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Message from the Director

The wind industry can be characterized by the substantial growth
of domestic manufacturing and the level of wind deployment
seen in recent years. Wind power systems are now seen as a
viable and competitive source of electricity across the nation.
Wind power’s emerging role is an important option in a portfolio
of new energy solutions for future generations. More than 4.5%
of our nation’s electricity now comes from wind power, placing
the industry at a crossroads between the opportunities of higher
energy penetration and the challenges of increased competition, policy uncertainty, access to
transmission and lower energy demand.

The primary goal of the Wind Vision was to gain insights, after analyzing and quantifying a
future scenario for wind energy, that consider our domestic manufacturing capacity, current
and projected cost trends, sensitivities to future demand and fuel prices, and transmission
needs. The Wind Vision was accomplished by bringing together leaders in energy in an effort
to pool their insights, build upon their advancements, and learn from their accomplishments to
project a credible future supported by the economic and societal benefits of wind energy.

In writing the Wind Vision, we recognize that the Energy Department is not the sole agent

to drive a new future for the industry, but the federal Wind Program can provide focus and
direction by leading efforts to accelerate the development of next-generation wind power

technologies and assisting in solving key market challenges.

I would like to express my deepest sense of gratitude to the hundreds of individuals across
our agency, industry, academia, and our national labs for their support, feedback and strategic
interest in a renewed vision for wind energy. Their level of involvement signals a bright future
for the wind industry.

The stakes for the nation are high. | am confident that, with sustained leadership in innovation,
U.S. wind power will continue to make a significant contribution to the ever-evolving energy
landscape. The Wind Vision is intended to assist in prioritizing the decisions needed to increase
the economic competitiveness of the U.S. wind industry throughout the 21st century.

José Zayas
Director, Wind and Water Power Technologies Office
U.S. Department of Energy
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Executive Summary: Overview

The U.S. Department of Energy’s (DOE’s) Wind and
Water Power Technologies Office led a comprehen-
sive analysis to evaluate future pathways for the wind
industry. Through a broad-based collaborative effort,
the Wind Vision had four principal objectives:

1. Documentation of the current state of wind power
in the United States and identification of key tech-
nological accomplishments and societal benefits
over the decade leading up to 2014;

2. Exploration of the potential pathways for wind
power to contribute to the future electricity needs
of the nation, including objectives such as reduced
carbon emissions, improved air quality, and
reduced water use;

3. Quantification of costs, benefits, and other impacts
associated with continued deployment and growth
of U.S. wind power; and

4. |dentification of actions and future achievements
that could support continued growth in the use
and application of wind-generated electricity.

The conclusions of this collaborative effort, summa-
rized below, demonstrate the important role that
wind power has in the U.S. power sector and highlight
its potential to continue to provide clean, reliable and
affordable electricity to consumers for decades to
come. The Wind Vision study does not evaluate nor
recommend policy actions, but analyzes feasibility,
costs, and benefits of increased wind power deploy-
ment to inform policy decisions at the federal, state,
tribal, and local levels.

A High U.S. Wind Penetration Futureis
Achievable, Affordable and Beneficial

Wind power is one of the fastest-growing sources

of new electricity capacity and the largest source of
new renewable power generation added in the United
States since 2000. Changes in wind power market
dynamics, costs, technology, and deployment since
the 2008 DOE report, 20% Wind Energy by 2030,
are documented through analysis of recent history,
current status (as of 2013), and projected trends. The
analysis of wind installation and operational experi-
ence as of 2013 concludes that:

Executive Summary

* Wind deployment, including associated manufac-
turing and installation activities, has demonstrated
the ability to scale to satisfy rapid build demands,
including the deployment levels of the Wind Vision
Study Scenario described below;

» Wind generation variability has a minimal and
manageable impact on grid reliability and related
costs; and

* Environmental and competing use challenges for
local communities, including land use, wildlife con-
cerns, and radar interference issues, can be effec-
tively managed with appropriate planning, technol-
ogy, and communication among stakeholders.

Deployment of wind technology for U.S.
electricity generation provides a domestic,
sustainable, and essentially zero-carbon,
zero-pollution and zero-water use U.S.
electricity resource.

The Wind Vision report deepens the understanding
of U.S. wind power’s potential contributions to clean,
reliable electricity generation and related economic
and other societal benefits. Results are provided from
analyses of U.S. greenhouse gas (GHG) and pollution
reductions, electricity price impacts, job and manu-
facturing trends, and water and land use impacts—for
the years 2020, 2030, and 2050. A high U.S. wind
penetration is achievable but will require actions as
identified in the Wind Vision Roadmap.

Study Summary

The Wind Vision report results from a collaboration of
the DOE with over 250 experts from industry, electric
power system operators, environmental stewardship
organizations, state and federal governmental agen-
cies, research institutions and laboratories, and siting
and permitting stakeholder groups. The Wind Vision
report updates and expands upon the DOE’s 2008
report, 20% Wind Energy by 2030, through analysis
of scenarios of wind power supplying 10% of national
end-use electricity demand by 2020, 20% by 2030,
and 35% by 2050. This Study Scenario provides a
framework for conducting detailed quantitative impact
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analyses. The Wind Vision analysis concludes that it

is both viable and economically compelling to deploy
U.S. wind power generation in a portfolio of domestic,
low-carbon, low-pollutant power generation solutions
at the Study Scenario levels. Realizing these levels

of deployment, however, would depend upon both
immediate and long-term actions—principally identi-
fying continued wind cost reductions, adding needed
transmission capacity, and supporting and enhancing
siting and permitting activities—to complement any
federal, state, tribal, and local policies that may be
enacted. Described in the Wind Vision Roadmap, these
actions focus on specific key challenges and stake-
holder actions that should be considered.

Analysis Overview

The Wind Vision analysis models three core scenar-
ios in order to better understand the sensitivities

in deployment to various external drivers and,
subsequently, to understand the likely economic and
environmental effects of those drivers on the scenar-
ios; a Baseline Scenario, with U.S. wind capacity held
constant at 2013 levels of 61 gigawatts (GW); a Busi-
ness-as-Usual Scenario (BAU), and a Study Scenario.
The BAU Scenario is used to evaluate the industry’s
domestic economic competitiveness today and into
the future based on central expectations of future
fossil fuel and renewable costs, energy demand,
scheduled existing fleet retirements, and federal and
state policies enacted as of January 1, 2014.

The Study Scenario starts with current manufac-
turing capacity (estimated at 8-10 GW of nacelle
assembly and other large turbine components within
the U.S. today) and applies central projections for
variables such as wind power costs, fossil fuel costs,
and energy demand in order to arrive at a credible
projected pathway that would maintain the existing
industry, for purposes of calculating potential social
and economic benefits. The Study Scenario is a plau-
sible outcome, representing what could come about
through a variety of pathways, including aggressive
wind cost reductions, high fossil fuel costs, federal
or state policy support, high demand growth, or
different combinations of these factors. The resulting
Study Scenario—10% by 2020, 20% by 2030, and
35% by 2050 wind energy as a share of national
end-use electricity demand—is compared against
the Baseline Scenario to estimate costs, benefits, and
other impacts associated with potential future wind
deployment.

National average wind costs are rapidly
approaching cost competitive levels,

but, without incentives, these costs are
higher than the national average for
natural gas and coal costs as of 2013.
With continued cost reductions, the Wind
Vision analysis envisions new wind power
generation costs to be below national
average costs for both new and existing
fossil plants within the next decade.

The Wind Vision study concludes that with continued
investments in technology innovation, coupled with a
transmission system that can provide access to high
resource sites and facilitate grid integration reliably
and cost-effectively, the Study Scenario is an ambi-
tious yet viable deployment scenario. Further, the
analysis concluded that the U.S. wind supply chain
has capacity to support Study Scenario wind deploy-
ment levels, with cumulative installations of 113 GW of
generating capacity by 2020, 224 GW by 2030, and
404 GW by 2050, building from 61 GW installed as of
the end of 2013.

Results: Overall Positive Benefit to the Nation
The Wind Vision concludes that U.S. wind deployment
at the Study Scenario levels would have an overall
positive economic benefit for the nation. Numerous
economic outcomes and societal benefits for the
Study Scenario were quantified, including*:

* An approximately 1% increase in electricity costs
through 2030, shifting to long-term cost savings of
2% by 2050.

» Cumulative benefits of $400 billion (net present
value 2013-2050) in avoided global damage
from GHGs with 12.3 gigatonnes of avoided GHG
emissions through 2050. Monetized GHG benefits
exceed the associated costs of the Study Scenario
in 2020, 2030, and 2050 and on a cumulative basis
are equivalent to a levelized global benefit from
wind energy of 3.2¢/kWh of wind.

» Cumulative benefits of $108 billion through 2050
for avoided emissions of fine particulate matter
(PM), nitrogen oxides (NO,), and sulfur dioxides
(S0,). Monetized criteria air pollutant benefits
exceed the associated costs of the Study Scenario
in 2020, 2030, and 2050, and on a cumulative basis
are equivalent to a levelized public health benefit
from wind energy of 0.9¢/kWh of wind.

* Quantitative results presented in this Overview are based on the Central Study Scenario, defined on Page xxviii. Modeling analysis is based on
current (as of 2013) and projected trend data to inform inputs, assumptions, and other constraints. Financial results are reported in 2013$

except where otherwise noted.
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Quantified consumer cost savings of $280 billion
through 2050 from reduced natural gas prices out-
side of the electricity sector, in response to reduced
demand for natural gas and its price elasticity. This
is equivalent to a levelized consumer benefit from
wind energy of 2.3¢/kWh of wind.

A 23% reduction in water consumed by the electric
sector in 2050, with significant value in locations
with constrained water availability.

Transmission capacity expansion similar to recent
national transmission installation levels of 870
miles per year, assuming equivalent single-circuit
345-kilovolt lines with a 900-MW carrying capacity.
Land use requirements for turbines, roads, and
other wind plant infrastructure of 0.04% of contig-
uous U.S. land area in 2050.

The Study Scenario also identifies certain other
impacts, such as those to wildlife and local com-
munities. It does not, however, monetize these
impacts, which are highly dependent on specific
locational factors.

Roadmap for Key Stakeholder Actions

The Wind Vision analysis concludes that, while the
Study Scenario is technically viable and econom-
ically attractive over the long run, a number of

stakeholder actions should be considered to achieve
the associated wind deployment levels. Improving
wind’s competitive position in the market can help
the nation maintain its existing wind manufacturing
infrastructure and the wide range of public benefits

detailed in the Wind Vision, including reducing carbon
emissions. The Wind Vision report outlines a roadmap
for moving forward and identifies the following key
activities, developed collaboratively with industry and
stakeholders:

Reducing wind power costs;

Expanding the developable areas for wind power;
and

Deploying wind in ways that increase economic

value for the nation, including support for U.S. jobs
and U.S. manufacturing.

Executive Summary

Wind cost reductions do not depend on disruptive
technological breakthroughs, but do rely on contin-
ued cost improvements, including rotor scale-up;
taller towers to access higher wind speeds; overall
plant efficiency improvements achieved through
advanced controls; improved plant designs enabled
by deepened understanding of atmospheric physics;
installation of both intra-region and inter-region
transmission capacity to high quality wind resource
locations; and collaboration and co-existence strate-
gies for local communities and wildlife that support
the timely and cost-effective installation of wind
power plants.

Risk of Inaction

Wind’s growth over the decade leading to 2014 has
been driven largely by wind technology cost reduc-
tions and federal and state policy support. Without
actions to support wind’s competitive position in the
market going forward, the nation risks losing its exist-
ing wind manufacturing infrastructure and much of the
public benefit illustrated by the Wind Vision analysis.

Conclusions

The Wind Vision analysis demonstrates the economic
value that wind power can bring to the nation, a value
exceeding the costs of deployment. Wind’s environ-
mental benefits can address key societal challenges
such as climate change, air quality and public health,

and water scarcity. Wind deployment can provide U.S.

jobs, U.S. manufacturing, and lease and tax revenues
in local communities to strengthen and support a
transition of the nation’s electricity sector towards

a low-carbon U.S. economy. The path needed to
achieve 10% wind by 2020, 20% by 2030, and 35%
by 2050 requires new tools, priorities, and emphases
beyond those forged by the wind industry in growing
to 4.5% of current U.S. electricity demand. Consid-
eration of new strategies and updated priorities as
identified in the Wind Vision could provide substantial
positive outcomes for future generations.

| Overview
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System Costs’

Benefits?3

The Study Scenario results in cumulative savings, benefits, and an array of additional impacts by 2050.

$

<D

Air

o

$149 billion (3%) lower

cumulative electric
sector expenditures

14% reduction in
cumulative GHG
emissions (12.3
gigatonnes CO,-
equivalents), saving

global damages

$400 billion in avoided

$108 billion savings

in avoided mortality,
morbidity, and economic
damages from cumulative
reductions in emissions of
SO,, NOy, and PM

21,700 premature deaths
from air pollution avoided

23% less water
consumption and 15%
less water withdrawals
for the electric power
sector

Additional Impacts

4

Energy Diversity

Jobs

$

Local Revenues

ot

Land Use

~

Public Acceptance
and Wildlife

Increased wind
power adds fuel
diversity, making
the overall electric
sector 20% less
sensitive to
changes in fossil
fuel costs.

The predictable,
long-term costs

of wind power
create downward
price pressure on
fossil fuels that can
cumulatively save
consumers $280
billion from lower
natural gas prices
outside the electric
sector.

Approximately
600,000 wind
related gross jobs
spread across the
nation.

$1 billion in
annual land lease
payments

$440 million
annual lease
payments for
offshore wind
plants

More than $3
billion in annual
property tax
payments

Less than 1.5%
(106,000 km?) of
contiguous land
area of the U.S.
occupied by wind
power plants

Less than 0.04%
(3,300 km?) of
contiguous U.S.
land area impacted
by turbine pads,
roads, and other
associated
infrastructure

Careful siting,
continued
research,
thoughtful public
engagement,

and an emphasis
on optimizing
coexistence can
support continued
responsible
deployment that
minimizes or
eliminates negative
impacts to
wildlife and local
communities

Note: Cumulative costs and benefits are reported on a Net Present Value basis for the period of 2013 through 2050 and reflect the difference in
impacts between the Central Study Scenario and the Baseline Scenario. Results reported here reflect central estimates within a range; see Chapter
3 for additional detail. Financial results are reported in 2013$ except where otherwise noted.

T Electric sector expenditures include capital, fuel, and operations and maintenance for transmission and generation of all technologies modeled,
but excludes consideration of estimated benefits (e.g., GHG emissions).

2 Morbidity is the incidence of disease or rate of sickness in a population.

3 Water consumption refers to water that is used and not returned to the source. Water withdrawals are eventually returned to the water source.
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Executive Summary: Key Chapter Findings

ES.1 Introduction

Wind power is one of the fastest-growing sources
of new electricity supply and the largest source

of new renewable power generation added in the
United States since 2000. Wind power generation
in the United States has tripled, increasing from

1.5% of annual electricity end-use demand in 2008
to 4.5% through 2013. As of 2013, there were more
than 61 gigawatts (GW) of wind generating capacity
installed, and electric system operators and utilities
throughout the country routinely consider wind
power as part of a diverse electricity generation
portfolio. Interest in wind power is stimulated by its
abundant resource potential (more than 10 times
current electricity demand); competitive, long-term
stable pricing; economic development potential; and
environmental attributes, including its ability to sup-
port reduced carbon emissions, improved air quality,
and reduced water use.

At the same time, low natural gas prices, low whole-
sale electricity prices, and reduced demand for
electricity since 2008 are impacting investments for
all new electric generation. Annual U.S. wind capac-
ity additions have varied dramatically as a function
of these factors as well as trends in wind power costs
and policy.

In this context, DOE initiated the Wind Vision
analysis. Led by the Wind and Water Power Technol-
ogies Office in DOE’s Office of Energy Efficiency and
Renewable Energy, the collaboration that resulted

in the Wind Vision represents more than 250 energy
experts with an array of specialties and includes grid
operators, the wind industry, science-based organiza-
tions, academia, governmental agencies, and environ-
mental stewardship organizations. The Wind Vision
serves as an update and significant expansion of an
earlier DOE report, 20% Wind Energy by 2030.

At its core, the Wind Vision is intended to inform a
broad set of stakeholders—including the industry,
policymakers, and the public—on the implications
of continued U.S. wind deployment. The analysis
conducted does not result in a prediction or forecast
of the future, but instead assesses the incremental
costs associated with the deployment of wind power
as a major part of the nation’s energy future, and
compares these costs to the value of the resulting
benefits. One of the greatest challenges for the 21st
century will be bringing affordable, secure, clean
energy to the world. This report considers the contri-
bution of U.S. wind power in resolving that challenge.

ES.1.1 Project Perspective
and Approach

In 2008, DOE evaluated the technical feasibility

of a scenario in which 20% of the nation’s annual
electricity consumption was served by wind power
in 2030. The resulting report, 20% Wind Energy by
2030, concluded that the U.S. power system could
support a 20% wind penetration scenario with an
increase in electric sector expenditures of 2% over
the time frame of the study (2008-2030), relative to
a future with no new wind. The report also identified
key activities to be addressed, including expanding
transmission infrastructure, reducing the cost of wind
power, integrating wind reliably into the bulk power
system, and addressing potential concerns related to
siting and permitting of wind plants. Since the release
of 20% Wind Energy by 2030, wind power’s installed
capacity has increased by a factor of three. As of
2013, annual installations have surpassed the initial
levels envisioned in the 20% scenario and progress
has been made across the challenges that were
identified. The Wind Vision documents the industry’s
progress since the 2008 report, leveraging the past to
inform future opportunities.

Key Chapter Findings
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1. 20% Wind Energy by 2030: Increasing Wind Energy’s Contribution to U.S. Electricity Supply. U.S. Department of Energy. Washington,
DC: DOE, 2008. Accessed Feb. 4, 2015: http.//energy.gov/eere/wind/20-wind-energy-2030-increasing-wind-energys-contribution-us-
electricity-supply.
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Analytical Framework of the Wind Vision

The Wind Vision Study Scenario, or Study Scenario, applies a trajectory of 10% of the nation’s end-
use demand served by wind by 2020, 20% by 2030, and 35% by 2050. It is the primary analysis

Key Chapter Findings

ngnd V.ISIon Study scenario for which costs, benefits, and other impacts are assessed. The Study Scenario comprises a

cenario range of cases spanning plausible variations from central values of wind power and fossil fuel costs.
The specific Study Scenario case based on those central values is called the Central Study Scenario.
The Baseline Scenario applies a constraint of no additional wind capacity after 2013 (wind

Baseline Scenario capacity fixed at 61 GW through 2050). It is the primary reference case to support comparisons

of costs, benefits, and other impacts against the Study Scenario.

The Business-as-Usual (BAU) Scenario does not prescribe a wind future trajectory, but instead
models wind deployment under policy conditions current on January 1, 2014. The BAU Scenario
uses demand and cost inputs from the Energy Information Administration’s Annual Energy
Outlook 2014.

Business-as-Usual
Scenario

Note: Percentages characterize wind’s contribution to the electric sector as a share of end-use electricity demand (net wind generation
divided by consumer electricity demand).
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The Wind Vision analysis also seeks to provide better
understanding of the future potential of wind power
and quantify the costs and benefits of continued
investment in wind power. The analysis, modeling
inputs, and conclusions presented are based on the best
available information from the fields of science, technol-
ogy, economics, finance, and engineering, and include
the historical experience gained from industry growth
and maturation in the decade leading up to 2014.

Finally, the Wind Vision is action-oriented. It exam-
ines the continued development and use of wind
power in the United States. The Wind Vision roadmap
identifies key challenges and the means by which
they might be resolved. Priorities aim at positioning
wind power to support the continued transformation
of the nation’s electric power sector.

Although policy is a key variable that is expected to
impact the future of wind power in the United States,
no policy recommendations are included in the

Wind Vision. Such recommendations are outside the
scope of the current effort. Nonetheless, the Wind
Vision, and in particular the assessment of costs and
benefits, is intended to facilitate informed discus-

2030, and 35% by 2050. This scenario, called the
Wind Vision Study Scenario, was identified as an
ambitious but credible scenario after conducting a
series of exploratory scenario modeling runs under
Business-as-Usual conditions. In order to quantify
the costs, benefits, and other impacts of future wind
deployment, the outcomes of the Study Scenario

are compared against those of a reference Baseline
Scenario that fixes installed wind capacity at year-
end 2013 levels of 61 GW. The Baseline Scenario and
Study Scenario are not goals or future projections

of wind power. Rather they comprise an analytical
framework that supports detailed analysis of potential
costs, benefits, and other impacts associated with
future wind deployment. These three scenarios—
Study Scenario, Baseline Scenario, and Business-as-
Usual Scenario—are summarized above and constitute
the primary analytical framework of the Wind Vision.

The Wind Vision analysis conducts an assessment
of future wind power growth projections using a

“Business-as-Usual” framework and sensitivities on
key variables such as wind power costs, fossil fuel
prices, and electricity demand to understand the

sions among diverse stakeholder groups regarding
the future of wind power within the electric power
sector of the United States. Points of emphasis in the
Wind Vision analysis are divided into three discrete
time-scales: near-term (2020), mid-term (2030), and
long-term (2050).

opportunities for wind (presented in Chapter 1 of
the Wind Vision report). This evaluation assists in
identifying a credible scenario for further analysis of
costs and benefits and in highlighting specific future
actions that could support continued wind growth,
including continued cost reductions.

The primary analysis of the Wind Vision centers on
a future scenario in which wind energy serves 10%
of the nation’s end-use demand by 2020, 20% by

XXViii Executive Summary | Key Chapter Findings




ES.1.2 Understanding the Future
Potential for Wind Power

In order to structure a model to consider the future
potential for wind power, the Wind Vision starts
with Business-as-Usual, or BAU, conditions. Analysis
was performed using the National Renewable Energy
Laboratory’s Regional Energy Deployment System'

(ReEDS) capacity expansion model and other sup-
porting models and analyses. The ReEDS model relies
on system-wide least-cost optimization to estimate
the type and location of fossil, nuclear, renewable,
and storage resource development; the transmission
infrastructure expansion requirements of those instal-
lations; and the generator dispatch and fuel needed

Table ES.1-1. Modeling Inputs and Assumptions in Business-as-Usual Scenario Modeling®34

Modeling Variables

Electricity demand

Business-as-Usual (BAU) Scenario

AEO 2014 Reference Case (annual
electric demand growth rate 0.7%)

Sensitivity Variables

1: AEO 2014 High Economic Growth Case
(annual electric demand growth rate 1.5%)

2: AEO 2014 Low Economic Growth Case
(annual electric demand growth rate 0.5%)

Fossil fuel prices

AEO 2014 Reference Case

1: Low Oil and Gas Resource and High Coal
Cost cases (AEO 2014)

2: High Oil and Gas Resource and Low Coal
Cost cases (AEO 2014)

Fossil technology and
nuclear power costs

AEO 2014 Reference Case

None

Wind power costs

Median 2013 costs, with cost
reductions in future years derived
from literature review

1: Low costs: median 2013 costs and
maximum annual cost reductions reported
in literature

2: High costs: constant wind costs from
2014-2050

Other renewable

Literature-based central 2013 estimate

expansion

costs from Eastern Interconnection
Planning Collaborative

power costs and future cost characterization None
Polic Policies as current and legislated on None
y January 1, 2014
Pre-2020 expansion limited to
Transmission planned lines; post-2020, economic
expansion, based on transmission line | None

1. The Regional Energy Deployment System (ReEDS) is a long-term capacity-expansion model for the deployment of electric power gener-
ation technologies and transmission infrastructure throughout the contiguous United States. ReEDS is designed to analyze critical issues
in the electric sector, especially with respect to potential energy policies, such as clean energy and renewable energy standards or carbon
restrictions. See http.//www.nrel.gov/analysis/reeds/ for more information.

2. Annual Energy Outlook 2014. DOE/EIA-0383(2014). Washington, DC: U.S. Department of Energy, Energy Information Administration, 2014.
Accessed Dec. 14, 2014: http./www.eia.gov/forecasts/aeo/.

3. Phase 2 Report: DOE Draft—Parts 2-7, Interregional Transmission Development and Analysis for Three Stakeholder Selected Scenarios. Work
performed by Eastern Interconnect Planning Collaboration under contract DE-OE0000343. Washington, DC: U.S. Department of Energy,
December 2012. Accessed Feb. 4, 2015: http./www.eipconline.com/Phase_Il_Documents.html.

4. Electric Power Monthly. U.S. Department of Energy, Energy Information Administration, 2014. Accessed Dec. 14, 2014: www.eia.gov/

electricity/monthly/.
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to satisfy regional demand requirements and maintain
grid system adequacy. The model also considers
technology, resource, and policy constraints.

BAU conditions assume a future scenario under
enacted federal and state policies as of January 1,
2014. Modeling inputs were extracted from the
published literature as well as the DOE Energy
Information Administration’s Annual Energy Outlook
(AEO) 2014. Literature sources were used to develop
future projections of renewable power cost and
performance. The AEO was the source for fossil and
nuclear technology cost and performance projections,
as well as the source for fuel prices and electricity
load growth projections. The sources of modeling
inputs are summarized in Table ES.1-1.

BAU conditions indicate that growth in wind gen-
eration and capacity will be limited through 2030
(Figure ES.1-1), with more robust growth occur-
ring between 2030 and 2050. Wind generation is
projected to settle at about 7% of total electricity
demand in 2016 after projects currently under con-
struction (and qualifying for the federal production
tax credit) are placed into service. BAU modeling
projects minimal further growth to 10% by 2030. For
the period 2015-2030, average annual new capacity
additions are estimated at 3 GW/year, substantially
below recent (as of 2013) capacity additions. Negative
impacts to the wind industry manufacturing sector

and employment would be expected under BAU.
After 2030, however, wind becomes more competitive
as a result of continued cost improvements, projected
increases in fossil fuel prices, and increased demand
for new power generation. As a share of total U.S.
electricity demand, wind power reaches 25% in 2050
under the BAU Scenario, with average annual new
capacity additions from 2031 to 2050 corresponding
generally to historical levels of capacity additions
between 2009 and 2013.

Analysis results are informed by an array of sensi-
tivities with market conditions that are unfavorable
to wind. These conditions were developed to under-
stand wind growth assuming no further cost reduc-
tions, AEO 2014 low coal and natural gas prices, and
AEO 2014 low electricity demand growth. An array

of factors could shift growth in wind capacity and
generation even later in the study period (e.g., after
2040), such as continued low fossil fuel prices and no
further reductions in wind power costs.

Other factors and market conditions, however, such
as low wind power costs, high fossil fuel prices, or
high electricity demand can accelerate future wind
growth and drive wind penetration (as a share of
total U.S. electricity demand) (Figure ES.1-2). In
combination, low wind power costs and high fossil
fuel prices support wind generation levels approach-
ing 10% by 2020, 25% by 2030, and 40% by 2050.

Under BAU Scenario conditions, wind stagnates and annual installations fall to levels 50% or more below the

latest five-year average.

AEO Reference
Electricity Demand

5,000

Historical and Average New Wind

Capacity Additions Under BAU Scenario

3
S 4000 . % End-Use
i Fered GW/year Electricity Demand
S 3,000
© 2009-2013 (actual) 7 4.5%
% 2,000
U]
% 1000 2014-2020 4 7%
Y 2021-2030 3 10%
2010 2020 2030 2040 2050
= \Nind generation under BAU Scenario 2031-2050 8 25%

Note: The BAU Scenario assumes AEO Reference Case fuel costs, AEO Reference Case electricity demand, median values for renewable energy
costs derived from literature, and policy as current and legislated on January 1, 2014. Percentage of end-use electricity demand data are

contributions as of the end of the indicated period (e.g., 2009-2013).

Figure ES.1-1. Wind generation and average new capacity additions under BAU
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The Study Scenario falls within the range of economic sensitivities around the BAU Scenario.
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Figure ES.1-2. Wind Vision Study Scenario relative to BAU and sensitivities®

Analysis results are informed by an array of sensi-
tivities with conditions that are favorable to wind.
These conditions were developed to understand wind
growth assuming aggressive wind cost reductions,

At the core of the Wind Vision analysis is an
assessment of costs, benefits, and other impacts
from continued wind deployment. Evaluation

AEO 2014 high coal and natural gas prices, and AEO
2014 high demand growth (Figure ES.1-2). When
imposed independently, changes in these variables
support levels of new wind capacity additions that
are comparable to recent historical levels (e.g., 7 GW/
year from 2009 to 2013) in the near-term (2020)

and in excess of historical levels from 2030 to 2050.
In combination, these variables can support levels

of new wind growth on the order of 10-15 GW/year
throughout the period of analysis.

ES.1.3 Defining a Credible
Scenario to Calculate Costs,
Benefits, and Other Impacts

Drawing from the analysis described in Section
ES.1.2, the Wind Vision Study Scenario was identi-
fied as a credible scenario that extends current wind

of costs and benefits requires the development
of a future scenario, identified as the Wind
Vision Study Scenario (or Study Scenario), and

a reference case, identified as the Baseline
Scenario. The Study Scenario is grounded in

the range of credible scenarios examined in

the BAU and related sensitivity analyses, with
specific bounds based on aggressive wind
power cost reduction, high fossil fuel prices, or a
combination of both. This approach illuminates
key opportunities and challenges associated with
continued wind power growth, and compares
them against an array of environmental and
other benefits associated with the scenarios.

wind cost reductions and relatively high fossil fuel
prices. It also extends recent (as of 2013) deployment
trends and maintains the existing domestic manu-
facturing base. In the mid-term (2030), the Study
Scenario falls between modeled wind generation
under aggressive cost reductions or aggressive cost

deployment trends, leverages the existing domestic
wind industry manufacturing base, and comple-
ments the broader literature. In the near-term
(2020), the wind deployment in the Study Scenario
is consistent with the growth found with aggressive

5. See Analytical Framework of the Wind Vision at the beginning of the Executive Summary for a brief description of the Wind Vision Study
scenarios analyzed.
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Table ES.1-2. Wind Penetration (% share of end-use demand) in BAU Scenario, BAU Sensitivities, and the Study Scenario®

BAU Sensitivities
. High Fossil Study
R e High Fossil Low Wind Fuel Costs Scenario
Fuel Costs Costs and Low
Wind Costs

(azc?lzl) 4.5% 4.5% 4.5% 4.5% 4.5%
2020 7% 7% 8% 10% 10%
2030 10% 17% 16% 24% 20%
2050 25% 32% 34% 41% 35%

Note: Percentages characterize wind’s contribution to the electric sector as a share of end-use electricity demand

(net wind generation divided by consumer electricity demand).

reductions coupled to high fossil fuel prices, while
continuing to build from the existing manufacturing
base and maintaining consistency with the 2008
study. In the long-term (2050), the Study Scenario

is grounded by modeled results under low wind
costs—i.e., land-based wind levelized cost of electric-
ity (LCOE) reduction of 24% by 2020, 33% by 2030,
and 37% by 2050; and offshore wind LCOE reduction
of 22% by 2020, 43% by 2030, 51% by 2050 (Figure
ES.1-2 and Table ES.1-2.).

The Study Scenario is represented by wind power
penetration levels, as a share of total U.S. electricity
demand, of 10% by 2020, 20% by 2030, and 35%
by 2050. Sensitivity analyses within the Study Sce-
nario, maintaining the same wind penetration levels,
are used to assess the robustness of key results and
highlight the impacts of varying wind power costs
and fossil fuel prices. In the Wind Vision, many of the
results emphasize outcomes across the full range

of sensitivities; however, the Executive Summary
primarily presents impacts for a single Central case.
The Central case, or Central Study Scenario, applies
common inputs with the BAU Scenario for technology
cost and performance, fuel pricing, and policy treat-
ment, but is distinguished from that scenario by its

reliance on the prescribed Study Scenario trajectory
(10% wind penetration by 2020, 20% by 2030, and
35% by 2050).

The Study Scenario trajectory falls within the

range of credible future scenarios, identified in
BAU and the sensitivity analyses described earlier
and illustrated in Figure ES.1-2. The Study Scenario
seeks to understand the implications of maintaining
consistency with U.S. wind installation trends and
performance as well as domestic manufacturing, and
leverages up-to-date insights into grid integration
management and transmission capacity. Distributed
wind applications’ are not explicitly represented but
are considered as part of the broader land-based
capacity associated with the Study Scenario.

Although U.S. wind generation as of 2013 was
entirely land-based, the Wind Vision analysis recog-
nizes that offshore wind reached 6.5 GW globally in
2013 and an array of offshore projects in the United
States are advancing through the development pro-
cess. The Study Scenario includes explicit allocations
for land-based and offshore wind (Figure ES.1-3).
Near-term (through 2020) offshore contributions are
estimated based on projects in advanced stages of
development in the United States and on global

6. See Analytical Framework of the Wind Vision at the beginning of the Executive Summary for a brief description of the Wind Vision Study

scenarios analyzed.

7. Distributed wind applications refer to wind power plants or turbines that are connected either physically or virtually on the customer

side of the meter.
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The Study Scenario consists of 10% wind generation by 2020, 20% by 2030, and 35% by 2050 compared

against the Baseline Scenario.

40%
35% by 2050

Cumulative Wind

) Capacity (GW)
B 30%
S 20% b i -
= ; o OV Basel/n.e Land 61
35 Scenario based
25 2% 10% by
S > _
Sy Ry Land 6 | mo | 202 | 38
5 10% [ based
® Central
Study | offshore 0 3 22 86
0% Scenario
2010 2020 2030 2040 2050
B Offshore ¥ Land-based Total 61 ns 224 404

Note: Wind capacities reported here are modeled outcomes based on the Study Scenario percentage wind trajectory. Results assume central
technology performance characteristics. Better wind plant performance would result in fewer megawatts required to achieve the specified wind
percentage, while lower plant performance would require more megawatts.

Figure ES.1-3. The Wind Vision Study Scenario and Baseline Scenario

offshore wind technology innovation projections
identified in the literature. Longer-term (post-2020)
contributions are based on literature projections for
global growth and assume continued U.S. growth in
offshore, whereby offshore wind provides 2% of U.S.
electricity demand in 2030 and 7% in 2050.

Impacts from the Study Scenario are compared
to a Baseline Scenario in which wind capacity is
fixed at 2013 levels. The key design feature that
distinguishes these scenarios is the level of wind
deployment (i.e., 2013 capacity levels in the Baseline

Executive Summary

Scenario and respective wind capacity in the Study
Scenario that corresponds to the trajectory of 10%
wind penetration by 2020, 20% by 2030, and 35%
by 2050). Resulting differences in outcomes based
on this design feature (e.g., transmission expansion,
electricity prices, fossil generation) are evaluated and
attributed specifically to wind power deployment.
Comparison with the Baseline Scenario enables an
estimation of the incremental impact of all future
(post-2013) wind deployment, including the eco-
nomic and social benefits of wind.

Key Chapter Findings
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ES.2 State of the Wind Industry:
Recent Progress, Status and Emerging Trends

With more than 61 GW installed across 39 states at
the end of 2013, utility-scale wind power is a cost-
effective source of low-emissions power generation
in those regions where substantial wind potential
exists. From 2008 to 2013, wind power installations
expanded in geographic deployment and cumulative
capacity (Figure ES.2-1), with corresponding growth
in the domestic supply chain. Arizona, Delaware,
Maryland and Nevada each added their first utili-
ty-scale wind projects between 2008 and 2013.

Wind power costs have declined by more than one-
third since 2008 and the U.S. manufacturing base

Wind power is becoming a mainstream power source
in the U.S. electricity portfolio, supplying 4.5% of the
nation’s electricity demand in 2013. Since the 2008
publication of the DOE report, 20% Wind Energy by
2030, the industry has scaled its domestic manu-

facturing capacity and has driven down wind power
costs by more than one-third. A review of these
industry developments is summarized in Chapter 2,
and these insights were used to inform the modeling
inputs and assumptions of the Study Scenario.

In 2013, cumulative utility-scale wind deployment reached 61 GW across 39 states.

Total Wind Deployment Total Capacity (GW)

@ Through 2008 60

@ 2009 through 2013 9
5

<1

Top 5 States in 2013
by total capacity (GW)

Texas California lowa |lllinois Oregon

Note: Distributed wind projects with less than 1 MW have been installed in all 50 states.

Figure ES.2-1. Utility-scale wind deployment through 2013
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In several aspects, the wind industry has made progress since 2008 exceeding expectations from the DOE

Report, 20% Wind Energy by 2030.

2008 Actuals

2013 Model Results
Detailed in the 2008
Report, 20% Wind
Energy by 2030

2013 Actuals

4

Cumulative Installed
Wind Capacity (GW)

44444

1445444

25 8
States with Utility-Scal )) @ D
e win ity scae | QY & (T
29 35 39
Costs (2013$/MWh)? 3999333 $$$$$%4 $$$$
71 66 45

a. Estimated average levelized cost of electricity in good to excellent wind resource sites (typically those with average wind speeds of 7.5 m/s

or higher at hub height) and excluding the federal production tax credit

Figure ES.2-2. Wind power progress since the 2008 DOE Report, 20% Wind Energy by 2030

has expanded to support annual deployment levels
growth—from 2 GW/year in 2006, to 8 GW/year in
2008, to peak installations of 13 GW/year in 2012.
While the 20% Wind Scenario from the 2008 report
was not a projection for the future, the growth of
wind power since 2008 exceeded the assumptions
made in that report. Figure ES.2-2 lists a comparison
of historical data from 2008, the 2013 outcomes in
the 2008 20% Wind Scenario, and actual 2013 wind
power statistics. The noted updates in wind power
costs and supply chain capacity were used to inform
the feasibility of the Study Scenario.

ES.2.1 Wind Power Markets
and Economics

In the United States, new investments in wind plants
averaged $13 billion/year between 2008 and 2013.2
Global investment in wind power grew from $14 billion
in 2004 to $80 billion in 2013, a compound annual
growth rate of 21%. Although impacted by policy
uncertainty and associated variability in demand,
domestically manufactured content for large turbine
components has increased. Domestic nacelle assembly
capacity, for example, is estimated at 10 GW/year.

The combined import share of wind equipment
tracked by trade codes (i.e., blades, towers, genera-
tors, gearboxes, and complete nacelles), as a fraction
of total equipment-related turbine costs, declined
from approximately 80% in 2006-2007 to 30% in
2012-2013. Though not all equipment is tracked,
domestic content for some large, key components,
such as blades and towers, ranged between 50% and
80% in 2012. Domestic content for nacelle components
was significantly lower. The share of wind turbine
project costs (including non-turbine equipment project
costs that were sourced domestically) was approx-
imately 60% in 2012. In 2013, the wind supply chain
included more than 560 facilities across 43 states.
Given the transport and logistics challenges of moving
large wind turbine components over long distances,
continued U.S. manufacturing and supply chain vitality
is expected to be at least partially coupled to future
levels of domestic demand for wind equipment.
Recent fluctuations in demand and market uncertainty
have forced some manufacturing facilities to furlough
employees and others to cease operations altogether.

The LCOE from wind in good to excellent resource
sites declined by more than one-third from 2008
to 2013, falling from $71/megawatt-hour (MWh) to

8. Unless otherwise specified, all financial results reported are in 2013$.
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$45/MWh (Figure ES.2-2). In some markets with
excellent wind resource and transmission availability,
wind power sales prices are competitive with fossil
generation, but significant variations are seen in the
LCOE of individual wind projects. The LCOE for wind
is influenced by the quality of the wind resource

and access to transmission, as well as by capital and
balance of system costs, plant performance and
productivity, operations and maintenance (O&M)
costs, and financing costs. Incentives and policies also
have significant effects on power purchase agreement
prices. In some regions of the country, especially
those with state tax incentives, wind power prices are
competitive with wholesale power prices and other
new sources of generation.

Low natural gas market prices and their subsequent
impacts on wholesale electricity prices, along with
overall low energy growth since 2008 and a lack of
long-term federal policy stability, have influenced
recent levels of wind power deployment. Natural
gas generation comprised 30% of end-use electricity
demand in 2013, compared with 24% in 2008 and a
peak of 33% in 2012. Low natural gas prices exerted
downward pressure on wholesale power prices in
recent years preceding 2013. Over the same period

of time, electricity demand has remained relatively
constant as a result of the combination of the eco-
nomic recession and recovery, and improved energy
efficiency. Despite these trends, robust wind deploy-
ment in the United States since 2008 has been driven
by substantial advancements in wind technology and
cost reductions, coupled with continued state and
federal policy support. At the same time, prior expira-
tions of federal incentives have created a boom-bust
cycle for wind power (Figure ES.2-3). Because of
electricity market conditions and the latest expiration
of the federal production tax credit (PTC), this robust
growth is not projected to continue.

ES.2.2 National Social and
Economic Impacts of Wind

Local economic impacts of wind power are derived
from temporary and permanent employment in
construction, engineering, transportation, manufac-
turing, and operations; local economic activity
resulting from wind construction; and increased
revenues from land lease payments and tax revenue.
A study of economic development impacts for wind
power installations between 2000 and 2008 found

Policy uncertainty has resulted in fluctuations in historical wind deployment.

L

PTC Expiration

Annual Wind Capacity Additions (GW)
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Note: As of January 1, 2014 the PTC expired again and lapsed for a period of nearly 12 months. In December 2014 the PTC was extended again,

although only through year-end 2014.

Figure ES.2-3. Historical wind deployment variability and the PTC
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Wind generation in 2013 provided a range of environmental benefits.

i !

Carbon Dioxide Sulfur Dioxide
reduced by reduced by
115,000,000 . 157,000
metric tonnes 5 metric tonnes
— — — —
Equivalent to . Equivalent to annual
CO2 emissions from 5 emissions of
270 million i 12 uncontrolled
barrels of oil : coal plants
- :

3

J

Nitrous Oxide Water Consumption
reduced by reduced by
97,000 . 36.5 billion

metric tonnes 5 gallons

— — — —
Equivalent to annual Equivalent to
emissions of 116 gallons/
10 uncontrolled person
coal plants in the U.S.

Note: Emissions and water savings calculated using the EPA’s Avoided Emissions and Generation Tool (AVERT). ‘Uncontrolled coal plants’ are

those with no emissions control technology.

Figure ES.2-4. Estimated emissions and water savings resulting from wind generation in 2013°

that total county personal income was 0.2% higher
and employment 0.4% higher in counties with
installed wind power, relative to those without wind
power installations. Another study on four rural
counties in west Texas found cumulative economic
activity resulting from wind investments in local
communities to be nearly $520,000 (2011$) per MW
of installed capacity over the 20-year lifetime of the
wind plant. In 2013, an estimated total of more than
50,000 onsite and supply chain jobs were supported
nationally by wind investments.

Wind deployment delivers public health and
environmental benefits today, including reduced
greenhouse gas (GHG) emissions, reduced air
pollutants, and reduced water consumption and
withdrawals. The power sector is the largest contrib-
utor to GHG emissions and a major source of criteria
air pollutants such as sulfur dioxide (SO,) and nitrous
oxides (NO,). Wind power is already reducing these
emissions from the power sector (Figure ES.2-4).
Future wind deployment levels will affect the magni-
tude of these benefits.

ES.2.3 Wind Technology,
Manufacturing, and Logistics

Continued advancements and scale-up of turbine
technology have helped reduce wind power costs
and enable broader geographic deployment of
wind power. Significant effort has been applied to
improve performance and reliability of individual wind
turbines. These improvements have included design
of longer blades and taller towers (Figure ES.2-5),
developments in innovative drive train designs, and
increased use of improved controls and sensors that
collectively capture energy from the wind more cost
effectively. Wind technology improvements have
made lower wind speed sites more economically
viable, even in regions previously thought to have
little or no wind potential. In 2013, wind project
development was underway in nearly every U.S. state
and the focus of innovation was shifting from individ-
ual turbine performance to overall plant performance
characteristics, which will continue to drive down
wind electricity generation costs.

9. The Clean Air Benefits of Wind Energy. Washington, DC: American Wind Energy Association. Accessed February 3, 2015:

http.//www.awea.org/Advocacy/Content.aspx?ltemNumber=5552.
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Scale-up of wind technology has supported cost reductions.
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Note: LCOE is estimated in good to excellent wind resource sites (typically those with average wind speeds of 7.5 m/s or higher), excluding the
federal production tax credit. Hub heights reflect typical turbine model size for the time period.

Figure ES.2-5. Wind technology scale-up trends and the levelized cost of electricity

Technology advancements now center on com-
plementing larger wind turbines with enhanced
siting strategies and advanced control systems for
arrays of wind turbines. A better understanding of
wind resources and continued technology develop-
ments are leading trends in improved performance,
increased reliability, and reduced cost of wind elec-
tricity. As turbine technology advances and compo-
nents like blades and towers increase in size, trans-
portation costs could increase and manufacturing
may become more complex. The industry is working
to balance costs and benefits, with innovative trans-
port solutions across the supply chain. Continued
innovation in turbine design, manufacturing, trans-
portation, and construction can allow industry to
address logistical barriers for the next generation of
larger wind turbines.

Domestic manufacturing could continue to expand,
provided domestic demand remains stable. Domes-
tic wind components and skilled labor requirements
will continue to be dependent on near-term domestic
demand. Lack of stable domestic demand for wind
power could reverse the trend of higher domestic
content in wind turbine manufacturing.

Executive Summary

ES.2.4 Wind Integration
and Delivery

Large amounts of wind power are reliably and effec-
tively integrated into the electric power system.
Wind power contributed 4.5% of U.S. electricity
demand and 3.2% of global electricity demand
through 2013; two states, lowa and South Dakota,
exceeded 25% of in-state generation from wind in
2013; and seven other states operated with greater
than 12% of their annual electricity generation from
wind (Colorado, Idaho, Kansas, Minnesota, North
Dakota, Oklahoma, and Oregon). Power system
operators who have experience with wind now view
its use routinely as a dependable component in the
portfolio of generating options. Wind power has
been successfully integrated into the power system
and can contribute to grid management services in
flexible power systems. Improved wind forecasting,
wind plant controls, and expanding the geographical
area for reserve sharing and demand response have
all contributed to increased power system flexibility.

Key Chapter Findings



Many potential sites with high quality wind energy
resources have minimal or no access to electrical
transmission facilities. This creates a bottleneck

to cost-effective wind deployment. Various efforts
have yielded progress nationally on overcoming
transmission barriers. For example, the Competitive
Renewable Energy Zones Plan in Texas enabled
transmission expansion to connect wind-rich
resources in the Texas Panhandle to population cen-
ters in the central and eastern regions of the state.
Prior to the Competitive Renewable Energy Zones
Plan, 7 GW of wind power were operating within
Texas. By early 2014, interconnection agreements had
been signed for proposed projects totaling an addi-
tional 7 GW, and applications had been submitted for
24 GW of wind power. Dedicated efforts like those In
Texas could be a model for transmission expansion in
other regions of the country.

ES.2.5 Wind Deployment: Siting,
Regulation, and Collaboration

Extensive experience and focused research have
shown that adverse impacts to wildlife and local
communities resulting from wind deployment need
to be managed through careful siting, thoughtful
public engagement, and mitigation strategies.
Emphasis is now on optimizing co-existence, address-
ing community and regulatory concerns in the devel-
opment process, and using mutually agreed-upon
strategies to reduce or eliminate potential negative
impacts, all while supporting responsible wind power
deployment. Siting concerns are being addressed by
on-going research. One example of this work is a 2014
DOE study produced by Lawrence Berkeley National
Laboratory. Findings from this study indicate no
statistical impact on home property values near wind

Executive Summary

facilities. Another example is a recent American Wind
Wildlife Institute study that provides the most recent
assessment of the avian mortality impact of wind
plants. Open collaboration with a community and its
leaders provides increased public involvement and
understanding of best practices for both land-based
and offshore wind deployment.

A number of government agencies, industry orga-
nizations, researchers, academics, non-government
organizations, and collaborative groups are working
to address wind-related issues, from permitting

and environmental oversight to manufacturing and
workforce training. Work by collaborative groups
has shifted from the basic sharing of information

and best practices to active engagement aimed at
solving specific problems at the local, regional, and
national levels. Example collaborative bodies in this
effort include the American Wind Wildlife Institute,
the Bats and Wind Energy Cooperative, the National
Wind Coordinating Collaborative, and the Utility Vari-
able-Generation Integration Group. These parties have
enhanced education to help stakeholders understand
the role and impact of wind on the energy market,
communities, and the environment.

The wind power community has addressed sub-
stantive siting and regulatory issues, and continues
to work closely with regulatory organizations to
streamline regulatory processes. Requirements can
vary widely by state, locality, site ownership and
oversight, project size, grid interconnection, and other
project attributes. As a result, wind power projects
across the country must adhere to different and
changing regulatory standards, leaving uncertainties
in development timelines and increasing risks to
successful project development.
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ES.3 Costs, Benefits, and Other Impacts

of the Study Scenario

The Wind Vision analysis considered an array of
impacts for the Study Scenario (10% wind pene-
tration by 2020, 20% by 2030, and 35% by 2050)
relative to the Baseline Scenario. Modeling inputs
for these scenarios are consistent with those applied
in the prior BAU Scenario and sensitivities (see Table
ES.1-1) except wind power deployment is fixed at
Study Scenario levels. Under BAU conditions, wind
power deployment occurs if and where wind power
is economically competitive. In the Study Scenario,
wind deployment begins in 2013 at 61 GW and then
is added in future years to reach levels of 10% wind
penetration by 2020, 20% by 2030, and 35% by
2050. In the Baseline Scenario, wind power deploy-
ment begins in 2013 at 61 GW and then remains fixed
at 61 GW for all future years. Although the Study
Scenario does not precisely replicate the prior BAU
or related sensitivity outcomes, aggressive wind
cost reductions (land-based wind LCOE reduction of
24% by 2020, 33% by 2030, and 37% by 2050 and
offshore wind LCOE reduction of 22% by 2020, 43%
by 2030, 51% by 2050), high fossil fuel prices (e.g.,
$3/MMBtu coal price and $7/MMBtu electric sector
natural gas price), or various combinations of the two
could support the level of wind penetration achieved
in the Study Scenario.

ES.3.1 Wind Industry and
Electric Sector Impacts

In the Central Study Scenario, total installed wind
capacity increases from the 61 GW installed at
year-end 2013 to approximately 113 GW by 2020,
224 GW by 2030, and 404 GW by 2050. This growth
represents nearly three doublings of installed capacity
and includes all wind market segments: land-based,
distributed, and offshore wind. Of these installed
capacity amounts, offshore wind comprises 3 GW, 22
GW, and 86 GW for 2020, 2030, and 2050, respec-
tively. The amount of installed capacity needed to
meet the deployment levels considered in the Study
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Scenario will depend on future wind technologies.
For example, with improvements in wind technology
yielding higher capacity factors, only 382 GW of wind
capacity is needed to reach the 35% penetration level
in 2050. Conversely, 459 GW would be required using
today’s technologies without further advancements.
Growth in the Study Scenario utilizes approximately
5% of the available land-based wind resource (after
exclusions for environmentally sensitive or other
protected areas) and 5.5% of the available offshore
wind resource of the nation.

The Study Scenario supports new capacity additions
at levels comparable to the recent (as of 2013) past,
but drives increased demand for new wind turbine
equipment as a function of repowering needs.
Demand for wind turbines averages approximately

8 GW/year from 2014 to 2020 and 12 GW/year from
2021 to 2030, and increases to 18 GW/year from 2031
to 2050. While aggregate demand trends upward
(Figure ES.3-1), it is primarily concentrated in the new
land-based segment in the near-term. Deployment
of offshore plants and repowering (the replacement
of turbine equipment at the end of its useful life with
new state-of-the-art turbine equipment) become
more significant segments of the industry in the
2031-2050 timeframe.

Although electricity rates increase by 1% between

2020 and 2030, the Central Study Scenario results in
a net savings of $149 billion relative to the Baseline
Scenario for the period of 2013-2050. Savings are
incurred from 2031 to 2050 as fossil fuel prices trend
upward and aging power infrastructure requires

replacement. Increasing wind generation to the
levels of the Study Scenario simultaneously reduces
carbon dioxide (CO,) emissions, improves air quality
resulting in lower levels of illness and premature
loss of life, and reduces demand on water resources,
among other impacts.
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The Study Scenario results in relatively constant new capacity additions but also supports increased demand

for turbines due to repowering.
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Note: New capacity installations include capacity added at a new location to increase the total cumulative installed capacity or to replace
retiring capacity elsewhere. Repowered capacity reflects turbine replacements occurring after plants reach their useful lifetime. Wind
installations shown here are based on model outcomes for the Central Study Scenario and do not represent projected demand for wind capacity.

Figure ES.3-1. Historical and forward-looking wind power capacity in the Central Study Scenario

In the Study Scenario, wind industry expenditures
(new capital and development expenditures, annual
operating expenditures, and repowered capital
expenditures) grow to more than $30 billion/year
from 2020 to 2030, and are estimated at approxi-
mately $70 billion/year by 2050. By 2050, annual
expenditures exceed $20 billion/year for operations,
$25 billion/year for repowering, and $25 billion/year
for new greenfield development.

The Study Scenario suggests continued geographical
diversity in wind power deployment. Figure ES.3-2
illustrates the state-level distribution of utility-scale
wind capacity (land-based and offshore) in 2030

and 2050 under the Central Study Scenario. By 2030,
installed wind capacity exists in all but one state,

with 37 states having more than 1 GW of capacity.

By 2050, wind capacity exists in all 50 states, with

40 states having more than 1 GW of installed wind
capacity. As of 2013, wind installations of 62 MW and
206 MW exist in Alaska and Hawaii respectively. While
future wind deployment in these states is expected
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and could potentially grow beyond 1 GW, these states
are not counted among the states with more than
1GW in 2030 or 2050 because the modeling analysis
was restricted to the 48 contiguous states.

Variations in wind resource quality, relative dis-
tances to load centers, and existing infrastructure
drive regional differences in modeled wind penetra-
tion levels. Based on model outcomes from the Study
Scenario, most of the western and central parts of
the United States have penetration levels that exceed
the 10% nationwide level by 2020, with some regions
approaching or exceeding 30% penetration. By 2050,
wind penetration levels exceed 40% across much of
the West and upper Midwest, with less substantial—
but still sizeable—levels in other parts of the country.
In the Southeast, wind penetration levels are lower
than in other regions, but are significantly higher than
levels found in that region in 2013, particularly for
coastal areas.
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The levels of wind penetration examined in the
Study Scenario increase variability and uncertainty
in electric power system planning and operations
(Figure ES.3-3). From the perspective of planning
reserves, wind power’s aggregated capacity value in
the Study Scenario was about 10-15% in 2050 (with
lower marginal capacity value), thereby reducing
the ability of wind compared to other generators

to contribute to increases in peak planning reserve
requirements. In addition, the uncertainty introduced
by wind in the Study Scenario increased the level of
operating reserves that must be maintained by the
system. Transmission constraints result in average

curtailment of 2-3% of wind generation, modestly
increasing the threshold for economic wind deploy-
ment. These costs are embedded in the system costs
and retail rate impacts noted below. Such chal-
lenges can be mitigated by various means including
increased system flexibility, greater electric system
coordination, faster dispatch schedules, improved
forecasting, demand response, greater power plant
cycling, and—in some cases—storage options. Specific
circumstances dictate the optimal solution. Continued
research is expected to provide more specific and
localized assessments of impacts.

The Study Scenario results in broad-based geographic distribution of wind capacity.

Total Wind Deployment Total Capacity (GW)

@ Through 2030 60

@ 2031 through 2050 1350
5
<1

Note: Results presented are for the Central Study Scenario. Across Study Scenario sensitivites, deployment by state may vary depending
on changes in wind technology, regional fossil fuel prices, and other factors. ReEDS model decision-making reflects a national optimiza-
tion perspective. Actual distribution of wind capacity will be affected by local, regional, and other factors not fully represented here.
Alaska and Hawaii cannot be currently modeled in ReEDS but will contribute to overall wind deployment.

Figure ES.3-2. Study Scenario distribution of wind capacity by state in 2030 and 2050
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The Study Scenario includes impacts that will require investments by the wind industry and the electric sector

at large.
‘Og\.
® Q¢ -—
Industry
Investment Deployment Integration? Transmission3 Offshore Wind

» 8-11 GW/year
average net
capacity additions
throughout the
2013-2050 period

18 GW/year annual
turbine demand as
more wind plants
are repowered from
2031 to 2050

2050 annual wind

from new capacity
additions, re-
powered capacity,
and O&M

$70 billion/year' by

industry investment

* 404 GW of cum-
ulative capacity by
2050 for 35% wind
energy

All 50 states with
wind deployment
by 2050

37 states by 2030
and 40 by 2050
with more than

1 GW of wind
power (within the
contiguous United
States)

.

.

.

Increased system
flexibility is
required, but can be
acquired from many
sources

2-3% average cur-
tailment of annual
wind generation;
estimated wind
capacity value of
10-15% by 2050

Integration solu-
tions required, but
will vary by region

2.7x incremental
transmission needs
by 2030; 4.2x by
2050

10 million MW-miles
incremental trans-
mission capacity
required by 2030

Cumulatively 29
million incremental
MW-miles required
by 2050

Through 2020:
incremental 350
circuit miles/year
needed

2021-2030:
incremental 890
circuit miles/year,
and

2031-2050:
incremental 1,050
circuit miles/year

Established U.S.
offshore wind
market and supply
chain by 2020

22 GW installed by
2030 and 86 GW
installed by 2050

By 2050, offshore
wind in all regions,
including the East
Coast, West Coast,
Great Lakes, and
Gulf of Mexico

' Expenditures in 2013$

2 Increased costs associated with greater demand for system flexibility and wind curtailments are embedded in the system costs and retail rate
impacts reported in Chapter 3.

3 All transmission estimates reported are the incremental difference between the Study Scenario and Baseline Scenario. Estimated circuit miles
assume a single circuit 345 kV transmission line with a nominal carrying capacity of 900 MW. ReEDS transmission capacity additions exclude
those added for reliability purposes only and conductor replacement on existing infrastructure. Estimates shown here represent point to point
transfers, for which explicit corridors have not been identified.

Figure ES.3-3. Summary of wind industry and other electric sector impacts in the Central Study Scenario
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Table ES.3-1. Transmission Impacts in the Central Study Scenario

Historical Cumulative

- 2014-2020 2021-2030 2031-2050 2014-2050
Study Scenario MW-
miles (change from 311,000/year | 801,000/year | 949,000/year | 29,000,000
Baseline Scenario)
Study Scenario circuit
miles (change from 870/year 350/year 890/year 1,050/year 33,000
Baseline Scenario)?

By 2020 By 2030 By 2050

Ratio of §tudy Scenario 15x 27x 4%
to Baseline Scenario

Note: ReEDS transmission capacity additions exclude those added for reliability purposes only and conductor replacement on existing
infrastructure. Estimates shown here represent point to point transfers, for which explicit corridors have not been identified.

a. Assuming a representative transmission line with a carrying capacity of 900 MW, typical for single-circuit 345 kV lines

Required new transmission capacity for the Central
Study Scenario is 2.7 times greater in 2030 than

for the respective Baseline Scenario, and about 4.2
times greater in 2050. Transmission expenditures
are less than 2% of total electric sector costs in the
Central Study Scenario (Table ES.3-1). Incremental
cumulative (2013 and on) transmission needs of

the Central Study Scenario relative to the Baseline
Scenario amount to 10 million MW-miles by 2030
and 29 million MW-miles by 2050. Assuming only
single-circuit 345-kilovolt lines (with a 900-MW
carrying capacity) are used to accomplish this
increase, an average of 890 circuit miles/year of new
transmission lines would be needed between 2021
and 2030, and 1,050 miles/year between 2031 and
2050. This is comparable with the average of 870
circuit miles added each year since 1991 (as of 2013).°
New transmission capacity in the Study Scenario is
primarily concentrated in the Midwest and southern
Central regions of the United States.

In the Study Scenario, wind primarily displaces fossil
fuel-fired generation, especially natural gas, with
the amount of displaced gas growing over time.

In the long-term (after 2030), wind in the Study
Scenario also affects the growth of other renew-
able generation and, potentially, future growth of
nuclear generation. The avoided generation mix

will ultimately depend on uncertain future market
conditions, including fossil fuel prices and technology
costs. Displaced fossil fuel consumption leads to
avoided emissions and other social impacts. With
wind penetration increasing to the levels envisioned
under the Study Scenario, the fossil fleet’s role to
provide energy declines while its role to provide
reserves increases.

10. Transmission estimates for the Study Scenario exclude maintenance for the existing grid, reliability-driven transmission, and other factors
that would be similar between the Baseline Scenario and the Study Scenario.
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ES.3.2 Costs of the Wind Vision
Study Scenario

National average retail electricity prices for both
the Baseline Scenario and the Study Scenario are
estimated to grow (in real terms) between 2013
and 2050. Through 2030, retail electricity prices of
the Central Study Scenario, relative to the Baseline
Scenario, are less than 1% higher. In the long-term
(2050), retail electricity prices are expected to

be lower by 2%. A wider range of future costs and
savings are possible as estimated by the sensitivity
scenarios (Table ES.3-2). In 2020, retail electricity
rates range from nearly zero cost difference up to a
1% cost increase when comparing the Study Scenario
to the Baseline Scenario. In 2030, incremental costs
are estimated to be as high as a 3% cost under the
most unfavorable conditions for wind (low fossil fuel
prices combined with high wind power costs). Under
the most favorable conditions in 2030, the Study
Scenario results in a 2% reduction in retail electricity
prices relative to the Baseline Scenario. By 2050,
incremental electricity prices of all sensitivities of
the Study Scenario are estimated to range from a 5%
increase to a 5% savings in electricity prices over all
cases for the corresponding Baseline Scenario.

Relative to the Baseline Scenario, the Central
Study Scenario results in an approximately
1% increase in retail electricity rates in the
near-term (2020) to mid-term (2030), but

cost savings by 2050. On a cumulative net
present value basis, the long-term system cost
reductions outweigh near- and mid-term cost
increases across most conditions analyzed.

On an annual basis, the impacts on electricity
consumers in the Central Study Scenario are
estimated to include costs of $2.3 billion (0.06¢/
kilowatt-hour [kWh]) compared to the Baseline
Scenario in 2020, costs of $1.5 billion (0.03¢/kWh)
in 2030, and savings of $13.7 billion (0.28¢/kWh)
in 2050 (Table ES.3-2). Across the range of sensi-
tivities, annual consumer impacts range from cost
increases of $0.8 billion to $3.6 billion in 2020,
savings of $12.3 billion to costs of $14.6 billion in
2030, and savings of $31.5 billion to costs of $26.9
billion in 2050. Electricity costs and savings driven
by future wind deployment will depend strongly on
future technology and fuel price conditions.

Table ES.3-2. Change in Electricity Prices for the Study Scenario Relative to the Baseline Scenario

Central Study Scenario electricity price
(change from Baseline Scenario)

0.06 ¢/kWh cost
(+0.6%)

2020 2030 2050

0.03 ¢/kWh cost 0.28 ¢/kWh

Central Study Scenario annual electricity
consumer costs (change from Baseline
Scenario)

$2.3 billion costs

(+0.3%) savings (-2.2%)
$1.5 billion costs 3137 _b||||on
savings

Study Scenario sensitivity range (% change

) . +0.2% to + 0.9% -2.4% to +3.2% -5.1% to +4.8%
from Baseline Scenario)
Study Scenario annual electricity consumer $0.8 to $3.6 billion $.12'3 eillben $.3]'5 sllfler
! . savings to $14.6 savings to $26.9
costs range (change from Baseline Scenario) costs - -
billion costs billion costs
Note: Expenditures in 2013%
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In present value terms, cumulative electric sector
expenditures (fuel, capital, operating, and trans-
mission) are lower for the Study Scenario than for
the Baseline Scenario under Central conditions and
many sensitivities. From 2013 to 2050, the Central
Study Scenario results in cumulative present value
(3% real discount rate) savings of approximately $149
billion (-3%). Potential electricity sector expenditures

The Central Study Scenario results in a 16% reduction
in carbon dioxide (CO,) emissions by 2030 and 23%
by 2050 from the electricity sector, relative to the
Baseline Scenario. Other air pollutants affecting
public health also decrease and water savings accrue

in many regions of the country, including arid water-

xlvi

range from savings of $388 billion (-7%) to a cost
increase of $254 billion (+6%), depending on future
wind power cost trends and fossil fuel prices.

ES.3.3 Benefits of the
Study Scenario

The Central Study Scenario reduces electric sector
life-cycle GHG emissions by 6% in 2020 (0.13
gigatonnes CO_-equivalents), 16% in 2030 (0.38
gigatonnes CO,-equivalents), and 23% in 2050
(0.51 gigatonnes CO,-equivalents), compared to
the Baseline Scenario. Cumulative GHG emissions
are reduced by 12.3 gigatonnes CO,-equivalents
from 2013 to 2050 (14%) (Figure ES.3-4). Based
on the U.S. Interagency Working Group’s Social Cost
of Carbon estimates, these reductions yield global
avoided climate change damages estimated at
$85-$1,230 billion, with a central estimate of $400
billion (2013-2050 discounted present value). This

Life-cycle GHG emissions are lower in the Central
Study Scenario than in the Baseline Scenario.

stressed regions in the Southwest. The estimated
value of CO, reductions ranges from $85-$1,230
billion, while reductions in other air pollutants are

valued at $52-$272 billion.

is equivalent to a benefit of wind energy that ranges
from 0.7¢-10¢/kWh of wind, with a central benefit
estimate of 3.2¢/kWh of wind.

The Central Study Scenario results in reductions

in other air pollutants (e.g., PM, SOZ’ and NO),
yielding societal health and environmental benefits
that range from $52-$272 billion (2013-2050, dis-
counted present values) depending on the methods
of quantification. The majority of the benefits come
from reduced premature mortality due to reductions
in SO, emissions in the eastern United States. In
total, the health and environmental benefits are
equivalent to a benefit of wind energy that ranges
from 0.4¢/kWh of wind to 2.2 ¢/kWh of wind. Table
ES.3-3 highlights some of the air pollution benefits.

S 2.0 Table ES.3-3. Health Benefits in 2050 of Reduced Air
2 Pollution in the Central Studly Scenario
ERNZD
3 s Type of Benefit ‘ Amounts
ag Cumulative monetized $108 billion
23 15 benefits (2013$)
BE Cumulative Reductions:
53 wl o B Avoided premature deaths 21,700
g2 3.3 gigatonnes COze (8%) _
o~ o5 ) Avoided emergency room
& : 2013-2050: .
S 123 gigatonnes COse (14%) visits for asthma due to 10,100
£ 00 ; : : , PM,  effects

2010 2020 2030 2040 2050 .

Avoided school loss days 2459 600
= Baseline Scenario = Study Scenario due to ozone effects i

Note: Life-cycle GHG emissions consider upstream emissions
(e.g., manufacturing and raw materials), ongoing combustion and
non-combustion emissions, and downstream emissions (e.g.,
decommissioning).

Figure ES.3-4. Lifecycle GHG emissions in the Central Study
Scenario and Baseline Scenario

Executive Summary

Note: Central estimate results are presented, which follow the ‘EPA
Low’ methodology for calculating benefits, further detailed in Chapter
3. Monetized benefits are discounted at 3%, but mortality and mor-
bidity values are simply accumulated over the 2013-2050 time period.
Health impacts presented here are a subset of those analyzed. PM,

is particulate matter of diameter 2.5 microns or less. The full set of
results is presented in detail in Chapter 3.
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The Central Study Scenario results in reduced
national electric-sector water withdrawals (1% in
2020, 4% in 2030, and 15% in 2050) and water
consumption (4% in 2020, 11% in 2030, and 23% in
2050) compared to the Baseline Scenario. Antici-
pated reductions, relative to the Baseline Scenario,
exist in many parts of the United States, including the
water-stressed arid states in the Southwest (Figure
ES.3-5). Reductions in water use driven by the Study
Scenario would have environmental and economic
benefits, and would help reduce competition for
scarce water resources.

The value of reduced GHG and air pollution emis-
sions in the Central Study Scenario relative to the
Baseline Scenario exceeds the under 1% cost increase
in electricity rates in 2020 and 2030. By 2050, the

Central Study Scenario results in savings across all
three categories—electricity rates, GHG emissions,
and air pollution emissions (Figure ES.3-6). Savings
are also incurred on a cumulative basis across all
three metrics (Figure ES.3-7). The range of GHG
benefits was estimated following the Interagency
Working Group’s Social Cost of Carbon methodology
and varying discount rates. The range of air pollution
benefits was calculated following methodologies of
the U.S. Environmental Protection Agency (EPA) and
the Air Pollution Emission Experiments and Policy
model, known as AP2. Several other categories of
impacts such as water use are analyzed but not mon-
etized, due to a lack of established peer-reviewed,
national-scale methodologies.

Electric sector water consumption is 23% lower in the Central Study Scenario relative to the Baseline Scenario by 2050.

Percent Change
-60 to -100
-30 to -60
0to-30

0

0to10

10 to 20
Baseline Scenario (2050) I 20to40

]
O
]
|
]
(]

Study Scenario (2050)

Figure ES.3-5. Change in water consumption used in electricity generation from 2013 to 2050 for the Baseline Scenario
and Central Study Scenario
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Reduced GHG, SO,, NO,, and fine particulate matter emissions provide benefits in 2020, 2030, and
2050 in addition to the savings in electricity rates achieved in the Central Study Scenario by 2050.

$140 2020 200 .20
$120
S $100
2 380
©#r
M
8 $60
£ $40 2
g %20 &
Tgu $0 |
(%]
< $20 7
O
$‘4O T T T T T T T T T
Electricity Air GHG Electricity Air GHG Electricity Air GHG
Consumers Pollution Consumers Pollution Consumers Pollution
B B B Ranges Central estimates

Note: Results represent the annual incremental costs or benefits (impacts) of the Study Scenario relative to the Baseline Scenario. Central
estimates are based on Central Study Scenario modeling assumptions. The electricity consumers costs range reflects incremental expenditures
(including capital, fuel, and operations and maintenance for transmission and generation of all technologies modeled) across a series of
sensitivity scenarios. Air pollution and GHG estimates are based on the Central Study Scenario only, with ranges derived from the methods
applied and detailed in the full report.

Figure ES.3-6. Monetized impacts of the Study Scenario relative to the Baseline Scenario in 2020, 2030, and 2050

On a present value (2013-2050) basis, the Central Study Scenario results in electricity system cost savings
relative to the Baseline Scenario, in addition to the benefits of reduced air pollution and GHG emissions.

1,400
1,200
1,000
800
600
400
200
0

-200

Present Value (2013-2050) Impacts
(2013%, billion)

Costs +— Benefits

-400

Electricity System Air Pollution GHG

B B B Ranges Central estimates

Note: Results represent the present value of incremental costs or benefits (impacts) of the Study Scenario relative to the Baseline Scenario.
Central estimates are based on Central Study Scenario modeling assumptions. The electricity system cost range reflects incremental
expenditures (including capital, fuel, and operations and maintenance for transmission and generation of all technologies modeled) across
a series of sensitivity scenarios. Air pollution and GHG estimates are based on the Central Study Scenario only, with ranges derived from the
methods applied and detailed in the full report.

Figure ES.3-7. Cumulative (2013-2050) present value of monetized impacts of the Study Scenario relative to the Baseline Scenario
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ES.3.4 Additional Impacts

Associated with the Study Scenario

The Study Scenario contributes to a reduction in
both long-term natural gas price risk and natural
gas prices, compared to the Baseline Scenario.

The Central Study Scenario results in total electric
system costs that are 20% less sensitive to long-term
fluctuations in coal and natural gas prices (Figure
ES.3-8). Additionally, the Central Study Scenario leads
to a potential $280 billion in consumer savings due to
reduced natural gas prices outside the electric sector,
equivalent to a levelized consumer benefit from wind
energy of 2.3¢/kWh of wind.

The Study Scenario supports a robust domestic wind
industry, with wind-related gross jobs from invest-
ments in new and operating wind plants ranging
from 201,000-265,000 in 2030 and increasing to
526,000-670,000 in 2050 (Figure ES.3-8). Actual
future wind-related jobs (on-site, supply chain, and
induced) will depend on the future strength of the
domestic supply chain and additional training and
educational programs as necessary.

Wind project development examined in the Wind
Vision affects local communities through land

lease payments and local property taxes. Under the
Central Study Scenario, wind power capacity addi-
tions lead to land-based lease payments that increase
from $350 million in 2020 to $650 million in 2030, to
$1,020 million in 2050. Offshore wind lease payments
increase from $15 million in 2020 to $110 million in
2030, to $440 million in 2050. Property tax payments
associated with wind projects are estimated to be
$900 million in 2020; $1,770 million in 2030; and
$3,200 million in 2050.

Executive Summary

Other impacts from the Study Scenario include
reduced sensitivity (20% less) to future fossil
fuel price volatility, support for a vibrant wind
industry supply chain (526,000-670,000 jobs

by 2050), and increased tax revenue and lease
payments to local communities. In addition,
the Study Scenario results in manageable but
non-trivial impacts to land use, local wildlife
populations, and host communities.

Under the Central Study Scenario, the land area
occupied by turbines, roads, and other infrastructure
equates to 0.03% of total land area in the contigu-
ous United States in 2030 and 0.04% in 2050. This
land area equates to less than one-third of total land
area occupied by U.S. golf courses in 2013. Total land
area occupied by wind plants in 2050 (accounting

for requisite turbine spacing and typical densities)
equates to less than 1.5% of the total land area in the
contiguous United States.

Continued wind deployment will need to account
for the potential impacts on avian, bat, and other
wildlife populations; the local environment; the
landscape; and communities and individuals living
in proximity to wind projects. Continued research,
technological solutions (e.g., strategic operational
strategies and wildlife deterrents), and experience
are anticipated to make siting and mitigation more
effective and efficient.
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The Study Scenario results in cumulative savings, benefits, and an array of additional impacts by 2050.

System Costs’

Benefits?3

$

<D

Air

o

$149 billion (3%) lower
cumulative electric
sector expenditures

14% reduction in
cumulative GHG
emissions (12.3
gigatonnes CO,-
equivalents), saving
$400 billion in avoided
global damages

$108 billion savings

in avoided mortality,
morbidity, and economic
damages from cumulative
reductions in emissions of
SO,, NOy, and PM

21,700 premature deaths
from air pollution avoided

23% less water
consumption and 15%
less water withdrawals
for the electric power
sector

Additional Impacts

4

Energy Diversity

Jobs

$

Local Revenues

ot

Land Use

~

Public Acceptance
and Wildlife

Increased wind
power adds fuel
diversity, making
the overall electric
sector 20% less
sensitive to
changes in fossil
fuel costs.

The predictable,
long-term costs

of wind power
create downward
price pressure on
fossil fuels that can
cumulatively save
consumers $280
billion from lower
natural gas prices
outside the electric
sector.

Approximately
600,000 wind
related gross jobs
spread across the
nation.

$1 billion in
annual land lease
payments

$440 million
annual lease
payments for
offshore wind
plants

More than $3
billion in annual
property tax
payments

Less than 1.5%
(106,000 km?) of
contiguous land
area of the U.S.
occupied by wind
power plants

Less than 0.04%
(3,300 km?) of
contiguous U.S.
land area impacted
by turbine pads,
roads, and other
associated
infrastructure

Careful siting,
continued
research,
thoughtful public
engagement,

and an emphasis
on optimizing
coexistence can
support continued
responsible
deployment that
minimizes or
eliminates negative
impacts to
wildlife and local
communities

Note: Cumulative costs and benefits are reported on a Net Present Value basis for the period of 2013 through 2050 and reflect the difference in
impacts between the Central Study Scenario and the Baseline Scenario. Results reported here reflect central estimates within a range; see Chapter
3 for additional detail. Financial results are reported in 2013$ except where otherwise noted.

T Electric sector expenditures include capital, fuel, and operations and maintenance for transmission and generation of all technologies modeled,
but excludes consideration of estimated benefits (e.g., GHG emissions).

2 Morbidity is the incidence of disease or rate of sickness in a population.

3 Water consumption refers to water that is used and not returned to the source. Water withdrawals are eventually returned to the water source.

Figure ES.3-8. Summary of costs, benefits, and other outcomes associated with the Study Scenario relative to the Baseline
Scenario by 2050
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ES.3.5 Impacts Specific to
Offshore and Distributed Wind

The Study Scenario contributions from offshore
wind are characterized by an industrial base that
evolves from its nascent state in 2013 to one that
can supply more than 80 GW of offshore capacity
by 2050. This deployment represents just 5.5% of the
resource potential for offshore areas adjacent to the
28 coastal and Great Lakes states. Under this scenario,
the offshore wind industry would complement and
bolster a strong land-based industry through the use
of common supply chain components and the devel-
opment of workforce synergies.

The cost of offshore wind needs to be aggressively
reduced. Through innovation and increasing scale,
however, this market segment could bring notable
potential benefits. In particular, offshore wind offers
the ability to reduce wholesale market power clearing
prices and consumer costs in transmission-con-
gested coastal areas, supports local jobs and port

development opportunities, and offers geographic
proximity to densely populated coastal regions with
limited renewable power alternatives.

Distributed wind applications, including custom-
er-sited wind and wind turbines embedded in
distribution networks, offer a number of unique and
relevant attributes. On-site distributed wind turbines
allow farmers, schools, and other energy users to ben-
efit from reduced utility bills, predictable costs, and a
hedge against the possibility of rising retail electricity
rates. At the same time, decentralized generation
such as distributed wind can benefit the electrical
grid. Distributed wind also supports a domestic
market; U.S. suppliers dominate the domestic small
wind turbine market with 93% of 2013 sales on a unit
basis and 88% on a capacity basis. These suppliers
also maintain domestic content levels of 80-95% for
turbine and tower hardware and are well positioned
to capitalize on export opportunities, including the
growing demand for decentralized electricity around
the globe.

ES4 The Wind Vision Roadmap:

A Pathway Forward

The roadmap was developed through a collaborative
effort led by DOE, with contributions and rigorous
peer review from industry, the electric power sector,
environmental stewardship organizations, academia,
national labs, and participants at various levels of
government. It defines specific top-level activities

for all major stakeholder sectors, including the wind
industry, the wind research community, and others.
Though the roadmap includes actions intended to
inform analysis of various policy options, it is beyond
the scope and purview of the Wind Vision to suggest
policy preferences or recommendations, and no
attempt is made to do so.

The objective of the Wind Vision roadmap is to
identify the challenges and actions necessary to
increase the opportunities for U.S. wind deployment.
This portfolio of actions (Chapter 4 and Appendix

M) builds upon the successes of wind power to date
and addresses remaining gaps. The actions cover the
major domestic wind applications on land (including

Executive Summary

The Wind Vision includes a detailed roadmap of

technical and institutional actions necessary to

overcome the challenges to wind power making
a significant contribution to a cleaner, low-carbon,
domestic energy economy.

distributed applications) and offshore. Additionally,
the roadmap provides a framework from which others
can define specific activities at greater levels of detail.

The Wind Vision Study Scenario was created for the
purpose of examining costs and benefits. Although

it represents a potential future for wind growth, it is
unlikely to be realized without continued technology
and systems improvements. In aggregate, the road-
map actions are a series of steps that can be expected
to increase the likelihood of achieving wind power
growth at the levels considered in the Study Scenario.
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ES.4.1 Core Roadmap Actions

Optimizing wind contributions requires coordination
among multiple parties who can implement a set of
complementary approaches around three agreed-
upon themes (Table ES.4-1):

1. Reduce Wind Costs: Chapter 3 of the Wind Vision
report indicates that the costs associated with the
Study Scenario can be reduced across the range of
sensitivities with wind cost reductions. Accordingly,
reductions in LCOE are a priority focus. This theme
includes actions to reduce capital costs; reduce
annual operating expenses; optimize annual energy
production and reduce curtailment and system
losses; reduce financing expenses; reduce grid inte-
gration and operating expenses; and reduce market
barrier costs, including regulatory and permitting,
environmental, and radar mitigation costs.

2. Expand Developable Areas: Expansion of wind
power into high-quality resource areas is also
important for realizing the Study Scenario at cost
levels described in Chapter 3 of the Wind Vision
report. Key actions within this theme include
actions to expand transmission; responsibly
expand developable geographic regions and sites;
improve the potential of low-wind-speed locales;
improve the potential of ocean and Great Lakes
offshore regions; improve the potential in areas
requiring careful consideration of wildlife, aviation,
telecommunication, or other environmental issues;
and improve the potential of high wind resource
locations that have poor access to electricity
transmission infrastructure. National parks, densely
populated locations, and sensitive areas such as
federally designated critical habitat are generally
excluded from the roadmap actions, since they are
likely not to be developed as wind sites.

3. Increase Economic Value for the Nation: The
Study Scenario projects substantial benefits for the
nation, but additional steps are needed to ensure
these benefits are realized and maximized. This
theme includes actions to provide detailed and
accurate data on costs and benefits for decision
makers; grow and maintain U.S. manufacturing
throughout the supply chain; train and hire a U.S.
workforce; provide diversity in the electricity gen-
erating portfolio; and provide a hedge against fossil
fuel price increases. The overall aim is to ensure
that wind power continues to provide enduring
value for the nation.

Executive Summary

High-level roadmap actions are summarized in

Text Box ES.4-1 and explained in detail in the Wind
Vision report (Chapter 4 and Appendix M). These
core roadmap actions fall into nine action areas:
wind power resources and site characterization; wind
plant technology advancement; supply chain, man-
ufacturing, and logistics; wind power performance,
reliability, and safety; wind electricity delivery and
integration; wind siting and permitting; collaboration,
education, and outreach; workforce development;
and policy analysis.

The roadmap is the beginning of an evolving, collab-
orative, and necessarily dynamic process. The Wind
Vision roadmap is not prescriptive. It does not detail
how suggested actions are to be accomplished; it is
left to the responsible organizations to determine the
optimum timing and sequences of specific activities.
It suggests an approach of continual updates to
assess impacts and redirect activities as necessary
and appropriate through 2050. These updates,

which are intended to be conducted at least every
two years, would be informed by analysis and would
ensure that the roadmap adapts to changing technol-
ogy, market, and political factors.

The Wind Vision depicts a future in which wind
power has the potential to be a significant con-
tributor to a cost-effective, reliable, low-carbon
U.S. energy portfolio. Optimizing U.S. wind power’s
impact and value will require strategic planning

and continued contributions across a wide range of
stakeholders, such as state and federal agencies and
government, utility companies, equipment research
and development organizations, manufacturers,
national laboratories, and academic institutions.
Bringing these participants together on a regular
basis to revisit this roadmap and update priorities will
be essential to maintaining and sustaining focus on
wind power’s long-term future for the nation.
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Table ES.4-1. Roadmap Strategic Approach

Wind has the potential to be a significant and enduring contributor to a cost-effective, reliable,

Core low carbon, U.S. energy portfolio. Optimizing U.S. wind power’s impact and value will require
Challenge . . . e ‘ ..
strategic planning and continued contributions across a wide range of participants.
Reduce Wind Costs Expand Developable Areas Increase Economic Value
Collaboration to reduce Collaboration to increase for the Nation
wind costs through wind market access to U.S. wind Collaboration to support a
technology capital and resources through improved strong and self-sustaining
operating cost reductions, power system flexibility and domestic wind industry
Key . I ) ; .
Themes !ncreased energy capture, transmission expansion, tech- through_ J_ob growth, |mp_roved
improved reliability, and nology development, stream- | competitiveness, and articu-
development of planning and | lined siting and permitting lation of wind’s benefits to
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a. Several action areas address more than one key theme.
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Text Box ES-I.
High-Level Wind Vision Roadmap Actions

1 Wind Power Resources and Site Characterization

Action 1.1 - Improve Wind Resource Characterization.
Collect data and develop models to improve wind forecast-
ing at multiple temporal scales—e.g., minutes, hours, days,
months, years.

Action 1.2 - Understand Intra-Plant Flows. Collect data and
improve models to understand intra-plant flow, including
turbine-to-turbine interactions, micro-siting, and array effects.

Action 1.3 - Characterize Offshore Wind Resources. Collect
and analyze data to characterize offshore wind resources
and external design conditions for all coastal regions of the
United States, and to validate forecasting and design tools
and models at heights at which offshore turbines operate.

2 Wind Plant Technology Advancement

Action 2.1 - Develop Next-Generation Wind Plant Tech-
nology. Develop next-generation wind plant technology for
rotors, controls, drivetrains, towers, and offshore founda-
tions for continued improvements in wind plant perfor-
mance and scale-up of turbine technology.

Action 2.2 - Improve Standards and Certification Processes.
Update design standards and certification processes using
validated simulation tools to enable more flexibility in
application and reduce overall costs.

Action 2.3 - Improve and Validate Advanced Simulation
and System Design Tools. Develop and validate a compre-
hensive suite of engineering, simulation, and physics-based
tools that enable the design, analysis and certification of
advanced wind plants. Improve simulation tool accuracy,
flexibility, and ability to handle innovative new concepts.

Action 2.4 - Establish Test Facilities. Develop and sustain
world-class testing facilities to support industry needs and
continued innovation.

Action 2.5 - Develop Revolutionary Wind Power Systems.
Invest research and development (R&D) into high-risk,
potentially high-reward technology innovations.

3 Supply Chain, Manufacturing and Logistics

Action 3.1 - Increase Domestic Manufacturing Competi-
tiveness. Increase domestic manufacturing competitiveness
with investments in advanced manufacturing and research
into innovative materials.

Action 3.2 - Develop Transportation, Construction, and
Installation Solutions. Develop transportation, construction
and installation solutions for deployment of next-generation,
larger wind turbines.

Action 3.3 - Develop Offshore Wind Manufacturing and
Supply Chain. Establish domestic offshore manufacturing,
supply chain, and port infrastructure.

4 Wind Power Performance, Reliability, and Safety

Action 4.1 - Improve Reliability and Increase Service Life.
Increase reliability by reducing unplanned maintenance
through better design and testing of components, and
through broader adoption of condition monitoring systems
and maintenance.

Action 4.2 - Develop a World-Class Database on Wind
Plant Operation under Normal Operating Conditions.
Collect wind turbine performance and reliability data from
wind plants to improve energy production and reliability
under normal operating conditions.

Executive Summary |

Action 4.3 - Ensure Reliable Operation in Severe Operating
Environments. Collect data, develop testing methods, and
improve standards to ensure reliability under severe oper-
ating conditions including cold weather climates and areas
prone to high force winds.

Action 4.4 - Develop and Document Best Practices in Wind
O&M. Develop and promote best practices in operations
and maintenance (O&M) strategies and procedures for safe,
optimized operations at wind plants.

Action 4.5 - Develop Aftermarket Technology Upgrades
and Best Practices for Repowering and Decommissioning.
Develop aftermarket upgrades to existing wind plants and
establish a body of knowledge and research on best prac-
tices for wind plant repowering and decommissioning.

Continues next page
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Text Box ES-1. (Continued)
High-Level Wind Vision Roadmap Actions

5 Wind Electricity Delivery and Integration

Action 5.1 - Encourage Sufficient Transmission. Collabo-
rate with the electric power sector to encourage sufficient
transmission to deliver potentially remote generation to
electricity consumers and provide for economically efficient
operation of the bulk power system over broad geographic
and electrical regions.

Action 5.2 - Increase Flexible Resource Supply. Collaborate
with the electric power sector to promote increased flexi-
bility from all resources including conventional generation,
demand response, wind and solar generation, and storage.

Action 5.3 - Encourage Cost-Effective Power System
Operation with High Wind Penetration. Collaborate with the
electric power sector to encourage operating practices and
market structures that increase cost-effectiveness of power
system operation with high levels of wind power.

Action 5.4 - Provide Advanced Controls for Grid Integra-
tion. Optimize wind power plant equipment and control
strategies to facilitate integration into the electric power
system, and provide balancing services such as regulation
and voltage control.

Action 5.5 - Develop Optimized Offshore Wind Grid
Architecture and Integration Strategies. Develop optimized
subsea grid delivery systems and evaluate the integration
of offshore wind under multiple arrangements to increase
utility confidence in offshore wind.

Action 5.6 - Improve Distributed Wind Grid Integration.
Improve grid integration of and increase utility confidence in
distributed wind systems.

6 Wind Siting and Permitting

Action 6.1 - Develop Mitigation Options for Competing
Human Use Concerns. Develop impact reduction and
mitigation options for competing human use concerns such
as radar, aviation, maritime shipping, and navigation.

Action 6.2 - Develop Strategies to Minimize and Mitigate
Siting and Environmental Impacts. Develop and disseminate
relevant information as well as minimization and mitigation
strategies to reduce the environmental impacts of wind
power plants, including impacts on wildlife.

Action 6.3 - Develop Information and Strategies to Mitigate
the Local Impact of Wind Deployment and Operation.
Continue to develop and disseminate accurate information
to the public on local impacts of wind power deployment
and operations.

Action 6.4 - Develop Clear and Consistent Regulatory
Guidelines for Wind Development. Streamline regulatory
guidelines for responsible project development on federal,
state, and private lands, as well as in offshore areas.

Action 6.5 - Develop Wind Site Pre-Screening Tools. Develop
commonly accepted standard siting and risk assessment tools
allowing rapid pre-screening of potential development sites.

7 Collaboration, Education, and Outreach

Action 7.1 - Provide Information on Wind Power Impacts
and Benefits. Increase public understanding of broader
societal impacts of wind power, including economic impacts;
reduced emissions of carbon dioxide, other greenhouse
gases, and chemical and particulate pollutants; less water
use; and greater energy diversity.

Action 7.2 - Foster International Exchange and Collab-
oration. Foster international exchange and collaboration
on technology R&D, standards and certifications, and
best practices in siting, operations, repowering, and
decommissioning.

8 Workforce Development

Action 8.1 - Develop Comprehensive Training, Workforce,
and Educational Programs. Develop comprehensive training,
workforce, and education programs, with engagement from

primary schools through university degree programs, to
encourage and anticipate the technical and advanced-degree
workforce needed by the industry.

9 Policy Analysis

Action 9.1 - Refine and Apply Energy Technology Cost and

Benefit Evaluation Methods. Refine and apply methodologies
to comprehensively evaluate and compare the costs, benefits,
risks, uncertainties, and other impacts of energy technologies.

Action 9.2 - Refine and Apply Policy Analysis Methods.
Refine and apply policy analysis methodologies to under-
stand federal and state policy decisions affecting the electric
sector portfolio.

Executive Summary

Action 9.3 - Maintain the Roadmap as a Vibrant, Active
Process for Achieving the Wind Vision Study Scenario.
Track wind technology advancement and deployment
progress, prioritize R&D activities, and regularly update the
wind roadmap.
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ES.4.2 Risk of Inaction

Without actions to improve wind’s competitive
position in the market, such as those described in
the roadmap and summarized in Text Box ES.4-1, the
nation risks losing its existing wind manufacturing
infrastructure and a range of public benefits as
illustrated in the Wind Vision. The analytical results in
Chapter 3 of the Wind Vision report reveal significant
cumulative health, carbon, environmental, and other
social benefits deriving from the penetration levels of
the Wind Vision Study Scenario. Reduced economic
activity and increased energy efficiency measures
have slowed the growth of electricity demand and
reduced the need for new generation of any kind. This
decreased need for new generation, in combination

ES.5 Conclusions

with decreased natural gas costs and other factors,
has reduced demand for new wind plants. Absent
actions that address these trends, a loss of domestic
manufacturing capacity is expected and the potential
benefits associated with the Study Scenario may not
be realized.

Although it is outside the scope of this report, one
of the core challenges of the Study Scenario is that
current policies and market economics at the end of
2013 lack mechanisms to recognize the full value of
low-carbon generation. The actions in the roadmap
can help reduce the costs of low-carbon electricity
generation from wind, ultimately lowering the cost
of curbing future emissions and complementing any
low-carbon policies enacted.

One of the greatest challenges for the 21st century

is producing and making available clean, afford-
able, and secure energy for the United States. Wind
power can be a substantial part of addressing that
challenge. The Wind Vision demonstrates that wind
can be deployed at high penetrations with economics
that are compelling. Although the wind industry has
adopted improved technology and exhibited growth in
the years leading up to 2013, the path that allowed the
industry to serve 4.5% of current U.S. end-use elec-
tricity demand is different from the path needed to
achieve 10% by 2020, 20% by 2030, and 35% by 2050.
A new strategy and updated priorities are needed to
provide positive outcomes for future generations.

The Wind Vision report highlights the national
opportunity to capture domestic energy as well as
environmental and economic benefits with acceler-
ated and responsible deployment of advanced wind
power technologies across all U.S. market sectors
and regions. It quantifies the associated costs and
benefits of this deployment and provides a roadmap
for the collaboration needed for successful implemen-
tation. Carrying out the Wind Vision roadmap actions
will also provide cost reductions in the implementa-
tion of any future policy measures.

Executive Summary

ES.5.1 The Opportunity

The Wind Vision analysis modeled a future Study
Scenario (with various sensitivities) in which 10%

of the nation’s electricity demand is met by wind
power in 2020, 20% by 2030, and 35% by 2050.
The near-term (2020) and mid-term (2030) incre-
mental costs associated with large-scale deployment
of wind are less than 1% with most scenarios. Over
the long term (through 2050), the Study Scenario
offers net savings to the electric power sector and
electricity consumers.

Increasing wind power can simultaneously deliver
an array of benefits to the nation that address issues
of national concern, including climate change, air
quality, public health, economic development,
energy diversity, and water security. For example,
the 12.3 gigatonnes of CO,-equivalents avoided over
the period 2013-2050 in the Central Study Scenario
delivers $400 billion in savings for avoided global
damages. This is equivalent to a benefit of 3.2¢/kWh
of U.S. wind energy produced. The value of long-term
social benefits such as these can be provided by wind
energy and far exceeds the initial investment required.
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ES.5.2 The Challenge

While the wind industry is maturing, many future
actions and efforts remain critical to further
advancement of domestic wind energy. Continued
technology development is essential to minimizing
costs in the near term and maximizing savings in the
long term. Shifts in bulk power market and institu-
tional practices could ease delivery and integration of
even higher penetrations of wind power. Engagement
with the public, regulators, and local communities
can enable wind energy deployment to proceed with
minimal negative impacts and applicable benefits

to host communities and local wildlife. Continued
research and analysis on energy policy as well as wind
costs, benefits, and impacts is important to provide
accurate information to policymakers and the public
discourse. Finally, a commitment to regularly revisit
the Wind Vision roadmap and update priorities across
stakeholder groups and disciplines is essential to
ensuring a robust wind future.

Executive Summary

ES.5.3 Moving Forward

The Wind Vision roadmap identifies a high-level
portfolio of new and continued actions and collabo-
rations across many fronts to help the United States
realize significant long-term benefits and protect
the nation’s energy, environmental, and economic
interests. Near-term and mid-term investments, such
as those experienced in the years leading up to 2013,
are needed. These investments are more than offset
by long-term savings and social benefits. Stakehold-
ers and other interested parties needs to take the
next steps in refining, expanding, operationalizing,
and implementing the high-level roadmap actions.
These steps could be developed in formal working
groups or informal collaborations and will be critical
in overcoming the challenges, capitalizing on the
opportunities, and realizing the national benefits
detailed within the Wind Vision.

Key Chapter Findings
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1 Introduction to
the Wind Vision

Summary

The Wind Vision consists of four components:

Documentation of the current state of wind
power in the United States and identification
of key accomplishments and trends over the
decade leading up to 2014 (Chapter 2);

Exploration of the potential for wind power
to contribute to the future electricity needs
of the nation, including objectives such as
reduced carbon emissions, improved air
quality, and reduced water use (Chapter 3);

Quantification of costs, benefits, and other
impacts associated with continued deploy-
ment and growth of U.S. wind power
(Chapter 3); and

Identification of actions and future achieve-
ments that could support continued growth
in the use and application of wind-generated
electricity (Chapter 4).

The Wind Vision and its associated analysis
represent a technical update and expansion
of a U.S. Department of Energy (DOE) report
published in 2008, 20% Wind Energy by 2030
—Increasing Wind Energy’s Contribution to
U.S. Electricity Supply (hereafter referred to
as 20% Wind Energy by 2030). Major changes
have occurred in the electric power sector
since the 2000s, when 20% Wind Energy by
2030 was published. In particular, there have
been substantial reductions in existing and
projected fuel costs for natural gas-fired
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electric generation, as well as significant
reductions in the cost of energy from wind
power and other renewable power technol-
ogies. Given these changes, DOE’s Wind and
Water Power Technologies Office initiated
the Wind Vision study in 2013, soliciting
wide-ranging participation from relevant
stakeholder groups including the wind busi-
ness, technology, and research communities;
the electric power sector; environmental and
energy-related non-governmental organi-
zations; regulatory bodies; and government
representatives at the federal and state levels.

The primary analysis of the Wind Vision centers
on a future scenario in which wind energy
serves 10% of the nation’s end-use demand
by 2020, 20% by 2030, and 35% by 2050.
This scenario, called the Wind Vision Study
Scenario, was identified as an ambitious but
credible scenario after conducting a series

of exploratory scenario modeling runs. This
modeling used Business-as-Usual conditions
(federal and state policy conditions that were
current on January 1, 2014, and market data
from the Energy Information Administration’s
Annual Energy Outlook 2014) while varying
inputs such as fossil fuel costs and wind costs.

This analysis demonstrated a broad array of
potential futures for U.S. wind power, including
outcomes comparable to the Study Scenario
under conditions favorable for wind deploy-
ment. The credibility of the Study Scenario
trajectory was further validated after consid-
ering current U.S. manufacturing capacity and
industry investments, and reviewing broader
literature analyses of future scenarios with high
levels of renewable electricity.

In order to quantify costs, benefits, and other
impacts of future wind deployment, the out-
comes of the Study Scenario are compared
against those of a reference Baseline Scenario
that fixes installed wind capacity at year-end
2013 levels of 61 gigawatts (GW). The Baseline
Scenario and the Study Scenario are not goals
or future projections for wind power. Rather,
they comprise an analytical framework that
supports detailed analysis of potential costs,
benefits, and other impacts associated with
future wind deployment. These three scenarios
—Study Scenario, Baseline Scenario, and
Business-as-Usual Scenario—are summarized
below and constitute the primary analytical
framework of the Wind Vision.

Analytical Framework of the Wind Vision

The Wind Vision Study Scenario, or Study Scenario, applies a trajectory of 10% of the nation’s end-
use demand served by wind by 2020, 20% by 2030, and 35% by 2050. It is the primary analysis

glllnd V.ISIon Study scenario for which costs, benefits, and other impacts are assessed. The Study Scenario comprises a

cenario range of cases spanning plausible variations from central values of wind power and fossil fuel costs.
The specific Study Scenario case based on those central values is called the Central Study Scenario.
The Baseline Scenario applies a constraint of no additional wind capacity after 2013 (wind

Baseline Scenario capacity fixed at 61 GW through 2050). It is the primary reference case to support comparisons

of costs, benefits, and other impacts against the Study Scenario.

The Business-as-Usual (BAU) Scenario does not prescribe a wind future trajectory, but instead
models wind deployment under policy conditions current on January 1, 2014. The BAU Scenario
uses demand and cost inputs from the Energy Information Administration’s Annual Energy
Outlook 2014.

Business-as-Usual
Scenario

Note: Percentages characterize wind’s contribution to the electric sector as a share of end-use electricity demand (net wind generation
divided by consumer electricity demand).
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1.0 Wind Vision—Historical Context

Wind has been used as a source of power for mil-
lennia; historical records show that wind has been
harnessed to power sailing vessels since before 3,000
B.C. Experimentation with electricity generation from
wind first emerged in the late 19th century, but it was
not until the 1970s that wind power began to gain
visibility as a potential source of commercial power
generation. In the United States, commercial power
production from wind first occurred in California in
the 1980s. More widespread adoption of commercial
wind power generation started in the late 1990s,
when declining costs, state and federal policy pro-
visions, and a period of volatility in natural gas fuel
prices launched the modern era of U.S. wind power.
Electric system operators and utilities now routinely
consider wind power as part of a diverse generation
portfolio [2, 3, 4, 51.

As of 2013, wind power was one of the fastest-
growing sources of new electricity supply. U.S. elec-
tricity demand served by wind energy had tripled,
increasing from 1.5% of total end-use demand in 2008
to 4.5% in 2013 [61. From 2008 to 2013, wind power
constituted nearly 33% of all U.S. electric capacity
additions and, from 2000 to 2013, installed capacity
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B Annual wind capacity additions (GW)
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increased at a rate of nearly 30% per year (71. As of
year-end 2013, the United States wind power fleet
stood at 61 GW of operating capacity 81. The U.S. was
also the top country globally for wind power gener-
ation in 2013, in terms of total wind power electricity
generated [9], and ranked second globally for total
wind capacity installed [71.

As of 2013, wind power was one of the
fastest-growing sources of new electricity
supply. U.S. electricity demand served

by wind energy had tripled, increasing
from 1.5% of total end-use demand in
2008 to 4.5% in 2013.

Despite growth of wind power in the United States,
wind remains a relatively new contributor to the
nation’s power portfolio and has an uncertain future.
Low natural gas prices and reduced demand for
electricity have lowered wholesale power prices since
2008, making it more difficult for sources such as wind
to compete in wholesale markets under 2013 market
pricing mechanisms. Limited growth in electricity
demand since 2008 has reduced investment in new
electric generation of all types, including wind power.

—————————————————————————————————————————————————————————————————————— 80
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Note: As of January 1, 2014 the PTC expired again and lapsed for a period of nearly 12 months. In December 2014 the PTC was extended again,

although only through year-end 2014.

Figure 1-1. Historical wind deployment variability and the PTC
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Uncertainty about federal support for wind power

is also hampering investment [10, 11,121. The impact of
this policy uncertainty was demonstrated in 2013, as
1.1 GW of new capacity was brought online in that year
181 without federal policy support, as compared to 13.1
GW in 2012 (71 with federal policy support. Figure 1-1
illustrates the boom-bust cycle created by expirations
and late extensions or renewals of the federal pro-
duction tax credit (PTC). As a result of these trends
and conditions, independent projections suggest that
annual wind capacity additions could fall to levels that
are 50% below the 2009-2013 five-year average and
75% below the peak installation year of 2012 in the
latter half of the 2010-2020 decade 113,14, 15, 161

Projected reductions in demand for wind power could
have varied consequences. Of particular significance
is the potential loss of domestic wind manufacturing
capacity and, in turn, U.S. wind industry jobs. Reduced
near-term wind industry investment could also affect
the feasibility and costs of achieving reductions in
power sector emissions (i.e., carbon dioxide, sulfur
dioxide, and nitrous oxide).

In this context, DOE initiated the Wind Vision. Led by
the Wind and Water Power Technologies Office within
DOE’s Office of Energy Efficiency and Renewable
Energy, the Wind Vision represents a collaboration

of more than 250 energy experts with an array of
specialties. This includes the wind industry, grid
operators, science-based organizations, academia,
government agencies, and environmental stewardship
organizations.

The Wind Vision consists of four components:

1. Documentation of the current state of wind
power in the United States and identification of
key accomplishments and trends over the decade
leading up to 2014 (Chapter 2);

2. Exploration of the potential for wind power to
contribute to the future electricity needs of the
nation, including objectives such as reduced carbon
emissions, improved air quality, and reduced water
use (Chapter 3);

3. Quantification of costs, benefits, and other impacts

associated with continued deployment and growth
of U.S. wind power (Chapter 3); and

Text Box 1-1.
Snapshot of the Wind Business in 2013

Total wind capacity nationwide was 61 GW [6].

Wind provided 4.5% of U.S. electricity end-use
demand [é6].

39 states had utility-scale wind projects; all 50
states had distributed wind projects s1.

17 states generated wind electricity in excess of
5% of their in-state generation; of these, 9 states
exceed 12%, and lowa and South Dakota both
produced more than 25% of their in-state genera-
tion from wind [61.

Several major electric utility system operators
received nearly 10% or more of their electricity
from wind power [3, 4].

The wind business directly supported more than
50,500 jobs, with some 17,400 jobs in manu-
facturing spread over 43 states [s].

The domestically-manufactured content of wind
equipment installed in the United States increased
over the previous decade, and was higher for large
components such as blades, towers, and turbine
assembly [71.

4. |dentification of actions and future achievements
that could support continued growth in the use
and application of wind-generated electricity
(Chapter 4).

The findings detailed here and in subsequent chapters
of the Wind Vision report explore each of these facets
with the intention of informing policy makers, the
public, and others on the impacts and potential of
wind power for the United States.

Analysis, modeling inputs, and conclusions were
generated by DOE with support from the national
laboratories and are based on the best available
information from the fields of science, technology,
economics, finance, and engineering, as well as

1. Wind deployments are expected to be consistent in 2015 with historical levels due to a provision in the latest federal tax credit extension that
allows for projects under construction by year-end 2013 to qualify for the production tax credit, which formally expired on December 31, 2013.
Accordingly, the full impact of the recent federal tax credit expiration is not anticipated in the market until 2016. The five-year average annual
installation rate (from 2009-2013) is approximately 7.3 GW per year, while peak annual installed capacity exceeded 13 GW in 2012.
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historical experience gained from a decade of
industry growth and maturation. The Wind Vision
report, particularly its assessment of costs and
benefits, is intended to facilitate informed discussions
among various stakeholder groups including energy
sector decision makers; the wind power business,
technology, and research communities; the electric
power sector; and the general public about the future
of wind power.

The Wind Vision and its associated analysis repre-
sent a technical update and expansion of a DOE
report published in 2008, 20% Wind Energy by
2030—Increasing Wind Energy’s Contribution to

U.S. Electricity Supply 11 (hereafter referred to as
20% Wind Energy by 2030). The 2008 report was
motivated by key issues at that time, including the
technical feasibility of a scenario in which 20% of the
nation’s electricity demand is served by wind energy
and the general magnitude of impacts associated
with large-scale wind deployment. To address these
complex questions, DOE—together with the domestic
wind industry and representative organizations from

the electric power, academia, and environmental
sectors—conducted a thorough feasibility assess-
ment from 2006 to 2008, resulting in the 20% Wind
Energy by 2030 report.

The Wind Vision and its associated
analysis represent a technical update
and expansion of a DOE report published
in 2008, 20% Wind Energy by 2030—
Increasing Wind Energy’s Contribution

to U.S. Electricity Supply

Since publication, results and conclusions of the
2008 study have been a valuable resource for wind
development. The major points of 20% Wind Energy
by 2030 are summarized in Appendix B. Of particular
significance is that, as of year-end 2013, many of

the 2008 report’s modeled outcomes for 2013 have
been surpassed, including those around wind power
deployment rates and costs (Figure 1-2; see also
Appendix B). The Text Box 1-1 provides a snapshot of
the wind industry as of 2013.

2013 Model Results
Detailed in the 2008
2008 Actuals Report, 20% Wind 2013 Actuals
Energy by 2030
Cumulative Installed ;ﬂ ;;;;4 ;;;;;;
Wind Capacity (GW) ’x 48 .
States with Utility-Scale l',l w @4
Wind Deployment
29 35 39
Costs (2013$/MWhy' $$$5$$$ $$5$$99 $$5$
71 66 45

1. Estimated average levelized cost of electricity in good to excellent wind resource sites (typically those with average wind speeds of
7.5 m/s or higher at hub height) and excluding the federal production tax credit.

Figure 1-2. Wind power progress since the 2008 DOE report, 20% Wind Energy by 2030
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11 Key Trends Motivating the Wind Vision

Major changes have occurred in the electric power
sector since the early 2000s. In particular, there

have been substantial reductions in the current and
projected fuel costs for natural gas-fired electric
generation, as well as significant reductions in the
cost of energy from wind power and other renewable
power technologies. These and other trends (docu-
mented in Chapter 2) affect the relative economic and
environmental position of wind power in the portfolio
of available generation options. In this context, an
updated evaluation of the long-term potential for
wind power and a new assessment of the possible
contributions and impacts of future wind deployment
are needed to inform planning and decision making.

1.1.1 Wind Business Evolution

Global investment in renewable power and fuels has
increased five-fold since the early 2000s 171. Public and
private investment in wind has facilitated technology
advancements that support record low costs and
opened previously marginal resource areas to commer-
cial wind power development. In particular, increases
in wind turbine sizes and heights have contributed

to improvements in energy production per unit of
capacity. Since 2009, wind technology gains have
been coupled with falling equipment prices, providing
the conditions for an overall reduction in contracted
prices for wind power of more than 50% (71.

Wind power resources at the national, regional, and
local levels are better understood than in the past,
and experience with siting and permitting of new
land-based wind plants has grown since the mid-
2000s. Enhanced wind resource characterization

is enabling more informed investments into areas
most likely to support viable wind power projects.
Experience gained in permitting has facilitated
more informed decision making by developers, local
communities, and regulators, although it has also
illuminated persistent challenges. Improved clarity in
regulatory requirements and the application of
lessons learned have created new opportunities

for deployment of wind technology on land and in
regions suited for offshore development.

These trends toward improved technology, better
understanding of the resource and siting issues, and
falling equipment costs, suggest opportunities for
continued reductions in the cost of electricity from
wind. By year-end 2013, 39 states had utility-scale
wind projects and all 50 states had distributed wind
projects [81.2 With growth in offshore wind in Europe
and several offshore projects in advanced stages in
the United States, the emergence of a U.S. offshore
wind sector is also increasingly viable.

1.1.2 Electric Sector Evolution

Recent advancements in horizontal drilling and
hydraulic fracturing have increased supplies of natu-
ral gas and reduced both natural gas and wholesale
electricity prices. A sluggish economy from 2008 to
2013 and increased energy efficiency measures have
further slowed the growth of electricity demand and
reduced the need for new generation of all types.
This combination of relatively inexpensive fuel and

In 2013, wind generation in lowa and
South Dakota exceeded 25% of the
electricity generation in those states, and
seven other states procured more than
12% of their annual in-state electricity
supply from wind power.

decreased need for new electric generation has
reduced the demand for new wind plants.® Under
2013 policy conditions, these forces may cause the
U.S. market for wind equipment to fall below levels
that support a vibrant industry and a robust domes-
tic wind manufacturing sector [101.

At the same time, experience with wind power in the
electric sector has been rapidly evolving. In 2013, wind
generation in lowa and South Dakota exceeded 25%
of the electricity generation in those states, and seven

2. Distributed wind is the use of wind turbines at homes, farms and ranches, businesses, public and industrial facilities, off-grid, and other sites
connected either physically or virtually on the customer side of the meter. These turbines are used to offset all or a portion of local energy
consumption at or near those locations, or are connected directly to the local grid to support grid operations. Distributed wind systems can
range in size from a 1-kilowatt or smaller off-grid wind turbine at a remote cabin to a 10-kilowatt turbine at a home or agricultural load to
several multi-megawatt wind turbines at a university campus, manufacturing facility, or any large energy user.

3. Theincreased use of flexible natural gas-fired generation, however, has helped support wind integration. For additional detail, see Chapter 2.
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Table 1-1. Trends in Global Wind Capacity Additions

World Annual U.S. Annual Europe Annual China Annual World Total
Year Installations Installations Installations Installations Wind Capacity
(GW) (GW) GwW) GwW) (GW)
2011 39.0 6.8 9.6 17.6 238.0
2012 45.1 13.1 12.7 13.0 283.0
2013 35.5 1.1 12.0 16.1 318.1

Sources: Global Wind Energy Council 2014 203, International Energy Agency, IEA Wind 2013 (21]

other states procured more than 12% of their annual
in-state electricity supply from wind power. Wind
accounted for 4.5% of U.S. electricity end-use demand
in 2013 161, while hydropower, the most prominent
renewable power source by percentage, accounted for
7.2% of the nation’s electricity end-use demand [18].

As of 2013, many electric utility and power system
organizations had experience operating their systems
with variable wind power. Power system operators with
wind supplying approximately 10% or more of their
power generation through 2013 include XcelEnergy
and the Electric Reliability Council of Texas (3, 41.
These and other system operators have successfully
developed strategies (e.g., use of wind forecasting,
broad balancing areas) to better accommodate wind’s
variable output characteristics 2, 3, 4, 571 and treat wind
as an established part of the generating fleet (see also
Chapter 2). This compares with the early 2000s, when
concerns existed about potential operating costs and
reliability impacts associated with the introduction of
wind power into the electric system.

1.1.3 Wind Manufacturing
Sector Impacts

The domestically manufactured content of wind
equipment installed in the United States increased

in the decade leading up to 2013, especially for large
components such as blades, towers, and turbine
assembly [71. Domestic demand has been identified as
a key driver of wind power manufacturing investment
n91. If local markets for new installations deteriorate,
manufacturing could move from the United States to
other active regions of the world, including Asia and
Europe (Table 1-1).

The domestically manufactured content
of wind equipment installed in the
United States increased in the decade
leading up to 2013, especially for large
components such as blades, towers, and
turbine assembly.

Growth in new manufacturing facilities, which require
significant capital, is limited by policy uncertainty but
remains critical to continued innovation and future
cost reductions. Projected reductions in demand for
new wind power installations put U.S. wind manu-
facturing investment in more than 560 nationwide
facilities at risk. Table 1-1 compares recent U.S. installa-
tion trends with outcomes in regions with more stable
policy conditions, including Europe and China.

1.1.4 Economic and
Environmental Impacts

Slow economic growth in the United States and
worldwide has increased policy focus on economic
development. Wind projects and manufacturing bring
wind-related jobs, increased tax revenues, and capital
investment to local economies 22, 23,241, as well as an
array of other economic and environmental impacts
as highlighted in Text Box 1-2.% At the same time, wind
investment displaces investment in other electric
generation technologies.

Public awareness has expanded to focus not only on
economic conditions, but also on climate change and
other environmental concerns related to electricity
generation. As a result, the relative impacts on the
environment from clean energy sources such as wind
power are beginning to figure more prominently into
decisions affecting future capacity additions.

4. Unless otherwise specified, all financial results reported in this chapter are in 2013$.
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Text Box 1-2.

Economic and Environmental Benefits of U.S. Wind Power through 2013

Affordable Energy: Power Purchase Agreements
for land-based wind energy negotiated from
2011-2013 averaged about $30-$40/megawatt-
hour (MWh), with regional variation from about

$20 to $80/MWh (71 (2013%). These costs included

policy support such as the PTC.

Employment and Local Economic Benefits:
By the end of 2013, approximately 50,500

individuals were employed directly in the wind
equipment supply, construction, and operation

were 560 domestic wind-related manufacturing
facilities at the end of 2013 (8.

Greenhouse Gas Reductions and Fossil Fuel
Displacement: Estimates indicate wind power
displaced 115 million metric tonnes of carbon
dioxide nationally in 2013. Major utility companies
have reported fleet-wide greenhouse gas
reductions and have attributed these reductions in
part to existing wind capacity [25].

Reduced Water Consumption: During the Texas

sectors, with 17,400 of these in the manufacturing

sector r81. In the 39 states with utility-scale wind

deployment, wind plants create permanent

jobs for site operations and provide local tax and

lease payments.

Domestic Manufacturing: A growing portion of the
equipment used in U.S. wind power projects since
2008 has been sourced domestically [71. According
to the American Wind Energy Association, there

drought of 2011, some fossil and nuclear power

plants could not be operated because of shortages

of cooling water. While this was occurring,

the wind plants in Texas operated reliably and
helped to maintain dependable electric service
for customers of the Electric Reliability Council
of Texas [26, 271. National estimates indicate wind
saved 36.5 billion gallons of water use within the
electric power sector in 2013 [28].

1.2 Understanding the Future

Potential for Wind Power

For the Wind Vision, economics-based electric sector
modeling is used to establish a credible scenario
from which costs and benefits could be calculated
(Chapter 3).

This initial analysis includes a BAU Scenario and a
series of sensitivities focused on wind costs, fossil
fuel costs, and electricity demand. Analysis of wind
deployment in these scenarios is conducted using the
National Renewable Energy Laboratory’s Regional
Energy Deployment System (ReEDS) capacity expan-
sion model, and is designed to inform the project
team of the economic potential for wind based on
changes in fundamental electric sector variables and
assuming policy as of January 1, 2014.°

The National Renewable Energy Laboratory’s ReEDS
model is an electric sector capacity expansion

model that calculates the competing costs of dif-
fering energy supply options and selects the most
cost-effective solution. Model results are based on
total system costs, including transmission, system
planning, and operational requirements. ReEDS uses
detailed spatial data to enable comparative electric-
ity sector cost evaluation based on local costs and
regional pricing. The model optimizes the construc-
tion and operation of electric sector assets to satisfy
regional demand requirements while maintaining
grid system adequacy. ReEDS uses its high spatial
resolution and statistical treatment of variable wind

5. The federal production tax credit remains expired, state renewable portfolio standards policies are as written as of January 1, 2014, and
the U.S. Environmental Protection Agency’s Clean Power Plan is not modeled. Pending regulatory policies, including the Cross State Air
Pollution Rule, Mercury Air Toxics Standard, and others, are captured only implicitly through announced coal plant retirements.
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Table 1-2. Modeling Inputs and Assumptions in Business-as-Usual Scenario Modeling

Modeling Variables

BAU Scenario

Sensitivity Variables

Electricity demand

AEO 2014 Reference Case (annual
electric demand growth rate 0.7%)

1: AEO 2014 High Economic Growth Case
(annual electric demand growth rate 1.5%)

2: AEO 2014 Low Economic Growth Case
(annual electric demand growth rate 0.5%)

Fossil fuel prices

AEO 2014 Reference Case

1. Low Oil and Gas Resource and High Coal
Cost cases (AEO 2014)

2: High Oil and Gas Resource and Low Coal
Cost cases (AEO 2014)

Fossil technology and
nuclear power costs

AEO 2014 Reference Case

None

Wind power costs

Median 2013 costs, with cost
reductions in future years derived
from literature review

1. Low costs: median 2013 costs and
maximum annual cost reductions reported
in literature

2: High costs: constant wind costs from
2014-2050

Other renewable

Literature-based central 2013 estimate

expansion

Planning Collaborative

costs from Eastern Interconnection

power costs and future cost characterization el
Polic Policies as current and legislated on None
y January 1, 2014
Pre-2020 expansion limited to
Transmission planned lines; post-2020, economic
expansion, based on transmission line | None

Sources: Energy Information Administration, 2014 e1, Annual Energy Outlook EIA 2014 [29], Eastern Interconnection Planning Collaborative (301.

(and solar) to represent the relative value of geo-
graphically and temporally constrained renewable
power sources (see Chapter 3 and Appendices G and
H for further detail).®

The project initially explores wind deployment

under the BAU Scenario, which is summarized in
Table 1-2 (see Chapter 3 and Appendices G and H for
more detail).

The results of the BAU Scenario analysis suggest

that wind generation would serve approximately

7% of total electricity demand once projects under
construction at the end of 2013 (and qualified for the
now-expired PTC) are placed into service. Minimal
additional growth, up to 8% of total electricity demand,
is observed by the mid-2020s. From 2015 to 2030, new
wind capacity additions average 3 GW/yeatr, less than
50% of the five-year average of approximately 7.3 GW/

6. ReEDS analysis scenarios represent economically optimal futures as determined by the ReEDs decision framework. Although these
scenarios are not intended to be market projections or predictions of future wind deployment, they do provide insight into the potential
for wind as a function of current power sector conditions and expectations for changes in key model variables with time (e.g., fuel and
technology costs). The ReEDS model originated as the Wind Deployment System, or WinDS model, which was used in the 20% Wind
Energy by 2030 report. Alaska and Hawaii are excluded from the modeling analysis in this study, as ReEDS is limited to modeling the

48 contiguous states.
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AEO Reference

e —] Historical and Average New Wind

Capacity Additions Under BAU Scenario

g
g o Period GW/year Elec(t)/cr,iclzsirt];jI -DUesriand
é 2009-2013 (actual) 7 4.5%
kuci 2014-2020 4 7%
l_% 2021-2030 3 10%
2010 2020 2030 2040 2050 2031-2050 8 25%

= \Nind generation under BAU Scenario

Note: The BAU Scenario assumes AEO Reference Case fuel costs, AEO Reference Case electricity demand, median values for renewable energy
costs derived from literature, and policy as currently enacted on January 1, 2014 (i.e., no wind PTC or ITC and no assumed changes in state level

RPS policies). Percentage of end-use electricity demand data are contributions as of the end of the indicated period (e.g., 2009-2013).

Figure 1-3. Wind generation and average new capacity additions under BAU

year achieved from 2009 to 2013. Wind installations
increase again in the late 2020s and return to levels
more consistent with those prior to 2013 by the
mid-2030s. Wind generation in the BAU Scenario is
estimated at just over 1,200 terawatt-hours, or about
25% of total electricity demand in 2050 (Figure 1-3).

High and low wind costs are bounded by the range
of projected costs drawn from the literature (see
Chapter 3 and Appendix H). High and low fossil fuel
costs are based on the range of projected costs in the
Energy Information Administration’s Annual Energy
Outlook (AEQ) 2014 1291 (see Chapter 3 and Appendix

G). The sensitivities consider changes in single vari-
ables relative to the BAU Scenario, such as wind costs,
as well as changes in multiple variables, such as low
wind costs and high fossil fuel costs.

Starting from this initial BAU Scenario, a series of sen-
sitivities is explored, evaluating changes in wind costs
as well as changes in fossil fuel costs and demand.

Table 1-3. Wind Penetration (% Share of End-Use Demand) in the BAU Scenario, BAU Sensitivities, and the Study Scenario’

BAU Sensitivities

. High Fossil .
BAU Scenario High Fossil . Fuel Costs Study Scenario
Low Wind Costs
Fuel Costs and Low
Wind Costs
2013 4.5% 4.5% 4.5% 4.5% 4.5%
(actual)
2020 7% 7% 8% 10% 10%
2030 10% 17% 16% 24% 20%
2050 25% 32% 34% 41% 35%

ReEDS analysis scenarios represent economically optimal futures as determined by the ReEDs decision framework. Although these
scenarios are not intended to be market projections or predictions of future wind deployment, they do provide insight into the potential
for wind as a function of current power sector conditions and expectations for changes in key model variables with time (e.g., fuel and
technology costs). The ReEDS model originated as the Wind Deployment System, or WinDS model, which was used in the 20% Wind
Energy by 2030 report. Alaska and Hawaii are excluded from the modeling analysis in this study, as ReEDS is limited to modeling the 48
contiguous states.

7. See Analytical Framework of the Wind Vision at the beginning of this chapter for a description of the scenarios analyzed.
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Sensitivities with high wind costs, low fossil fuel costs,
or low demand growth are observed to delay the
onset of wind generation and capacity growth in the
late 2020s under BAU, extending into the late 2030s
or even the 2040s. Sensitivities that combine these
variables (e.g., high wind power costs and low fossil
fuel costs) result in levels of wind generation in 2050
slightly below 2013 levels, as minimal new capacity is
added over the period of analysis and some existing
wind capacity is retired at the end of its useful life.

Sensitivities with low wind costs, high fossil fuel costs,
or high demand accelerate wind growth and drive
results in wind penetration (as a share of end-use
demand) to approximately 8% in 2020, 16% in 2030,
and 33% in 2050. Sensitivities combining these vari-
ables (e.g., low wind costs and high fossil fuel costs)
are found to support wind generation levels of 10% by
2020, 24% by 2030, and 41% by 2050 (Table 1-3).

Viewed as a whole, this analysis demonstrates that
there is a broad array of potential futures for U.S.
wind power. Even with a focus exclusively on wind
costs and fossil fuel costs, under BAU conditions, wind
could supply levels of generation that are essentially
unchanged on the low end and in excess of 40% of
total electricity demand by 2050 on the high end.
Across many of the cases, wind becomes increasingly
competitive with time. This occurs as wind costs
continue to decline, electricity demand increases, fuel
costs trend upwards, and existing power generation
plants reach retirement age. These results, along with
the potential for electric sector developments that are
excluded from the sensitivities, indicate wind power
could supply a substantial portion of future U.S.
electricity needs.

1.5 Defining a Scenario for Calculating
Costs, Benefits, and Other Impacts

Based on the modeling work described in this chapter,
a scenario for calculating costs and benefits was
selected and is referred to as the Study Scenario. This
specific scenario is represented by a trajectory for
wind generation that results in 10% of the nation’s

O

10% Wind
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WiInd Energy (TWh/year)

S

7 dsh
20% Wind

1500 |- Penetration

170700)) EEEER————— Penetration .

] D s

end-use demand being served by wind in 2020, 20%
by 2030 and 35% by 2050.

Sensitivity analyses within the Study Scenario
(detailed in Chapter 3) are used to assess the
robustness of key results and highlight the impacts

|||||||

0

2010 2020

----- Study Scenario = Low Wind Costs
= BAU Scenario

2030

= High Fossil Fuel Costs

2040 2050

= Low Wind Costs and High Fossil Fuel Costs
== Baseline Scenario

Figure 1-4. Wind Vision Study Scenario relative to BAU Scenario and Sensitivities
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of varying wind costs and fossil fuel costs. The
Central Study Scenario, which is the primary case
discussed here and in the Executive Summary,
applies BAU costs and performance, fuel costs, and
policy treatment, but is distinguished from BAU
modeling by its reliance on the Study Scenario wind
power trajectory (10% by 2020, 20% by 2030, 35%
by 2050).

The positioning of the Study Scenario relative to the
BAU results and a sub-sample of the sensitivities that
entail aggressive wind cost reductions, high fossil
fuel costs, or a combination of these two variables

is shown in Figure 1-4. These data demonstrate that
the Study Scenario falls within the range of outcomes
indicated by economic modeling. The Study Scenario
trajectory leverages and maintains the existing
domestic industry’s supply chain and manufacturing

BO% [

T

L

U.S. Wind Penetration
(% of End-Use Demand)

L

0

R

workforce, and maintains consistency with recent
(i.e., 2010-2013) annual historical installations of new
wind capacity.

The Study Scenario and the assessment of its impacts
described in Chapter 3 build upon the 20% Wind
Energy by 2030 report and other literature, as sum-
marized in Figure 1-5. Renewable Electricity Futures
(311 found wind penetration levels of 30-40% (of total
end-use electricity demand) by 2050 across a series
of scenarios that explored an 80% by 2050 renewable
power future. A recent assessment of the literature
conducted by the Intergovernmental Panel on Climate
Change found median global wind penetration across
carbon mitigation scenarios to be at levels of 13-14%
by 2050, with a large number of scenarios (75th
percentile) achieving levels of 21-25% by 2050 321.
The International Energy Agency has estimated wind

T T
2010 2020 2026

T Wind Vision Study Scenario
T3 1EA Wind Technology Roadmap 2013

Driven by IEA goal to reduce CO, emissions by
80% below 2005 levels by 2050

WWwsIS Western Wind and Solar Integration Study, 2010

Study limited to U.S. Western Interconnect, with
ranges of wind penetrations studied (up to 35%)

T
2030

T 1
2040 2050
Eastern Wind Integration and Transmission Study, 2011

Study limited to U.S. Eastern Interconnect, with ranges of
wind penetration studied (max 30%)

REF | Renewable Electricity Futures, 2012

Study included a range of scenarios, with wind
reaching penetrations between 30-40%

PJM PJM Renewable Integration Study, 2014
Share includes wind and solar

Sources: International Energy Agency 2013 (33]; GE Energy 2010 [343; Lew et al. 2013 1353; EnerNex 2011363, National Renewable Energy Laboratory

2012 (311; Mai et al. 2014 1381; GE Energy Consulting 2014 [39]

Figure 1-5. Wind penetration levels studied in recent literature
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Note: Wind capacities reported here are modeled outcomes based on the Study Scenario percentage wind trajectory. Results assume central
technology performance characteristics. Better wind plant performance would result in fewer megawatts required to achieve the specified wind

percentage, while lower plant performance would require more megawatts.

Figure 1-6. The Wind Vision Study Scenario and Baseline Scenario

penetration levels by 2050 that limit global mean
temperature increases to 2°C at 15-18% globally and
20-25% for the United States [331. In addition, an array
of power system studies has examined comparable
levels of wind penetration, illustrated in Figure 1-5.8

U.S. wind generation is based entirely on land-based
technology as of 2014. The DOE recognizes, however,
that offshore wind has become prominent in Europe—
6.5 GW through year-end 2013 (401—and could
emerge in the United States in the near future. While
the economics for offshore wind are unfavorable

as of 2014, the Study Scenario includes an explicit
allocation for offshore wind. Near-term (through
2020) offshore contributions are estimated based on
projects in advanced stages of development in the
United States and on global offshore wind technology
innovation projections identified in the literature.
Longer-term (post-2020) contributions are based on
literature projections for global growth and assume
continued U.S. growth in offshore (Figure 1-6). Due

to quantitative modeling limitations, distributed wind
applications are captured only at a qualitative level in
the Study Scenario.

All subsequent analysis within the Wind Vision study
is based on the Study Scenario trajectory and an asso-
ciated scenario that provides the point of reference

to calculate costs, benefits, and other impacts. This
reference scenario is called the Baseline Scenario; it
fixes installed wind capacity at year-end 2013 levels
of 61 GW (Figure 1-6). Although the Baseline Scenario
maintains wind capacity at this constant level, existing
wind capacity is repowered in future years once the
existing assets reach the end of their useful lives.

The Baseline Scenario construct allows estimates

for system costs, rate impacts, land-use require-
ments, and transmission and integration impacts to
be calculated for all future wind deployment. The
benefits and impacts of large-scale wind deploy-
ment on greenhouse gas and air pollution emissions
reductions, wind-supported domestic jobs, water use
and withdrawal savings, air pollution impacts, and
lease and property tax payments are estimated for all
future wind additions. This approach highlights the
degree of change within the electric power sector
resulting from wind deployment specifically (e.g., new
transmission needs resulting from wind deployment),

8. Such studies include the Western Wind and Solar Integration Studly (33, 341, the Eastern Wind Integration and Transmission Study (361,
and an array of regional and transmission operator studies evaluating future renewable power scenarios summarized and reported
by 1371. Although there is substantial diversity covered by the literature in this space (i.e., some studies examine the build-out of the
power system, while others focus on operational characteristics given high penetration wind), analysis examining timeframes beyond
2030 often considers wind penetration levels on the order of 20% and above. The Western Wind and Solar Integration Study explores
scenarios in which wind and solar supply up to 35% penetration by 2030 within the U.S. Western Interconnect. The Eastern Wind
Integration and Transmission Study considers a future for the Eastern Interconnect in which wind reaches up to 30% penetration by
2030. Specific power system studies summarized by (371 focus on capacity, but also demonstrate that high penetration wind (e.g.,
10-50% on a capacity basis) can be managed at costs up to $5-10/MWh.
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as well as the incremental impact of all future wind
deployment, for the purposes of understanding the
economic value of wind.

While the Study Scenario and Baseline Scenario
provide the wind penetration growth trajectory, a
series of sensitivities on the two scenarios highlight
the changes in the resulting system costs and other
relevant metrics associated with changes in wind
costs and fossil fuel costs. For each variable, three
sets of inputs are defined: low, central, and high.
Within the sensitivity analysis, variables are altered
independently (e.g., changing only the wind costs)
and in combination (e.g., changing both wind costs
and fossil fuel costs).

The Wind Vision Study Scenario is not designed to
achieve any specific clean energy or carbon reduction
goals. Nevertheless, the contributions of wind power

in the Study Scenario support clean energy and
carbon reduction goals. This scenario also entails a
future for wind power that is consistent with broader
national energy goals of grid resiliency, affordable
electricity, and reduced environmental impacts includ-
ing lower power sector carbon emissions.

It is possible that new disruptive concepts for con-
verting wind power into electricity could emerge in
the analysis period through 2050. Since it is difficult
to predict such an occurrence, the Wind Vision and
its Study Scenario do not explicitly include disruptive
possibilities. The focus instead is on steady incre-
mental optimization and continued advancement

of concepts currently in use or under development.
Should any major new concept emerge with potential
for application at large scale, the content and results
of this assessment would need to be reexamined.

1.4 Project Implementation

The 20% Wind Energy by 2030, the Wind Vision

study was conducted with wide-ranging participation
from relevant stakeholder groups including the wind
business, technology, and research communities; the
electric power sector; environmental and energy-
related non-governmental organizations; regulatory
bodies; and government representatives at the federal
and state levels. A complete listing of project partici-
pants and their contributions is in Appendix N.

DOE’s Wind and Water Power Technologies Office
managed the Wind Vision in collaboration with the
American Wind Energy Association and the Wind
Energy Foundation. These three organizations solic-
ited the participation of the wind industry as well as
broader stakeholders, including multiple organizations
and industry sectors that view wind from a neutral
perspective (including Independent System Operators,
environmental stewardship organizations that evaluate
wind’s impacts on wildlife and the environment, other
governmental organizations not related to renewable
energy, and academia). Individual expert input for

the project was provided by a Senior Peer Review
Group comprising senior executives who represent
wind, electric power, non-governmental organizations,

academia, and government organizations, and who
are intimately aware of wind power deployment and
market issues. Overall project coordination was
carried out by DOE.°

Eleven task forces covering the topic areas listed
below conducted analyses and prepared sections of
this report.

* Market Data and Analysis

* Scenario Modeling

* Wind Plant Technology

* Operations and Maintenance, Performance,
and Reliability

* Manufacturing and Logistics

* Project Development and Siting
* Transmission and Integration

» Offshore Wind

 Distributed Wind

* Roadmap Development

* Communications and Outreach

Task forces each included 10-40 members, several of
whom assumed primary responsibility for preparing
key sections of this report. Representatives from
four national laboratories—the National Renewable

9. The Office of Management and Budget’s “Final Information Quality Bulletin” provides guidelines for properly managing peer review at
federal agencies in compliance with section 515(a) of the Information Quality Act (Pub. L. No. 106-554). The Wind Vision assessment has

followed these guidelines.
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Energy Laboratory, Sandia National Laboratories,
Lawrence Berkeley National Laboratory, and Pacific
Northwest National Laboratory—provided leadership
and technical expertise for each of the task forces.
Other task force members included representatives
from the wind industry (domestic and international),
academia, the electric power sector, and non-
governmental organizations. In addition to the task
forces, 18 peer reviewers who were not involved in
the writing or analysis reviewed the report content
for accuracy and objectivity.

Various offices within DOE and other federal agencies
also provided counsel and review throughout the

1.5 Report Organization

effort. DOE’s Office of Energy Efficiency and
Renewable Energy was a principal internal adviser.
DOE’s Office of Energy Policy and Systems Analysis
also provided guidance. Consultations were con-
ducted with other DOE energy programs, including
solar, geothermal, and water (hydro-electric), to
obtain the best available information on characteristics
for those technologies. Coordination was also estab-
lished with other federal agencies, such as the U.S.
Department of the Interior’s Bureau of Ocean Energy
Management, U.S. Environmental Protection Agency,
Federal Energy Regulatory Commission, and the
National Oceanic and Atmospheric Administration.

The Wind Vision examines the prospective contri-
butions, impacts, and value offered by wind power
as part of a diverse future low carbon electricity
portfolio, and presents an updated scenario for

wind expansion in 2020, 2030, and 2050. This
introductory chapter is followed by three additional
chapters and a series of appendices. Chapter 2
discusses the status of the wind industry, describing
historic progress, relevant conditions as of 2013, and
emerging trends. Chapter 3 describes the Wind Vision
analysis and modeling results and provides a detailed
discussion of the impacts associated with the Study
Scenario, including expected costs and benefits.
Chapter 4 identifies technical, economic, and institu-
tional actions that could support achievement of

the Study Scenario.

The appendices provide additional background and
detail developed by the expert task forces:

» Appendix A is a glossary that contains definitions
of frequently used terms in the report.

* Appendix B is a summary of the prior DOE report
20% Wind Energy by 2030.

* Appendix C is a discussion of regulatory agencies
and permitting processes affecting U.S. wind
projects.

« Appendix D contains information on the costs and
timeline for project permitting in 2014, providing
further detail to topics discussed in Chapter 2.

* Appendix E contains information on the domestic
supply chain capacity, providing further detail to
topics discussed in Chapter 2.

Chapter1 |

* Appendix F contains information on testing
facilities, providing further detail to topics
discussed in Chapter 2.

* Appendix G contains additional, non-wind inputs
and assumptions used for the ReEDS scenario
modeling.

* Appendix H details the wind cost inputs and
assumptions used for the ReEDS scenario modeling.

» Appendix | is a more detailed review of the Jobs
and Economic Development Impacts Model (known
as JEDI) used to quantify job impacts of the Study
Scenario.

* Appendix J provides further details on the methods
used to estimate greenhouse gas reductions of the
Study Scenario.

» Appendix K provides further results from the
analysis of the water impacts of the Study Scenario.

» Appendix L provides further details regarding the
methods used to quantify the air pollution impacts
of the Study Scenario.

* Appendix M provides detailed Wind Vision
roadmap actions for relevant sectors, expanding
upon material presented in Chapter 4.

» Appendix N lists the individuals who contributed to
this project.

¢ Appendix O describes the impacts of higher
turbine heights on the regional deployment
of wind—including technology, marketing and
permitting challenges.

Report Organization
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2 Wind Power in the
United States:

Recent Progress, Status Today,
and Emerging Trends
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Summary

With more than 61 gigawatts (GW) installed
across 39 states at the end of 2013, wind
power has confirmed its credibility as a
scalable, reliable and environmentally sound
energy technology, and a cost-effective
source of low emissions power generation in
those regions of the United States in which
substantial wind potential exists. The United
States has more than 15,000 GW of technical’
wind resource potential, both land-based and
offshore, that can be harnessed and deliv-
ered reliably into existing power networks
through utility-scale and distributed instal-
lations (11. U.S. wind generation was entirely
land-based technology as of 2013. The U.S.
Department of Energy (DOE) recognizes,
however, that offshore wind has become
prominent in Europe—reaching 6.5 GW
through year-end 2013 [217—and could emerge
in the United States in the near future. Nearly
all scales of wind power technology are
reflected in the Wind Vision study,? although
distributed wind applications are captured
primarily within the larger land-based desig-
nation.? In this chapter, offshore and distrib-
uted wind technologies are highlighted in
Sections 2.2 and 2.3, respectively.
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U.S. electricity demand served by wind
power has tripled since 2008, increasing
from 1.5% of total end-use demand to 4.5%*
in 2013 [3]. Trends indicate that continued and

Wind power has become an established,
reliable contributor to the nation’s
electricity supply. It provides affordable,
clean domestic energy as part of a
portfolio of sustainable power gener-
ation options.

increased wind deployment can have signif-
icant and wide-ranging positive effects for
the nation’s energy mix and environmental
goals, while at the same time creating jobs
and economic development activities asso-
ciated with wind deployment and equipment
manufacturing. These resources and trends—
combined with cost reductions, technology

advances, increased industry collaboration,
and improved reliability—provide the foun-
dation for the Wind Vision Study Scenario,
introduced in Chapter 1and summarized in
Chapter 3, Text Box 3-2.

Wind technology improvements have
evolved to make lower wind speed sites®
more economically viable even in regions
previously thought to have limited wind
potential, such as the Southeast. Despite
deployment growth, technology enhance-
ments, and cost reductions, however, wind
power expansion continues to be affected by
energy demand, transmission and integration
limitations, fluctuations in raw material costs,
policy uncertainty, conflicting uses, siting
concerns, and competition with other energy
sources such as natural gas.

The National Renewable Energy Laboratory (NREL) routinely estimates the technical potential of specific renewable electricity generation
technologies. These are technology-specific estimates of energy generation potential based on renewable resource availability and quality,
technical system performance, topographic limitations, environmental, and land-use constraints only. The estimates do not consider

(in most cases) economic or market constraints, and therefore do not represent a level of renewable generation that might actually be
deployed. www.nrel.gov

Wind turbines can range in sizes from small 1 kW machines to multi-MW offshore turbines. The Wind Vision primarily focuses on centralized
power generation that utilizes utility-scale (IMW+) land-based and offshore wind turbines.

Distributed wind is the use of wind turbines at homes, farms and ranches, businesses, public and industrial facilities, off-grid, and other sites
connected either physically or virtually on the customer side of the meter. These turbines are used to offset all or a portion of local energy
consumption at or near those locations, or are connected directly to the local grid to support grid operations. Distributed wind systems can
range in size from a 1-kilowatt or smaller off-grid wind turbine at a remote cabin to a 10-kilowatt turbine at a home or agricultural load to
several multi-megawatt wind turbines at a university campus, manufacturing facility, or any large energy user.

. The Wind Vision metric for the share of wind in a given year is calculated using data published by the EIA, as total net wind generation

divided by total annual electricity retail sales. This ratio is 4.5% for 2013 and is consistent with the definitions for the future wind penetration
levels in the Wind Vision Study Scenario as noted in Chapter 1.

In Wind Vision, ‘lower wind speed sites’ are those with average wind speeds less than 7.5 meters per second [m/s] at hub height. In the
International Electrotechnical Commission (IEC) turbine classification system this is equivalent to IEC Class 3 or higher turbine class.
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2.0 Introduction

This chapter summarizes the state of wind power as of
year-end 2013 across a number of aspects, including
wind power markets and economics; economic and
social impacts, including workforce development and
environmental effects; wind resource characterization;
wind technology and performance; supply chain,
manufacturing, and logistics; wind integration and
delivery; wind siting, permitting, and deployment; and
collaboration, education, and outreach. More recent
data for 2014 may be available but were excluded

due to publication schedule requirements. The special
issues surrounding offshore wind and distributed wind
are also presented. This compilation characterizes the
trends influencing formation of the Wind Vision Study
Scenario (Chapter 3) and aligns them to roadmap
activities described in Chapter 4. The following is a
short summary of key points in this chapter.

Wind Power Markets and Economics
Investments in wind manufacturing and deployment
continue to support industry growth. According to
the United Nations Environment Programme, global
investment in wind power grew from $14 billion in
2004 to $80 billion in 2013, a compound annual
growth rate of 21% [4, 51.° Domestic manufacturing

for many wind components is strong largely because
of this investment trend, technical advancements
that have helped make wind viable even in lower
resource areas, and increased domestic demand

for wind power. The combined import share of
selected wind equipment tracked by trade codes (i.e.,
blades, towers, generators, gearboxes, and complete
nacelles), when presented as a fraction of total equip-
ment-related turbine costs, declined from roughly
80% in 2006-2007 to 30% in 2012-2013 [6]. The share
of wind turbine project costs, including non-turbine
equipment project costs that were sourced domesti-
cally, was approximately 60% in 2012 (6]. In 2013, the
wind supply chain included more than 560 facilities
across 43 states [71. Given the transport and logistics
challenges of moving large wind turbine components
over long distances, continued U.S. manufacturing
and supply chain vitality is expected to be at least
partially coupled to future levels of domestic demand

for wind equipment. Recent fluctuations in demand
and market uncertainty have forced some manufac-
turing facilities to furlough employees and others to
cease operations altogether.

The levelized cost of electricity (LCOE) is the present
value of total costs incurred to deliver electricity to
the point of grid connection, divided by the present
value of energy production over a defined duration. In
effect, LCOE is the cost of generating electricity from
a specific source—over an assumed financial life-
time—that allows recovery of all project expenses and
meets investor return requirements. LCOE provides an
economic assessment of the cost of the energy-gen-
erating system including all costs over its lifetime:
initial investment, operations, and maintenance; cost
of fuel; and cost of capital.

In sites with higher wind speeds,” the LCOE of wind
declined by more than 33% from 2009-2013, and, in
some markets, wind power sales prices are compet-
itive with traditional fossil generation [6]. Significant
variations, however, are seen in the LCOE of individ-
ual wind projects. The LCOE for wind is influenced
by capital and balance of system costs, operations
and maintenance (O&M) costs, financing costs, and
project performance. Incentives and policies also
have significant effects on project-specific LCOE,
most notably for wind project development costs and
power purchase agreement (PPA) terms.

Installation rates for wind projects are affected by
overall electricity demand, wholesale power prices,
and state and federal policies. A national boom in
natural gas reserves has created some uncertainties
for wind power in the near term. The Energy Infor-
mation Administration (EIA) confirmed 29% of the
nation’s electric power as coming from natural gas in
2012. This trend fell to 26% in 2013, but natural gas
still exerted downward pressure on wholesale power
prices. At the same time, overall energy demand since
2008 has remained constant due to a stagnant econ-
omy coupled with energy efficiency improvements—
thus reducing overall growth for electricity generation
technologies, including wind.

6. Unless otherwise specified, all financial results reported in this chapter are in 2013$.

7. In the Wind Vision, ‘higher wind speed sites’ are those with average wind speeds of 7.5 meters per second [m/s] or higher at hub height. In
the International Electrotechnical Commission (IEC) turbine classification system this is equivalent to IEC Class 2 or 1turbine classes.
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Economic and Social Impacts

Operating experience and research demonstrate

that the current and potential social benefits of wind
power are wide-ranging and significant. For exam-
ple, a 2012 study evaluating county-level economic
development effects in counties with wind devel-
opment determined that wind power installations
between 2000 and 2008 increased county-level
personal income by approximately $11,000 for every
megawatt (MW) of installed capacity [8]. These
estimates translate to a median increase in total
county personal income and employment of 0.2%
and 0.4% for counties with installed wind power

over the same period. Similarly, a 2011 study in four
rural counties in western Texas found total economic
activity in local communities to be nearly $730 million
over the assumed 20-year life cycle of the plants, or
$520,000 (2011$) per MW of installed capacity. These
economic benefits derive from increased personal
income and reduced electric rates; temporary and
permanent employment in construction, engineering,
transportation, manufacturing, and operations; local
economic activity resulting from wind construction;
and increased revenues from land lease payments and
tax revenue. Nationally, wind power projects delivered
at least $180 million annually to local landowners
through lease payments in 2013 [91.

In addition to significant economic and employ-
ment-related benefits, wind deployment also offers
health and environmental benefits including reduced
greenhouse gas (GHG) emissions; reduced harmful air
pollutants such as sulfur dioxide (SO,), nitrous oxide
(NO,), and particle matter; and reduced water use.
Wind power in the United States in 2013 was esti-
mated to have reduced direct power-sector carbon
dioxide (CO,) emissions by 115 million metric tons (127
million short tons), equivalent to eliminating the emis-
sions of 20 million cars during the year. An estimated
157,000 metric tons (173,000 short tons) of SO, emis-
sions and 97,000 metric tons (107,000 short tons) of
NO, were avoided due to the wind power generated
in 2013. Wind power generation in 2013 is estimated
to have reduced power-sector water consumption by
36.5 billion gallons, or roughly 116 gallons per person
in the United States 101.

Chapter 2

Wind Technology and Performance,

Supply Chain, Manufacturing, and Logistics
Continued advancements in land-based turbines and
offshore wind technologies enhance wind power oppor-
tunities in every geographic region of the United States.
Progress has been made to improve performance

and reliability and reduce the cost of individual wind
turbines. Enhancements have included design of longer
blades and taller towers that capture more energy
from the wind, developments in drive train designs,
and use of improved controls and sensors. By 2013,
focus began shifting from individual turbine perfor-
mance to overall system performance characteristics.

Technology advancements center on developing
enhanced micro-siting strategies and complex control
systems for arrays of wind turbines. These enhanced
technologies broaden the range of viable wind sites
by facilitating greater energy capture at high wind
speeds as well as economical energy capture at lower
wind speeds. A better understanding of the wind
resource and continued technology developments are
leading trends in improved performance, increased
reliability, and reduced cost of wind electricity. Addi-
tionally, declining wind technology costs are driving
domestic demand for wind power, wind industry jobs,
and economic growth in all regions of the country.

As turbine multi-MW wind technology advances and
components like blades and towers increase in size,
however, transportation costs could increase and
manufacturing may become more complex.

Based on installation experience gained between
2006 and 2013, expanded domestic manufacturing
will not be constrained by raw materials availability
or manufacturing capability. Reductions in demand
for wind power, however, will channel resources

to other industries and could slow a return to high
levels of wind deployment 111. Equipment and skilled
labor availability will continue to be dependent on
near-term domestic demand. Continued innovation
in turbine design, manufacturing, transportation, and
construction can help the industry overcome logistical
barriers and improve international competitiveness.

Wind Integration and Delivery

Wind power has become a major contributor to
electricity supply in the nation and around the world.
U.S. electric power networks have operated reliably
with high wind contributions of 10% and higher on
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an annual basis, with minimal impacts on network
operating costs. Power system operators experienced
with wind now view wind generation routinely as a
dependable component of their portfolio of generat-
ing options. Nine U.S. states are currently operating
with greater than 12% of their annual electricity
generation from wind (Colorado, Idaho, lowa, Kansas,
Minnesota, North Dakota, Oklahoma, Oregon, and
South Dakota), with two of them (lowa and South
Dakota) operating with greater than 25% of in-state
generation from wind [71.

Large amounts of wind have been and continue to be
reliably and effectively integrated into electric power
systems, but many sites with wind power resources
have minimal or no access to electrical transmission
facilities. This hurdle is a bottleneck to cost-effective
wind deployment, and additional transmission system
expansion is needed for higher wind penetration
levels (91. Concerted effort has yielded progress
nationally in addressing transmission and intercon-
nection barriers, and curtailment® has been reduced
from its peak in 2009 [61. Siting, planning, and
cost-allocation issues remain barriers to transmission
investment for wind and other forms of generation,
but dedicated efforts continue to yield progress in
addressing these concerns.

Wind turbine technology has evolved to incorporate
more direct drive technology, which has been rela-
tively slow to enter the U.S. market features. New grid-
friendly features have evolved, such as low-voltage
ride-through. This feature allows wind turbines to

stay online during low-voltage events, contributing to
system stability. In addition, frequency response—the
ability of the wind turbine to increase or decrease gen-
eration to help support nominal system frequency of
60 Hertz—is now a feature of modern wind turbines.
The ability to respond to automatic generator con-

trol signals, or AGC, allows wind turbines to provide
regulation service—system balancing on very short
time scales from about 4 seconds to several minutes,
depending on the region. Finally, simulated inertial
response provides fast response during a disturbance.

Wind Siting, Permitting, Deployment,

and Collaboration

As of 2013, both the processes and information
requirements for permitting wind projects vary across
applications (land-based, offshore, and distributed)
as well as across geographic boundaries (locate, state
and federal). This lack of uniformity in the regulatory
environment can lead to uncertainties in project
development timelines and success.

Industry experience and research have improved
understanding of wind power’s impacts to wildlife
and local communities. Progress has been made
through careful siting, public engagement, and
mitigation strategies. While improvements have been
made with respect to understanding impacts and
identifying effective mitigation strategies, however,
continued research is needed to further understand
the true nature and extent of wildlife impacts. The
focus is on co-existence—addressing community and
regulatory concerns while maximizing wind power
opportunities. Open collaboration with the commu-
nity and its leaders increases public involvement

and comprehension about best practices to manage
social impacts for both offshore and land-based
wind developments. Offshore wind is still in early
development phases, but significant progress is
being made to facilitate siting, leasing, and construc-
tion of offshore wind power projects in both federal
and state waters.

A number of government agencies, industry organi-
zations, researchers and academia, non-government
organizations (NGOs), and collaborative groups such
as the American Wind Wildlife Institute, Bats and
Wind Energy Cooperative, National Wind Coordinat-
ing Collaborative, and the Utility Variable-Generation
Integration Group are working to address wind-
related issues ranging from permitting and envi-
ronmental oversight to manufacturing, workforce
training, and facilitation of electric power system
integration. These organizations have furthered
scientific understanding to help stakeholders realize
the role and impact of wind on the energy market,
communities, and the environment. Work by collab-
orative groups has shifted from the basic sharing of
information and best practices to active engagement
aimed at solving specific problems.

8. Curtailment refers to wind energy available but not used due to transmission constraints and/or system inflexibility.
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2.1 Wind Power Markets and Economics

Wind was first used to generate electricity in Scotland
in 1887 and was introduced in the United States in
1888 [121. It was not until nearly a century later, how-
ever, that technological research and development—
spurred in part by the oil crisis of the 1970s—led to
the installation of significant amounts of utility-scale
wind power globally and in the United States. From
the mid-1980s to the late 1990s, wind began gaining
traction in the electric sector.

Wind power is cost effective and reliable.
Wind power capacity, generation, and
investment have grown dramatically.

This section provides insight into various topics
related to the wind market. Current global market
trends and domestic market trends are summarized
in Sections 2.1.1 and 2.1.2. Domestic cost and pricing
trends, including cost of energy, PPAs, capital cost,
O&M costs, project financing, and project perfor-
mance are discussed in Section 2.1.3. Section 2.1.4
summarizes U.S. electricity supply and demand
issues, including electricity load, natural gas prices,
and power plant retirements. Section 2.1.5 discusses
market drivers and policy, and covers such topics as
federal and state policy for wind, policy uncertainty,
and incremental growth trends.
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Figure 2-1. Global cumulative installed wind capacity, 1996-2013

9. This figure excludes large hydro-electric projects.
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2.1.1 Global Market Trends

Globally, wind power capacity, generation, and invest-
ment have grown dramatically since the late 1990s.
Cumulative global installed wind power capacity grew
from just 6 GW at the end of 1996 to 318 GW at the
end of 2013 (Figure 2-1)° 131. Approximately 3% of
global electricity supply came from wind in 2013 (6, 14],
up from 0.9% in 2007 [151. As part of this total, global
offshore wind capacity has grown from less than

100 MW in 2000 to nearly 7 GW at the end of 2013
n41. This capacity is installed mainly in Europe, with a
small amount installed in Asia.

According to the United Nations Environment Pro-
gramme, global investment in wind power grew from
$14 billion in 2004 to $80 billion in 2013, a compound
annual growth rate of 21% (Figure 2-2) (4, 51. Wind
power represented more than one-third of the total
$214 billion invested globally in renewable energy in
2013. Annual investment in wind reached a record
high in 2010 at $96 billion, and dropped from 2011 to
2013 due in part to global economic trends as well as
falling wind project capital costs. Total wind invest-
ment over the decade 2004-2013 was more than
$600 billion. An estimated 834,000 global direct and
indirect jobs were tied to wind power in 2013 [16].

Wind Power Markets and Economics
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Figure 2-2. Global trends in wind power investment, 2004-2013
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Figure 2-3. U.S. installed wind capacity, 1996-2013

2.1.2 Domestic Market Trends period. This output was equal to 4.5% of national

end-use demand (for electricity) in 2013—enough to

Wind power is an important contributor to domestic power 15.5 million U.S. residences (3, 7.

power generation in the United States, with cumula-

tive installed wind capacity growing from 1.4 GW in The geographic spread of wind project development
1996 to 61 GW in 2013 (Figure 2-3) [7.171. The output in the United States is broad (Figure 2-4). In 2013,

of electricity from this wind capacity grew from 3.2 nine U.S. states generated more than 12% of their
terawatt-hours to 168 terawatt-hours over the same in-state electricity from wind. The top producers were

lowa at 27.4% and South Dakota at 26% [71.
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Figure 2-4. U.S. utility-scale wind power capacity and share of in-state generation, year-end 2013

28

Wind power constituted an average of 34% of the
total new generating capacity added in the United
States each year from 2007 to 2013 (6] (Figure 2-5).
The 13 GW of wind installed in 2012 surpassed
natural gas to comprise the greatest annual addition
of any technology in that year (61. Wind capacity
additions dropped 92% in 2013, however, with only
11 GW added representing just 7% of total generating
capacity additions [71. Two key factors contributed
to the meager growth in 2013. The first was record
growth in 2012 as developers focused on completing
projects in advance of the then-planned expiration

of federal tax incentives for wind. The second was
limited motivation to achieve commercial operations
by year-end 2013. This was the result of altered tax
incentive eligibility guidelines that, after federal tax
incentives were extended, only required construction
to have begun by the end of the year. Wind capacity
additions in 2013 represented less than $2 billion

of investment, down from $25 billion in 2012 (6]. Con-
struction started on a significant number of wind
projects in 2013, as developers sought to take advan-
tage of federal tax incentives for projects that initi-
ated construction by year-end. Those projects

will come online in 2014 and 2015.
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Figure 2-5. Relative contribution of generation types in U.S. capacity additions, 2000-2013
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Text Box 2-1.

Domestic Market Trends

When 20% Wind Energy by 2030 was published
in 2008, numerous Fortune 100 companies

had begun purchasing renewable energy
certificates to fulfill corporate sustainability
goals concerning energy and greenhouse

gas emissions. Renewable energy certificates
provide firms the environmental attributes
associated with renewable energy without
physically changing the firm’s electricity supply
or providers. Since 2008, corporate purchasing
interest has expanded beyond renewable
energy certificates into direct power purchase
agreements and even on-site direct investment
in wind power, indicating long-term corporate
commitment to renewable power. By 2012,
59% of Fortune 100 firms had GHG emission
reduction commitments, renewable energy
commitments, or both 191.

Some recent examples of corporate investment
in wind power are noted below:

By year end 2014, Google had signed 1,040
megawatts (MW) worth of long-term wind
contracts, including several 20-year power
purchase agreements contracts. These power
purchase agreements will power their lowa,
Texas and Oklahoma data centers [20]. Another

Despite tepid growth in 2013, annual and cumulative
wind power installations in the United States have
exceeded the early-year pathway (through 2013)

in DOE’s 20% Wind Energy by 2030 report [181. This
demonstrates that wind can deploy rapidly, as is
consistent with high penetration scenarios.

2.1.3 Domestic Cost and
Pricing Trends

In sites with higher wind speeds, the LCOE of wind
dropped by more than one-third over the five-year
period from 2009 to 2013 [61. In some regional wind
markets,”® wind is competitive with traditional fossil

notable corporate power purchase agreements
purchase included Microsoft’s agreement to
purchase all the electricity from a 175 MW wind
plant to supply their lllinois data center [71.

IKEA Group purchased 2 U.S. wind plants in
2014 [21a, 21b], which together will supply IKEA
nearly 1,000 GWh/year of wind energy. IKEA

is a full owner of these assets, with Apex Clean
Energy operating the plants.

In 2014, Intel Corporation, Staples, and Unilever
were supplied 100% by green power through

a combination of solar, wind, and biomass
technologies. All three firms fulfilled their
renewables portfolio through a mix of on-site
generation, renewable energy certificates, and
power purchase agreements [201.

Wal-Mart has a goal of operating with 100%
renewable energy by 2020 through a mix of
PPAs, on-site generation, and renewable energy
certificates. In 2012 Wal-Mart installed its first
onsite utility-scale wind turbine at a California
distribution center. Wal-Mart also has small wind
turbines operating at a Massachusetts store as
well as numerous facilities with roof-top solar.

generation [61. Trends in the cost of wind power and
the related prices negotiated in PPAs impact wind
power deployment. The LCOE of wind, in turn, is
influenced by trends in wind project capital costs;
ongoing O&M costs; project financing terms; and
project performance.

Cost of Energy

Through technology advancement and turbine
scale-up, the average LCOE for U.S. land-based wind
projects in good to excellent sites dropped more
than 90% from 1980 to 2013—that is, from more than
$0.50/kilowatt-hour (kWh) in 1980 to just $0.045/
kWh in 2013, excluding the federal production tax

10. The strength of a regional market is determined by a combination of factors, including the natural wind resources, access to transmission,
policy incentives and regulatory conditions, and the region’s level of historical experience in wind power.
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Figure 2-6. Average LCOE in good to excellent wind sites

credit (PTC) (61 (Figure 2-6). Significant variations
exist in the LCOE of individual wind projects, however,
and projects in lower wind resource sites have higher
LCOE. On average, after experiencing an increase
beginning in 2003 and peaking in 2009, the LCOE

of wind in good to excellent sites" dropped by more
than one-third over the five-year period from 2008 to
2013. These cost reductions were supported by many
factors, including technology advancement, turbine
scale-up, and efficiencies gained from larger volume
manufacturing.

Power Purchase Agreements

Wind PPA prices represent the cost paid by electric
utilities for wind power under long-term contracts.
Such prices are impacted by the LCOE of wind
projects as well as the available federal and state
incentives. Average land-based wind PPA prices for a
sample of national and regional U.S. wind projects are
shown in Figure 2-7. As a result of trends in LCOE and
support via federal tax incentives, wind power is now
cost-effective in many regions of the United States
despite historically low wholesale power prices.

Despite increasing from 2003 to 2009 (Figure 2-7),
average wind PPA prices remained competitive with
rising wholesale power prices over much of this
period [6]. This alignment helped support dramatic
growth in wind power additions. Declining whole-
sale power prices since 2008 have challenged wind
economics, but a simultaneous reduction in wind PPA
pricing has kept wind competitive in some regions,
especially the U.S. Interior 61. In part as a result of the
decline in wind PPA pricing, in 2012 more than 11 GW
of wind power capacity was installed in states with-
out any near-term incremental demand from state
renewable portfolio standards (RPSs) [221. In 2013, the
national average PPA price for contracts signed was
approximately $25/megawatt-hour (MWh) including
the PTC, which is a $15/MWh reduction from the 2012
generation weighted average [241. The Interior region
of the United States has the lowest PPA prices, largely
because it has the best wind resources in the nation.”?
While the wind resource quality in other regions is
not expected to change with time, cost improvements
gained from wind power experience and advance-
ments in infrastructure, siting, and permitting may
help lower PPA prices in these regions in the future.

1. Defined here to include wind projects built in the interior of the country, where some of the nation’s most consistent wind resources exist.

12. High quality wind resources are characterized by consistent, predictable high wind speeds.
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Figure 2-7. Generation-weighted average, levelized wind PPA prices by PPA execution date and region

Capital Cost

The capital cost of land-based wind projects has
affected trends in wind power LCOE and PPA pricing.
Average wind turbine prices reached a low of roughly
$750/kilowatt (kW) between 2000 and 2002, but
then increased between 2004 and 2009 to roughly
$1,500/kW—a trend attributed to weakness in the
U.S. dollar; rising labor costs, profit margins, and
warranty provisions among turbine manufacturers;
and increasing raw materials and energy prices [25, 261.
A subsequent reversal of some of these underlying
trends, as well as increased competition among
manufacturers, led to a significant decrease in turbine
prices since 2009. For the most recent (as of 2013)
contracts, Bloomberg reports global average pricing
of approximately $1,000/kW for older turbine models
and $1,300/kW for newer turbine models that feature
larger rotors [271.

Total installed project capital costs include not only
the turbine, but also the balance of system (BOS)
costs. BOS costs comprise balance of plant™ and
“soft” costs™ (28] (Figure 2-8). As shown in Figure 2-9,
installed project costs dropped from roughly $5,000/
kW in the early 1980s to a low of approximately
$1,300/kW in 2004. Similar to turbine costs, project
capital costs then increased through 2009 before
dropping again. In 2013, the average installed project
cost was roughly $1,630/kW, down more than $300/
kW from the reported average cost in 2012 and more
than $600/kW less than the apparent peak in average
reported costs in 2009 and 2010 (61. With just 11 proj-
ects totaling 650 MW, however, the 2013 sample size
is limited, which may mean a few large and low-cost
projects are unduly influencing the weighted average.
Early indications from a larger sample of projects
under construction in 2014 (16 projects totaling more
than 2 GW) suggest that average installed costs are
closer to $1,750/kW—still down significantly from
2012 levels [61.

13. Balance of plant refers to infrastructure elements of a wind plant other than the turbines, e.g., substation hardware, cabling, wiring, access

roads, and crane pads.

14. Soft costs are non-infrastructure costs associated with a wind plant, e.g., project development and permitting.
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Figure 2-8. Components of installed capital cost for a land-
based, utility-scale reference wind turbine

O&M Costs

O&M costs are an important component of the overall
cost of wind power and can vary substantially among
projects. Anecdotal evidence and analysis suggest
that unscheduled maintenance and premature
component failure in particular challenge the wind
power industry 291. While O&M cost allocation and
categorization is not consistent across the industry,

a recent report found U.S. wind O&M costs comprise

scheduled maintenance (20.5%), unscheduled mainte-
nance (47.7%), and balance of system (31.9%) [301.

Though market data on actual project-level O&M costs
are not widely available, some overall cost trends can
be discerned. First, as noted, O&M costs generally
increase as projects age [25]. Second, trends by project
vintage are unclear, with some analysis suggesting
increasing costs in recent years (to 2014) and other
analysis suggesting the opposite [25, 29, 311.

Aside from the lack of clarity in underlying O&M cost
trends, however, inspection and monitoring programs
have generally improved over time to focus on
preventive maintenance for gearboxes, generators,
blades, and related equipment. These programs com-
bine information from condition monitoring systems,”
supervisory control and data acquisition (known as
SCADA), asset management software, and increased
technical experience to identify trends and proactively
ensure wind power plants run at high availability at
the lowest possible costs. Turbine manufacturers are
also now signing full-service O&M contracts lasting up
to 20 years, compared to historical O&M contracts of
just two to five years. This indicates increasing confi-
dence in wind technology reliability and the ability to
generate revenue by operating wind plants.
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Figure 2-9. Installed wind power project costs over time

15. Condition monitoring systems use sensors that measure key operating characteristics of gearboxes, generators, blades, and related equip-
ment to alert operators when non-standard operating conditions occur. It is a major component of predictive maintenance.
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Figure 2-10. Cost of 15-year debt and tax equity for utility-scale wind projects over time

Project Financing

Wind power is capital intensive, which makes costs

for wind highly sensitive to the cost of capital. In the
United States, the weighted average cost of capital
available to wind project sponsors is artificially inflated
by the fact that federal incentives for wind power
development are delivered through the tax code (see
Section 2.1.2). Most wind project sponsors do not have
sufficient “tax liability” to fully benefit from these
federal tax incentives, and so they need to rely on
third-party tax equity investors to monetize them. This
third-party tax equity, however, is a relatively more
expensive source of capital. As shown in Figure 2-10,
tax equity is currently more than twice as expensive
(on an after-tax basis) as the term debt that would
likely replace it if monetization were not necessary.

Even the minority of project sponsors that are able

to take the tax credits directly on their own (and so
do not need to partner with tax equity investors)

will often end up with a suboptimal capital structure
because they cannot borrow as effectively against
PTCs as against cash revenue. Collectively, these
impacts of tax incentives on capital structure and cost
suggest that altering how federal incentives for wind

power deployment are delivered could significantly
reduce the cost of capital available to wind project
sponsors, allowing wind PPA prices and the LCOE to
decline commensurately [321.

Project Performance

Since the early 2000s, turbine manufacturers have
developed turbines featuring larger rotors and higher
hub heights capable of economically generating
power at lower wind speed sites (average wind
speeds of less than 7.5 m/s) (see Section 2.5). These
substantial advances have had the effect of increas-
ing project performance and opening lower wind
speed areas of the country for possible land-based
wind development 33, 25, 24, 341. Since 2012, these
larger-rotor turbines have been increasingly deployed
in higher wind speed locations (where average wind
speeds are more than 7.5 m/s), leading to anticipated
wind project capacity factors that sometimes exceed
50%. This is well above what was common through
2014 135, 2417 See Section 2.5 for more details about
the effects of technology advancement on annual
energy capture and LCOE.

16. The returns of equity investors in renewable energy projects are most often expressed on an after-tax basis, because of the significant value
that federal tax benefits provide to such projects (e.g., after-tax returns can be higher than pre-tax returns). In order to accurately compare
the cost of debt (which is quoted on a pre-tax basis) to tax equity (described in after-tax terms), one must first convert the pre-tax debt
interest rate to its after-tax equivalent (to reflect the tax-deductibility of interest payments) by multiplying it by 65%, or 100% minus an

assumed marginal tax rate of 35%.

17. Capacity factor is a measure of the productivity of a power plant, calculated as the amount of energy that the plant produces over a set time
period (typically a year) divided by the amount of energy that would have been produced if the plant had been running at full capacity during

that same time interval.
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As previously mentioned, turbine manufacturers now
sign full-service O&M contracts lasting up to 20 years,
demonstrating increased confidence in wind technol-
ogy and revenue potential.

2.1.4 U.S. Electricity Supply
and Demand

Wind power deployment is impacted by broader
trends in the energy market, including electricity
load, the price of other energy sources, and electric
power plant retirements. As other forms of electricity
generation face regulatory and market challenges,
wind power has become a cost effective source of
energy, in part due to its declining costs. Despite flat
electricity demand and declining natural gas prices,
wind deployment has still increased.

Electricity Load

Low electricity load growth since 2008 has reduced
the need for new electricity generation. As shown in
Figure 2-11, the actual amount of electricity generation
required to meet load since 2008 has been largely
flat. This generation has also been far lower than

what the EIA predicted in its Annual Energy Outlook

6,000
5,000

(AEOQ) in 2008,® though some increase in load was
experienced between 2012 and 2013. These lower
levels of electricity demand have created a more
challenging economic environment for wind; without
as much need for new supply, new wind projects need
to compete to a greater extent with existing—rather
than new—forms of generation.

Electricity supply is projected to grow an average of
0.9% per year through 2040, a minimal change from
the 1% per year that was predicted in 2008 [36, 371. Flat
load growth since 2008 means that even the “high
economic growth” projection from the AEO 2013 (371
falls below the AEO 2008 reference case projection
361. While the exact load growth is uncertain, lower
levels of projected electricity demand are expected to
continue to create a challenging economic environ-
ment for wind. If load growth exceeds expectations,
however, wind deployment could increase more than
anticipated. One study, for example, estimated that
transportation electrification could generate nearly
500 billion kWh of new annual demand by 2050,

or almost 13% of 2013 U.S. net electric power sector
generation [3, 381.
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Source: EIA [42]

Figure 2-11. AEO projected load growth cases vs. actual

18. The DOE Energy Information Administration produces an Annual Energy Outlook, which defines a “reference case” and specifies “high” and

“low” ranges of projected electricity generation for analytical purposes, The AEO is available at: http./www.eia.gov/forecasts/aeo/.
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Significant decline in natural gas prices led to
major revisions in the AEO projections
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Natural Gas Prices

Since 2008, the increase in natural gas reserves
enabled by advances in horizontal drilling and
hydraulic fracturing has been among the more
important energy supply-side developments impact-
ing wind power [39, 401. In response to this new supply
(along with tepid demand from a sluggish economy),
natural gas prices have fallen dramatically from

their peak in mid-2008 (Figure 2-12), prompting a
considerable amount of fuel-switching in the power

Chapter 2 |

sector (Figure 2-13). The share of natural gas-fired
generation in the U.S. power mix increased from 21%
in 2008 to 27% in 2013 411, while coal-fired genera-
tion declined from 48% to 37% over this same period.
Though coal prices have remained relatively steady,
these developments with natural gas have pushed
wholesale power prices down from the highs seen in
2008 (Figure 2-12), resulting in increased competitive
pressures for wind power.
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The future generation mix, especially the share of
natural gas-fired generators, will affect the market
competitiveness of wind power (Figure 2-13).
Although natural gas prices (and price projections)
remain below 2008 levels, prices have already recov-
ered somewhat from lows seen in 2012. Natural gas
prices are projected to increase further through at
least 2040, as demand increases due to anticipated
economic growth and opportunities to export natural
gas or use it for transport (Figure 2-14).

Increased use of natural gas for electricity offers
positive effects for wind generation because gas’s
price elasticity makes wind more competitive. Greater
numbers of natural gas power plants, however, have
the potential to create competition for wind. Because
natural gas power plants can vary their generation
output more quickly than coal or nuclear plants, they
offer utilities greater flexibility to respond to changes
in wind power output.

As of 2013, low natural gas prices and expectations
about future price make it more difficult for wind

T

)

Actual

Natural Gas Price Delivered to Electricity
Generators (2013$/MMBtu)
~

to compete on economic grounds [431. Still, it is
important to recognize that natural gas prices have
historically been unpredictable. The 2013 EIA AEO

[371 projected a wide range of prices between the

low, reference, and high gas price cases, from less
than $5.50/million British thermal units, or MMBtu,

to greater than $10.50/MMBtu in 2040 (Figure 2-14).
This price uncertainty stems from unclear demand,
lack of clarity on the future amount of liquefied
natural gas exports, public concerns about hydraulic
fracturing, and uncertainty about the size of the
domestic natural gas resource base [431. The potential
negative impact of gas price uncertainty and volatility
on consumer costs is exacerbated by the challenge of
effectively hedging gas prices over longer terms [43].
While these factors also lead to uncertainty about the
future competitiveness of wind vs. gas—and, there-
fore, future wind deployment—they also highlight the
possible role that wind might play as a hedge against
some of these risks. This topic is explored further in
Section 2.4.6 and in Chapter 3.

AEO 2014 (High)

AEO 2014
(Reference)

AEO 2014 (Low)

I I I
2000 2005 2010

— Actual natural gas prices

I
2015

I I I I I
2020 2025 2030 2035 2040

— AEO 2014 projections

Note: EIA publishes the Annual Energy Outlook annually to project energy and fuel costs. The Reference Case is the main ‘central’ estimate
reported. The High and Low projections of this figure refer to AEO's Low Qil and Gas Resource and High Qil and Gas Resource Cases, respectively.

Source: LBNL compilation of forecasts and data from EIA

Figure 2-14. Actual natural gas prices and AEO forecasts
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Table 2-1. EPA Rules under Development in 2014 Affecting Power Plants

Cross States Air
Pollution Rule (CSAPR)

Limit air pollution
transport

Initially Planned

Effective Year SR

Upheld by Supreme Court in

2012 April 2014

Mercury and Air Toxins
(MATS)

Limit mercury and other
hazardous gases

Upheld by Appeals Court in

20 April 2014

Coal Combustion
Residual (CCR)

Manage safe disposal of
coal ash

Near final, but the rule could

Pending final rule take two different routes

Protect fish and
aquatic life

Cooling Water Intake
Structures & 316(b)

EPA finalized standards in

2021 May 2014

Guidelines to Clean Air
Act Section 111(d)

Reduce carbon pollution
from the power sector

Released draft in June 2014

2015 and a final rule by June 2015

Source: Adapted from information from the U.S. Environmental Protection Agency

Power Plant Retirements

Retirement of conventional power plants will affect
the future potential for wind deployment. Retire-
ments of coal and nuclear power plants have already
occurred as a result of competition with lower-cost
natural gas plants. In locations in which wind power
can compete economically with natural gas, that
conventional generation can be replaced with wind
power. Environmental regulations will also influence
decisions about power plant technologies. As of early
2014, new EPA rules about environmental concerns
other than GHGs were in varying stages of devel-
opment and implementation (Table 2-1). Additional
policies potentially affecting wind deployment are
discussed in Section 2.1.5.

Two GHG-specific rules are also under development by
the EPA for new and existing power plants as of 2014.
The first rule, which has been released in proposed
form, could prevent construction of new coal plants
unless they integrate carbon capture and sequestra-
tion technology r441. The second rule, focused on exist-
ing plants and released in draft form in 2014, could
result in additional retirement of fossil generators.

Proposed changes to the Clean Air Act Section 111(d)
were introduced in 2014 as well (Table 2-1). In this
action, the EPA proposed state-specific, rate-based
goals for CO, emissions from the power sector, as well

Chapter 2 |

as guidelines for states to follow in developing plans
to achieve the state-specific goals. This rule would
continue progress already underway to reduce CO,
emissions from existing fossil fuel-fired power plants
in the United States.

Numerous studies have analyzed which power plants
would likely be impacted from investment in new
technologies to comply with the possible forthcom-
ing rules, and which would be more advantageous
to retire (401. Many of these studies estimate that
these rules could lead to an increased cost of fossil
fuel-fired generation and the retirement of 45-70
GW of coal plants by 2020. For example, an August
2013 survey indicates that, since 2006, 58 GW of
coal plants have announced retirements by 2025 [45].
Coal plant retirements are projected to be greater if
proposed GHG rules are also considered.

Nuclear plant retirements are anticipated in part
due to lower natural gas prices. The catastrophic
failure of Japan’s Fukushima | Nuclear Power Plant
has also increased scrutiny of nuclear safety. A 2013
study found that up to 38 nuclear reactors are “at
risk” of retiring early (461. Announcements had been
made by the end of 2013 to close several nuclear
plants, including San Onofre, California; Crystal
River, Florida; Kewaunee, Wisconsin; and Vermont
Yankee, Vermont.

Wind Power Markets and Economics
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2.1.5 Market Drivers and Policy

Rising wholesale electricity prices and growth of
renewable energy incentives, helped facilitate the
expansion of wind power. Policy uncertainty, low
natural gas prices, modest electricity demand growth,
and limited additional demand from state RPS poli-
cies will continue to affect the wind industry. Cycles
of wind deployment have been created by short-term
extensions and periodic expirations of federal tax
incentives. This fluctuating market creates challenges
for wind developers, manufacturers, transmission
planners, utility purchasers, and other stakeholders.

Federal and State Policy for Wind

Various federal and state policies have underpinned
the domestic wind power market since the industry’s
beginnings in the 1980s [471. The most influential
federal policy is the PTC as first enacted through the
Energy Policy Act of 1992, H.R.776. Later provisions
included the investment tax credit (ITC) and a provi-
sion under the American Recovery and Reinvestment
Act of 2009—known as the Recovery Act—that

enabled wind power projects to elect, for a limited
time, a 30% cash grant in lieu of the PTC or ITC [251.°

As of 2013, 29 states plus Washington, D.C., had
mandatory RPS programs. Though direct correlations
between RPSs and the amount of wind development
are not clear [48, 49, 50, 511, and RPSs are not the only
driver of development, 69% of wind power capacity
added in the United States from 1999 through 2013
was located in states with RPS policies. Beyond RPSs,
state policies that have supported growth of the wind
industry include utility resource planning efforts, state
renewable energy funds, voluntary “green power”
programs, various forms of state tax incentives, and
state and regional carbon-reduction policies [25].

Policy Uncertainty and Incremental

Growth Trend's

Federal and state policies have been integral to the
success of the wind industry.

As shown in Figure 2-15, wind deployment has
dropped significantly each of the four times the PTC
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Note: As of January 1, 2014 the PTC expired again and lapsed for a period of nearly 12 months. In December 2014 the PTC was extended again,

although only through year-end 2014.

Sources: American Wind Energy Association

Figure 2-15. Historical wind deployment variability and the PTC

19. The Database of State Incentives for Renewable Energy provides additional information on state and federal renewable energy policies at

www.dsireusa.org, as does the United States Department of Agriculture Rural Development Energy Programs website, http./www.rd.usda.
gov/programs-services/rural-economic-development-loan-grant-program.
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Text Box 2-2.
Key Federal Policies Affecting Wind Power

PTC and ITC: Originally enacted in the Energy
Policy Act of 1992, the PTC is a production-
based tax credit available to various renewable
energy sources. The PTC provided a 2.3¢/kWh
tax credit for the first 10 years of electricity
generation for utility-scale wind. The ITC
(available as of 2013) provides a credit for 30%
of investment costs and is especially significant
for the offshore and distributed wind sectors
because such projects are more capital-intensive
than land-based. In January 2013, the PTC

and ITC were extended through the American
Taxpayer Relief Act. Wind power projects larger
than 100 kW can qualify for the PTC or ITC

if construction was started before January 1,
2014 (turbines under 100 kW are eligible until
2016), by satisfying the “program of continuous
construction” and “continuous efforts,” and
being placed into service by the end of 2015.

Recovery Act: The American Recovery and
Reinvestment Act of 2009 (Pub.L. 111-5), known
as ARRA or the Recovery Act, allowed wind
projects to take the ITC in lieu of the PTC. ARRA
also created the Section 1603 Treasury grant,

a temporary program that enabled specified
energy property built by the end of 2012—
including wind projects—to receive a cash grant
of 30% of a project’s capital costs in lieu of
either the PTC or ITC. Given the challenges in

has expired, as well as during the economic downturn
and during the onset of increased shale gas availabil-
ity around 2009-2010. Wind has also experienced
increased development in years in which incentives
are otherwise scheduled to expire by year-end, as
projects rush to meet tax incentive eligibility rules.
The “boom-and-bust” cycle created by short-term
extensions and periodic expirations of federal tax
incentives has created challenges for wind devel-
opers, manufacturers, transmission planners, utility
purchasers, and other stakeholders [521.
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securing tax equity during the financial crisis,
Section 1603 has been credited with supporting
the continued growth of the renewable energy
sector during what otherwise was a challenging
investment environment. The program also
reduced barriers for newer and less-experienced
wind developers, who might otherwise have
faced sizable challenges in accessing the limited
supply of tax equity. The proportion of wind
power additions supported by the grant include
44% of new wind capacity installed in 2012, 62%
in 2011, 82% in 2010, and 66% in 2009. ARRA
also created the Section 1705 loan guarantee
program for commercial projects, which closed
on four loan guarantees to wind projects
totaling more than 1,000 MW.

Accelerated Depreciation: Accelerated depre-
ciation through the federal Modified Accelerated
Cost-Recovery System, known as MACRS, allows
wind project owners to depreciate most project
capital costs on a five-year schedule. The
Economic Stimulus Act of 2008 (Pub.L. 110-185,
122 Stat. 613) and subsequent legislation pro-
vided a further 50% first-year bonus depreciation
provision for projects built between 2008 and
2010. The American Taxpayer Relief Act of 2012
(Pub.L. 112-240, H.R. 8, 126 Stat. 2313), extended
a 50%, first-year bonus depreciation to projects
placed in service through December 31, 2013.

At the state level, many RPS policies are close to
being fully met. As a result, the incremental demand
for renewable energy under these existing programs
is somewhat limited. Lawrence Berkeley National
Laboratory (LBNL) projects 3-4 GW/year of new
renewable energy through 2025 [61. Bloomberg proj-
ects that 2 GW/year may come from wind, whereas
the American Wind Energy Association (AWEA) fore-
casts roughly 2.4 GW/year of wind from 2013-2025
[531. These figures are well below annual wind power
capacity additions as of 2013. The nature, design, and
stringency of future policy drivers that might affect
wind installations are uncertain.
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2.1.6 Conclusion

Global wind power capacity, generation, and invest-
ment have grown dramatically since the late 1990s,
and wind power is an important contributor to
domestic power generation in the United States. The
LCOE of wind in good to excellent wind resource sites
dropped by more than one-third over the five-year
period from 2009 to 2013 [6]1, and, in some of the
strongest wind markets, wind is competitive with
traditional fossil generation (61. Trends in the cost of
wind power and the related prices negotiated in PPAs
impact wind power deployment. The LCOE of wind,
in turn, is influenced by trends in wind project capital
costs; ongoing O&M costs; project financing terms;
and project performance.

Wind power deployment is impacted by broader
trends in the energy market, including electricity
demand, the price of other energy sources, and
electric power plant retirements. As other forms of

2.2 Offshore Wind

electricity generation face regulatory and market
challenges, wind power has become a cost effective
source of energy, in part due to its declining costs.
Despite flat electricity demand and declining natural
gas prices, wind deployment has still increased.

The wind industry is also affected by policy uncer-
tainty. Wind deployment cycles have been demon-
strably influenced by extensions and periodic expira-
tions of federal tax incentives. This cyclical behavior
creates challenges for wind developers, manufac-
turers, transmission planners, utility purchasers, and
other stakeholders. Section 4.9 of the Wind Vision
roadmap discusses three key areas in which the wind
stakeholder community can collaborate with others to
maintain the analysis capability necessary to inform
policy decision makers, including: comprehensively
evaluating the costs, benefits and impacts of energy
technologies; refining and applying policy analysis
methods; and tracking technology advancement and
deployment progress and updating the roadmap.

Global offshore wind deployment offers extensive
experience from which the United States can learn—
at the close of 2013, a total of 2,080 wind turbines
were installed and connected to the electricity grid,

in 69 offshore wind plants in 11 countries across
Europe. Total installed capacity of these turbines
reached nearly 6.6 GW at the end of 2013, producing
24 terawatt-hours (TWh) in a normal wind year,
enough to cover 0.7% of the European Union’s total
electricity consumption. The European Wind Energy
Association identified 22 GW of consented? offshore
wind plants in Europe as of 2013, and plans for
offshore wind plants totaling more than 133 GW [21.
Worldwide, more than 200 GW of offshore wind were
in the regulatory pipeline at the end of 2012 according
to assessments by the National Renewable Energy
Laboratory (NREL) [541.

Section 2.2.1 discusses trends in the U.S. offshore
industry, while Section 2.2.2 examines current off-
shore costs. Section 2.2.3 reviews the deployment and
siting issues affecting the U.S. offshore industry.

Chapter 2

2.2.1 Status of the Offshore
Industry

Offshore turbines can be located near load centers
with some of the highest electric rates in the United
States and provide an alternative to long distance
transmission of land-based wind power from the
Interior to the coasts. The North Atlantic, South

Deployment experience in Europe shows
that offshore wind is technologically
viable. In the United States, offshore is
poised for an industry launch.

Atlantic, Great Lakes, Gulf of Mexico, and West Coast
all contain significant offshore wind resources, and
projects have been proposed in each of these areas.
Environmental organizations in the United States are
helping to educate interested parties and are support-
ing the development of offshore wind. In 2012, the
National Wildlife Federation authored, “The Turning
Point for Atlantic Offshore Wind Energy,” which

20. The European Wind Energy Association classifies projects as online, under construction, or consented.
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advocates offshore wind development off the Atlantic
Coast. The report was endorsed by 40 other environ-
mental organizations [551.

Universities are also leading research on offshore wind.
In June 2013, the University of Maine’s DeepCwind
Consortium launched VolturnUS off the coast of
Castine, Maine. VolturnUS comprises a one-eighth
scale semi-submersible floating foundation—the first
offshore wind turbine deployed in the United States.
A number of full-scale projects are also under devel-
opment within the domestic offshore market. In 2014,
Navigant identified 14 offshore wind projects totaling
4,900 MW that had reached an “advanced stage of
development 561.”%' Developer timelines indicate the
first of these projects may come online in 2015.

The federal government, including the DOE and the
U.S. Department of the Interior (DOI), has also stepped
up efforts to accelerate the development of offshore
wind. In February 2011, DOE initiated the Offshore
Wind Strategic Initiative and launched more than $250
million in public/private research and development
funding grants and cooperative agreements. The cap-
stone of this effort is a plan to deploy three Advanced
Technology Demonstration projects by 2017. The

three finalists for the deployment are Dominion Power
(Virginia), Fisherman’s Energy (New Jersey), and
Principle Power Inc. (Oregon). The federal regulatory
process for offshore wind, led by the Bureau of Ocean
Energy Management (BOEM), has also evolved consid-
erably since 2008. Following the issuance of the first
commercial lease to Cape Wind in 2010, BOEM held
successful auctions for three lease areas: off the coasts
of Rhode Island/Massachusetts and Virginia in 2013,
and off the coast of Maryland in 2014. State regulatory
processes in the Great Lakes have also advanced, with
issued leases for offshore wind projects in state waters
totaling more than 1.2 GW [571.

Despite this progress and the fact that the U.S. off-
shore wind industry will be able to draw on more than
20 years? of international experience with the tech-
nology,® offshore wind faces several challenges in the
United States. Foremost among these concerns is the
high cost of offshore wind technology, combined with
uncertain policy support [571.

2.2.2 Offshore Costs

Given that no offshore wind projects exist in the
United States as of 2014, the costs of such projects is
generally uncertain. Some indication about the likely
costs of offshore projects can be derived, however,
from global experience. During the period 2004-2012,
capital costs for offshore wind projects increased as
the industry came to terms with the true costs and
risks of developing projects in technically challenging
offshore sites. Navigant indicates that the average
reported cost of offshore wind projects installed glob-
ally in 2012 was $5,385/kW?* [571. This cost roughly
represents a doubling of costs from those observed in
the 2002-2007 time period. This increasing cost trend
was a result of numerous factors, including:

« A shift toward developing projects in sites charac-
terized by greater water depths, longer distances to
shore, and more intense meteorological and ocean
conditions;

* A greater understanding of the risks associated
with offshore construction, which has resulted in
increased spending on risk mitigation as well as
higher contingency budgets; and

* A lack of competition in the supply chain—par-
ticularly for offshore wind turbines, with 82% of
turbines installed in 2012 sold by a single manufac-
turer [57,591.

21. An advanced stage of development for an offshore wind project is defined as having achieved at least one of the following three milestones:
(1) received approval for an interim limited lease or a commercial lease; (2) conducted baseline or geophysical studies at the proposed site
with a meteorological tower erected and collecting data, boreholes drilled, or geological and geophysical data acquisition system in use;

and/or (3) signed a PPA with a power off-taker [571.

22. The world’s first offshore wind park began operation in 1991 in Vindeby, Denmark [s8].

23. At the end of 2013, GWEC estimated an installed capacity of approximately 7 GW. The vast majority of this capacity (over 90%) is located
in northwestern Europe, where 10 countries have installed offshore wind projects. The remaining capacity is located in Asia, where Chinese,
Japanese and South Korean markets show signs of accelerating activity 131

24. Financial results reported in the 2013 “Offshore Wind Market and Economic Analysis: Annual Market Assessment” Navigant report are in 2011$.
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Notwithstanding this trend, data on the near-term
project pipeline? suggest capital costs appear to

be stabilizing. In projects installed in 2013 for which
data are available, the average reported capital cost
was $5,187/kW, compared to $5,385/kW for projects
completed in 2012% [s61. While it appears that the
stabilizing trend may continue for projects completed
in 2014, a lack of data for projects anticipated to
reach completion in 2015 and 2016 makes it difficult
to assess whether the trend will continue (561.

In the United States, four offshore wind PPAs have
been approved to date.?” All four were motivated
at least in part by state policies to encourage utility
demand for offshore wind power. The effective
bundled prices of these PPAs range from approx-
imately $180/MWh to $240/MWh in 2012 dollars,
with terms extending between 15 and 25 years [601.

These PPAs give some indication of domestic offshore

wind power prices. Future project and turbine scale
increases combined with new technology may further
reduce market prices.

The relatively high LCOE for initial offshore wind
projects, combined with generally low natural gas
prices, means that offshore projects will need stable
and long-term policy support. RPSs that reach 30% in
the densely populated Northeast will require con-
sideration of offshore wind due to limited space to
develop land-based wind and solar at sufficient scale.
To facilitate public utility commission approvals allow-
ing utilities to pass the costs of these early offshore
wind projects to ratepayers, state legislatures have
amended relevant statutes to enable consideration

of a range of environmental and economic benefits
from the contracts beyond just LCOE (see Chapter

3). Examples include Massachusetts,”® Rhode Island,?
and Maryland 571.%°

It is unlikely that offshore wind projects in the
United States will be self-financed. Offshore devel-
opers will instead likely seek commercial project
financing based on the strength of the market and
finance mechanisms, as well as other project con-
tracts and the credit of the power purchaser and
other project counterparties. For example, Cape
Wind, which has secured long-term PPAs from
National Grid and NSTAR, has engaged the Bank
of Tokyo-Mitsubishi UFJ, Natixis, and Rabobank [61]
as lead arrangers of its debt financing who have
committed more than $400 million. For example,
Cape Wind secured long-term PPAs and arranged
debt financing in 2014 (61, 62, 63]. Wind turbine vendor
Siemens has offered to secure financing for the
project as needed [631.

2.2.3 Offshore Deployment
and Siting

Offshore wind is still in early development phases,
but significant progress is being made to facilitate
siting, leasing, and construction of offshore wind
power projects in both federal and state waters. The
main siting concerns focus primarily on questions of
competing use, environmental impacts, and con-
straints due to the availability of technology to
meet some challenging design conditions (e.g.,
water depth issues). Other issues include the time-
lines and investment required to develop new port
facilities, heavy-lift construction vessels, and supply
chains for major components. Additional concerns
over coastal viewshed issues, understanding of off-
shore wind resources, and grid interconnection and
integration issues also require further investigation.

25. Near-term pipeline includes projects that are either under construction or have signed major supply contracts as of mid-2014.

26. Financial results reported in the 2014 “Offshore Wind Market and Economic Analysis: Annual Market Assessment” Navigant report are in 2012$.

27. These include: a PPA between NRG Bluewater and Delmarva (canceled by NRG Bluewater in December 2011) enabled by legislation that
increased the value of renewable energy credits (RECs) generated by the project to 350% of normal levels, and PPAs between Deepwater
Wind and National Grid, Cape Wind and National Grid, and between Cape Wind and NSTAR, all driven by state government interventions
that allow the utility to pass through the above-market prices of the contracts, as well as a rate of return, to its customers.

28. The peak demand price suppression benefits of the Cape Wind PPA was cited by both the Massachusetts Department of Public Utilities and
the Massachusetts state supreme court when approving the PPA. Alliance to Protect Nantucket Sound v. Department of Public Utilities, 461

Mass. at 176-177, September 8, 2011.
29. Public Law 2010, Chapter 32, amending Title 39 Section 26.1.

30. Maryland enacted legislation in 2013 establishing Offshore Wind Renewable Energy Certificates as a financial support mechanism for
offshore wind projects that are approved by the public utility commission, after review of several factors, including reductions of locational
marginal pricing, transmission congestion, capacity prices, and other net economic, environmental and public health benefits to the state.”

(Maryland Code - Public Utilities Article, 7-704.1(D)).
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The rapidly evolving federal regulatory process
and new state-based policies (in some areas) are
supportive of future offshore wind developments
in federally designated offshore wind energy areas
(WEAs) (Text Box 2-3).

Figure 2-16 identifies the current location and approx-
imate size of the proposed WEAs and other wind
development zones that have been proposed, leased,
or are under development in state and federal waters.
While there has been activity in both state and federal
waters, meeting the penetration levels of the Wind
Vision Study Scenario for offshore wind would require
large-scale development under federal jurisdiction on
the Outer Continental Shelf (OCS). BOEM is the lead
agency charged with leasing offshore wind sites in
federal waters on the OCS. The Bureau of Safety and
Environmental Enforcement, BOEM’s sister agency,

is charged with ensuring safe operation of offshore
wind on the OCS but has had only a small role as of
2013 because there are no operational U.S. offshore
wind projects. Several other federal agencies, includ-
ing the National Oceanic and Atmospheric Admin-
istration (NOAA) and the Army Corps of Engineers,
play significant roles in the permitting process. These
agencies provide oversight and concurrence to BOEM
under its leasing process and, in some cases, are
required to issue their own permits.

In 2007, BOEM prepared a programmatic environ-
mental impact statement covering much of the Atlan-
tic coast to support the future regulatory process

for leasing offshore wind turbines in the area. BOEM
has also developed a series of guidance documents
for developers on providing information (e.g., avian
surveys, spatial data, and benthic surveys) to support
offshore renewable energy permitting. The guidance
documents are available on BOEM’s website (www.
boem.gov/National-and-Regional-Guidelines-for-
Renewable-Energy-Activities/). In April 2009, BOEM
released the primary regulations that provide the
framework for offshore renewable energy projects
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Text Box 2-3.

Offshore Wind Energy Areas (WEAs)

BOEM, which controls rights to submerged
federal lands, has initiated the “Smart from the
Start” program, which aims to facilitate rapid
and responsible development of the offshore
wind resource [64].

BOEM has been working with industry, state
policymakers, other regulatory agencies, and
stakeholder groups to identify priority WEAS on
the Atlantic outer continental shelf.

BOEM has conducted Environmental
Assessments in several WEAs and published
“Findings of No Significant Impact,” which
cleared the way for the commercial leasing
process and site assessment activities.

The first leases for development rights within
the Rhode Island/Massachusetts WEA and

the Virginia WEA have been competitively
auctioned. Together these leases grant
development rights to more than 270,000 acres
of submerged land, which could support up to
5 GW of offshore wind capacity.

These lease sales, with a total up-front volume
of $5.4 million (and additional payments as
and if development proceeds), demonstrate
the commercial interest in developing offshore
wind projects 65, 661.
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on the OCS 1671.%' In 2010, DOl initiated a “Smart from
the Start” program for siting and leasing offshore
wind projects within designated WEAs on the Atlantic
coast [681. Under this framework, BOEM has initiated a
process to designate offshore WEAs in close coordi-
nation with federal and state regulators, state inter-
agency task forces, and other stakeholders [(64]. The
WEAs are developed under a broad marine spatial
planning process and vetted to minimize conflicts
with wildlife and human uses. This effort is conducted
in partnership with adjacent states, federal authori-
ties, and major stakeholders.

As part of the analysis of impacts from proposed
offshore wind construction, operation, and decommis-
sioning, BOEM considers existing and likely future uses
of the coastal and ocean environment and develops
best management practices (BMPs) to address poten-
tial navigation effects of offshore wind projects. This
includes siting of wind plants to avoid unreasonable
interference with major ports and Traffic Separation
Schemes designated by the U.S. Coast Guard, as well
as placing proper lighting and signage on structures
to aid navigation and comply with applicable Coast
Guard regulations. One example of work to support
this is a study published by BOEM to address fishing
industry concerns about potential displacement and
disruption by offshore wind plant siting. The goal of
the study was to work in close consultation with rep-
resentatives from the fishing industry and wind power
developers to develop agreed-upon best management
practices and mitigation measures. These best man-
agement practices and mitigation tools can be used to
develop offset scenarios to support siting analysis and
decision making under the National Environmental
Policy Act and other applicable statutes. These best
management practices will also be used to foster
compatible use areas of the OCS and reduce conflicts
within portions of the U.S. Atlantic OCS that might be
used simultaneously by the wind power industry and

fishermen [69]. Results of the study are discussed in
the report, “Development of Mitigation Measures to
Address Potential Conflicts between Commercial Wind
Energy Lessees/Grantees and Commercial Fishers on
the Atlantic Outer Continental Shelf.”3?

A primary concern of NOAA’s National Marine Fish-
eries Service is the potential impact on the endan-
gered North Atlantic right whale from survey and
construction noise and potential vessel collisions.
Several offshore wind developers and environmental
organizations reached an agreement on protective
mitigation measures such as restrictions on vessel
activities during certain periods of whale migration
and the use of trained independent observers on
survey and construction vessels in the Mid-Atlantic.3
This agreement was facilitated under guidance and
standards set by BOEM.

BOEM will subdivide the larger WEAs into smaller
developable leasing areas and auction them off
individually to offshore wind developers (70, 71, 72, 731.
This approach addresses requirements for a fair com-
petitive process and results in exclusive site control
for the successful bidders. The first two competitively
auctioned commercial leases have been awarded
through this process, off the coasts of Massachusetts
and Rhode Island, and off the coast of Virginia [74, 751.
An additional lease sale occurred in Maryland in 2014.
Other lease sales are expected in Massachusetts and
New Jersey during 2015.

Some of the wind development zones shown in
Figure 2-16 (non-WEAs) were submitted to BOEM as
unsolicited lease applications. In these cases, BOEM
is required to determine whether there is competitive
interest before issuing an exclusive lease. If a compet-
itive interest exists, BOEM holds a lease auction. If no
competitive interest exists, BOEM can proceed with
the leasing process under a bilateral negotiation with
the applicant.

31. The Minerals Management Service was the precursor agency to BOEM and the Bureau of Safety and Environmental Enforcement and was

originally designated as the lead agency to support offshore wind development under the Energy Policy Act of 2005.

32. Report is available at http./www.boem.gov/Draft-Report-on-Fishing-Best-Management-Practices-and-Mitigation-Measures/.

33. “Proposed Mitigation Measures to Protect North Atlantic Right Whales from Site Assessment and Characterization Activities of Offshore
Wind power Development in the Mid-Atlantic Wind Energy Areas,” letter to BOEM from Deepwater Wind and other developers and Natural
Resources Defense Council and other organizations, December 12, 2012.
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Examples of unsolicited proposals include:

* Cape Wind, which was granted the first commercial
offshore lease in the United States in October 2010
[761%* before the BOEM review process existed;

* Virginia Offshore Wind Technology Advancement
Project- a project conducted by Dominion Power
that received a finding of no competitive interest
for a research lease to the Virginia Department of
Mines, Minerals, and Energy (74]; and

* A 30-MW commercial lease application in Oregon
by Principle Power Inc., which received a finding of
no competitive interest (69].

Northeast

Mid-Atlantic

Applications also include non-wind projects such as the
Atlantic Wind Connection shown in Figure 2-16. This
project proposes the installation of a 6 GW offshore
grid backbone that could facilitate the distribution of
power from North Carolina to New York, but does

not include any specific offshore wind power plants.

A few offshore wind projects have been proposed
and permitted in state waters (within three nautical
miles from the coast in most cases). In addition, many
states on the Atlantic coast have proactively estab-
lished site selection and marine spatial planning pro-
cesses for state waters that have designated areas for
offshore wind development, and have implemented

Southeast
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Note: Acronyms used in graphic: U.S. Coast Guard (USCG); Coast Guard Traffic Separation Schemes (TSS); Wind Energy Area (WEA); Interim
Policy (IP); Virginia Department of Mines, Minerals, and Energy (DMME); Atlantic Wind Connection (AWC); Florida Atlantic University (FAU).

Source: National Renewable Energy Laboratory

Figure 2-16. BOEM-defined wind energy areas for the Eastern seaboard as of November 2013

34. The lease to Cape Wind preceded the current regulations by several years and was granted under a special structure which provided not
only site control but was approved as a specific project. This differs significantly from lease practices as of 2013, which only provide site
control and initiate the opportunity to study the site and design a project.
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project review and permitting processes supporting
development. The waters of the Great Lakes are also
under state jurisdiction. All offshore wind projects are
subject to some level of state permitting due to the
need for transmission cables to shore and intercon-
nection with the grid. With so few permitted offshore
projects in the United States, however, the regulatory
process for offshore wind is largely untested. State
agencies lead permitting efforts in state waters,
including federal consistency through the Coastal
Zone Management Act and state-delegated authority
for water quality permits under the Clean Water Act,
plus, typically, wetlands approval and a submerged
lands lease. Offshore wind plants in state waters also
have to comply with all applicable federal regulations.

2.2.4 Conclusion

Deployment experience in Europe confirms that
offshore wind is technologically viable. In the United
States, offshore projects have been proposed in
areas with significant offshore wind resources.
Although significant progress is being made to
define siting, leasing, and construction procedures
for offshore wind power projects, work remains to
achieve broader deployment potential for offshore.
Some vital steps include continued LCOE reductions
and technology advancements, such as floating

2.3 Distributed Wind

turbine structures; policy creation and stabilization;
decreased regulatory timelines and complexity;
development of local supply chains; and enhanced
installation logistics capabilities.

The Wind Vision roadmap (Chapter 4) discusses
actions related to development of a U.S. offshore
industry. Section 4.1 discusses the need to collect and
analyze data to characterize offshore wind resources
and the external design conditions for all coastal
regions of the United States. This section of the road-
map also discusses the need to validate forecasting
and design tools at heights at which offshore turbines
operate. Section 4.2 includes discussion of the need
to develop next-generation wind plant technology
for rotors, controls, drive trains, towers, and offshore
foundations for continued improvements in wind
plant performance. The development of an offshore
wind manufacturing and supply chain, an important
element to offshore wind’s contribution to the Wind
Vision Study Scenario, is discussed in Section 4.3.
Section 4.5 reviews the need to develop optimized
subsea grid delivery systems and evaluate the inte-
gration of offshore wind under multiple arrangements
to increase utility confidence in offshore wind, while
Section 4.6 discusses the need to develop clear,
consistent, and streamlined regulatory guidelines for
wind development.

Distributed wind power systems offer reliable electricity
generation in a wide variety of settings, including
households, schools, farms and ranches, businesses,
towns, communities, and remote locations. Distributed
wind projects are connected on the customer side of
the meter (either physically or virtually*®) to offset all
or a portion of the energy consumption at or near the
location of the project, or directly to the local grid to
support grid operations. This model differs from the
centralized power plant distribution model used by

land-based wind plants and offshore wind applications.

This section discusses the trends of the U.S. distributed
wind industry, including market growth, as well as
deployment and siting issues facing the industry.

Distributed wind projects are in all 50
states, Puerto Rico, the Commonwealth
of Northern Marianas, and the U.S.
Virgin Islands. Distributed wind systems
often compete with retail electricity
rates and have the potential to become
more competitive.

Distributed wind systems are used by households,
schools, industrial facilities, institutions, municipali-
ties, and other energy consumers. These systems are
particularly appropriate in remote or rural locations in
which people need or want to produce part or all of
their electricity needs. Primarily installed where people

35. Virtually connected distributed wind projects are projects where credits for wind generation not directly connected to the load are applied
to customers’ bills through remote net metering or meter aggregation. Aggregated, remote, or group net metering authorizes participants
to jointly benefit from a single net metered renewable system that is not directly connected to each customer’s meter.
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live and work, distributed wind projects often serve as
“ambassadors” of wind power in that they can often
be the public’s first exposure to wind turbines.

Because distributed wind is classified based on a
wind project’s location relative to end-use and power
distribution infrastructure, rather than on technology
size or project size, the technologies and system sizes
can vary significantly. Distributed wind can include
small systems of less than 100 kW up to utility-scale
turbines of 1 MW and more.

Given the broad applicability of distributed wind
project applications, such projects exist in all 50 U.S.
states, Puerto Rico, the Commonwealth of Northern
Marianas, and the U.S. Virgin Islands. This widespread
use of distributed wind is significant because some
states in the southeastern United States do not have
large wind plants, but they all have some type of
distributed wind project.

The primary decision-making authorities for dis-
tributed wind project permitting are local and state
governments. While several states may have permit-
ting processes for large-scale, land-based wind plant
projects, few address distributed wind at the state
level and only a small portion of cities and counties
have permitting processes in place for distributed
wind projects. This lack of established standards

and familiarity with distributed wind on the part of
authorities can create an inefficient and costly
project development process for installers and devel-
opers who need to navigate through state, local, and
utility regulations (or lack thereof), while educating
officials along the way. In a step to alleviate this,

the Distributed Wind Energy Association (DWEA)
published a set of model ordinances and guidelines
1771 to lead local governments through adoption of
solid and defensible ordinances for turbines used in
distributed applications.

The United States is a world leader in the export of
small wind turbines (up to 100 kW) used in distrib-
uted applications. U.S. small wind turbine manufac-
turers exported $103 million of small wind turbines

in 2013 (781, or nearly a quarter of the value of utility-
scale wind exports. Table 2-2 highlights U.S. small
wind turbine exports in MWs. The recorded small
wind capacity installed worldwide is estimated to be
more than 678 MW as of the end of 2012, the last year
for which global data are available [791.
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Table 2-2. U.S. Small Wind Turbine Manufacturers’
Exports and Domestic Sales

Exports Domestic Sales
(MW) (MW)
2006 3 7
2007 4 9
2008 5 13
2009 10 17
2010 8 21
2011 18 15
2012 8 6
2013 14 4

Source: Orrell and Rhoads-Weaver (78]

Frameworks and testing facilities have emerged in
the United States in recent years to certify small wind
turbines to national performance and safety stan-
dards, signaling a maturing small wind marketplace.
While U.S. manufacturers dominate the small wind
turbine market, the distributed wind market depends
on imports for turbines larger than 100 kW [s01.

Manufacturing facilities for distributed wind systems
are widespread. Hundreds of manufacturing facilities
and vendors are spread across at least 34 states,
comprising:

« at least 31 facilities actively assembling, manufac-
turing, or refurbishing wind turbines used in distrib-
uted applications;

 at least 17 facilities manufacturing wind turbine
blades and other composites;

« at least 12 facilities producing wind turbine towers;

« at least 10 facilities producing drive trains and other
electrical components;

» dozens manufacturing wind turbine mechanical
components; and

* numerous other facilities involved in the manufac-
turing supply chain (e.g., materials and construction
equipment suppliers, financiers, and insurance and
other service providers) [781.
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Leading U.S.-based small wind turbine manufac-
turers (i.e., those with large market shares) rely on
a largely U.S. supply chain for most of their turbine

components, maintaining hardware domestic content
levels of 80 to 95% [781. A total of 13 manufactur-

ers, representing half of 2013 U.S. small wind sales
capacity, reported sourcing more than two-thirds of
their generator/alternator and electrical systems and
blades domestically [7s1.

Centralized wind

power generation I

Wind Plant

A wind plant is a group of
utility-scale wind turbines in the
same location used to produce
electricity sent over transmission
lines. Wind plants are typically
greater than 20 MW and may
consist of dozens to several hundred
individual wind turbines over a large
area, but the land between the
turbines may be used for agriculture
or other purposes. A wind plant may
also be located off-shore.

Figure 2-17 highlights distributed wind installations

in relation to centralized power generation.

Transmission
Transmission lines conduct
large amounts of electricity

across long distances,
linking various regions of
the country together. The
transmission system
connects to the distribution
system through a
substation.

Distribution

The electric distribution system

moves energy from a transmission
substation to houses, businesses,

and other energy users within a

local area. o

Substation

— Steps voltage down from

distribution system.

transmission system to

Community Wind

A community wind energy project
is an asset owned by a local
community. It is defined by an
ownership model rather than by
the application or size of the wind
energy system. Depending on
point of interconnection and
proximity to end use, community
wind projects can also be
characterized as distributed.

School

Small turbines, multi-megawatt
turbines, and even a cluster of small
turbines can be used to power
schools with clean energy and
provide economic benefits. School
districts can take advantage of
savings on energy bills and in some
cases generate revenue. Wind
projects provide a great educational
opportunity for students.

.

e

Distributed wind
power generation

Agriculture

Wind turbines can provide farms
with low-cost electricity - an
important economic boost and
direct benefit for farmers.
Regardless of turbine size, a farmer
can plant crops right up to the base
of the turbine, and livestock are free
to graze around it.

Residential

Smaller wind turbines can be used
in residential settings to directly
offset electricity usage using net
metering, where power that is not
used by the home is credited to the
customer as it flows back to the
distribution system, or support a
completely off-grid home. These
turbines can sometimes be
integrated with other components,
such as PV systems

Source: National Renewable Energy Laboratory and
Pacific Northwest National Laboratory

and storage.

Figure 2-17. Distributed wind system applications in relation to centralized power generation
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Text Box 2-4.
Distributed Wind in Alaska

Alaska, separated from the contiguous United
States, is essentially an islanded grid. While
dependent on imported resources, such as
diesel fuel, Alaska also draws on its own
resources to supply its electricity, and wind
power is playing a small but increasing role

in Alaska’s energy generation portfolio. The
biggest incentive for wind power development
in remote villages of Alaska is the technology’s
ability to displace the high cost of imported
diesel fuel. In the more populated area known
as the Railbelt, which includes the city of
Anchorage, wind is diversifying the energy mix
and providing a hedge against the risk of rising
natural gas prices.

While Alaska had 4 MW of installed wind
capacity in 2008, it had 59 MW at the end of
2013 [71. This large increase in installed capacity
is mainly the result of multiple projects that went
online in 2012, including the 24.6 MW Eva Creek
project near Fairbanks and the 17.6 MW Fire
Island project in Anchorage (Figure 2-18). The
rest of the capacity can be attributed to wind-
diesel hybrid systems now operating in more
than 20 remote villages. In some cases, these
systems provide more than 20% of the village’s
electrical generation and have made Alaska a
world leader in wind-diesel hybrid systems.

Challenges for wind project development in
Alaska include the harsh, cold climate; limited
human and financial resources; technical
challenges associated with integrating wind on
small isolated grids; and shipping, construction,
and maintenance cost and logistics. Many

2.3.1 Conclusion

Distributed wind was a strong growth market from
2008 through 2012, and distributed wind projects

are currently in all 50 states, Puerto Rico, the Com-
monwealth of Northern Marianas, and the U.S. Virgin
Islands. Various policy and market conditions—includ-
ing increased adoption of net metering; increasing
retail electricity rates; falling technology costs; and

turbines installed in Alaska have cold weather
packages, which may include heating systems
for the lubrication system and control cabinets
or black blades to reduce ice build-up. In
addition, turbines can require special foundation
designs to ensure the permafrost ground stays
frozen in the summer. Heavy equipment, such
as cranes, often can only be mobilized when the
permafrost ground is frozen and ice is out of
the waterways to allow barge access to deliver
equipment and turbine parts. Harsh weather
conditions can also delay technicians reaching
turbines needing maintenance s1.

Despite these challenges, the citizens of

Alaska continue to pursue innovative ways to
interconnect more wind power, further reducing
the need for high-cost, imported energy
resources and increasing the state’s energy
independence.

Source: Bill Roth/Anchorage Daily News
Figure 2-18. Fire Island 17.6-MW project in Alaska

numerous federal, state, and local incentives for
distributed generation—could support further growth
of distributed wind deployment in the United States.
Section 4.5 of the Wind Vision roadmap (Wind Elec-
tricity Delivery and Integration) discusses the need to
improve grid integration of and increase utility confi-
dence in distributed wind systems.
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2.4 Economic and Social Impacts

of Wind for the Nation

In the United States, wind power is already reducing
greenhouse gas emissions as an important part of the
electric generation mix. As wind generation displaces
generation from carbon-based fuels, harmful emis-
sions and water use by power plants are also reduced.
In the process of providing this renewable energy,
wind power plants create jobs, a new income source
for landowners (lease payments), and tax revenues for
local communities in wind development areas. Utilities
are using wind to mitigate financial risk within their
portfolios with fixed-price contracts of long duration.

Economic benefits of wind power

are widespread and include: direct
employment, land lease payments, local
tax revenue, and lower electricity rates
in wind-rich regions. Environmental
benefits include substantial reductions in
greenhouse gas emissions, air pollutants
like oxides of sulfur and nitrogen, and
water consumption.

Section 2.4.1 discusses greenhouse gas (GHG) emis-
sions and estimated offsets from wind power. Section
2.4.2 summarizes the economic development impacts
of wind power, and workforce development, including
job training and workforce safety, is discussed in Sec-
tion 2.4.3. Air pollution impacts of wind power, water
use, and risk and diversity are covered in Sections
2.4.4,2.4.5, and 2.4.6 respectively.

2.4.1 GHG Emissions

Wind power displaces GHG-emitting generation,
which contributes to meeting GHG emission reduc-
tion goals. Total energy-related CO, emissions in the
United States equaled 5.4 billion metric tons (5.95
billion short tons) in 2013, of which approximately
35% came from the power sector [821. Wind power
generates no direct emissions, has low life-cycle emis-
sions, and displaces CO, and other GHGs that would
otherwise be emitted by fossil fuels. Wind power

in the United States in 2013 was estimated to have
reduced direct power-sector CO, emissions by 115
million metric tons (127 million short tons), equivalent
to eliminating the emissions of 20 million cars during
the year r101.

According to the Intergovernmental Panel on Climate
Change, the GHG emissions produced in the manu-
facture, transport, installation, operation, and decom-
missioning of wind turbines are small compared to
the emissions avoided over the lifetime of wind power
plants [83, 841. In addition, the energy consumed for
those processes are typically balanced after three to
four months of operation at a standard site. Based
on an extensive and updated review of studies
conducted for the Wind Vision impacts analysis (see
Chapter 3), the life-cycle GHG emissions of wind are
approximately 1% that of subcritical coal, 3% that

of combined-cycle natural gas, and comparable to

or lower than those of other non-emitting energy
sources. Though concerns have been expressed that
the variability of wind output (and resultant cycling
of fossil plants) might degrade its benefits in reduc-
ing GHGs, recent research summarized in Chapter

3 shows that this effect is modest in comparison to
wind’s emissions reduction benefits*® [8s].

The 20% Wind Energy by 2030 report showed that
higher penetrations of wind power could further
reduce GHG emissions from the power sector 18], an
analysis that is updated and extended in Chapter 3
of the Wind Vision. The degree of carbon reduction
depends on what power plants are displaced and

is regionally dependent [s61. The conclusion that
increased wind power reduces GHG emissions,
however, has been confirmed by a number of studies
conducted by a range of institutions. For example:

* |In 2013, the Western Wind and Solar Integration
Study showed that achieving 33% wind and solar in
the United States portion of the western grid could
avoid 29-34% of power-sector CO, emissions from
the Western grid [s71.

36. The incremental fossil plant cycling incurred as a result of meeting 33% of electricity demand in the western United States with wind and
solar generation was found to reduce the renewable generation emission reduction benefit by 0.2%.
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¢ A 2011 study from Navigant Consulting found that
a four-year PTC incentive for wind could spur wind
deployment and offset 154.2 million metric tons (170
million short tons) of CO, from 2011 to 2016 (ss].

* Research published in 2014 for the PJM Intercon-
nection power grid operator estimated that 20%
wind and solar energy scenarios could reduce the
Mid-Atlantic region’s power-sector CO, emissions
by 14-18% vs. a 2% renewables scenario [89].

2.4.2 Economic Development

Wind power development has an economic “ripple
effect” for its locality, region, and the nation (Figure
2-19). Wind development and its related manufactur-
ing facilities generate nationwide jobs in sectors
such as engineering, construction, transportation,
financial, and consultancy services. Future offshore
wind installations are expected to open additional
opportunities such as repurposing underutilized port
infrastructure, employing the maritime trades, and
engaging marine science technologies.

Economic development is an important aspect
influencing local acceptance of wind power. A 2011
survey conducted in lowa and west Texas found
that more than two-thirds of respondents in several
communities near wind plants in the two locations
felt their county had benefited economically from

Win

d energy’s economic “rjpp, offo
Cct

wind plants and that the plants were a source of job
creation. Support for wind power in these communi-
ties was associated with socioeconomic factors rather
than foundational aesthetic or moral values; in fact,
wind plants were perceived as the vehicle to reverse
economic decline [901.

Several national studies have also documented the
economic and social impacts of wind development. A
2012 study of 1,009 counties across 12 states with wind
development determined that wind power installations
between 2000 and 2008 increased county-level per-
sonal income by approximately $11,000 and employ-
ment of approximately 0.5 jobs for every megawatt
(MW) of installed capacity [8]. These estimates
translate to a median increase in total county personal
income and employment of 0.2% and 0.4% for coun-
ties with installed wind power over the same period.
A separate study, conducted in 2011, used NREL’s Jobs
and Economic Development Impacts, model—known
as JEDI—to estimate economic impacts from 1,398
MW of wind power development in four rural counties
in west Texas. During the four-year construction
phase, the study estimated that 4,100 full-time equiv-
alents jobs were supported by this level of capacity.
Turbine and supply chain impacts (see Section 2.6)
accounted for 58% of all jobs generated. The total
economic activity in the local communities was

Local Revenue, Turbine,
and Supply Chain Impacts

Project Development
and On-site Labor Impacts

Construction workers
Management
Administrative support
Cement truck drivers
Road crews
Maintenance workers

Legal and siting o Utilities

* Blades, towers, gearboxes

* Boom truck and
management, gas and gas
station workers

* Supporting businesses,
such as bankers financing
the construction, contractor,
manufacturers, and
equipment suppliers

Induced Impacts

Jobs and earnings that
result from the spending
supported by the
project, including
benefits to grocery store
clerks, retail salespeople,
and child-care providers

« Hardware store purchases
and workers, spare parts
and their suppliers

Construction Phase = 1-2 years
Operational Phase = 20+ years

Source: NREL

Figure 2-19. Economic ripple effects of wind development
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estimated to be nearly $730 million over the assumed
20-year lifecycle of the plants, or $520,000 (2011$)
per MW of installed capacity [o1n.

2.4.3 Workforce

Workforce is a key component of economic develop-
ment from wind power, and the size of the wind-
related workforce has been affected by policy fluctu-
ations that disrupt domestic demand. All 50 states,
as well as 71% of the 435 U.S. Congressional districts
(held by both parties), had an operating wind project,
a wind-related manufacturing facility, or both at the
close of 2013 (Figure 2-21) [71. According to statistics
from AWEA, these activities provided jobs in indus-
trial as well as rural areas. Table 2-3 provides a break-
down of wind-related employment in recent years.

A study of the first 1,000 MW of wind power devel-
oped in lowa® (between 1999 and 2008) confirmed
the following [921:

* Employment during construction of nearly
2,300 FTE jobs;
» Addition of approximately 270 permanent jobs;

» Total economic activity during construction of
nearly $290 million;

» Economic activity during operation of nearly
$38 million per year;

New wind projects demand up-front labor for resource
assessment, project siting, and permits. In 2012, jobs
were lost in the development sector as developers
waited for outcomes to uncertainty about the 2013
policy environment and status of the PTC. AWEA
reports total jobs linked to the wind industry fell to
50,500 by the close of 2013 [71. The record installa-
tion activity of 2012, however, supported significant
increases in construction, transportation, operations,
and other project-related jobs, often in rural areas that
benefited from the multiplier effects of commercial

* More than $6 million per year generated in
property taxes; and

* Nearly $4 million per year provided as lease
income to lowa landowners.

To be clear, these figures focus on gross labor force
and economic development impacts related spe-
cifically to wind and are not net jobs and economic
impacts reported for the state of lowa.

Table 2-3. U.S. Employment Linked to Wind Power Development

\ 2011

| 2012 | 2013 |

Turbine Deployment
Annual turbine installations 6.8 GW 131 GW 1.0 GW
38,000 45,000 46,000

Manufacturing

Total turbines operating

Manufacturing facilities

52

Employment
Total FTE? wind jobs 75,000 80,700 50,500
Manufacturing jobs 30,000 25,500 17,400
Construction sector jobs 9,400 16,700 9,600
Wind technician jobs 4,000 7,200 7,300
Other jobs 31,600 31,300 16,200

aThe American Wind Energy Association tracks and reports U.S. wind power industry employment in terms of full-time equivalents (FTE). This
methodology and approach adjusts and accounts for part-time positions such as construction jobs that may only last a few weeks or months during

the year or manufacturing positions that only work part-time on wind components.

Sources: AWEA 2014 71, AWEA 2013 [53]

37. In the lowa study, equipment and components that were purchased from other states or other countries are treated as monetary leakages

and are not included in these estimates.

38. Results are in 2010 real (inflation-adjusted) dollars.
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activity (Figure 2-20). Although only a little over 1GW
was installed in 11 states in 2013, by the conclusion

of 2013 a record 12.3 GW were under construction in
more than 90 projects across 20 states [71.

Job Training

Most of the workers who participated in the rapid
expansion of wind power development between 2002
and 2012 came from other market sectors. A 2012
industry survey 93], found that—except for special-
ized job professions, such as professors, research
engineers, and technical specialists—wind-specific

® Wind Projects @ Manufacturing Facilities

Source: AWEA 7]

educational training was not required, but prior work
experience in related fields such as construction or
electrical work was considered important to wind
industry employers.

By 2013, community and technical colleges were
training students to become wind technicians, while
an increasing number of universities offered wind
power-oriented programs. University-level skill

sets and fields needed by the wind power industry
include engineering (e.g., electrical, aeronautical,
material science, and mechanical), meteorology (e.g.,

Figure 2-20. Active wind-related manufacturing facilities and wind projects in 2013
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Speciality/
Online

60,000

40,000

Employment in the U.S. Wind
Energy Industry (FTEs)

20,000
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2008 2009

M Manufacturing and supply chain
I Construction, development, transportation
Construction

2010 20m

M Other jobs
Source: AWEA [7]

Figure 2-21. Types of jobs supporting wind power
development, 2007-2013

Chapter 2 |

2012

W Operations - Wind technicians
M Operations - Other

9%

University
(4+ year)
4%

Community College/
Technical School/
Training Center
46%

2013

Source: AWEA [53]

Figure 2-22. Types of institutions offering
wind power programs
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wind resource assessment, microclimate impacts,
and forecasting), biology (e.g., wildlife issues in
siting projects), project management, business, law,
and government policy (e.g., zoning, planning, and
government administration professionals). There is

also growing focus on workforce safety as the wind
industry has expanded and matured. Text Box 2-5
describes some of the major safety-related activities
the wind industry has undertaken.

Wind power education programs have increased at
all levels since 2007. Most notably, community college

Text Box 2-5.
Workforce Safety

A number of factors affect safety in the wind
industry. For instance, the workforce has vary-
ing degrees of experience and training in safety
procedures. In addition, short lead times and
erratic timing resulting from uncertain govern-
ment policies and limited equipment availability
may lead to rushed installation and commissioning
of new wind generation facilities, increasing the
potential for accidents and injury. Because most
wind plant projects are in remote locations, the
availability of adequately trained safety personnel
or proximity to first responders may be limited,
so continued and increased safety is an important
consideration for the wind industry.

Due to the complexity of the worksite and the
diversity of related equipment, several levels of
procedural training are required for wind plant
projects. This training includes personal safety
as well as job-specific safety training. Training
in safe climbing and self-rescue has become
standard in the industry, and other skills such as
first aid, CPR, automated external defibrillator
use, basic fire safety, proper high voltage elec-
trical safety, and qualified electrical worker
training have also been incorporated and
implemented. Most companies operating wind
sites have developed minimum safety training
requirements and are enforcing site rules for
visitors and third-party technicians.

technician training programs grew from six identified
in the 2008 20% Wind Energy by 2030 report to more
than 100 by 2012 [931. Three U.S. universities offered

a defined Ph.D. program in wind power in 2014 [93].
According to documents from the Executive Office of
the President published in 2012, an expected shortfall
in engineering graduates could be avoided with a
2012 government initiative to produce one million
additional graduates with science, technology, engi-
neering, and math degrees (Report to the Office of the
President). The next generation is being exposed to

The wind industry has raised awareness of
worker safety during construction, operation,
and maintenance of wind plants. For example:

* AWEA signed an Alliance with the Occupational
Safety and Health Administration in 2011 to share
information and collaborate to develop compli-
ance assistance materials for the wind industry.

* An AWEA Wind Turbine Risk Assessment
subcommittee serves as a forum for owners/
operators; original equipment manufacturers;
independent service providers, including third
party service providers; and other stakeholders to
identify potential health and safety issues associ-
ated with non-proprietary wind turbine generator
design, construction, operation, and maintenance.

* The AWEA Quality Working Group promotes
quality assurance during the construction,
operation, and scheduled and unscheduled
maintenance of wind plants through the
generation of tools specifically tailored to wind
plant owners and their representatives.

* The AWEA Safety Committee addresses industry
issues, such as ladder clearances and the sharing
of safety incidents, data, and information among
owner-operators.

 AWEA Wind Industry User Groups discuss
safety and technical issues and challenges at
face-to-face meetings and via pre-established
distribution lists, e.g., ListServes.
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possible careers in wind power through wind-related
curricula at kindergarten through grade 12 schools
(e.g., programs from KidWind, WindWise, and the
National Energy Education Development Project) and
schools that have installed wind turbines (e.g., through
initiatives like Wind for Schools).*® The rapid expansion
of wind power in the United States from 2007 to 2009
also spurred efforts to retrain professionals from other
industries to enter the wind workforce.

2.4.4 Air Pollution Impacts

No source of electricity is completely benign, and the
ways in which wind deployment can impact humans
and the environment are addressed later in this
chapter as well as in Chapter 3 of the Wind Vision.
Notwithstanding these local impacts, using wind
power to offset fossil generation brings potential
public health and environmental benefits, especially in
the form of reduced air pollution. Wind power pro-
duces no direct air emissions and very low lifecycle
emissions (see Chapter 3). Wind generation in 2013
was estimated to have avoided 157,000 metric tonnes
(173,000 short tons) of SO, emissions and 97,000
metric tonnes (107,000 short tons) of NO, [101.

Air pollution emissions of particular concern include
not only SO, and NO, (and particulate matter, or

PM, formed in the atmosphere from those primary
emissions), but also directly emitted particulate
matter, mercury, and other toxins. In combination,
these emissions have wide-ranging negative impacts
on human health, economic activity, and ecosystems.
In a 2011 rulemaking, the U.S. EPA wrote [94], “...2005
levels of PM, *° and ozone were responsible for
between 130,000 and 320,000 PM, .-related

and 4,700 ozone-related premature deaths, or
about 6.1% of total deaths (based on the lower end
of the avoided mortality range) from all causes in
the continental United States. This same analysis
attributed almost 200,000 non-fatal heart attacks,
90,000 hospital admissions due to respiratory or
cardiovascular illness, and 2.5 million cases of aggra-
vated asthma among children—among many other
impacts.” The National Research Council [95], esti-
mated that in 2005, SO,, NO,, and particulate emis-
sions from 406 U.S. coal-fired power plants caused

aggregate economic damages of $62 billion, mostly
from premature deaths associated with particulate
matter created by SO, emissions. The same study
found pollution damages from gas-fueled plants
substantially lower, at $740 million.

Chapter 3 provides quantified valuation of the Wind
Vision Study Scenario in reducing air pollution emis-
sions. This valuation is complicated in part by the
nature and stringency of future emissions regulations.
Nonetheless, research suggests that these benefits may
be substantial. For example, the Siler-Evans et al. [86]
estimate the potential benefits of wind power in reduc-
ing the health and environmental damages of SO,, NO,,
and PM, , emissions from existing power plants. Wind
generation is found to reduce air pollution damages
valued from near 0.3¢/kWh (in California) to as much
as 8.3¢/kWh (in Indiana), demonstrating the sizable
range of potential benefits depending on the specific
fossil plants displaced by wind power. As with GHG
emissions, contemporary research has found that the
variability of wind generation and the resultant cycling
of fossil plants need not substantially offset wind’s
emissions reduction benefits (see Chapter 3).

2.4.5 Water Use

In arid parts of the country, water availability has
already affected power plant development and
operations for technologies other than wind, thus
influencing the cost of electricity. Water use includes
withdrawal, which is water diverted or withdrawn
from surface water or groundwater but eventually
returned to the source, and consumption, which is
water that is withdrawn, consumed, and not returned
to the source [961. The power sector is the largest
withdrawer of freshwater in the nation; power-sec-
tor water consumption is more modest, but can be
regionally important. Electricity generation from wind
does not use water in appreciable amounts and does
not pose a direct systematic impact on water quality.
This stands in contrast to thermal power plants (e.g.,
natural gas, coal, and nuclear energy), which require
water for cooling [971. Wind generation in the United
States in 2013 is estimated to have reduced pow-
er-sector water consumption by 36.5 billion gallons,
equivalent to 116 gallons per person in the U.S. [71.

39. See the following for more information: Wind for Schools (http./apps2.eere.energy.gov/wind/windexchange/schools_wfs_project.asp),
KidWind (http./www.kidwind.org/) and the National Energy education Development Project (http.//www.need.org/)

40. PM, refers to fine particulate matter, i.e., articles less than 2.5 micrometers in diameter. Particles of this size are believed to pose the

greatest health risks of all particulate matter.
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Text Box 2-6.
Resource Diversity as a Motivation for Buying Wind Power

Public Service Company of Colorado, in reference to its contract with the 200-MW Limon Il wind
project: “Whenever wind power is generated from the Limon Il facility, it will displace fossil-fueled
energy on the Public Service system, mostly energy generated from natural gas. We think of this
wind contract as an alternative fuel, with known contract pricing over 25 years that will displace
fuels where the pricing is not yet known. That is the essence of the fuel hedge” 1102].

Google, in reference to several long-term wind

contracts into which it has entered: “We see value

in getting a long-term embedded hedge. We

want to lock in the current electricity price for 20
years. We are making capital investment decisions

[regarding data centers] on the order of 15 to

20 years. We would like to lock in our costs over

the same period. Electricity is our number one
operating expense after head count” 103].

Georgia Power, in reference to its first two wind
contracts: “Adding additional wind power to our

generation mix underscores our commitment
to a diverse portfolio that offers clean, safe,

reliable, sustainable and low-cost electricity for

years to come” [91.

Studies evaluating the direct and life-cycle impacts
of different forms of electricity generation have con-
firmed that wind has the lowest level of water use of
any electricity generation technology (see Chapter
3 for more detail). One recent study examined total
water usage of major energy generation technolo-
gies during plant construction, fuel production, and
operations. This study determined that, throughout
its life cycle, wind power has water use requirements
that are orders of magnitude lower than the most
water-efficient fossil fuel options [9s].

The 20% Wind Energy by 2030 report showed that
higher penetrations of wind power could further
reduce water use from the power sector 18], an anal-
ysis that is updated and extended in the Wind Vision
(Chapter 3). Power plant development and operations
have already been impacted by water availability,
especially in areas of the country in which water is
scarce, such as the arid West and Southwest. This,

in turn, influences the cost of electricity production.
These impacts may be exacerbated in the future as

Xcel Energy, in reference to 850 MW of wind
contracts: “It works out to a very good levelized
cost for our customers...These prices are so
compelling, the energy [cost] associated with

it is less than you can do locking in a 20-year
gas strip” [91.

Public Service Company of Oklahoma, in
reference to procuring triple the amount of wind
power than originally planned: “The decision to
contract for an additional 400 MW was based
on extraordinary pricing opportunities that will
lower costs for PSO’s customers by an estimated

$53 million in the first year of the contracts.

Annual savings are expected to grow each year

over the lives of the contracts” [91.

a result of global climate change [99,1001. In reducing
water use, wind power can provide both economic
and environmental benefits as discussed in Chapter 3.

2.4.6 Risk and Diversity

Risk and uncertainty are defining characteristics of
energy supply: for example, fossil fuel prices are
uncertain, federal and state regulations change, and
electricity load cannot be known with certainty.
Based on several risk categories—construction cost
risk, fuel and operating cost risk, new regulation
risk, carbon price risk, water constraint risk, capital
shock risk, and planning risk—Binz et al. (1011 identi-
fied land-based wind as not only one of the lowest
cost sources of new generation, but also as one of
the lowest risk resources overall. By supplying 4.5%
of the U.S. electric power sector end-use demand

in 2013, and more than 12% of supply in nine states,
wind power is already contributing to a more diverse
supply portfolio, thus reducing electric sector risk [71.
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Quantifying the economic value of electricity

supply diversity can be a challenge (see Chapter 3
for detailed discussion of this issue). Still, analysis
demonstrates that wind can reduce the sensitivity of
total energy costs to uncertain long-term changes in
fossil fuel prices. As demonstrated by the quotes in
Text Box 2-6, a variety of electric utilities and large
energy consumers have noted the benefits of energy
diversity as a driver for purchases of wind power.

By reducing demand for exhaustible fossil fuels, wind
can also place downward pressure on fossil fuel prices,
with benefits to energy consumers both within and
outside of the electricity sector (i.e., consumers and
electric utilities) [521. This effect, as quantified for the
Wind Vision Study Scenario, is addressed in detail in
Chapter 3. At least in the short run, increased wind
power can lower hourly wholesale electricity prices,
benefitting electric utilities and consumers who
purchase from those markets (albeit at the expense of
producers). In a review of many studies, Wirzburg et al
n041 find a roughly 0.1¢/kWh reduction (within a range
of 0.003-0.55¢/kWh) in wholesale prices per percent-
age penetration of wind power (see Chapter 3).

2.4.7 Conclusions

Wind power provides both economic and environ-
mental benefits to the nation. Economic benefits

of wind power are widespread and include direct
employment, land lease payments, local tax revenue,
and lower electric rates in wind-rich regions. Wind
power plant provide jobs, a new income source for
landowners (lease payments), and tax revenues for
local communities in wind development areas. Utilities
are using wind to mitigate financial risk within their
portfolios with fixed-price contracts of long duration.
Environmental benefits include substantial reductions
in GHG emissions, air pollutants like SO, and NO,,

and water usage. In the United States, wind power is
already reducing GHG emissions as part of the electric
generation mix. As wind generation displaces gener-
ation from carbon-based fuels, harmful emissions and
water use by power plants are also reduced. Figure
2-23 summarizes these emission and water savings.

The deployment levels in the Wind Vision Study Sce-
nario require a highly skilled, national workforce guided
by specific training standards and defined job creden-
tials. This would enable a sustainable workforce to sup-
port the domestic—and, as appropriate—the expanding
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Figure 2-23. Estimated emissions and water savings resulting from wind generation in 2013
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international wind industry. Section 4.8, Workforce, dis-
cusses the Wind Vision roadmap actions, including the
development of a comprehensive training, workforce,
and educational program designed to encourage and
anticipate the technical and advanced-degree work-
force needed by the industry. Specific actions required
include the development of a sustainable university
consortium to support research and development
efforts; technical training and student collaboration;
implementation of an international academic network;
creating sustainable wind-focused university programs;
and expanding opportunities for student, industry, and
university collaboration, such as internships, research
fellowships, and joint research projects.

Objective and comprehensive evaluation of different
policy mechanisms is needed to achieve wind power
deployment that supports national energy, societal
and environmental goals while minimizing the cost of
meeting those goals in all three wind power markets:
land-based, offshore, and distributed. Section 4.9,
Policy Analysis, discusses three key areas in which
the wind stakeholder community can collaborate to
maintain the analysis capability necessary to inform
policy decision makers. These collaborative efforts
include comprehensively evaluating the costs, bene-
fits and impacts of energy technologies; refining and
applying policy analysis methods; tracking technology
advancement and deployment progress; and updat-
ing the roadmap.

2.5 Wind Technology and Performance

Several decades of technology development and
deployed market experience have shown U.S. wind
power to be a mature, reliable, and safe technology.
Refined estimates raise the U.S. wind resource tech-
nical potential on land more than 40% over previous
estimates and have increased the confidence level for
offshore wind resource estimates 1. Offshore wind
technology has evolved out of land-based systems in
Europe and is a major influence on worldwide tech-
nology trends. These trends include a push toward
large turbines and unique support structures to handle
hydrodynamic loading in the offshore environment.
Better understanding of the wind resource and con-
tinued technology developments are likely to drive
on-going trends in improved performance, increased
reliability, and reduced cost of wind electricity.

Wind power systems include wind turbine compo-
nents, individual wind turbines, wind plants compris-
ing arrays of wind turbines, and the interaction of the
wind power plant with the electric transmission and
distribution grid systems.* Significant progress has
been made in improving performance and reliability,
and in reducing the cost of individual wind turbines.
Industry efforts are now shifting to improving overall
wind plant performance characteristics.

Technology development and improve-
ments in reliability have helped drive a
33% cost reduction in land-based utility-
scale LCOE from 2008-2013

Figure 2-24 illustrates the key components of a typ-
ical MW-scale wind turbine. The shape of the rotor
blades is designed to efficiently convert the power in
the wind into mechanical (rotational) power. The wind
power that at any given wind speed can be captured
by the rotor is proportional to its swept area, and
larger rotors therefore capture more energy. One of
the most complex systems in a wind turbine is the
drive train, which converts the rotational power from
the rotor into electrical power. A key component in
the drive train is the generator. Most turbines utilize
a gearbox to increase the rotational speed from the
5-15 revolutions per minute (RPM) of the rotor to
the 500-1,800 RPM needed for typical generators.
Some turbines omit the gearbox and instead use
direct-drive generators that are designed to operate
at very low rotor RPMs. Drive train components are
housed in a nacelle, with the rotor-nacelle assembly
installed at the top of a tower. The tower provides
clearance between the rotor and the ground. It is
important to note that wind speed generally increases
with increased height above the ground, and taller
towers therefore provide access to stronger winds.

41, Section 2.5 focuses primarily on utility-scale (IMW+) turbine technology. Small (<100 kW) and mid-sized (100 kw - 1 MW) turbine technolo-
gies share some similarities with utility-scale, but a more specific discussion on smaller turbine systems can be found in Section 2.3.
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Figure 2-24. lllustration of components in a typical MW-scale wind turbine
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A wind power plant, or wind plant, is a set of wind
turbines that are connected to the electrical trans-
mission grid at a single point. In addition to the

wind turbines, the wind plant contains many other
components, including foundations for the towers,
underground cables to collect the power from the
individual turbines, step-up transformers, switchgear,
roads, substation, and supervisory control and data
acquisition (known as SCADA).

U.S. wind power resource potential, characterization,
and future trends are summarized in 2.5.1. Wind plant
technology status, including wind turbine scale-up,
low wind speed technology, tower technology, blade
technology, drive train technology, and control tech-
nology are discussed in Section 2.5.2. Section 2.5.3
discusses the current status and trends of wind plant
performance and reliability, including capacity factor
and the reliability of wind turbine systems, gearboxes,
generators, and blades. Aftermarket upgrades,
repowering and decommissioning are discussed

in Section 2.5.4. Finally, offshore technologies are
summarized in Section 2.5.5.

2.5.1 U.S. Wind Power Resource
and Resource Characterization

The wind resource technical potential of the United
States has been estimated to be 13 times current U.S.
electricity end use. While these estimates of technical
potential do not consider availability of transmission
infrastructure, costs, reliability or time-of-dispatch,
current or future electricity loads, or relevant policies,
understanding this resource is crucial to tapping
wind power.

Resource Potential

The United States has significant wind resources, both
on land and offshore. At the time of the 20% Wind
Energy by 2030 report 18], it was estimated that the
U.S. wind resource technical potential was roughly
7,800 GW for land-based wind and roughly 4,400 GW
for offshore shallow and deep water wind combined.
These estimates were for turbines at a 50 m (164

ft.) wind tower hub height 1051. In general, the wind
resource is better at higher levels above the ground.
Refined estimates since 2008 take into account mea-
surements at higher hub heights as well as technology
improvements and place the U.S. land-based wind
resource technical potential at 90 m hub heights (295
ft.) at roughly 1,000 GW, more than a 40% increase
over previous estimates 13. Offshore wind resource
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estimates are roughly 4,200 GW 11. Though offshore
estimates have not changed in magnitude with

refined analysis, confidence levels for these estimates
have improved. As noted, these are all estimates of
technical potential and do not consider availability of
transmission infrastructure, costs, reliability or time-of-
dispatch, current or future electricity loads, or relevant
policies. Technical potential estimates are based in
part on technology system performance, so potential
may change as technologies evolve.

Table 2-4. U.S. Wind Power Technical Resource Potential

w | T G
Land-based wind 11,000 | 32,700 n2
Offshore wind 4,200 | 17,000 58
Total United States | 15,200 | 49,700 170

Note: Technical resource potential refers to technology-specific
estimates of energy generation potential based on renewable
resource availability and quality, technical system performance,
topographic limitations, environmental, and land-use constraints
only. The estimates do not consider (in most cases) economic
or market constraints, and therefore do not represent a level of
renewable generation that might actually be deployed.

a. 1kWh = 3,412 Btu Source: Lopez [1]

The 20-year average of total U.S. primary energy

use in all sectors combined is 96.2 quadrillion British
Thermal Units (quads) per year, and was 95.0 quads
in 2012, the most recent year for which data are avail-
able 31. Of this, end-use electricity consumption was
roughly 13 quads. The U.S. wind technical potential of
over 15,000 GW is estimated to be able to produce
49,700 terawatt-hours/year, equivalent to 170 quads
per year (Table 2-4), or 13 times U.S. electricity end
use as of 2013.

These resources on land and offshore, combined with
improved turbine and offshore wind technologies,
provide the United States with vast wind power
opportunities in every geographic region. Figure 2-25
illustrates the U.S. wind resource in terms of wind
speed at a 100 m (328 ft.) hub height. More than
1,000 wind turbines have been installed on towers
with hub heights of 100 m or more [71.

Improved computational capabilities and advances
in wind speed measurement technology, especially
remote sensing, have made high-resolution maps and
fine spatial resolution databases available to the wind
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Figure 2-25. Annual average U.S. land-based and offshore wind speed at 100 m above the surface

power community. Decreasing computational and
data storage costs have allowed the use of more
complex wind speed models to map the wind
resource at higher spatial resolution on land and
offshore, extending numerical domains to cover the
entire continental United States with 2.5-kilometer
(km) (1.55-mile) resolution. State maps have also
been improved with finer levels of detail and at vari-
ous heights above ground. These numerical resource
assessments provide wind developers, utilities, and
end users with useful supplements to data from
meteorological towers and are an important tool for
the detailed siting of wind turbines of all sizes.

Resource Characterization

Wind characterization is important for wind power
development and wind plant design. Characterization
of the wind, at a minimum, includes quantification of
average wind speed and the variability around that
average; quantification of seasonal and diurnal varia-
tions in the wind speed; wind direction and its correla-
tion with wind speed; turbulence; and vertical shear.
Making best use of available wind resources requires

technology and operations optimization at both the
wind plant and wind-grid system levels. Integral to
system optimization is a complete understanding of
atmospheric physics—the conditions and dynam-
ics—and how these interact with wind turbine arrays
in terms of structural loads and power production.
The spatially and temporally dynamic interactions are
known as “complex flow” 11061. Models for atmosphere,
technology design, and wind forecasting as of 2013
do not accurately portray the atmospheric stability or
complex terrain that determines turbulence affecting
wind plants on the spatial and temporal scales nec-
essary for forecasting wind. Efforts are underway to
leverage federal high performance computing capa-
bilities to develop and run models that can predict
complex flow and its effect on and within wind plants
both locally and regionally.

An important advance in wind speed measurement
capability is remote sensing technology for recording
wind speed and other characteristics from the ground.
The most widely used types of this technology are
Doppler and scanning LIDAR,*? which uses atmo-
spheric scattering of beams of laser light to measure

42. Remote sensing technology that measures distance by illuminating a target with a /aser and analyzing the reflected light.
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profiles of the wind at a distance. For land-based wind
on flat topography, comparisons between Doppler,
LIDARs, and tower-based wind measurements have
been so favorable that LIDARs are being considered to
provide reference wind measurements for wind plant
production forecasts. Industry is investigating the

use of look-ahead LIDAR systems to provide data on
incoming winds before they arrive at the turbine. This
can provide time for turbine control systems to adjust
operation to match developing winds, an innovation
that can increase energy capture and reduce loads
during operations. For offshore applications, buoy-
mounted LIDAR systems with sophisticated correction
algorithms to allow for buoy motion promise to
improve the quality of data collected while avoiding
the cost of building measurement towers offshore.

Future Trends—Complex Flow

Improving the fidelity of the fundamental physics in
computational models of the wind will improve wind
plant power forecasts, which in turn will help optimize
wind plant interaction with the transmission grid.
Complex flow research will reduce errors in the repre-
sentation of winds and turbulence near the ground in
current models. Understanding complex flow is par-
ticularly important in mountainous terrain and coastal
areas. Improvements in treatment of inflow and wake
flows, turbine aerodynamics, and wind turbine tech-
nology will contribute to optimization of wind plants.
Continued development of models and measurement
techniques will contribute to improved wind turbine
technology and lower LCOE. For example, new wind
measurement technologies could provide readings
throughout the rotor diameter of increasingly large
wind turbines. Scanning versions of turbine-mounted
LIDARs are being developed to optimize control in
response to variation in wind inflow. Remote sensing
measurements offshore can be used to eliminate

the mast required for meteorological measurements
and get bankable site data to lower risk and uncer-
tainty at the project level, lower loads in conjunction
with advanced controls, and validate wind resource
models. DOE’s “Atmosphere to Electrons” initiative,
or “A2e,” is designed to comprehensively address
these complex flow issues, as well as the challenges
of aerodynamic interactions between wind turbines
operating in close proximity to one another within a
wind plant. For more information, see Section 4.2 of
the Wind Vision roadmap.

2.5.2 Wind Plant
Technology Status

The scientific principles of modern wind tur-

bine design and operation are well understood.

As described in Section 2.1, continued technical
improvement has reduced wind LCOE over time. This
reduction, in combination with policy support and
market barrier reduction, has led to rapid growth in
wind deployment in the years leading up to the Wind
Vision. Most utility-scale turbines being installed in
the United States are three-bladed machines with
controllable blade pitch, variable-speed operation,
and computer controls. A yaw controller uses wind
direction sensors for controlling the rotation, or yaw,
of the nacelle around the tower and keeps the rotor
facing the wind. The controller changes the orien-
tation of the blades (pitch) when the wind speed is
high enough to produce useful power (cut-in wind
speed), and the rotor begins to spin. When the wind
speed exceeds the speed required for the machine to
produce its full rated power (rated wind speed), the
blade pitch is increased to regulate the power output
and rotor speed to prevent overloading the structural
components. If wind speed exceeds design limits

for turbine operation, the controller shuts down the
machine by further increasing blade pitch.

The amount of power in the wind available for
extraction by the turbine increases with the cube (the
third power) of wind speed; thus, a doubling of wind
speed increases the available power by a factor of
eight (2%). The rotor and its associated controllers are
designed to operate the turbine at the highest possi-
ble efficiency between cut-in** and rated wind speeds,
hold the power transmitted to the drive train at the
rated power when the winds go higher, and stop the
machine in extreme winds. Modern utility-scale wind
turbines generally extract about 50% of the available
power in the wind at wind speeds below the rated
wind speed, while the maximum power that a device
can theoretically extract is 59% of the available power
(the “Betz Limit”). Typically, a modern turbine will
begin to produce power at a wind speed of 3-5 m/s
and reach its rated power at 11-14 m/s. Around 25 m/s,
the control system pitches the blades to stop rota-
tion, feathering the blades to prevent overloads and
protect turbine components from possible damage

43, Cut-in speed is the wind speed at which the turbine rotor begins to turn and the turbine begins to produce electricity.
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due to high winds [18]. Some modern machines reduce from 2009 to 2012 (Figure 2-26). In 2013, average

rotational speed gradually in high winds to provide nameplate capacity of utility-scale wind turbines
a gradual, rather than abrupt, reduction in power was 1.87 MW, average rotor diameter was 97 m, and
output as the wind speed increases. average tower hub height was 80 m 61. Though there

was a slight downtick in average hub heights from
2012 to 2013, this may be more attributable to the
significantly smaller number of turbines installed in
2013 rather than an underlying trend (Figure 2-27).

Wind Turbine Scale-Up

The average size and upper range of wind turbines
installed in the United States has increased, with a
period of rapid scale-up from 1998 to 2006 and again
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Figure 2-26. Wind technology scale-up trends and the levelized cost of electricity
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Figure 2-27. Characteristics of utility-scale land-based wind turbines 1998-2013
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Low Wind Speed Technology (LWST)

The wind industry has begun deploying utility-scale
projects using LWST with high hub heights and large
rotors that allow greater energy capture even at sites
with lower wind speeds.** In areas with less-energetic
wind regimes, such as the Great Lakes region, the
industry is installing turbines with towers taller than

100 m and rotors greater than 100 m in diameter [33, 25,

1071. LWST has become cost-effective through techni-
cal innovations in blade design and manufacture, as
well as innovations in turbine controls that work to
limit loads on key components. This trend in LWST is
seen in General Electric’s 1.5-1.8 MW wind turbines,
where the rotor disc area per installed MW of genera-
tion capacity doubled between 2006 and 2013.%> Wind
turbines offered by other manufacturers show similar
trends. As areas of higher wind resource are devel-
oped and constraints such as limited transmission
capacity increase, the total potential developable area
will become increasingly attractive for development
with LWST. LWST can be used at good to excellent
sites,*® as well as at lower wind speed sites (average
wind speeds of less than 7.5 m/s) such as those in the
Southeast, Northeast, and portions of the West.

Tower Technology

Average hub heights for land-based turbines
increased 46% from 1998 to 2013, growing from just
over 55 m to 80 m. Energy capture at low wind speed
and/or high wind shear sites is further facilitated by
the use of tower heights of 100 m or more, which
places the turbine rotors in higher average winds

at most wind plants. Taller towers that reach higher
winds could expand developable areas throughout
the United States. The cost of towers, however,
increases rapidly with increasing height, creating a
trade-off between tower cost and the value of added
energy production. Under current market conditions,
technical innovations will be required for land-based
tower heights beyond 120 m to be economical, since
the installed cost increases faster than the energy
production for most sites. In addition, Title 14 of the
Code of Federal Regulations, Part 77, requires devel-
opers of all structures of 140 m and higher (including

44. Annual average wind speeds as low as 6.0 m/s (13.4 miles per hour),

wind turbines) to file notice with the Federal Aviation
Administration and undergo a public comment period
before approval.

Rolled steel is the primary material used in wind
turbine tower structures for utility-scale wind proj-
ects. Tubular steel tower sections are produced
through automated manufacturing processes. Plate
steel is rolled and machine-welded at the factory, then
transported to and assembled at the project site.

Conventional rolled steel towers can be transported
with tower sections up to 4.6 m in diameter over
roads and 4.0 m via railroad. Tower diameters exceed-
ing 4.6 m are difficult to transport. These transport
restrictions result in sub-optimal tower design and
increased cost for tower heights exceeding 80 m.

A structurally optimized tower would have a larger
base diameter, with thinner walls and less total steel.
Overcoming this limitation would reduce project
costs and LCOE.

New tower configurations are being evaluated to
overcome transport limitations. These new configu-
rations—known as hybrid towers—include concrete
tubes for the lower, large-diameter sections and steel
for the upper sections. Concrete towers have sepa-
rate, pre-fabricated concrete elements with diameters
up to 14.5 m. Large-diameter bottom segments can
be produced as two or three partial shells that can

be shipped on conventional transportation systems.
Such towers could also have the concrete portions
manufactured at the wind plant site. Research is also
underway on fabric-covered space-frame towers that
can also be assembled at the wind plant site, eliminat-
ing transportation constraints.

Blade Technology

Rotor blades have increased in length more rapidly
than towers have grown in height, thereby increasing
potential energy capture. Average land-based rotor
diameters nearly doubled from 1998 to 2013, from less
than 50 m to 97 m. Of the 582 turbines installed in
2013, 75% featured rotor diameters of 100 m or larger,
a notable shift toward larger blades [71.

45, See product fact sheets at https./renewables.gepower.com/wind-energy/turbines/full-portfolio.html.

46. If there is no transmission available, a site may not be developable despite a high wind speed.
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Figure 2-28. Turbine blade diagram

Optimizing LCOE through blade design involves
tradeoffs between energy capture and turbine struc-
tural loads. Nearly all manufacturers have adopted
full-span,* variable-pitch blades that regulate rotor
power in high winds and reduce loads in extreme
storms. Some manufacturers are moving away from
blade geometries that are close to the aerodynamic
optimum, sacrificing small amounts of energy capture
to reduce structural loads and/or manufacturing
costs and logistical constraints. The evolving designs
feature much smaller maximum chord dimensions
(the longest line joining the leading edge to the
trailing edge) near the root of the blades. These
blades are less expensive to manufacture and are
easier to transport on conventional trailers or by rail.
Also, reduced chords over the outer 1/3 of the blade
span can significantly reduce structural loads, with
only small reductions in energy capture, reducing
the overall cost of energy. Reducing the outboard
blade area only slightly decreases energy capture but
significantly reduces structural loads and physical
dimensions, resulting in manufacturing and transport
cost savings. The industry is exploring rotor blades
that can be delivered to a wind plant in two or more
pieces and assembled on-site, which would enable
the continued growth of rotor diameters.

47. In a full-span configuration, the entire blade changes pitch.
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Another advancement in blades and rotors is innova-
tive airfoil designs to achieve specific goals, such as
maximum thickness and aerodynamic performance.
Airfoil sections with blunt trailing edges, known as

flat back airfoils, have been deployed for the inboard
region of large wind turbine blades because they pro-
vide structural advantages. Vortex generators near the
root have been used to reduce the adverse effects of
flow separation. Specially-designed airfoils have been
developed and used near the tip to reduce noise.

Advanced materials are being used to manufacture
lighter blades, including carbon fiber in structural spar
caps, and sophisticated engineered cores. Other novel
blade configurations are under development that use
aero-elastic tailoring to alter the blade geometry in
response to high-load wind conditions in a manner
that reduces the loads.

The growing trend of making several blade lengths
available for the same basic turbine has contributed
to the lower cost of wind power. This, along with
variations in the tower height, permits turbines to be
customized for specific conditions at each wind plant.
This approach can better optimize the trade-offs
between energy capture and structural loads.
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Drive Train Technology

The drive train converts a rotor’s rotational power into
electrical power and generally includes a main shaft, a
gearbox (unless a direct-drive configuration is used),
a generator, and a power converter. As of 2006,

most utility-scale wind turbines used a three-stage
gearbox to convert the power of the rotor blades
(low rotational speed, high-torque) into high-rota-
tional-speed, low-torque power suitable for a conven-
tional high-speed generator operating at 1,200-1,800
RPM 11081. By 2013, most utility-scale turbines used
variable-speed technology. Variable-speed turbines
can extract more energy at low wind speeds and
impose lower structural loads at higher wind speeds
than constant speed generators. In variable-speed
turbines, rotor speed is controlled using blade pitch
and power electronics to alter the frequency of the
generator field.

Continued advancements in drive train technology
can decrease maintenance and related costs, which
will in turn reduce LCOE. Additional drive train tech-
nology developments since 2006 include:

¢ Direct drive generators that eliminate the need for
a gearbox. Direct drive turbines comprised 3.3%
of new U.S. capacity installed in 2012 (194 turbines
totaling 429.7 MW), an increase from 17 direct drive
turbines installed in 2011 (totaling 35.3 MW) and no
more than three such turbines per year from 2008
to 2010. Direct drive technology has been relatively
slow to enter the U.S. market in comparison to
global trends—28% of global wind turbine supply in
2013 featured direct drive turbines (6.

¢ Permanent magnet synchronous generators with
improved efficiency based on rare-earth materials.
These generators are used in conjunction with
high-speed gearbox designs as well as direct-drive,
gearbox-free turbines.

¢ Medium-speed single-stage drive trains with
generators operating at approximately 100 RPM.
¢ Main shafts with dual bearings or a non-rotating

kingpin to support the hub and isolate the gearbox
from rotor loads.

¢ Full power conversion technologies that increase
the range of variable rotor speeds, further improv-
ing energy capture at low wind speeds.
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Control Technology

Wind plants consist of large arrays of wind turbines
connected through a single point to the transmission
grid. Controls for wind turbine speed, power output,
and other characteristics, however, have been used
largely for individual machines in response to tur-
bine-based criteria. These controls allow operators

to manage and monitor turbines remotely, from the
site’s O&M station as well as from regional and global
remote operating centers. More advanced control
technology now includes active controls to sense tur-
bulence-induced rotor loads and alter turbine opera-
tion to reduce these loads (Figure 2-29). Controlling
all turbines within the plant to maximize total produc-
tion and reduce loads could result in lower LCOE.

Wind turbine controllers integrate signals from
dozens of sensors on or around the turbine to control
rotor speed, blade pitch angle, generator torque,

and power conversion voltage and phase. The con-
troller manages critical safety measures, such as
shutting down the turbine when extreme conditions
are encountered. Electrical controls combined with
power electronics enable turbines to deliver fault
ride-through operation, voltage control, and volt-am-
pere-reactive support to the grid. As with other ancil-
lary services and providers, the necessary incentives
must be in place to encourage this flexibility. Research
is underway on wind turbine active power controls
and market incentives necessary to induce the
provision of these flexibility services when they are
cost-effective. Active power control allows the power
system operator to control the wind generator output
when there is excess energy or when fast response is
required to maintain reliability.

Advancements in individual turbine sensor technology
include built-in condition monitoring systems that
measure vibrations or oil particle count in key areas of
the drive train. The vibrations are tracked continuously.
When the signature of the vibration changes, a notice
of non-standard operating conditions is sent to oper-
ators, allowing them to take precautionary measures
such as shutting down a turbine until inspection and
repair can occur. Condition monitoring systems have
enabled operators to make proactive minor repairs
up-tower without a crane before failure of one compo-
nent affects others, reducing costs and downtime.
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Figure 2-29. Wind plant controls, including LIDAR sensor signals for feed-forward control and integrated wind plant control

Advanced controls have improved turbine and wind
plant performance and reliability. Such controls also
offer some of the best opportunities for reducing
LCOE. Advanced turbine controllers can accom-
modate larger rotors and increased energy capture
for a given drive train without changing the bal-
ance-of-system requirements. Several approaches are
used, including model-based control; multiple-input,
multiple-out systems; and micro-tuning of turbine
controls for specific wind plant sites. These advanced
methods are often used with passive load reduction
technologies developed for longer rotor blades.

Individual blade pitch control is another advanced
control scheme. While collective pitch control adjusts
the pitch of all rotor blades to the same angle, individ-
ual blade pitch control dynamically and individually
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adjusts the pitch of each rotor blade in real-time
based on measured loads. The main benefit of indi-
vidual blade pitch control is the reduction of fatigue
loads on the rotor blades, the hub, and mainframe
and tower structures. In order to reduce these loads,
especially asymmetric loads caused by heteroge-
neous wind fields, the pitch of each rotor blade has
to be adjusted independently from the other blades.
A reduction of fatigue loads has two considerable
advantages: it allows lighter designs and can translate
into increased reliability 1091. Individual blade pitch
control systems are currently in service on some
modern turbines. The innovation permits higher wind
conversion efficiency, which translates to lower LCOE
for wind power.

Wind Technology and Performance

I turbine
sensors

67



Research is also underway to develop plant-wide
controls to optimize overall wind plant output. This
innovation presents the opportunity to improve over-
all plant-level energy capture and reduce structural
loads by operating the wind turbines in an integrated
fashion. Another way controls can contribute to wind
deployment is by using active power control of the
entire wind plant in a way that improves overall grid
stability and frequency response and regulation.
Active power control helps balance load with genera-
tion at various times, avoiding erroneous power flows,
involuntary load shedding, and machine damage.
This technology, discussed in more detail in Section
2.7, could change the paradigm for the integration of
wind turbines onto the transmission grid 1o, further
expanding deployment opportunities.

Future Trends—Plant Technology

Continued advancements in wind power technology
will drive reductions in LCOE and facilitate wind
deployment in new markets, such as low wind speed
areas. Some key on-going trends include:

¢ Towers: Transportation, logistical, and regulatory
issues must be addressed in order to deploy taller
towers to enhance wind resource access. On-site
manufacture or assembly of towers provides a key
opportunity. As previously discussed, all structures
higher than 140 m (including wind turbines) must file
notice with the Federal Aviation Administration and
undergo a public comment period before approval.

¢ Blades: The development of efficient multi-piece
blades that can be economically transported to
new wind plants will enable further growth in rotor
diameters. The development of low-cost carbon
fiber material systems will play a key role in the
design and manufacture of these larger rotors.

¢ Drive trains: Increasing diversity in drive train con-
figuration—including geared, medium-speed and
direct-drive technologies—is expected to continue.
Drive train configurations are expected to have
increased reliability and service life, and greater
overall efficiency. Power electronics systems will
provide increasingly valuable grid services, such as
frequency regulation and synthetic inertia.
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¢ Controls: Given current technology trends, wind
plants will increasingly be controlled and operated
as an integrated system, enhancing reliability
and energy capture, and improving grid stability.
Innovations in turbine-level control systems, such
as feed-forward control, will continue to enable
increases in rotor size without commensurate
increases in structural loads. Research will continue
on wind turbine active power controls and the
market incentives necessary to induce the provision
of these services (i.e., when they are cost effective).

2.5.3 Wind Plant Performance
and Reliability

Cost drivers for LCOE include wind turbine and wind
plant performance, as measured by annual energy
production and capacity factor. Wind turbine reliabil-
ity in terms of scheduled and unscheduled O&M and
component replacement is also an LCOE driver, and
improvements offer opportunity for reductions in
LCOE and technical risk.

Capacity Factor

As noted, capacity factor is a measure of the produc-
tivity of a power plant. It is calculated as the amount of
energy that the plant actually produces over a set time
period divided by the amount of energy that would
have been produced if the plant had been running

at full capacity during that same time interval. Wind
project capacity factors have been higher on average
in more recent years (e.g., 32.1% from 2006 to 2013,
versus 30.3% from 2000 to 2005). Time-sensitive
influences—such as inter-year variations in the strength
of the wind resource or changes in the amount of wind
power curtailment—may mask the positive influence of
turbine scale-up on capacity factors in recent years (61.

Variations by project vintage year occur due to
countervailing trends of larger rotor diameter, which
tends to increase capacity factor, and increasing
installations in lower wind resource sites, which
tends to reduce capacity factor. These trends have
overshadowed the potentially large positive effect of
technology improvements such as larger rotors, taller
towers, and sophisticated controls on capacity fac-
tors. As shown in Figure 2-30, a few outlying individ-
ual projects show capacity factors above 40%, with
a few exceeding 50% [61. Variances in capacity factor
can be influenced by:
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Figure 2-30. Wind project capacity-weighted average capacity factors for 2013 by commercial operation date for
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49.

Regional Differences: Design changes such as
larger rotors and taller towers can open new
resource areas to utility-scale wind projects with
capacity factors sufficient for cost-effective devel-
opment. Data indicate average regional capacity
factors for utility-scale wind projects built in 2012
were highest in the U.S. Interior (38%), and lowest
in the West (26%). These regional differences can
be explained by differences in wind resources and
by varying types of deployed wind turbine technol-
ogy. A lower specific power rating* for a turbine
yields a higher turbine capacity factor. For turbines
installed 2011 to 2013, 30% of all turbines installed
in the Great Lakes region had a specific power
rating less than 220 watts per square meter (W/
m2), vs. 5% of the turbines in the Western region.

Curtailment: National wind power production can
be reduced by curtailment, where the dispatch
order from the transmission system operator to

the wind plant is to reduce or stop generation
even though the wind resource is available. Some
reasons for curtailment, such as transmission
constraints, are discussed in Section 2.7. Operators
may also voluntarily curtail production in response
to price changes. The United States has many
balancing areas,* each of which may have its own
curtailment practices. Though curtailment varies
by balancing area, in aggregate curtailment has
declined to 2.5% of total wind power generation

in 2013, down from a peak high of 9.7% in 2009.
Specifically, only 1.2% of potential wind power
generation within the Electric Reliability Council of
Texas (ERCOT) was curtailed in 2013, down sharply
from 17% in 2009, roughly 8% in both 2010 and
2011, and nearly 4% in 2012. Primary causes for the
decrease were the Competitive Renewable Energy
Zone transmission line upgrades and a move to

more-efficient wholesale electric market designs [61.

48. The “specific power” of a wind turbine is the ratio of generator nameplate capacity (in watts) to the rotor-swept area (in m?). With growth in

average swept area outpacing growth in average nameplate capacity, there has been a decline in the average specific power (in W/m?) among

the U.S. turbine fleet over time, from around 400 W/m? among projects installed from 1998-2001 to 253 W/m? among projects installed in 2013.

A balancing area is a predefined area within an interconnected transmission grid where a utility, an independent system operator, or a trans-
missions system operator must balance load (electrical demand) and electrical generation while maintaining system reliability and continuing
interchanges with adjoining balancing areas. An interconnected grid can have one or many balancing areas. For example, the Western Inter-

connection, which covers much of the western U.S. and western Canada, has 35 balancing areas, while the Texas Interconnection only has one.

Chapter 2 |

Wind Technology and Performance

69



70

Wind Turbine System Reliability

Relative to capacity factor, turbine downtime has a
relatively smaller impact on LCOE, with availability
rates® of greater than 98% as of 2013 [25]. Replace-
ment of failed components can cost hundreds of
thousands of dollars, due to the cost of the compo-
nents as well as the rental costs of large cranes,
and can result in lost revenue from lost production
time. European WindStats data from 2008 to 2012
show a decrease in turbine downtime due to gear-
box, electric system, and generator failures, but an
increase due to rotor failures (). Separately, the

European Reliawind project found electrical systems,
pitch systems, and yaw systems to be the largest
drivers of turbine downtime m21. One of the chal-
lenges in understanding trends in component failures
is that turbine reliability is affected by many factors
including equipment quality, operating conditions
and maintenance, and the age of turbines. Improving
wind turbine component, sub-system, and system
reliability can reduce costs for O&M and replacement
of components, as well as reducing downtime. Better
tools have been developed to predict remaining
useful component life and verify the accuracy of the
prediction of fatigue life for new turbines.

Table 2-5. Aggregated Utility-Scale Wind Turbine Downtime by Turbine Subsystem for 2007 and 2012

Downtime by Subsystem (%) 2007 2012 \ga(;?;i?:;g?
Gearbox 30.9 9.9 -21.0
Electric system 15.7 6.4 -9.3
Generator 13.2 43 -8.9
Pitch adjustment 9.9 1.8 -8.1
Main shaft/bearing 6.7 5.8 -0.9
Hydraulics 5.8 31 -2.7
Air brake 55 1.8 -3.7
Sensors 2.4 1.8 -0.6
Mechanical brake 0.8 0.1 -0.7
Electric controls 4.5 52 0.7
Rotor 29 6.1 3.2
Yaw system 1.6 5.6 4.0
Windvane/anemometer 0. 1.0 0.9
TOTAL 100 52.9 -47.1

Note: Total turbine downtime in 2012 was 47.1% less than turbine downtime in 2007. Changes in 2012 total turbine and subsystem downtime
are measured as a percentage of the 2007 total turbine downtime.

Source: National Renewable Energy Laboratory and Wind Stats, data from 2007 to 2012

50. The availability factor of a power plant is the amount of time that the plant is able to produce electricity, divided by the amount of time in

the period.
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Gearbox Reliability

A 2013 summary of insurance claims revealed that
the average total cost of a gearbox failure was
$380,000 [m31. An analysis of 1000 turbines over

a 10-year period reported that 5% of turbines per
year required a gearbox replacement [291. Gearbox
reliability remains a challenge for utility-scale wind
turbines, though trends in Table 2-5 indicate that
reliability has improved since 2007. The industry uses
a systems approach as the most effective for improv-
ing this aspect, with attention to reliability integrated
throughout the design, manufacturing, commission-
ing, and O&M stages [114]. Through collaborations,
diagnostics, and accelerated testing, the industry has
gained a better understanding of the most frequent
gearbox failure modes and possible root causes.
Researchers have confirmed that a key factor contrib-
uting to premature gearbox failures is that bending
loads (rather than torque loads) on the input shaft
cause excessive loads on the gears and bearings.
Tapered roller bearings have been incorporated into
the planetary design, and new main bearing and
main shaft design strategies have been adopted to
reduce non-torque loads transmitted to the gearbox.
It has become standard practice to perform extensive
dynamometer testing of new gearbox configurations
to prove durability and reliability before introduction
into serial production r18]. Such dynamometer tests
have identified design or material weaknesses that
were remedied before field testing or production.

Condition monitoring systems mounted on parts of
the drive train are becoming more common, enabling
detection of problems earlier and minimizing down-
time. Gearbox repairs or part replacements are more
often performed up-tower. This avoids the need for

a crane to lower components to the ground, thereby
reducing maintenance costs. Refinements in materials,
quality, metallurgy, surface finishing, and lubricants are
all considered in efforts to improve gearbox reliability.

Generator Reliability

A generator failure in 2013 was estimated to cost
$310,000 131, while an estimated 3.5% of turbines
required a generator replacement [29]. Data from U.S.
wind plants reveal that electrical winding and bearing
failures are the two largest sources of downtime for
generators. Electrical winding failures result from a
combination of improper specification and design
issues, manufacturing inconsistency, or quality issues.

Environmental conditions and poor electrical power
quality exacerbate generator reliability problems.
Bearing failure is the single largest contributor to
generator unreliability and is probably influenced by
multiple mechanical root causes: improper lubrication,
machine misalignment, and transient electrical current
damage [ms1. Original equipment manufacturers have
pursued direct drive turbines to avoid misalignment
problems, but to date there have been no published
studies in the United States to confirm improved
reliability and lower operating costs of direct drive
turbines. Generator manufacturers often make
upgrades and revisions to address identifiable failure
modes. These changes might include cooling system
improvements, bearing design changes, and other
insulation and structural improvements based on the
results of electrical and mechanical testing.

Rotor Reliability

Average replacement costs for a blade failure are
estimated at $240,000 131, with 2% of turbines
requiring blade replacements annually 29]. With
larger blades being used on wind turbines, weight
and aeroelastic limitations have put added pressure
on blade design and manufacturing, which may be
one of the explanations for the uptick in rotor-driven
downtime reported in Table 2-5. Blade failure can
arise from manufacturing and design flaws, trans-
portation, and operational damage. Manufacturing
flaws include fiber misalignment, porosity, and poor
bonding. During transport from the manufacturing
plant to the wind plant site, blades can undergo
several lifts, which result in localized loads that can
cause damage if not properly executed. Operational
damage is primarily related to either lightning strikes
or erosion of blade leading edges.

Testing of composite material coupons and
sub-structures to determine the effect of manufac-
turing defects has increased both in research and
industry [me1. Manufacturers increasingly use non-
destructive inspection® practices to assess the
quality of blade structures, especially critical sections
like spar caps. Non-destructive inspection techniques
have been found effective in finding several common
defects, including dry spots, delaminations, and

gaps in adhesive bonds. Improvement in inspection
and repair techniques, coupled with the high cost

of blade replacement, has led the industry to move
towards repairing damaged blades. The development

51. Non-destructive inspection uses techniques that do not cause harm when evaluating materials, components, or systems.
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of in-situ blade inspection technology and processes
could become an alternative to manual inspections,
improving reliability and technician safety. Ultimate-
load and fatigue testing of full-scale blades are
standard and required for design certification, with
continuous improvement in load calculation and
testing methods. The international blade design
standard, IEC 61400-5, will outline in more detail what
is needed to design and maintain blades for reliability.
Blade testing, whether at government or private
laboratories, is critical to design blades to meet
expected lifetimes, because it can diagnose design or
manufacturing errors which cause early and some-
times catastrophic failures. Blade test methods are
continuously improving, as are design methods and
manufacturing processes. For more information about
testing, please see Appendix F, Testing Facilities.

2.5.4 Aftermarket Upgrades
and Repowering

Most original equipment manufacturers offer after-
market upgrades to improve wind turbine and wind
plant performance of installed fleets. Some example
upgrade products include modifications to turbine
control parameters that allow an increase in max-
imum power output; vortex generators, which use
small fins to optimize air flow over the blades and
improve aerodynamics; and software improvements
that support self-diagnosis of subsystem components
and increase turbine availability. These aftermarket
products are added to existing equipment to improve
performance, but do not extend the useful life of the
original turbine.

Repowering wind turbines occurs when equipment at
a wind plant is replaced with newer, higher-perform-
ing turbines that increase the capacity factor using
technologies not available when the original plant was
constructed. A wind plant is typically repowered at
the end of its useful life, and most original equipment
manufacturers certify turbines for a 20-year lifetime.
The significant increase in wind turbine power ratings
since the early 1990s creates a financial incentive to
repower high quality wind resource sites with new
turbines. This incentive needs to be balanced against
site-specific requirements in updating the balance of
system elements such as the roads, foundations and
potentially the grid connection equipment.
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As of 2012, 75% of installed wind plant capacity (52%
of installed turbines) was less than five years old, and
8% of installed capacity (34% of installed turbines)
was older than 10 years 1171. As these installed assets
age, the market for repair, replacement and repower-
ing grows. While regulatory issues in California in

the early 2000s prevented significant repowering
activities, new policies have improved the repower-
ing market. See Section 3.3.1, Capacity Additions, in
Chapter 3 for more information.

2.5.5 Offshore Technology

Offshore wind technology can take advantage

of many of the same technology developments
described for land-based systems. These areas
include array optimization strategies, turbine archi-
tectures, advanced composites, aerodynamics, and
controls. There are many technology areas, however,
in which offshore wind technology is progressing
along unique pathways independent of land-based
drivers. Offshore wind turbines

 are trending toward larger turbines twice the size
of their land-based counterparts;

* demand higher reliability due to vastly more chal-
lenging accessibility;

* rely on subsea power cable networks and substa-
tions far from land; experience significant hydrody-
namic loading; and

» are coupled to a range of support structures,
including floating systems that are highly depen-
dent on water depth.

New technology is expected to contribute to offshore
wind cost reductions, which can be realized through
lowering capital cost, increasing energy production,
increasing reliability, and lowering the risk profile for
investors. The turbine comprises just 30% of the total
capital cost of an offshore wind project, while the
balance of system and associated project construction
costs represent the remainder m18]. A major technol-
ogy trend since 2008 has been to develop larger, 5-7
MW capacity turbines. These larger turbines enable
greater balance of system cost reductions (founda-
tions and marine construction) on a per MW basis
because they allow for fewer foundations, less cable,
lower O&M, and more MW per unit area. Most major
offshore turbine suppliers are developing larger tur-
bine models specifically for offshore. These turbines
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Figure 2-31. Average turbine size, rotor size, and hub height for commercial offshore wind parks

are entering the market as prototypes or as early
stage commercial production units. Transportation
and erection restrictions limit the use of these tur-
bines in land-based applications, so their introduction
has resulted in new supply chains unique to offshore
wind, especially for components like large blades and
nacelles. Figure 2-31 shows the historic and projected
average turbine size, rotor size, and hub height for
installed offshore wind projects.>? Projections are
based on projects approved as of 2013.

The introduction of larger turbines in European waters
has also stimulated the development globally of ves-
sels, equipment, and infrastructure with the capability
to install these machines. These new vessels require
cranes with maximum lift heights approaching 130 m
and lifting capacities between 600 and 1,200 tons,
suitable for larger turbine models [1191.

This emerging fleet of offshore wind turbines is also
characterized by a move toward gearless direct

drive generators and single-stage geared systems
with medium-speed generators (Figure 2-32). These
direct-drive and medium-speed generators take
advantage of innovative technologies in rare earth
permanent magnets that allow lighter nacelle weights,

created with lower fabrication and maintenance
costs in mind. Design innovations under development
include modularity of the generator poles, supercon-
ductivity, switched-reluctance, and power conversion
incorporated into generator modules. New designs
have demonstrated a reduction in top mass, thereby
reducing weight of all support components.

Direct-drive generator technologies could be favored
more in offshore applications because they reduce
the total part count, which theoretically could lower
offshore maintenance costs. Since offshore wind
turbines are remote and accessibility is limited by
weather and high vessel costs, offshore wind main-
tenance strategies also place a higher emphasis on
remote sensing, condition monitoring, and optimizing
weather windows.

The continued rapid growth of offshore wind turbine
capacity since 2008 has resulted in a commensurate
growth in rotor diameter. These new offshore tur-
bines comprise rotors up to 165 m in diameter, with
blade lengths up to 80 m in length. Blades of this
length challenge the 2013 state-of-the-art composite
fabrication facilities and require special attention to
ship blades to the project site. Blade designers have

52. The data in this figure and most data discussed in this section rely on data from deployed offshore turbines outside the U.S. since there are
currently no utility-scale offshore wind projects operating in the U.S.
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Figure 2-33. Characteristics of offshore wind projects in Europe, 2013
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increasingly moved to lighter weight materials such
as industrial carbon fiber laminates, modular prepreg
members, and automated fiber placement production
technologies to achieve longer, stiffer blades. As

of 2013, all utility-scale offshore wind turbines are
designed to operate upwind of the tower, except

for the Hitachi 2 MW downwind machine. There are
several of these Hitachi units operating in Japan,
including two floating turbines: one at Kabashima,
Japan (1201 and another deployed in phase 1 of the
Fukushima Forward floating offshore wind project.
Further development of larger machines may lead to
more downwind turbine designs for offshore wind.
Extreme blade lengths may deflect beyond practical
upwind rotor limits, while low frequency noise con-
cerns that restrict downwind turbines on land are less
likely to be a factor in an offshore environment.

Water depth is a strong design driver in offshore wind
technology development. In 2008, all installations
were in shallow water less than 30 m deep, except for

Spar-Buoy

Spar-Submetsible

a 45-m deep demonstration project in the Beatrice
fields off Scotland (developed by Talisman Energy).
These installations were completed using conven-
tional jack-up barge cranes on monopole or gravi-
ty-based substructures. In 2014, much of the develop-
ment was mid-depth sites that are further from shore
and require multi-pile substructures such as jackets
and tripods. The costs increase as turbines are placed
in deeper waters but conflicts with the environment
and competing human use are likely to be lower [55].
Figure 2-33 shows the relationship between project
depth, distance from shore, and project size over the
life of the industry.

Some large-scale deployments in Europe aggregate
the wind plant electrical distribution systems from
multiple wind projects to facilitate efficient power
delivery to shore. Some projects have implemented
multi-point high-voltage direct current transmission
systems for long-distance transmission of power to
shore, a trend which may continue as larger facilities

Tension Leg Platform

Source: National Renewable Energy Laboratory. Illustration by Joshua Bauer, NREL.

Figure 2-34. lllustrations of three classes of floating wind turbine technology
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continue to be built further from shore. Electrical
transmission backbones such as these have already
been proposed in the United States in advance of
offshore wind construction pi21.

The trend toward deeper water has also created
interest in floating wind technology (see Figure
2-34). In 2009, the first utility-scale floating wind tur-
bine was deployed by Statoil off the coast of Norway.
The turbine was named Hywind | and used a 2.3-MW
Siemens turbine on a floating spar substructure.
Other technology demonstration projects have since
launched in Portugal (1221, Japan (1231, and in the first
U.S. offshore wind turbine at the University of Maine
1241. Additional full-scale demonstration projects are
also underway [125].

Although not yet commercially proven, floating
technology could play a key role in offshore wind,
especially in the United States where more than 60%
of the offshore wind resource lies over water with
depths of more than 60 m. In those areas, floating
systems may have an economic advantage over fixed
structures. The potential advantage is that floating
systems at large production scale may be able to
deliver lower system cost through efficiencies gained
in mass production and the elimination of expensive
at-sea construction steps. As of 2013, floating wind
technology developers are demonstrating floating
concepts with proven fixed-bottom offshore wind
turbine designs.

Hurricanes pose a significant challenge to offshore
wind turbines in areas where major tropical cyclone
events regularly occur. This includes the U.S. Atlantic,
Gulf of Mexico, and parts of the Pacific. In 2008, hurri-
cane turbine ride-through designs were not yet being
discussed, and the Minerals Management Service (now
BOEM) was concerned about consistency and inter-
pretation of the various standards [126, 127, 128]. Many
developers were hesitant to consider hurricane-vulner-
able sites as viable at all. As of 2014, hurricane-tolerant
offshore wind design is discussed widely in interna-
tional standards development organizations, with
progress toward robust strategies. Turbine survivability
under extreme ice loading has been demonstrated in
the Baltic Sea, especially in Finland where ice condi-
tions exceed extreme Great Lakes conditions on an
annual basis [1291. These advancements in hurricane
and ice load tolerance are important to expand devel-
opable opportunities for offshore wind.
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2.5.6 Conclusions

Wind technology advancements, performance
improvements, and cost reductions have exceeded
levels viewed as aggressive in 2007 and 2008. Wind
turbine technology continues to progress toward
larger turbines with higher nameplate capacity, and
industry is gaining increased understanding of ways
to improve reliability. Manufacturers of offshore tech-
nology can leverage many of the same enhancements
as in land-based wind technology, but there will

also be unique design issues for offshore. Numerous
actions and advancements in wind plant technology,
performance, reliability, and safety are needed to
continue recent trends and achieve the deployment
levels in the Wind Vision Study Scenario. Section

4.2 discusses several Wind Vision roadmap actions
regarding wind plant technology advancement, while
Section 4.4 reviews the wind power performance,
reliability, and safety roadmap actions.

Wind plant technology advancement actions in the
Wind Vision roadmap include:

* Developing next-generation wind plant technol-
ogy for rotors, controls, drive trains, towers, and
offshore foundations for continued improvements
in wind plant performance and scale-up of turbine
technology;

» Updating design standards and certification pro-
cesses using validated simulation tools to enable
more flexibility in application and reduce overall
costs;

* Developing and validating a comprehensive suite
of engineering, simulation, and physics-based tools
that enable the design, analysis and certification of
advanced wind plants. Improving simulation tool
accuracy, flexibility, and ability to handle innovative
new concepts;

* Developing and sustaining world-class testing
facilities to support industry needs and continued
innovation; and

* Developing revolutionary wind power systems by
investing R&D into high-risk, potentially high-re-
ward technology innovations.

Wind Technology and Performance



The Wind Vision roadmap addresses wind power
performance, reliability, and safety with actions to:

* Increase reliability by reducing unplanned mainte-
nance through better design and testing of com-
ponents, and through the adoption of condition
monitoring systems and maintenance;

* Develop a world-class database on wind plant oper-
ation under normal operating conditions by collect-
ing wind turbine performance and reliability data
from wind plants to improve energy production and
reliability under normal operating conditions;

* Ensure reliable operation in severe operating
environments by collecting data, developing testing
methods, and improving standards;

* Develop and promote best practices in operations
and maintenance strategies and procedures for
safe, optimized operations at wind plants; and

* Develop aftermarket upgrades to existing wind
plants and establish a body of knowledge and
research on best practices for wind plant repower-
ing and decommissioning.

2.6 Supply Chain, Manufacturing, and Logistics

Wind Power Wind Siting,
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Figure 2-35. Elements of the U.S. wind power supply chain mapped to sections in this report

The U.S. wind industry supply chain comprises a
range of companies spanning the life cycle of a wind
plant, from initial resource assessments through long-
term operation. The focus of this section is on the
manufacturing, transportation, and construction por-
tion of the supply chain, with other areas addressed
throughout this report as indicated in Figure 2-35.

With historical domestic demand
stability, wind manufacturing has moved
toward higher U.S. domestic content.
Unstable future demand may erode the
domestic supply chain.

The U.S. manufacturing supply chain includes at least
560 companies, in more than 43 states, that process
raw materials and manufacture and assemble wind tur-
bine components [71. The overall share of domestically
manufactured turbines and components has increased
over the last decade, leading to a decrease in share

of imported wind turbines and select components
despite record installations and industry growth 251.
Turbine technology has scaled up as well, increasing
the size of components such as blades and towers,
making transportation more costly and complex, and
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domestic manufacturing more likely. These trends
helped support more than 80,700 domestic jobs
across the supply chain by the end of 2012, including
more than 25,500 in manufacturing (see Section 2.4.3
Workforce). With the market uncertainty created by
the expiration of the PTC in 2013, employment in the
U.S. wind industry contracted to 50,500 full-time
equivalents across the supply chain—17,400 in the
manufacturing sector—by the end of 2013 [71.

Manufacturing capacity and demand, including
domestic content and international trade, raw mate-
rials, and repair and remanufacturing are summarized
in 2.6.1. Section 2.6.2 covers the transportation logis-
tics and design impacts, while Section 2.6.3 discusses
installation issues.

2.6.1 Manufacturing Capacity
and Demand

U.S. manufacturers have responded to the demand
for wind power projects. In the five years leading up
to 2013, the United States installed more than 43 GW
of wind, leading to a cumulative installed capacity

of more than 61 GW by the end of 2013 [91. With the
rapid increase in turbine installations, more original
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Figure 2-36. Domestic wind turbine nacelle assembly, blade, and tower manufacturing capacity vs. U.S. wind turbine installations

equipment manufacturers established regional
offices, developed local supply chains, and expanded
U.S.-based manufacturing and assembly capacity
125]. Figure 2-36 shows how domestic nacelle assem-
bly and blade and tower manufacturing capability
compare with both growth in wind installations and
projections for future growth.

In addition to expanded nacelle assembly manufac-
turing capability, by the end of 2013, the U.S. domes-
tic supply chain had the capacity to produce 10,000
blades (6.2 GW) and 4,300 towers (8 GW) annually
191. This trend demonstrates the ability of the industry
to invest in new domestic manufacturing capacity,
which, in turn, can facilitate rapid increases in demand
needed to support the deployments in the Wind
Vision Study Scenario.

Due to the lack of near-term (~two years) demand—
driven primarily by uncertainty about the extension
of the PTC— only 1 GW of additional wind was
installed in 2013. This represents a 92% drop in the
market relative to 2012 [91. Most, if not all, original
equipment manufacturers and their suppliers scaled
back capacity. In addition to the closure of five major
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wind-related manufacturing facilities and the exit

of seven additional facilities during 2012, two major

wind-related manufacturing facilities were shuttered
during 2013 (7). Further information on the domestic
supply chain capacity can be found in Appendix E.

Domestic Content and International Trade

The wind industry supply chain has become increas-
ingly globalized, with manufacturing locations based
upon factors including national policies, labor costs,
transportation costs, original equipment manufacturer
supply chain strategies, and technology development.
Component country of origin varies widely, depend-
ing upon the type of components. For example, larger
components that are more costly to transport (i.e.,
blades and towers) are more likely to be manufac-
tured in the domestic market.

Within the U.S. market, the overall share of domes-
tically manufactured turbines and components

has increased over the last decade, leading to a
decrease in the share of imported wind turbines

and select components despite record installations
and industry growth. The combined import share of
selected wind equipment tracked by trade codes (e.g.,
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blades, towers, generators, gearboxes and complete
nacelles), when presented as a fraction of total equip-
ment-related turbine costs, declined from roughly
80% in 2006 and 2007 to 30% in 2012 and 2013 [61.
Domestic content for some large components, such
as blades and towers, ranged between 50% and 80%
in 2012-2013. The share of wind turbine project costs
(including project costs for non-turbine equipment
sourced domestically), was approximately 60% in
2012. Domestic content was considerably below these
levels for generators and much of the other equip-
ment internal to the nacelle, however, and much of
this equipment is not tracked by trade codes (6].

National policies have also affected the global supply
chain, which directly influences the percentage of
imported vs. domestic content of some compo-
nents. U.S. exports of wind-powered generating sets
increased from $16 million in 2007 to $421 million

in 2013, not including export of components that
would add to the total export value (e.g., blades and
towers) [61. The two largest markets for U.S. exports
between 2006 and 2013 were Canada (52%) and
Brazil (33%) [61. Policies that continue to drive local
content requirements in Brazil, and until December
2013 in Canada as well, may limit U.S. exports to
those markets. On the import side, China provided
more than 50% of total imported towers to the
United States in 2011 and 2012. In 2012, however, a
trade dispute over low prices led the U.S. Commerce
Department to levy large tariffs on imported towers
from China. This could result in supply shifts, result-
ing in some additional domestic capacity and imports
from countries not impacted by the tariffs [25].
Further details on the value of imports and exports
can be found in Appendix E.

Raw Materials

One of the considerations in the 20% Wind Energy
by 2030 report was the availability of raw materials
to meet that scenario. Wind turbines are primarily
constructed of abundantly available materials such as
steel, glass, copper, and aluminum, so supply con-
cerns are generally minimal. A supply chain analysis of
wind technology commissioned by the International
Energy Agency (IEA), however, identified two poten-
tial bottlenecks for highly critical materials: carbon
fiber used in advanced rotor blades, and rare earth
metals used for some permanent magnet generators
11301. While there have not been any fundamental raw
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material supply concerns for wind turbines, the trends
in commodity material prices in the decade leading
up to 2013 have had a significant impact on wind
turbine prices and design choices. Analysis performed
by LBNL estimated that commodity price changes
accounted for nearly 12% of the overall general
turbine price increase that occurred in the industry
between 2002 and 2008, and nearly 35% of the price
decrease from 2008 to 2010 (1311. More information on
raw material trends can be found in Appendix E.

Repair and Remanufacturing

The market for repair, replacement, and repowering
wind plants will continue to grow as installed assets
of more than 61 GW of cumulative installed wind
capacity age. While 52% of the installed U.S. wind
turbine fleet was less than five years old in 2014,
34% of installed wind turbines were commissioned
between 1982 and 2001 11321. With O&M representing
around 25% of lifetime turbine costs and levelized
replacement costs representing 30% of O&M (28],
there is a growing aftermarket for remanufactured
and replacement components to support expansion
for domestic manufacturers. Further details on repair
and remanufacturing can be found in Appendix E.

2.6.2 Transportation and
Design Impacts

The U.S. market has expanded to include lower wind
speed sites (average wind speeds <7.5 m/s) closer to
population centers. This is in part because of tech-
nological advancements and policy drivers. In some
regions, it is also due to limited access to available
transmission lines. As a result, from 1998 to 2013,

Turbines with larger blade and tower
components can capture more wind

at lower wind speed sites, but pose
transportation and logistics challenges.

the average estimated quality of the wind resource

at 80 m for newly installed wind projects dropped

by approximately 10% r61. This trend has increased

the complexity and cost of transportation logistics
because components such as blades and towers have
increased in size to capture the resource at lower wind
sites. As a result, existing transportation infrastruc-
ture is increasingly impacting component designs to
balance energy production with transportability.
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Transportation Logistics

Installed turbine power ratings have continued to rise,
to an average of 1.95 MW in 2012 including multiple
models at more than 2 MWs and above [53]. As OEMs
seek to capture more wind at lower wind speed sites,
average rotor diameters have increased rapidly. Tower
components have also increased in size and weight

to access better winds higher above the ground
(Figure 2-37). Wind turbine blades longer than 53 m
begin to present a transportation obstacle due to the
large turning radius, which hinders right of way or
encroachment areas within corners or curves on roads
or railways (Figure 2-38). Tower sections are generally
limited to 4.3 m in diameter, or 4.6 m where routes
permit, to fit under overhead obstructions.

In addition to the physical limitations associated with
wind components, each state along a transportation
route has different requirements to obtain permits.
This problem is exacerbated by higher volumes of
shipments as wind turbine deployments increase.
States are shifting the burden of proof for the safety
of large, high-volume shipments to the wind industry.
To address the increased complexity and resulting
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costs and delays associated with these logistics
challenges, AWEA’s Transportation and Logistics
Working Group is coordinating with the American
Association of State Highway and Transportation
Officials to harmonize permitting processes across
states. The increased size, mass, and quantity of wind
components has resulted in more actively managed
wind turbine transportation logistics, making use of
a variety of land transportation methods and modes.
This has resulted in increased project costs of up to
10% of capital costs for some projects 11331. Further
details about trends in transportation logistics for
wind projects can be found in Appendix E.

Design Impacts

Transportation constraints increasingly impact the
design of wind turbine components, leading to higher
capital costs resulting from suboptimal design. A
prime example can be found in the industry-standard
rolled steel wind turbine towers, which are limited to
a structurally sub-optimal 4.3 m diameter to comply
with size and weight limits of U.S. roads. While it is
possible to construct towers with hub heights up to
160 m at this constrained diameter, this height results
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Note: In 2013, only 1 GW of wind capacity was installed, largely driven by the PTC expiration in 2012.

Source: AWEA 2014 (9]

Figure 2-37. Rotor diameter and hub height trends of wind turbines, 2011-2013
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Source: SSP Technology

Figure 2-38. Example of wind turbine blades transportation obstacles

in an exponential increase in the mass and cost of
rolled steel towers as plotted in Figure 2-39. Under
transportation constraints as of 2014, tall towers are
not economical in the sizes necessary to deploy wind
in new, low and moderate wind speed land areas that
are of interest to the industry to support cost reduc-
tions described in Section 2.1.3. It is important to note
that these capital costs are substantially larger than
the cost to transport the tower sections. Similar trans-
portation-design tradeoffs impact blades with respect
to other aspects such as maximum chord dimensions.
Details about some proposed solutions for on-site
manufacturing of towers to mitigate transportation
constraints can be found in Appendix E.

2.6.3 Installation

Because of the lift height and mass, hoisting a wind
turbine nacelle onto its tower requires the largest
crane capacity of all wind turbine construction and
installation phases. The masses of a 3-MW nacelle
assembly and a 5-MW nacelle assembly are approxi-
mately 78 metric tons (t) and 130 t, respectively, with-
out the gearbox and generator (104 t and 173 t with
those components installed). Continued increases

in tower heights and machine ratings are driving
higher nacelle and blade weights. As a result, the
availability, scheduling, and logistics of larger cranes
have become increasingly challenging. Alleviating this
challenge could influence future wind deployment

by facilitating cost-effective development in more
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Figure 2-39. Estimates of trucking and capital costs for conventional tubular towers, 2013

regions of the United States. Analysis performed by
NREL indicates that having installation equipment
capable of hoisting a 2.4-MW turbine onto a 140-m
tower would increase the economically deployable
area for wind by 614,000 km? (237,000 mi?), espe-
cially in the southeastern United States [1341. Further
details can be found in Appendix E, Section E.6.

Because mobile cranes capable of installing the
majority of turbines deployed in the United States
are of a common size used for construction and other
industries, an ample supply of such cranes existed
into 2014. As the number of turbines installed at 100
m hub heights and above has increased, however,
concerns about the availability of larger capacity

cranes has grown. Table 2-6 shows the sharp drop in
available U.S. cranes when shifting from the standard
600-ton to the 1,250-1,600-ton class cranes needed

for taller towers and heavier nacelles.

Another challenge with larger crane classes is diffi-
culty transporting them to and maneuvering them
within the wind plant, especially in complex terrain. A
1,600-ton crane has a width of nearly 13 m (41 feet),
wider than a two-lane interstate highway (including
shoulders), and requires more than 100 semi-tractor
trailers to transport it between projects. This makes
transportation between turbines difficult and costly.
Further details on construction equipment trends can
be found in Appendix E.

Table 2-6. Crawler Crane Availability in 2013 Relative to Wind Turbine Hub Heights

Approximate Number of Cranes in

Crawler Crane Class Applicable Turbine Sizes

United States
600 metric tonnes 85 3 MW/140 meter hub height
. 5 MW/150 meter hub height
1,250-1,600 metric tonnes 10 3 MW/i60 meter hub height

Source: Cotrell [134]
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2.6.4 Conclusion

Based on installation experience from 2006 to

2013, expanded domestic manufacturing to reach
deployment levels of the Wind Vision Study Scenario
for 2020 and 2030 will not be constrained by raw
materials availability or manufacturing capacity. With
recent domestic demand stability, wind manufactur-
ing has moved toward higher domestic content. Past
experience indicates unstable demand may drive
reductions in domestic content and potentially shift
equipment production overseas. Dips in demand have
directed resources to other industries and could slow
the return to high levels of deployment. Continued
innovation in turbine design, manufacturing, transpor-
tation, and construction will be needed to overcome

logistical barriers, reduce wind turbine cost, and
improve international competitiveness. To capture
more wind at lower wind speed sites, turbines with
larger blade and tower components pose additional
challenges for transportation logistics.

Section 4.3 discusses several Wind Vision roadmap
actions regarding supply chain, manufacturing, and
logistics including: increasing domestic manufactur-
ing competitiveness with investments in advanced
manufacturing and research into innovative materials;
developing transportation, construction and instal-
lation solutions for deployment of next-generation,
larger wind turbines; and establishing domestic
offshore manufacturing, supply chain and port
infrastructure.

2.7 Wind Integration and Delivery

Wind power has become a major source of electricity
supply in the United States and around the world.
Experience with the transmission, integration, and
delivery of this electricity has verified the conclusions
of numerous integration studies: No technical limits
or obstacles have been identified that would pre-
vent wind-generated electricity from meeting even
greater portions of electricity demand in the United
States. There may be a need for institutional or oper-
ational practice to change in some areas, however,

so that wind power can be integrated successfully at
increasing penetrations. >

Wind turbine technology has evolved to incorporate
more grid-friendly features. System balancing could
be a concern at higher penetrations. Reforms in many
market areas with robust energy markets (e.g., PJM
Interconnection, Midcontinent Independent System
Operator [MISO]), along with market evolution in
areas such as the Southwest Power Pool and the
emerging Energy Imbalance Market, have improved
the tools available to the system operator to manage
the increased variability and uncertainty of wind
power. Some areas now incorporate wind power into
the economic dispatch process.*

The electric power network operates
reliably with high wind contributions (10%
and higher) today, with minimal impacts
on network operating costs.

Many sites with the nation’s best wind
power resources have minimal or no
access to electrical transmission facilities.

In regions with wind power contributions up to 20%
of annual electrical demand in 2013, electric power
systems operated reliably without added storage and
with little or no increase in generation reserves [71.
Wind has also been proven to increase system
reliability during some severe weather events. For
example, in February 2011, cold weather disabled 152
power plants in Texas, mostly coal and natural gas.
Wind generation produced approximately 3,500 MW
of output during this event, helping to avoid outages
n13s]. Experience with wind generation confirms that
opportunities exist to increase grid operating effi-
ciency and reduce costs by increasing flexibility.>®

53. The Intergovernmental Panel on Climate Change report on wind energy (851 provides a heavily referenced section summarizing the potential

integration challenges of large amounts of wind.

54. See for example MISO 2013 Annual Market Assessment Report, available at https./www.misoenergy.org/Pages/Home.aspx#.
55. Flexibility is the ability of the power system to respond to variations in supply and/or demand.
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Wind power has characteristics that differ from
generation powered by nuclear, gas, and coal.*®
Because wind generation is driven by meteorological
processes, it is intrinsically variable, from real-time,
minute-to-minute fluctuations to yearly variations
affecting long-term planning for utility operations.
Wind generation is also a challenge to accurately
predict over time scales exceeding 15 minutes. These
characteristics can require changes in system opera-
tional practices and the potential addition of flexibility
reserves to help manage increased variability and
uncertainty from wind power.>” Grid operators that
have adapted operating practices, such as ERCOT and
MISO, have seen integration costs and impacts that
are less than predicted by many studies. Both ERCOT
and MISO incorporate wind power plants into the eco-
nomic dispatch, which results in more cost-effective
operation of the power system. ERCOT provides an
example of very low integration costs—approximately
$0.50/MWh of delivered wind power. The only source
of increased cost ERCOT could identify was a small
increase in regulating requirements [1361.

In the United States, studies to analyze the impact

of wind power on planning and operation of power
systems were performed before significant levels of
wind were installed. As wind turbines and wind power
plants were developed, the findings of the initial wind
integration studies were confirmed: Large amounts
of wind power can be reliably integrated, and even
larger amounts can be integrated with cost-effective
changes to grid operating procedures and added
transmission capacity. The following discusses the
studies as well as actual operating practice, which
demonstrates how study results were confirmed by
actual experience.®

In addition to studies described in this section that
simulate operational characteristics of large amounts
of wind power, significant levels of wind have also
had an impact on the desired characteristics of other
resources (generation, demand response, or storage)
needed to complement wind power. For example,
wind power provides limited contribution to planning
reserves, often called “capacity value” (1371. As the

wind penetration rate increases, at some point there
will likely be a decline in per-unit capacity value of
wind generation. This decline will depend on the
geographic dispersion and statistical correlation of
wind plant output levels across large regions, and
will likely be moderate at correspondingly low-to-
moderate penetration rates. The effect on overall
electricity cost will depend on a number of items,
including future carbon values, conventional fuel
costs, and the cost of new flexible technologies that
may include some combination of fast-response ther-
mal or hydropower generation, along with demand
response and electricity storage.

Section 2.7.1 summarizes some recently completed
studies on wind integration, while Section 2.7.2
summarizes operational experience and highlights
how large amounts of wind power can be reliably
integrated into the power system. Flexibility, which is
important for easily integrating wind into the power
system, is discussed in Section 2.7.3. Transmission
system capacity issues are addressed in Section 2.7.4.
Section 2.7.5 discusses how industry organizations are
addressing wind integration into the power system.

2.7.1 Wind Integration Studies

Large amounts of wind power have already been
reliably integrated into the power system [251.
Numerous in-depth wind integration studies have
confirmed that amounts of wind power far larger
than the 2013 national average of 4.5% of end-use
demand can be added to the power system without
harming its reliability 1138,1391. Wind integration does
not come without costs and impacts, however, includ-
ing power system balancing and scheduling flexibility.
It should be noted, though, that the addition of any
type of generation will likely impose an integration
cost and impact.*® Many studies conducted in Europe
and the United States indicate that wind power
contributions up to and above 20% are technically
possible, but with rising integration costs. These cost
calculations are complex and specific to system and
region (1401. A range of studies have quantified these
balancing costs as roughly $1.40 to $5.60/MWh of

56. Solar energy has similar characteristics to wind power and can complement wind power with respect to the diurnal pattern of generation.

57. Reserve generating capacity is equipment that is ready to add power to the grid to compensate for increased load or reduced generation

from other units.

58. For more detailed discussion about wind power integration, see : Review and Status of Wind Integration and Transmission in the United

States: Key Issues and Lessons Learned NREL TP-5D00-61911 [140].

59. See, for example, Milligan, M.; Ela, E.; Hodge, B.; Kirby, B.; Lew, D.; Clark, C.; DeCesaro, J.; Lynn, K. (2011). Integration of Variable Generation,
Cost-Causation, and Integration Costs. Electricity Journal. Vol. 24(9), November; pp. 51-63. Available at http./dx.doi.org/10.1016/).te.2011.10.011
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Figure 2-40. Flowchart of a full wind integration study

wind power generated, generally increasing with wind
power penetration, whereas the cost of wind power
typically ranges from $30-60/MWh [1411.

In order to understand the impacts of wind, utilities
and transmission system operators have conducted
integration studies of electric power system operation
and planning that include low (a few percent) to high
(in excess of 20% of annual electricity consumption®°)
contributions of electricity from wind power. The
basic methodology for carrying out a wind integration

—» Recommended route
—» Do another iteration

study has advanced significantly since the early
2000s. Originally, evaluations of wind power’s impact
on operations treated the technology as an incremen-
tal addition to an otherwise unchanged conventional
power system. Studies prior to 2008 attempted to
estimate the hypothetical cost of operating a power
system with wind power compared to some other
power source that is perfectly predictable and con-
trollable. Most of those early studies estimated the
resulting costs at up to $5/MWh of wind power [251.¢"

60. Wind power that provides an annual 20% share of consumption will, at times, have high instantaneous shares of electricity. See, for exam-
ple, Lew et al., Western Wind and Solar Integration Study Phase 2. http./www.nrel.gov

61. A few studies found cost impacts up to $12/MWh. These studies examined relatively small balancing areas with limited electricity transfer
capability to and from neighboring regions, and, in some cases, did not accurately represent the impact on power system operations. As
discussed later in the section, these characteristics pose challenges for wind integration.
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By 2013, integration studies had progressed to
consider wind power as a fully integrated part of the
generation fleet. Integration studies include the rec-
ognition that all generation sources have integration
costs and that individual loads also have variability
and uncertainty. More recent studies (after about
2010) capture not only the impacts of wind on system
operation, but also the overall cost and emissions
savings due to displaced thermal generation. Integra-
tion studies have evolved toward a comprehensive
process that compares reliability impacts and overall
system operating costs for alternative configurations
of generators to serve system load 1421. This process
is summarized in Figure 2-40. Although this figure is
designed to show how integration studies should be
performed, it also illustrates the relationship between
various integration aspects that need to be evaluated
when increasing levels of wind power are introduced
into the power system. Although actual assessments
of installed wind power impacts may not be per-
formed in a systematic way, all of the elements below
need to be successfully managed if wind power is to
be effectively integrated into the power system.

Integration studies are important tools to help quan-
tify the value of alternative approaches to adding
increased amounts of wind to conventional genera-
tion and load management. Many wind integration
experts now recognize that it is difficult—if not impos-
sible— to separate wind integration costs from other
impacts on the power system, e.g., displacing other
generation. As a result, the focus of wind integration
studies has shifted to broader evaluations of power
system economics.

2.7.2 Operational Experience

Wind generation contributed 4.5% of U.S. net elec-
tric power sector demand in 2013 [s21. In that year,
wind power in South Dakota and lowa generated
an amount equal to more than 20% of each state’s
overall electric energy consumption. In Colorado,
instantaneous contributions from wind up to 60%
were successfully managed by the power system
operator [9]. Figure 2-41 shows recent high-wind
penetration events in the United States. In all of these
examples, the electric power system continued to
operate reliably.

Other countries are using even higher shares of wind
power to meet electricity needs. Denmark leads in
wind generation, obtaining 32.7% of its electricity
from wind in 2013, followed by Portugal (23.5%),
Spain (20.9%), Ireland (16.3%), and Germany (8.9%)
[43]. Instantaneous contributions of 93% were
recorded in Portugal and 50% in Ireland in 2012 [142].
This experience by grid operators facilitates better
understanding of the impacts of wind on the power
system, as well as opportunities to take advantage of
wind power’s benefits and minimize its costs.

Operational experience has confirmed the findings

of wind integration studies: large amounts of wind
power can be reliably integrated into the power
system. Experience also supports the conclusion that
efficient grid operating procedures such as large or
coordinated balancing areas,®? fast-interval generation
scheduling and dispatch,®® setting wind generator
schedules as close as possible to the dispatch time to
minimize forecast errors, and the use of wind power
forecasting can greatly facilitate wind integration and
reduce costs.

Most North American power markets now integrate
wind power into their security-constrained unit
commitment®* and security-constrained economic
dispatch® process, allowing the dispatch of wind
plants along with conventional power plants based
on current grid conditions and economics. This
effectively gets wind into the real-time economic

62. A balancing area is a predefined area within an interconnected transmission grid where a utility, an independent system operator, or a trans-
mission system operator must balance load (electrical demand) and electrical generation while maintaining system reliability and continuing
interchanges with adjoining balancing areas. An interconnected grid can have one or many balancing areas. For example, the Western Inter-
connection, which covers much of the western U.S. and western Canada, has 35 balancing areas, while the Texas Interconnection has only one.

63. Dispatch is the real-time centralized control of the on-line generation fleet to reliably and economically serve net system load.

64. Unit commitment is the process of starting and synchronizing power plants to the grid to minimize operating cost and maintain power

system reliability.

65. Economic dispatch is the process of altering the output of one or more generators on an economic basis.
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optimization process for running the power system,
and in turn, encourages the participation of wind
plants in the day-ahead markets. Security-constrained
economic dispatch also makes wind dispatchable

and economical, allowing some degree of wind-plant
output control by the system operator.¢ This allows
wind forecasts to become more useful and valuable to
wind plant operators, market participants, and system
operators, because wind is better integrated into
systems and markets.

In 2013, grid operators with extensive experience
using wind on their systems concluded the need for
additional operating reserves associated with wind
are low.%” ERCOT calculated that the incremental
reserve needs for about 10 GW of wind on its system
translated into a dollar value addition of $0.50/MWh
of wind, or about 6¢/month on a typical Texas house-
hold’s $140 monthly electric bill.%8 Similarly, MISO,
which serves the U.S. Midwest and Manitoba, Canada,
has described more than 12 GW of wind generation as
having little to no effect on its reserve needs [144].

Energy markets react to and compensate for vari-
ability and uncertainty in the aggregate wind and
load. ERCOT and MISO, both with approximately 9%
of annual generation coming from wind power, have
been able to integrate large amounts of wind with
minimal increases in reserve needs because they
employ day-ahead, hour-ahead, and 5-minute energy
markets. These system operators also incorporate
wind power into power system dispatch (1451 by setting
the output schedule for wind energy based on the
wind output level 10 minutes before real-time, reduc-
ing the frequency and magnitude of forecasting error.

Other initiatives have resulted in intra-hour scheduling
or dispatch. For example, the Federal Energy Regu-
latory Commission’s (FERC’s) Order 764 (Integration
of Variable Energy Resources) required public utility
transmission providers to allow transmission cus-
tomers to schedule at 15-minute intervals. Bonneville
Power Administration implemented a successful
intra-hour scheduling pilot in 2011 that is now a formal
business practice.

Unlike ERCOT and MISO, operators in much of the
western United States use hourly energy schedules
and set the wind power output based on wind output
an hour or more before real-time. During these longer
intervals, wind power output can change signifi-
cantly. Shorter (5-minute) scheduling and dispatch
would significantly improve the ability of the power
system to effectively integrate large amounts of

wind power, whereas the current hourly scheduling
practice increases reserve requirements. In late 2014,
an Energy Imbalance Market began operating within
the California Independent System Operator and
PacifiCorp operating regions, using a security-con-
strained economic dispatch at 5-minute time steps.
NV Energy will likely join this market in 2015, and the
Northwest Power Pool is undertaking the analysis of
a similar security-constrained economic dispatch for
the Northwest.

More accurate wind forecasting has helped to reduce
system operating challenges from unexpected wind
plant outputs in all time frames. Forecasts are par-
ticularly important in the day-ahead, hours-ahead,
and minutes-ahead time frames for scheduling wind
generation into power systems and markets. Develop-
ments in wind power forecasting have also reduced
the integration challenges associated with variable
generation technologies [146, 147, 148]. By 2014, most
parties were comfortable with making the system
operator’s forecasts publicly available in some form,
and then combining those results with additional
forecasts and information from market participants.

Grid-friendly features that have evolved include
low-voltage ride-through, which allows wind turbines
to stay online during low-voltage events, thus con-
tributing to system stability. In addition, frequency
response—the ability of the wind turbine to increase
or decrease generation to help support nominal
system frequency of 60 Hertz—is a feature of modern
wind turbines. The ability to respond to automatic
generator control signals allows wind turbines to
provide regulation service, which is system balancing
on very short time scales—from about 4 seconds to

66. Wind plant output can be ramped down easily; ramping up is possible only if the plant is operating below the maximum level allowed by

current wind conditions.

67. Operating reserves are generating equipment that is ready to add power to the grid and demand response that is ready to reduce con-
sumption to compensate for increased load or reduced generation from other units (such as wind, or solar, and conventional power plants).

68. Based on a calculated wind integration cost of $0.50 per MWh of wind power, which equals $.046 per MWh of total load served in ERCOT
at 9.2% wind power use (http.//uvig.org/events/#!/5701/2013-forecasting-workshop-2), multiplied by the 1.262 MWh used per month by the
average Texas household (Table 5a at http./www.eia.gov/electricity/sales_revenue_price/).
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several minutes, depending on the region. Finally,
simulated inertial response provides fast response
during a disturbance. With the potential retirement

of large coal generators during the next several years,
system inertia will decline. This is attracting significant
attention in the power system community, which

to date has not performed rigorous analysis of how
simulated inertial response from wind turbines in the

Bonneville Power

face of significant coal retirements will impact system
stability. Such studies will likely gain momentum.$°

Over the past few years, wind plants have been
instrumental in maintaining reliable system operation
during market changes and weather events. Text Box
2-7 describes wind’s contributions during some of
these events.

Administration Xcel Energy Colorado MISO
Record Wind Output; Record Wind Output: Record Wind Output;
4,512 MW 2/22/2013 1,874 MW on 5/24/2013 10,012 MW on 11/23/2012
Percent of Generation: Percent of Demand: Percent of Demand:
39.9% on 10/20/2012 60.5% on 5/24/2013 25.0% on 11/23/2012
ISO
New England
(ISO-NE)
1,mMMwW
New York ISO “
(NYISO)
1635 MW
A"‘
7
PIM
X ) Interconnection
oo S mw
(CAISO) :
7,539 MW
SPP PJM
;A'Sod . - Record Wind Output: ~ Record Wind Output:
: ectric reliapbility
4?;ngVV\\//|n ACr)/u7t/p2ug13 Counci of Taxas (ERCOT) 6,816 MW on 10/10/2013 5,119 MW on 1/20/2013
’ on ERCOT 12,268 MW Percent of Demand: Percent of Demand:
Percent of Generation: . ) 33.4% on 4/6/2013 6.9% on 1/20/2013
17.5% on 4/7/2013 Record Wind Output:

10,296 MW on 3/26/2014

Percent of Demand:
38.4% on 3/27/2014

Note: Acronyms used in graphic: Midcontinent ISO (MISO); PJM Interconnection (PJM); Southwest Power Pool (SPP); Electric Reliability Council
of Texas (ERCOT); California ISO (CAISO); Independent system operator (ISO) .

Source: AWEA (7]

Figure 2-41. Key grid operating areas experiencing high instantaneous contributions from wind, 2012-2013

69. See NREL Western Wind and Solar Integration Study http./www.nrel.gov/electricity/transmission/western_wind.htm/ and Active Power

Control project http.//www.nrel.gov/electricity/transmission/active_power.html) for more information.
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Text Box 2-7.
Utility Wind Management

While wind power output changes with the wind speed, such changes occur far more slowly
than the unexpected outages that can occur at large conventional power plants.

Wind power output is predictable using weather forecasting, and the technology can often
be used to fill demand when conventional power plants fail.

Long-term PPAs for wind power provide a buffer against price increases for other fuels.

In Nebraska, as natural gas prices surged because of demand in the winter of 2013, 300 MW
of wind provided 13% of demand and kept prices down. The utility shut down natural gas flow
because prices were up more than 300%.

Across New England, high output from the region’s wind plants moderated the effect of
high natural gas prices in 2013.

2.7.3 Flexibility

Flexibility is important for easily integrating wind and
can come from changes to grid operating practices,
changes in market design, or physical changes to
power system resources. Power systems operating
successfully with large wind contributions have
adequate levels of flexibility that facilitate variable
generation. Flexible power systems have some or all
of the following characteristics:

¢ Frequent and short dispatch and scheduling inter-
vals with a look-ahead function to allow full access
to physical flexibility of the resource (generation,
demand response, and storage);

* Operating responsibilities shared over large geo-
graphic areas to allow access to a large fleet of
power plants for energy generation and reserves;

¢ Connectivity’ through the electrical transmission
infrastructure that allows regional sharing, provides
access to distant available generation of all types
including wind, and allows averaging of non-co-
incident wind generation outputs from different
locations;

* Demand-side management to help maintain the
balance between generation and demand;

¢ Generators or cost-effective energy storage
designed for rapid ramping of output levels, wide
operating ranges, and short start-up times; and

* Appropriate operating procedures to access
elements of flexibility.

Figure 2-42 illustrates many of the system flexibility
elements discussed in this section and indicates the
degree to which various types of power systems
exhibit these elements. The most flexible institutional
framework today appears to be a large regional
transmission organization with spot markets and
sub-hourly markets (represented in the figure with a
green box with 10). Such a framework would encour-
age flexibility attributes needed for power system
operation. The least flexible institutional framework is
a small, vertically integrated local utility with a small
balancing area and no sub-hourly markets or system-
atic sub-hourly economic dispatch.

ERCOT, MISO, and other operators with large
amounts of wind power have grid operating respon-
sibilities over large geographic areas (Figure 2-42).
Aggregate wind power variability is reduced by
averaging over large areas when weather patterns
move across an area that has many wind projects.
Large balancing areas also include more diverse
generators and sources of demand response. Central-
ized energy markets with fast generator dispatch and
robust ancillary services’ markets make these power
systems more flexible.

70. Connectivity is the ability to transfer electrical energy from one location to another through transmission lines and related infrastructure.

71. Ancillary services refer to the ability to respond quickly to changing system conditions, at any season or hour, when human operators or
computers give the order. This process ensures demand-generation balance, system reliability and stability, and voltage support.
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Accommodating Wind Integration

Example Utility Structures

Large regional transmission organization with spot markets

Smaller independent system operator

Interior west and upper Midwest (non-MISO)

Large vertically-integrated utility

Smaller vertically-integrated local utility

8 Unconstrained hydro system

3 Heavily fish-constrained hydro system

Note: System flexibility increases as the color of the numbered boxes progresses from red to green, and as the number increases from 1to 10.
The items at the top of the table are those attributes that help efficiently integrate wind power into power systems operation. Although the
table uses a simplistic 1-10 scoring system, it has proven useful as a high-level, qualitative tool. The red, yellow, and green result cells show
the ease (green) or difficulty (red) that a hypothetical system would likely have integrating large amounts of wind power. RTO is regional
transmission organization; ISO is independent system operator.

Source: Milligan [149]

Figure 2-42. Characteristics that help facilitate wind power integration

State-of-the-art wind plants with advanced controls response, which can be economically attractive when
can actually provide increased flexibility to the other options are limited. As with other ancillary
system. These plants can help the grid by providing services and providers, the necessary incentives

grid services such as reactive power even when must be in place to encourage this flexibility. NREL
wind is not blowing [1501, synthetic inertia, governor is conducting research on wind turbine active power
response, and regulation service, if proper incentives controls along with market incentives necessary to
are provided.”? The ability for wind generation to be induce the provision of these services when they
dispatched below maximum power wind conditions are cost effective.”

means wind power can provide fast and accurate

72. Synthetic inertia, governor response, and regulation refer to control of wind generator output in time frames ranging from cycles to seconds

to emulate the response provided by conventional generators.
73. See NREL’s Active Power Controls Web page at www.nrel.gov/electricity/transmission/active_power.html|
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2.7.4 Transmission System
Capacity

Transmission is essential for bringing new wind
capacity online and accessing the highest-quality, low-
est-cost wind resources. Depending on its location and
other factors, a land-based wind plant may require
new transmission lines or increased capacity on exist-
ing lines. Grid-connected distributed wind projects
might not require new transmission or distribution
lines because distributed wind systems can effectively
use available capacity on existing local distribution
grids or are connected directly to an existing electrical
service for a home, farm, or other facility.

Some of the nation’s best wind resource regions are
not accessible because transmission to these often
rural regions may not exist.”* Designing and building
transmission does not present technical difficulties;

Text Box 2-8.

however, siting the new lines and allocating the cost
are both contentious topics (with or without wind) and
there is currently a limited framework to resolve these
issues. Broad allocation of transmission cost and proac-
tive planning for transmission and siting are important
to stimulate investment in new transmission capacity.

Wind power deployment has focused on the Great
Plains region due to high average wind speeds and
vast tracts of open land. Due to a lack of transmission
and the long distance to load centers, however, the
U.S. Interior continues to have substantial untapped
resources. In 2013, a lack of transmission was listed
as the primary siting-related constraint to expanded
deployment [1511. In some regions, such as the Colum-
bia Gorge in the Pacific Northwest, a significant
amount of wind power can be developed close to
existing transmission. There may be times that the

Competitive Renewable Energy Zones in Texas

Wind generation in parts of Texas was being
regularly curtailed when generation exceeded
the capacity of the transmission lines. At the
same time, wind development was being
encouraged by the state’s RPS, but developers
were finding that many of the best areas for
wind generation had little or no available trans-
mission capacity. Installation of wind turbines
continued, but in lower wind speed areas.
Developers focused on available transmission

capacity as the primary consideration.

In 2005, the Texas Legislature passed a law
that required the Public Utility Commission of
Texas to designate one or more Competitive
Renewable Energy Zones (CREZ) and to approve
transmission improvements to connect these
zones with load centers in the ERCOT region.
This solved the chicken-and-egg issue by
determining that the transmission should come
in advance of the wind (or solar) development
for the good resource zones. Five zones and a
CREZ transmission plan were approved in 2008.

The completed circuits of the Texas transmission
plan relieve constraints on existing wind
generation. Before the CREZ plan, existing and
planned wind generation of 6,900 MW was
located in the region and curtailment reached
17% of potential wind generation in 2009 (Table
2-7). By 2012, curtailment was down to 3.7%,
falling to 1.5% in 2013, and, by 2014, 10,970 MW
of wind generation was operating in ERCOT.

The new CREZ transmission has provided con-
nection between wind resources in the Texas
Panhandle (home to some of the best wind
resources in the country) and the ERCOT market.
As a result, wind developers have shown signifi-
cant interest in the area. According to ERCOT, by
early 2014, interconnection agreements had been
signed for proposed projects totaling 6,947 MW,
and applications for connection had been made
for another 24,000 MW. The response was so
overwhelming that the grid operator was already
exploring additional Panhandle transmission ex-
pansions shortly after the CREZ was completed 7).

74. See, for example, American Transmission Company, http./www.atcllc.com/learning-center/delivering-renewable-energyy.
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Table 2-7. Estimated Wind Curtailment by Area in GWh (and as a Percentage of Potential Wind Generation)

2007 2008 2009 2010 201 2012 2013
ERCOT 109 1,417 3,872 2,067 2,622 1,175 363

(1.2%) (8.4%) (17.1%) (7.7%) (8.5%) (3.8%) (1.2%)
Southwestern Public Service 0 0 0.9 0.5
oz NA - 00w | ©0%) | ©0% | ©o% | VA N/A
Public Service Company of N/A 2 19 82 64 152 1122
Colorado (0.1%) (0.6%) (2.2%) (1.4%) (2.0%) (1.7%)
Northern States Power N/A 25 42 44 59 125 284
Company (0.9%) (1.7%) (1.7%) (1.6%) (3.0%) (5.9%)
MISO, less Northern States N/A N/A 250 780 792 724 1,470
Power Company (2.0%) (4.2%) (3.4%) (2.5%) (4.6%)
Bonneville Power 52 1290 7 6°
Administration N/A N/A N/A (0.1%) (1.4%) (0.7%) (0.1%)
New York Independent 9 50
System Operator N/A N/A N/A N/A N/A (0.3%) (1.4%)

) 1258 284

PJM Interconnection N/A N/A N/A N/A N/A 2.0%) 1.9%)

a. Xcel Energy declined to provide 2012 and 2013 curtailment data for its Southwest Public Service and Public Service Company of Colorado
service territories; Public Service Company of Colorado 2012/2013 data are estimated from Bird et al. (2014) (153].

b. A portion of Bonneville Power Administration’s curtailment is estimated assuming that each curtailment event lasts for half of the maximum

possible hour for each event.

c. 2012 curtailment numbers for PJM are for June through December only (data for January through May 2012 are not available).

Source: Wiser and Bolinger 6]

transmission system is congested, resulting in the
curtailment (manual or other reduction in wind power
output) of wind power.”> In other places, a trade-off
exists between investing in new transmission to reach
better wind resource areas and developing less-windy
locations near existing transmission.

Transmission line planning criteria often dictate that
new transmission capacity will not be built in advance
of need, and wind developers are not willing to start
projects if they have to wait five years—or in some
cases longer—for new transmission to be completed.
This so-called “chicken-and-egg” problem has been
addressed in Texas using a model that could apply in
other areas (see Text Box 2-8).7

Meanwhile, progress has been achieved nationally on
overcoming transmission barriers, and curtailment of
wind plants has been reduced from its 2009 peak.
Since 2008, the United States has installed more than
2,300 circuit miles of new transmission lines annually.
An additional 18,700 total circuit miles are planned
for 2014 through 2019. In 2012, AWEA identified 19
near-term transmission projects that—if all are com-
pleted—could carry almost 70 GW of wind power
capacity [1541. MISO has undertaken “multi-valued”
projects, proposing and constructing transmission
network upgrades that provide lower-cost energy
Ms5]. FERC Order 100077 was affirmed in August 2014.
The Order requires public utility transmission

75. Curtailment may be part of market operations in an RTO/ISO setting, in which wind plants bid their minimum running price. In non-RTO

areas, or RTO regions that have not implemented economic dispatch for wind power, the specific mechanism for curtailment varies.

76. More details regarding this plan are available in the report: CREZ Transmission Optimization Study, http./www.ercot.com/search/

results?q=CREZ+Transmission+Optimization+Study [152].

77. See www.ferc.gov/industries/electric/indus-act/trans-plan.asp for details.
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providers to improve intra- and inter-regional trans-
mission planning processes and to determine cost-al-
location methodologies for new transmission plants.
States, grid operators, utilities, regional organizations,
and DOE also continue to take proactive steps to
encourage transmission investment. Despite this
progress, siting, planning, and cost-allocation issues
remain key barriers to transmission investment, and
wind curtailment continues to be a problem in some
areas, mainly as a result of constrained transmission.

2.7.5 Industry Organizations are
Addressing Wind Integration

Engagement by the power system industry is nec-
essary to achieve the reliable integration of large
amounts of wind power. The following discussion of
organizations addressing integration is not exhaus-
tive, but is intended to illustrate some of the key
institutional involvement that has had an effect on
wind integration.

Utility Variable-Generation Integration Group
The Utility Variable-Generation Integration Group
(UVIG), previously known as the Utility Wind Inte-
gration Group, was established in 1989 as a forum for
the critical analysis of wind and solar technology for
utility applications. UVIG is a member-based orga-
nization made up of investor-owned utilities, public
power providers, electric cooperatives, independent
system operators, and other non-utility firms engaged
in the wind and solar business. The organization
provides credible information on the status of wind
and solar technology, deployment and power-system
integration [1s61. It also encourages utility-to-utility
dialogue on many of the integration and operational
challenges of adding variable generation to the power
generation portfolio in locations worldwide. UVIG

has more than 160 members from the United States,
Canada, Europe, Asia, and New Zealand.

North American Electric Reliability
Corporation

Anticipating substantial growth of variable generation,
the North American Electric Reliability Corporation’s
(NERC’s) Planning and Operating Committees created
the Integration of Variable Generation Task Force
(IVGTF).® The task force is executing a three-phase

approach to assess potential reliability impacts of wind
and solar generation on the electric power system, and
to recommend actions for NERC to implement [1371.
NERC utilized technical experts from throughout the
electric power industry to develop broad-based con-
sensus documents as work products from this effort.
The IVGTF effort is an ongoing process that incor-
porates continued operating experience and reflects
advances in equipment and analysis tools. Some of
this work is being transitioned to the Essential Reliabil-
ity Services Task Force (ERSTF). As this work moves
forward, the various task forces will evaluate whether
changes are needed to NERC reliability standards

or recommended practices, and the outcome could
have a large impact on how much wind power can

be added to the power system.”® Dynamic stability
studies are needed to ensure reliable operation of high
wind power penetrations—some of these are under-
way and will be completed by early 2015.

Federal Energy Regulatory Commission
FERC'’s purview is the regulation of interstate power
and energy transfers and markets, and the reliability
of the bulk power system. A number of FERC actions
have spurred the development of bulk power markets,
and resulted in the formation of independent system
operators and regional transmission organizations

in the United States. Many of these actions were not
specific to wind or other variable renewable energy
sources, but they provided the framework for funda-
mental changes in bulk power market structures that
increase the economic efficiency of operation, with or
without wind power. In December 2005, FERC issued
Order 661-A, which specified rules for low-voltage
ride-through for wind turbines. Other FERC orders
spurred more transparency in transmission service
and promulgated regional transmission planning.
Order 764, issued in June 2012, required transmission
operators to offer 15-minute interchange scheduling,
mandated the use of wind power forecasting, and
offered the potential for cost-recovery of integration
charges on a case-by-case basis if other prerequisites
were met. FERC has also held technical conferences
to explore how to encourage flexibility in generation
and to explore the potential need for capacity mar-
kets. Both issues are regarded as critical to address,
as discussed in an IEA Wind Task 25 paper [157].

78. See http.//www.nerc.com/comm/PC/Pages/Integration-of-Variable-Generation-Task-Force-(IVGTF)-2013.aspx for more information.

79. Reliability standards are posted on NERC’s web site at http./www.nerc.com/pa/Stand/Pages/default.aspx
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IEEE

The Power and Energy Society of the Institute of
Electrical and Electronics Engineers—now known
simply as IEEE—has sponsored several wind power
“super sessions” at its annual General Meetings. On
alternating years, the November/December issue

of Power and Energy Magazine is devoted to wind
integration issues, with the 2013 magazine the fifth
such issue. The Wind Power Coordinating Committee
of the IEEE Power and Energy Society was chartered
in 2005 and later expanded to include solar power.
Expanded interest in wind integration is evidenced
by the large and increasing number of wind-related
research papers in journal publications. In addition,
the Journal of Sustainable Energy was launched

in 2010 and is devoted to wind power and other
renewable technologies. There has been a significant
increase in journal articles related to wind integration
in the years leading up to 2013.

2.7.6 Conclusions

The electric power network operates reliably with
high wind contributions (10% and higher), with min-
imal impacts on network operating costs. Many sites
with the nation’s best wind energy resources have
minimal or no access to electrical transmission facili-
ties. System operators are implementing methods to
accommodate increased penetration of wind power.
The experiences of grid operators that already have
large amounts of wind power can benefit operators
in areas where wind will expand over the coming
decades. Some key lessons learned from experience
with wind that confirms the results of integration
studies are:

* Sub-hourly dispatch and interchange make it easier
and less expensive to integrate high penetrations of
wind power.

* Market designs have continued to evolve. Wind
power is now part of the energy market and the
security-constrained economic dispatch.

» Additional market features—such as look-ahead
dispatch or other means to incentivize flexibility—
are being implemented or investigated.

» Operational coordination between balancing
areas—especially small ones—can facilitate wind
integration substantially, and the 15-minute sched-
uling promulgated by FERC Order 764 is helping
achieve this.
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* When incorporated into operational practice, more
accurate wind power forecasts can help cost-effec-
tively integrate wind power.

« Advanced wind turbine controls can provide
reactive power support, synthetic inertia, governor
response, and regulation, further augmenting
power system flexibility and reducing the cost of
using large amounts of wind generation.

* More operational flexibility is needed at high wind
power penetrations. In some cases, this flexibility
may already exist and can simply be deployed if
sufficient incentives are in place—or this flexibility
can be provided by the wind power plants them-
selves. In other cases, additional flexibility may
be needed.

* Transmission upgrades