the following impacts

on the electric grid in the Midwest:

e Higher average and extreme air temperatures and
higher nighttime temperatures reduce the capacity of
transmission lines and substations, increasing the
likelihood of disruption (DOE 2013, USGCRP 2014).

e Higher extreme temperatures may reduce the lifetime
transformers and reduce transformer overloading
capacity (Hashmi et al. 2013, USBR 2000).

Higher temperatures can cause transmission operators to
decrease the current-carrying capacity of transmission lines
in order to protect the equipment (Sathaye et al. 2013).
High temperatures cause thermal expansion of transmission
line materials, and sagging can permanently damage lines
and increase the likelihood of power outages when the lines
make contact with other lines, trees, or the ground (see
sidebar) (DOE 2013). In Ohio, heat events have resulted in
transmission outages for about 25,000 customers from
1992-2009 (DOE 2015b). The combined impacts of
increasing demand and reduced capacity increase the
likelihood that transmission operators will be forced to
impose brownouts (Sathaye et al. 2013). Additionally, in the
summer, overheated power lines rely on cooler overnight
temperatures to reduce thermal load. Projected climate
changes include heat waves with higher nighttime
temperatures that hinder overnight cooling and may lead to
more overheated power lines (DOE 2013, USGCRP 2014).

Reduced transmission capacity, when combined with
projected increases in demand for cooling energy and
reductions in available generating capacity associated with
higher air and water temperatures, can also affect regions
that depend on power imports from the Midwest.

Higher ambient temperatures can increase the likelihood
that power transformers will be damaged, especially on
extremely hot days when electricity demand is highest
(Hashmi et al. 2013, USBR 2000). Power transformers are
typically rated for 24-hour average ambient temperatures
of 86°F (when temperatures do not exceed 104°F) (PJM
2011). Above a transformer’s rated temperature, its paper
insulation breaks down at exponentially higher rates, so

even incremental increases in ambient temperature can
harm transformers, especially if high temperatures occur
during grid emergencies when transformers must be
overloaded for safety or reliability purposes (Bérubé 2007,
Hashmi et al. 2013, USBR 2000). To protect transformers,
operators may be forced to reduce loading capacity (USBR
2000).

Electric Grid

Resilience Solutions

New and existing transmission infrastructure can be made
more resilient through the use of smart technologies that
better respond to grid emergencies by isolating outages
before they can cause cascading failures (Ameren 2013,
DOE 2004, DOE 2013). These advanced technologies
provide increased redundancy in transmission networks and
substations. New transmission lines can also be designed to
accept emergency loading conditions at higher
temperatures, and operators can use realistic assumptions
about weather conditions when defining emergency
conditions (DOE 2004, DOE 2013).

Building a resilient electric grid in Chicago

Commonwealth Edison, a unit of Exelon Corporation,
has partnered with American Superconductor
Corporation (AMSC) on the Resilient Electric Grid (REG)
effort, a plan to deploy AMSC'’s high-temperature
superconductor technology (AMSC 2014). This
technology will be used to build a superconducting
cable system to connect substations in Chicago’s grid
and build redundancy that allows multiple substations
to share the extra load in the event of a substation
going offline (AMSC 2014, DHS 2015). By splitting the
load among operational substations, REG can help
prevent outages (DHS 2015). REG is a part of the U.S.
Department of Homeland Security Science and
Technology Directorate’s efforts to improve the
security and resilience of electric grids in the United
States, and was validated at Oak Ridge National
Laboratory (AMSC 2014, DHS 2015).

Improved operations can also increase grid resilience.
Vegetation management is an important means of
preventing line outages caused by tree strikes, as well as
fires that can be started by such events (DOE 2013). For
example, American Electric Power (AEP) has invested more
than S$1 billion in vegetation management around
transmission lines and is designing new and replacement
poles to withstand damage greater than its National Electric
Safety Code (NESC) requirement in the service territory
(AEP 2014). In some cases, grid resilience can be improved
through undergrounding of lines, although it is costly. For
example, Ameren is burying power lines in the region to
increase physical resilience and is working to incorporate
smart technology such as intelligent switches that can

Regional Vulnerabilities and Resilience Solutions | Midwest = 6-8



isolate outages and respond to failures when damage
occurs (Ameren 2013).

The resilience of transformers to higher air temperatures
and higher nighttime temperatures can be increased by
installing or upgrading forced-air or forced-oil cooling in
transformers (Hashmi et al. 2013, USBR 2000). Operators
can derate transformers during periods of elevated ambient
temperatures to lower the thermal loading and protect the
transformers from damage (USBR 2000). In the long term,
operators can replace existing transformers with thermally
upgraded transformers to increase resilience (Bérubé et al.
2007).

Local power generation can improve resilience by reducing
reliance on long-distance delivery of electricity via the grid.
Local or distributed generation, such as onsite solar panels
or small-scale wind power (Figure 6-7), reduces exposure to
grid outages. In addition, critical facilities such as
emergency response services and water utilities can install
backup power generators with sufficient capacity to
operate continuously for extended outages.

Figure 6-7: Small scale wind turbines at Dull Homestead Farm in
Brookville, Ohio
Source: DOE 2015a

Bioenergy

Subsector Vulnerabilities

As a major producer of agricultural products, the Midwest is
critical to the nation’s supply of biofuels. Ethanol
production from corn dominates regional bioenergy
production and consumption. It also includes a small
amount of biodiesel production from canola oil, and
captured landfill and wastewater gases are used to
generate electricity and produce renewable natural gas
(biomethane).

The Midwest region is home to over half of the nation's
ethanol refining capacity, with operational facilities capable
of producing 7.3 billion gallons of ethanol per year (NEO
2014). Of the 121 ethanol biorefineries in the region, all but
one rely on corn as a feedstock (RFA 2014). While cornis a
commodity and is grown in almost every state, corn

production for biofuel is an especially important product in
the Midwest. Led by lowa and lllinois (ranked first and
second among states in corn production, respectively), the
region harvested 58% of the nation's corn acres in 2013
(USDA 2014).

Climate change is expected to have the following impacts

on bioenergy in the Midwest:

e Moderately higher temperatures may benefit crops, but
extreme temperatures may harm them; warmer
temperatures may also benefit weeds, disease, and
pests (USGCRP 2014).

e Lower numbers of freezing days and a lengthening of
the frost-free growing season may extend the range
where biofuel crops can be grown (Bjerga 2012, NOAA
2013b, Roberts and Schlenker 2011).

e Moderate increases in seasonal precipitation may
benefit crops, but an increasing probability of seasonal
drought and floods may harm them (NOAA 2013b,
USGCRP 2014).

The projected impacts of climate change on corn growth
are complex, with a mix of outcomes depending on region
and climate uncertainty, and are expected to evolve over
time. Changes in the length of the frost-free season are
projected to be large and positive, aiding corn cultivation,
with increases of 15—30 days per year by the middle of the
century, depending on the location (NOAA 2013b). Plant
growth can also be aided by increased CO, levels. In the
long run, however, temperature increases are projected to
shorten the duration of reproductive development of corn
and lead to declines in yield (USGCRP 2014). Additionally,
any beneficial effects to crops may be outpaced by
increased weeds, diseases, and pests, making cultivation
more difficult and less productive (USGCRP 2014).

Projected increases in winter and spring precipitation may
also benefit agricultural productivity, as soil moisture is
recharged. However, springs that are too wet may also
reduce crop yields, forcing growers to switch to shorter-
season varieties. The region is expected to experience
increased intensity of extreme precipitation events, which
can erode soils and flood fields. Finally, higher
temperatures (which increase evapotranspiration),
declining summer precipitation, and an increase in the
average number of days without precipitation may increase
the region's vulnerability to periodic seasonal drought
(USGCRP 2014).

Crop yields in the Midwest will be more strongly influenced
by anomalous weather events than by changes in average
temperature and annual precipitation. Increasing intensity,
frequency, and length of heat waves may also reduce yields
by preventing the effective pollination of crops (Figure 6-8)
(USGCRP 2014).
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Figure 6-8. Drought-stressed corn
Source: Station 2012

Figure 6-9 shows the effects of changes in maximum
summer temperature on yields for two major crops in the
region.

Figure 6-9. Differences in corn (top) and soybean (bottom) yields
based on maximum summer temperatures in lllinois and Indiana
Source: USGCRP 2014

Biorefineries may also be vulnerable to climate change
impacts. Biorefineries—which convert biomass
(predominately corn) to ethanol or other fuel—can use a
substantial amount of water. Water needs in biorefineries
have fallen significantly over a ten-year timeframe from an
average of 6 gallons of water per gallon of ethanol
produced down to 2.7 (Wu and Peng 2011). Declines are
largely due to new efficient designs; however, similar to
petroleum refineries, biorefineries could face water
shortfalls if seasonal droughts occur more frequently (DOE
2013, USGCRP 2014).

Bioenergy

Resilience Solutions

A number of resilience-building options are available to
growers of biofuel crops. In the Midwest, a longer freeze-
free season could allow more northern farmers to grow
corn. Nationally, adaptation strategies for agriculture
include diversification of crops and crop rotation (including
heat- and drought-tolerant varieties), increased use of
pesticides, and additional practices associated with
sustainable agriculture, such as improving soil quality and
minimizing off-farm flows of nutrients and pesticides
(USGCRP 2014). Bio-refining technologies that use less
water to produce fuels can also help increase resilience in
cases of seasonal water shortages.

Wind Energy

Subsector Vulnerabilities

The Midwest region has over 15,000 MW of operational
wind generating capacity, or 5% of total capacity in the
region (EIA 2013b). In the Midwest, 146 utilities and
producers operate 261 wind farms (EIA 2013b). Some of the
best onshore wind resources in the country are located in
Illinois, lowa, and Minnesota, and all of the states in the
region except Indiana incentivize wind power with
renewable portfolio standards (EIA 2012a, NREL 2014a).

Although some models have suggested that climate change
may lead to declines in average wind speeds, there is not
yet substantial agreement among researchers as to how a
changing climate will ultimately affect wind resources in the
United States (DOE 2013). It is uncertain whether wind
power production will be disrupted by climate-driven
changes to wind patterns or if it will see an increase in
available capacity.

Wind Energy

Resilience Solutions

Various measures can be taken to increase the resilience of
wind energy. In general, if wind speeds decline, operators
can increase the resilience of wind energy by increasing the
efficiency of operating turbines, although these
improvements would be beneficial regardless of reductions
in wind resources. Generation by a single turbine can be
increased by increasing turbine height and blade length
(AWEA 2014). A wind farm can also operate more efficiently
if turbines are sited to reduce the impact of a single
turbine’s wake on other turbines (NREL 2014b).

Advances in wind turbine technology can also enhance
resilience to more extreme wind conditions. For example,
because utilities cannot control when wind is available, it
has been difficult to fully incorporate wind power into the
electricity grid, but innovative battery designs and other
grid-scale storage technologies designed to store energy
produced by wind could enhance the use of wind turbine
technology.
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Regional Climate Change Observations
and Projections in Detail

Higher Temperatures
Historical observations

Since 1895, average temperatures have increased
0.14°F per decade, or almost 1.5°F (NOAA 2013a).
Spring temperatures have increased 0.17°F per
decade, or almost 1.9°F (NOAA 2013b).

Frost-free season has been lengthening: The average
length of the frost-free season across the Midwest
region increased by about nine days (comparing 1991—
2012 to 1901-1960) (USGCRP 2014).

Water temperatures on the Great Lakes have
increased by more than 5°F from 1968 to 2002 (NOAA
2013a).

Ice coverage on the Great Lakes has decreased: The
average annual maximum ice coverage during 2003—
2013 was less than 43%, whereas the average ice
coverage during 1962-2013 was 52% (USGCRP 2014).

Future projections

Average temperatures are projected to increase at a
faster rate: Depending on the region and greenhouse
gas emissions, increases of 4.5°F-9.5°F are projected by
2070-2099 compared to 1971-1999 levels, with the
largest increases in Michigan, Minnesota, and
Wisconsin (NOAA 2013b).

Extremely hot days are projected to become more
common: Across most of the region, up to 25 more
days with daily maximum temperatures >95°F are
projected by mid-century (2041-2070, compared to
1980-2000); portions of southern Missouri and Illinois
are likely to be the most affected and may see as many
as 30 more extremely hot days per year (NOAA 2013b).
Consecutive number of days of extreme heat are
expected to become longer: The annual maximum
number of consecutive days with a daily high >95°F is
projected to increase by up to 16 days by mid-century
(2041-2070, compared to 1980-2000) across the
region; the southern portion of the region is likely see
the greatest increases (NOAA 2013b).

Extremely cold nights are projected to become less
common: Across the region, 5-25 fewer days with daily
minimums <10°F are projected by mid-century (2041—
2070, compared to 1980-2000) (NOAA 2013b).
Frost-free season is projected to lengthen: The frost-
free season is projected to be 15 to more than 30 days
longer by mid-century (2041-2070, compared to 1980—
2000) across the region, with the largest increases in
Michigan (USGCRP 2014).

Cooling degree days (CDDs) are expected to increase:
Across the region, an increase of 150—-900 CDDs is

projected by mid-century (2041-2070, compared to
1980-2000) (NOAA 2013b).

Heating degree days (HDDs) are expected to decrease:
Across most of the region, declines of 700-1,300 HDDs
are projected by mid-century (2041-2070, compared to
1980-2000); Michigan is projected to be the most
affected, with declines of up to 1,500 HDDs by mid-
century (NOAA 2013b).

Changing Water Availability
Historical observations

Since 1895, annual precipitation has increased by 0.31
inches per decade, or almost 3.4 inches (NOAA 2013b).
Across the Midwest, extreme precipitation events
have occurred more frequently: An index of two-day
extreme precipitation events expected to occur once
every five years shows a statistically significant upward
trend since 1895 (NOAA 2013a).

Future projections

Annual precipitation is projected to increase: By the
end of the century (2070-2099), precipitation in the
northern portion of the region is projected to increase
by 3%—9% under a high emissions scenario (compared
to the period 1971-1999); Minnesota is projected to be
the most affected and may see an increase as high as
12% (NOAA 2013b).

Winter and spring precipitation is projected to
increase; summer precipitation may decline: Midwest
winters, springs, and falls are projected to see
increased precipitation by mid-century (2071-2099,
relative to 1971-2000) under a higher emissions
scenario, while summer precipitation may decline by
10% or more in southwestern parts of the region
(USGCRP 2014).

Extreme precipitation events are projected to
increase, particularly in the northern portion of the
region: The number of days per year with precipitation
greater than one inch is projected to increase by 10%—
50% by mid-century (2041-2070, compared to 1980—
2000) under a high emissions scenario; Minnesota is
projected to be the most affected, and portions of the
state may see an increase of over 50% (NOAA 2013b).
Consecutive number of days with little or no
precipitation are likely to become longer: The annual
maximum number of consecutive days with less than
0.01 inches of precipitation is expected to increase by
mid-century (2041-2070, relative to 1971-2000), with
Missouri and lllinois projected to experience the largest
changes (USGCRP 2014).
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Chapter 7: Northeast

Climate Change and the Energy Sector

Overview

The Northeast consists of a number of large and densely

populated urban and industrial areas, as well as wide-ranging

rural areas and deciduous forestland. The climate is
characterized by cold winters and warm, humid summers. The
region relies primarily on thermoelectric power, including
natural gas-fired, nuclear, and coal-fired plants. The Northeast
produces large amounts of coal, mainly in West Virginia and

Pennsylvania, and has a significant number of natural gas wells.

Major climate change impacts projected to increasingly

threaten the region’s energy infrastructure include the

following:

o Temperatures are projected to increase, and heat waves
are projected to occur more frequently and last longer.’
Warmer temperatures and longer, more frequent, and
more severe heat waves are expected to increase both
average and peak demand for cooling energy, while
causing available generation and transmission capacity to
decline.”

e Atlantic hurricane intensity is projected to increase, and
the most intense hurricanes (Category 4 and 5) are
projected to occur more frequently. Combined with
projected sea-level rise, hurricane-associated storm surge
is likely to cause greater coastal damage.” Coastal power
plants, electrical grid components, and fuel transport
infrastructure are at risk of damage from more intense
hurricanes and sea level rise-enhanced storm surges.d

e Heavy precipitation events are projected to occur more
frequently, with the number of days with more than one
inch of rain increasing 12%-30% by mid-century.® Inland
flooding from increasingly frequent and intense heavy
precipitation events heightens the risk of damage and

QUICK FACTS
Connecticut, Delaware, District of Columbia, Maine,
. Maryland, Massachusetts, New Hampshire, New
st S, Jersey, New York, Pennsylvania, Rhode Island,
Vermont, West Virginia
Population (2013) 65,000,000 (21% of U.S.)
Area (square miles) 198,000 (6% of U.S.)
Energy expenditures $257 billion
ENERGY SUPPLY Annual Annual % for
& DEMAND Production Consumption el
power
Electric power TWh 665 599 n/a
Petroleum MMbbls 7 1,050 <1%
Coal million tons 178 95 89%
Natural gas Bcf 2,820 4,270 39%
ELECTRIC Pro:uncrtlil:)ar: % of To'tal Capacity :)T:rv:;
POWER (TWh) Production (GW) >1 MW*
Natural gas 215 32% 69 280
Coal 186 28% 48 86
Nuclear 199 30% 26 17
Hydroelectric 37 6% 8 369
Wind 8 1% 4 84
Biomass 13 2% 3 163
Solar <1 <1% <1 129
CRITICAL INFRASTRUCTURE
Petroleum Electric Power
Wells (>1 boe/d): 2,360 Power plants (>1 MW): 1,270
Refineries: 10 Interstate transmission lines: 37
Liquids pipelines: 12 Coal
Ports (>200 tons/yr): 20 Mines: 520
Natural Gas Waterways
Wells: 113,000 Coal and petroleum routes: 25
Interstate pipelines: 25 Railroads
Market hubs: 2 Miles of freight track: 16,200
Note: Table presents 2012 data except for the number of oil wells, which is 2009 data.
*Some plants use multiple fuels, and individual generating units may be <1 MW.
Sources: AAR 2014, EIA 2011, EIA 2013b, EIA 2013c, EIA 2013d, EIA 2014a, EIA 2014b,
EIA 2014c, EIA 2014e, EIA 2014f, EIA 2014g, USACE 2014, US Census Bureau 2014

disruption to roads, railroads, power lines, pipelines, and other low-lying infrastructure.”

Table 7-1: Examples of important energy sector vulnerabilities and climate resilience solutions in the Northeast

Subsector

Vulnerability

Magnitude

lllustrative Resilience Solutions

Energy Demand and
Thermoelectric
Power Generation

Electric Grid

Fuel Transport and
Storage

Higher temperatures reduce system
efficiency and increase total and
peak electricity demand®

Increased intensity of storms and
heavy rainfall, causing wind damage
and flooding to power lines and
low-lying substations’

Increased exposure to damage and
disruption from flooding during
heavy precipitation events and sea
level rise-enhanced storm surge
during more intense hurricanes®

Air temperature increases of 3.5°F—
6.5°F and CDD increases of 100—700

. . h
projected by mid-century

Recent hurricanes resulting in wide-
spread regional power outages to
more than 8 million customers'

Sea level rise expected to exceed
global average of 1-4 feet by 2100
and coastal flooding impacts from
higher frequency of intense
hurricanes'

Capacity additions, demand-side load
management, energy efficiency

Physical hardening, submersible
equipment, redundant transmission,
smart grid and distributed generation,
and vegetation management

Reinforcing shorelines of critical
waterways; dredging to maintain
shipping access; elevating or
rerouting critical rail, road, or pipeline
arteries
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Regional Energy Sector Vulnerabilities

and Resilience Solutions

Key energy subsectors and illustrative examples of
resilience solutions in the Northeast are discussed below.
System components that are most vulnerable to climate
change are described first.

Electricity Demand

Subsector Vulnerabilities

With cold winters and warm, humid summers, the
Northeast relies on energy for both heating and cooling.
The region’s electricity consumption is distinctly seasonal.
Summer peak demand served by the average utility in the
region is about 30% higher than winter peak demand (EIA
2013a). More than four out of five households in the region
report using air conditioning, although they use it
significantly less frequently than the national average (EIA
2013e).

Winter space heating in the region is provided primarily by
natural gas and fuel oil (EIA 2014h). The region hosts the
oldest building stock in the nation, and therefore recent
improvements in energy codes for new buildings may not
benefit a large share of consumers (DOE 2008, NAHB 2012,
USGCRP 2014).

Climate change is expected to have the following impacts

on electricity demand:

e Higher average temperatures (including warmer
overnight lows) and extreme high temperatures,
including more frequent, more severe, and longer-
lasting heat waves, are expected to increase average
and peak electricity demand for cooling (NOAA 2013,
USGCRP 2014).

By the end of this century, average temperatures in the
Northeast are projected to increase by 3.5°F-8.5°F
(compared to 1971-1999). By mid-century, increases of
2.5°F-5.5°F could produce 400-700 additional CDDs per
year in the southern portion of the region and along the
coasts from Massachusetts to Maryland (i.e., the location of
the region’s largest metropolitan areas). Changes in CDDs in
the interior of New York and New England are projected to
be smaller, adding 100—400 CDDs by mid-century (NOAA
2013).

Changes to temperature extremes, including heat waves,
are expected to increase peak electricity demand in the
region. This may limit the electricity sector’s ability to
deliver energy when it is most needed (DOE 2013a). Across
most of the region, extremely hot days are expected to
occur more often, and heat waves are expected to occur
more frequently and last longer (USGCRP 2014, NOAA
2013). Conversely, warmer winter temperatures and fewer
numbers of days below freezing are expected to reduce
demand for heating energy (NOAA 2013, USGCRP 2014).

The projected increase in CDDs in the Northeast is
comparable to CDD increases in most of the northern
United States. However, the region hosts many densely
populated metropolitan areas that magnify the intensity of
summer heat through the urban heat island effect.
Temperatures in densely populated towns and cities can be
significantly higher than surrounding areas (EPA 2014). An
example of this effect can be seen in a heat map of New
York City (Figure 7-1). This effect, combined with the
region’s relatively humid summertime climate, is expected
to amplify the region’s electricity demand for cooling
(USGCRP 2014).

Figure 7-1. Urban heat islands magnify ambient temperatures. In
this example, temperatures in urban areas of New York City are
approximately 10°F warmer than the forested parts of Central
Park

Source: USGCRP 2014

Increases in CDDs will likely cause homeowners and
businesses to use air conditioning more often, as warmer
daytime and nighttime temperatures will occur more
frequently (DOE 2013a). More households and businesses
may install air conditioning or upgrade from window units
to whole-building systems. Large increases in summer air
conditioning—along with associated technology and
structural investments—could be a transformational change
for much of the region. These changes could contribute to
nonlinear increases in total and peak electricity demand
(Auffhammer 2011). The New York Independent System
Operator (NYISO) expects peak demand to grow an average
of five times faster than total demand over the next decade
(NYISO 2014)." The most significant changes in the
projected number of extremely hot days occur in and near
coastal areas where the region’s populations are
concentrated (Figure 7-2).

! peak demand is forecast to grow 0.83% per year on average,
while overall electricity demand is forecast to grow 0.16% per year
on average from 2014 to 2024 in New York State.
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Figure 7-2. Average mid-century increases in hot days (>90°F) per
year®
Source: USGCRP 2014

Growth in electricity demand will reduce power system
resilience unless mitigated by successful demand side
management or increased generation capacity. These
increases in peak and annual demand heighten the risk of
service outages, particularly when combined with the
impacts of climate change on electricity generation and
transmission infrastructure (see Thermoelectric Power
Generation and Electric Grid sections).

Electricity Demand

Resilience Solutions

Energy efficiency, capacity expansion, and market
mechanisms such as demand response could improve the
electric power sector’s resilience to future increases in
electricity demand.

Energy efficiency can help reduce total electricity demand,
even as the need for cooling energy increases. Federal
energy efficiency programs such as the U.S. Department of
Energy’s (DOE’s) Weatherization Assistance Program reduce
energy demand by partnering with utilities (including the
Northeast Utility System) to provide weatherization services
to low-income families. Through DOE’s Better Buildings
Challenge, organizations in the region and across the
country are taking on important commitments to improve
the energy intensity of their buildings by at least 20% over
10 years and sharing strategies that work. Nationwide,
more than 190 organizations are participating in the
Challenge, representing more than 3 bill