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Preface

The generation of electricity from wind energy is surprisingly controversial. At first glance,
obtaining electricity from a free source of energy—the wind—seems to be an optimum contribution to the
nation’s goal of energy independence and to solving the problem of climate warming due to greenhouse
gas emissions. As with many first glances, however, a deeper inspection results in a more complicated
story. How wind turbines are viewed depends to some degree on the environment and people’s
predilections, but not everyone considers them beautiful. Building wind-energy installations with large
numbers of turbines can disrupt landscapes and habitats, and the rotating turbine blades sometimes kill
birds and bats. Calculating how much wind energy currently displaces other, presumably less-desirable,
energy sources is complicated, and predicting future displacements is surrounded by uncertainties.

Although the use of wind energy has grown rapidly in the past 25 years, frequently subsidized by
governments at various levels and in many countries eager to promote cleaner alternative energy sources,
regulatory systems and planning processes for these projects are relatively immature in the United States.
At the national scale, regulation is minimal, unless the project receives federal funding, and the
regulations are generic for construction and management projects or are promulgated as guidelines.
Regulation at the state and local level is variable among jurisdictions, some with well-developed policies
and others with little or no framework, relying on local zoning ordinances. There are virtually no policy
or regulatory frameworks at the multi-state regional scale, although of course the impacts and benefits of
wind-energy installations are not constrained by political boundaries.

This is the complex scientific and policy environment in which the committee worked to address
its responsibility to study the environmental impacts of wind energy, including the adverse and beneficial
effects. Among the specified considerations were the impacts on landscapes, viewsheds, wildlife,
habitats, water resources, air pollution, greenhouse gases, materials-acquisition costs, and other impacts.
The committee drew on information from throughout the United States and abroad, but by its charge,
focused on the Mid-Atlantic Highlands (a mountainous region in Pennsylvania, Virginia, Maryland, and
West Virginia). Using existing information, the committee was able to develop a framework for
evaluating those effects; we hope this framework can inform future siting decisions of wind-energy
projects. Often, there is insufficient information to provide certainty for these decisions, and thus in the
process of its work the committee identified major research needed to improve the assessment of impacts
and inform the siting and operational decisions of wind-energy projects.

The committee membership included diverse areas of expertise needed to address the
committee’s charge. Committee members originated from across the United States, and one hails from
Denmark, adding to the international perspective of the study. Members represented the public and
private sectors, and numerous natural and social science disciplines. But most important, the committee
worked together as a cohesive group in deciding what issues were important and how important,
examining issues from multiple perspectives, recognizing and dealing with biases, framing questions and
issues in formats that would convey information effectively to decision makers, and considering,
respecting and reconciling differences of opinion, judgment, and interpretation.

The committee broadly defined “environmental” impacts to include traditional environmental
measures such as species, habitats, and air and water quality, but attention was also devoted to aesthetic,
cultural, recreational, social, and economic impacts. The committee recognized that the planning, policy,
and regulatory considerations were paramount if information about impacts was to be translated into
informed decision-making. Finally, because decision-making about wind-energy projects occurs at a
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variety of geographic and jurisdictional levels, the committee paid careful attention to scale issues as it
addressed impacts and benefits.

The benefits of wind energy depend on the degree to which the adverse effects of other energy
sources can be reduced by using wind energy instead of the other sources. Assessing those benefits is
complicated. The generation of electricity by wind energy can itself have adverse effects, and projecting
the amount of wind-generated electricity available in the future is quite uncertain. In addition, the amount
of potential displacement of other energy sources depends on characteristics of the energy market,
operation of the transmission grid, capacity factor of the wind-energy generators as well as that of other
types of electricity generators, and regulatory policies and practices affecting the production of
greenhouse gases. Even if the amount of energy that wind energy displaces is small, it is clear that the
nation will depend on multiple energy sources for the foreseeable future and reduction of environmental
impacts will thereby require multiple approaches.

The committee began its work expecting that there would be measurable environmental impacts,
including biological and socioeconomic impacts, and that there would be inadequate data from which to
issue definitive, broadly applicable determinations. Given the complexity of the electric-power industry,
the dynamics of energy markets, and the rapidity of technological change, we also expected that
predicting the environmental benefits of wind energy would be challenging. On the other hand, the lack
of any truly coordinated planning, policy, and regulatory framework at all jurisdictional levels loomed
larger than expected throughout our deliberations. Although some predictions about future adverse
environmental effects of wind-energy use can be made, the committee recognized gaps in our knowledge
and recommended specific monitoring studies that will enable more rigorous siting and operational
decisions in the future. Similarly, the report includes descriptions of measures of social impacts of wind-
energy development, and recommends studies that would improve our understanding of these impacts.

The complexity of assessing the environmental impacts of wind-energy development can be
organized in a three dimensional action space. These dimensional axes include spatial jurisdictions (local,
state/regional, and federal), timing of project stages (pre-project, construction, operational, and post-
operational) and environmental and human impacts, each of which include their own time and space
considerations. The committee evaluated these issues in offering an evaluation guide for organizing the
assessment of environmental impacts. We hope that the results of these deliberations and the evaluations
and observations in this report will significantly improve the nation’s ability to plan, regulate, and assess
the impacts of wind-energy development.

This report has been reviewed in draft form by individuals chosen for their diverse perspectives
and technical expertise, in accordance with procedures approved by the National Research Council’s
Report Review Committee. The purpose of this independent review is to provide candid and critical
comments that will assist the institution in making its published report as sound as possible and to ensure
that the report meets institutional standards of objectivity, evidence, and responsiveness to the study
charge. The review comments and draft manuscript remain confidential to protect the integrity of the
deliberative process. We thank the following individuals for their review of this report:

Jan Beyea, Consulting in the Public Interest

Dallas Burtraw, Resources for the Future

Michael Corradini, University of Wisconsin-Madison
Samuel Enfield, PPM Atlantic Renewable

Chris Hendrickson, Carnegie Mellon University

Alan Hicks, New York Department of Environmental Conservation
Mark Jacobson, Stanford University

Kevin Porter, Exeter Associates

Paul Kerlinger, Curry & Kerlinger, LLC

Ronald Larkin, Illinois Natural History Survey

Martin Pasqualetti, Arizona State University

John Sherwell, Maryland Department of Natural Resources
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Linda Spiegel, California Energy Commission
James Walker, enXco, Inc.

Although the reviewers listed above have provided many constructive comments and suggestions,
they were not asked to endorse the conclusions or recommendations, nor did they see the final draft of the
report before its release. The review of this report was overseen by the review coordinator, Gordon H.
Orians of the University of Washington (emeritus), and the review monitor, Elsa M. Garmire of
Dartmouth College. Appointed by the National Research Council, they were responsible for making
certain that an independent examination of this report was carried out in accordance with institutional
procedures and that all review comments were carefully considered. Responsibility for the final content of
this report rests entirely with the authoring committee and the institution.

The committee gratefully acknowledges the following for making presentations to the committee:
Dick Anderson (WEST, Inc.), Edward Arnett (Bat Conservation International), Dinah Bear (Council on
Environmental Quality), Gwenda Brewer (Maryland Department of Natural Resources), Daniel Boone
(Consultant), Steve Brown (West Virginia Department of Natural Resources), Richard Cowart (The
Regulatory Assistance Project), Samuel Enfield (PPM Atlantic Renewable), Ken Hamilton (Whitewater
Energy), Alex Hoar (U.S. Fish and Wildlife Service), Judith Holyoke Schoyer Rodd (Friends of the
Blackwater), Tom Kerr (U.S. Environmental Protection Agency), Julia Levin (California Audubon),
Patricia McClure (Government Accountability Office), The Honorable Alan B. Mollohan (U.S.
Representative, WV 1st Congressional District), Kevin Rackstraw (American Wind Energy Association
Siting Committee), Dennis Scullion (EnXco, Inc.), John Sherwell (Maryland Department of Natural
Resources), Craig Stihler (West Virginia Department of Natural Resources), Robert Thresher (National
Renewable Energy Laboratory), James A. Walker (EnXco, Inc.), and Carl Zichella (Sierra Club). In
addition, John Reynolds and Joseph Kerecman of PJM Interconnection and officials of Dominion
Resources provided helpful information to the committee through personal communications; Laurie
Jodziewicz of the American Wind Energy Association, Nancy Rader of the California Wind Energy
Association, and Linda White of the Kern Wind Energy Association provided helpful information and
contacts. We also thank Wayne Barwickowski and his colleagues at enXco, Inc. for their informative and
helpful tour of the San Gorgonio (Palm Springs) wind-energy facility.

The committee’s work was enhanced in every way by the extraordinary work of the project
director, David Policansky, who provided endless sound advice, insightful expertise, and just good sense.
The committee offers David its sincere gratitude for his attentive assistance and for his good fellowship
throughout the project, which involved five meetings in five different locations with field trips to several
wind-energy installations and public hearings. Ray Wassel and James Zucchetto also provided valuable
help in framing questions, analyzing literature, and clarifying our thought processes and writings. Bryan
Shipley helped to identify relevant literature and to summarize it for the committee. John Brown helped
with meeting planning, including arranging field trips and helping to make sure that the committee arrived
where it was supposed to be and returned in good condition. Jordan Crago supported the committee in so
many ways that [ cannot list them all, but they include literature searching and verification (along with
Mirsada Karalic-Loncarevic), organizing drafts and committee comments, and keeping the committee
housed and fed. Finally, Board Director James Reisa provided his usual wise counsel at difficult times,
and his comments have improved the clarity and relevance of this report. We are grateful to them all.

Finally, I want to offer a personal note of appreciation to the committee and the staff. This was
an extraordinary group of people, all with outstanding credentials but many points of view, who came
together over the past two years to address an important and challenging topic. During this time they
listened to each other, helped each other, and worked incredibly hard. It has been an honor to chair the
committee, and my life has been enriched by the time and talents of my committee colleagues.

Paul G. Risser, Chair

Committee on Environmental Impacts of
Wind Energy Projects

Prepublication Copy Xi



Contents

SUMMARY ..ottt ettt ettt ettt s h e b s a sttt ettt b et 1
1 INTRODUCGCTION. ..ottt ettt ettt ettt sttt be e sae s nennenee 10
Generating Electricity from Wind ENergy ........cccoooeiiiiiiiiiiiiesieceeeee ettt 10
THE PIeSENt STUAY .oecuvviieiiiiciie ettt ettt e et e e stbeesabe e e taeessseeessseessseeensaeensseessseeensns 14
Developing an Analytical FrameworK ..........cccvcvieriiiiiiiiieiieiieiee ettt sr e eereesra e 15
Temporal and Spatial Scales Of ANALYSIS.......ccuecvierieriiiriiiiieieeeerte st seeseeeeneees 16
Understanding and Assessing Cumulative Environmental Effects..........cccccocoveeveniniinnnnenene. 17
Organization 0f the REPOTt.........cccviiiiiiiiiieiccic ettt e e e e reesteesraesenessreenns 18

2 CONTEXT FOR ANALYSIS OF EFFECTS OF WIND-POWERED ELECTRICITY
GENERATION IN THE UNITED STATES AND THE MID-ATLANTIC

HIGHILANDS .ottt et et e bt et e et e e st et e s e eaeensesseentesesstenseeseensensenns 20
Estimating the Environmental Benefits of Generating Electricity from Wind Energy.................. 20
Wind ENergy GLODAlLY ......cccviiiiiiiiiii ettt ettt et e et e e st e etbeessbeeesreeenes 28
Quantifying Wind-Energy Benefits in the United States and the Mid-Atlantic Highlands............ 29
COMCIUSIONS ...ttt ettt et b e et e bt e a et e s bt e st e b e s st et e ebe e st e sbeemt e tesbeeseenbesaeeneenne 46
3 ECOLOGICAL EFFECTS OF WIND-ENERGY DEVELOPMENT .........c.cccooveiiniiieieeeeieene 48
CRAPLET OVEIVIEW ....veeuiieniieiieeiieeieeteeereeteeteesteesteeseaesssessseasseesseesseesssesssesssessseesseessesssessseesssennsennns 48
INETOAUCTION ...ttt ettt et e et e et e e et e estbeeeabae e taeessbeeesseesaseeensseensseessseeennes 49
Bird Deaths 10 CONEXL.......ceiuiiiiiiiiiieeitiestee ettt ettt ettt et e bt e bt e satesabeebeebe e bt enteenbeens 50
Turbines Cause Fatalities to Birds and Bats ...........cccoooeiiiiiiiiiniee e 51
Bird and Bat FAtalities ........cooeeieriiieieieiees ettt e 52
Wind-Energy Projects Alter Ecosystem Structure..........ccveecvieeeieeniieiiie e 72
Projected Cumulative Impacts of Bird and Bat Fatalities: A Working Hypothesis....................... 85
Conclusions and RecOmMMENdations ............coeeeerieriirienienieiesie ettt 90
4 IMPACTS OF WIND-ENERGY DEVELOPMENT ON HUMANS .........coooiiiinieeeeeie e 97
INETOAUCTION. ..ttt b et a et sb et e st e s bt et e s bt et e e e besaeenee e 97
ACSTNELIC TMPACES....eitiiiiiiiiieie ettt ettt st ettt ettt e st e s et e saeeeateebe e beenseesneennees 98
CUUTAL TMPACTS...eutiieiiieeiieeeieectee ettt et e et e et e e stae e s beeestaeesebeesssaeessaeessaeessseassseeansseesssesennns 106
Impacts on Human Health and Well-Being ..........ccccecveiiieciiiiieiieiesiecieere e 108
Local Economic and FiScal IMPACES ........ccceevviriieriiriiieiieiieeeseeseesne e eeae e eseesseesseesseessnesnnes 112
Electromagnetic INtEIETeNCE ........c.eevviiieiiiiiiie ettt ettt eaees 117
Conclusions and RecOMMENAAatioNns ...........coieeiererierierieiee ettt ee e 120
5 PLANNING FOR AND REGULATING WIND-ENERGY DEVELOPMENT .......................... 125
Guidelines for Wind-Energy Planning and Regulation ............ccccocovieieiiiiciiiciieiiecie e 126
Regulation of Wind-Energy Development ...........cccvecvverieriiriierieieeniiesee e sneeveene e sieesene e 132

Prepublication Copy Xiii



Contents

Framework for Reviewing Wind-Energy Proposals...........cccccveeviiviiinieniienie e 144
Conclusions and RecOMMENAAatiONS .........cc.eierierieriierieniinieeeteet ettt 147
REFERENCES ..ottt ettt ettt ste st et est e st e seese e s e ssess e sessesseseeseeseasessessenseneenens 150
APPENDIX A: ABOUT THE AUTHORS ........ccooiiiiiiiieieeeeeeee et 150
APPENDIX B: EMISSION RATES FOR ELECTRICAL GENERATION...........ccccooiniinieiennen. 155
APPENDIX C: METHODS AND METRICS FOR WILDLIFE STUDIES ...........cccccoovviiininienne 158

APPENDIX D: A VISUAL IMPACT ASSESSEMENT PROCESS FOR
EVALUATING WIND-ENERGY PROJECTS .......cccoociiiiiiniiiinicceeec e 207

Prepublication Copy Xiv



Summary

INTRODUCTION

In recent years, the growth of capacity to generate electricity from wind energy has been rapid,
growing from almost none in 1980 to 11,603 megawatts (MW) in 2006 in the United States and about
60,000 MW in 2006 globally. Despite this rapid growth, wind energy amounted to less than 1% of U.S.
electricity generation in 20006.

Generation of electricity by wind energy has the potential to reduce environmental impacts
caused by use of fossil fuels to generate electricity because, unlike fossil fuels, wind energy does not
generate atmospheric contaminants or thermal pollution, thus being attractive to many governments,
organizations, and individuals. Others have focused on adverse environmental impacts of wind-energy
facilities, which include aesthetic and other impacts on humans and effects on ecosystems, including the
killing of wildlife, especially birds and bats. Some environmental effects of wind-energy facilities,
especially those from transportation (roads to and from the plant site) and transmission (roads or clearings
for transmission lines), are common to all electricity-generating plants; other effects, such as their
aesthetic impacts, are specific to wind-energy facilities.

This report provides analyses to help to understand and evaluate positive and negative
environmental effects of wind-energy facilities. The committee was not asked to consider, and therefore
did not address, non-environmental issues associated with generating electricity from wind energy, such
as energy independence, foreign-policy considerations, resource utilization, and the balance of
international trade.

Wind energy has a long history, having been used for sailing vessels at least since 3,100 BC.
Traditionally, windmills were used to lift water and grind grain as early as the tenth century AD.
However, significant electricity generation from wind in the United States began only in the 1980s, in
California; today, electricity is generated from wind in 36 states, including Alaska and Hawaii.

There has been a rapid evolution of wind-turbine design over the past 25 years. Thus, modern
turbines are different in many ways from the turbines that were originally installed in California’s three
large installations at Altamont Pass, Tehachapi, and San Gorgonio (Palm Springs). A typical modern
generator consists of a pylon about 60 to 90 meters (m) high with a three-bladed rotor about 70 to 90 m in
diameter mounted atop it. Larger blades and taller towers are becoming more common. Other support
facilities usually include relatively small individual buildings and a substation.

This study is concerned with utility-scale clusters of generators often referred to as “wind farms,”
not with small turbines used for individual agricultural farms or houses. Some of the installations contain
hundreds of turbines; the wind installation at Altamont Pass in California consists of more than 5,000, and
those at Tehachapi and Palm Springs contain at least 3,000 each, ranging from older machines as small as
100 kilowatts (kW) to more modern 1.5 megawatt (MW) turbines. The committee that produced this
report focused only on installations onshore. There were no offshore wind-energy installations in the
United States as of the beginning of 2007.
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THE PRESENT STUDY

Statement of Task

The National Research Council was asked to establish an expert committee to carry out a
scientific study of the environmental impacts of wind-energy projects, focusing on the Mid-Atlantic
Highlands' (MAH) as a case example. The study was to consider adverse and beneficial effects,
including impacts on landscapes, viewsheds, wildlife, habitats, water resources, air pollution, greenhouse
gases, materials-acquisition costs, and other impacts. Using information from wind-energy projects
proposed or in place in the MAH and other regions as appropriate, the committee was charged to develop
an analytical framework for evaluating those effects to inform siting decisions for wind-energy projects.
The study also was to identify major areas of research and development needed to better understand the
environmental impacts of wind-energy projects and to reduce or mitigate negative environmental effects.

Current Guidance for Reviewing Wind-Energy Proposals

The United States is in the early stages of learning how to plan for and regulate wind-energy
facilities. Federal regulation of wind-energy facilities is minimal if the facility does not have a federal
nexus (that is, receive federal funding or require a federal permit), which is the case for most energy
development in the United States. The Federal Energy Regulatory Commission regulates the interstate
transmission of electricity, oil, and natural gas, but it does not regulate the construction of individual
electricity-generation, transmission, or distribution facilities. Apart from Federal Aviation Administration
guidelines, federal and state environmental laws protecting birds and bats are the main legal constraints
on wind-energy facilities not on federal lands or without a federal nexus.

Wind energy is a recent addition to the energy mix in most areas, and regulation of wind energy
is evolving rapidly. In evaluating current regulatory review processes, the committee was struck by the
minimal guidance offered to developers, regulators or the public about (1) the quantity and kinds of
information to be provided for review; (2) the degrees of adverse or beneficial effects of proposed wind
developments to consider critical for approving or disallowing a proposed project; and (3) the competing
costs and benefits of a proposed project to weigh, and how to weigh them, with regard to that single
proposal or in comparison with likely alternatives if that project is not built. Such guidance, and technical
assistance with gathering and interpreting information needed for decision making, would be enormously
useful. This guidance and technical assistance cast at the appropriate jurisdictional level could be
developed by state and local governments working with groups composed of wind-energy developers and
nongovernmental organizations representing all views of wind energy, in addition to other government
agencies. The matrix of government responsibilities and the evaluation guide in Chapter 5 of this report
should help the formulation of such guidance.

The committee judges that material in Chapter 5 could be a major step in the direction of an
analytic framework for reviewing wind-energy proposals and for evaluating existing installations. If it
were followed and adequately documented, it would provide a basis not only for evaluating an individual
project but also for comparing two or more proposed projects and for undertaking an assessment of the
cumulative effects of other human activities. It also could be used to project the likely cumulative effects
of additional wind-energy facilities whose number and placement are identified in various projections.
Finally, following this material would allow for a rational documentation of the most important areas for
research.

Environmental Benefits of Wind Energy

The environmental benefits of wind energy accrue through its displacement of electricity

" The MAH refers to elevated regions of Virginia, West Virginia, Maryland, and Pennsylvania.
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generation that uses other energy sources, thereby displacing the adverse environmental effects of those
generators. Because the use of wind energy has some adverse impacts, the conclusion that a wind-energy
installation has net environmental benefits requires the conclusion that all of its adverse effects are less
than the adverse effects of the generation that it displaces. However, this committee’s charge was to
focus on the use of wind energy; it was not able to evaluate fully the effects of other energy sources. The
committee also did not fully evaluate so-called life-cycle effects, those effects caused by the development,
manufacture, resource extraction, and other activities affiliated with all energy sources. Thus, in
assessing environmental benefits of wind-energy generation of electricity, the committee focused on the
degree to which it displaces or renders unnecessary the electricity generated by other sources, and hence
on the degree to which it displaces or reduces atmospheric emissions, which include greenhouse gases,
mainly carbon dioxide (CO,); oxides of nitrogen (NOy); sulfur dioxide (SO,); and particulate matter. This
focus on benefits accruing through reduction of atmospheric emissions, especially of greenhouse-gas
emissions, was adopted because those emissions are well characterized and the information is readily
available. It also was adopted because much of the public discourse about the environmental benefits of
wind energy focuses on its reduction of atmospheric emissions, especially greenhouse-gas emissions.

The restricted focus on benefits accruing through reduction of atmospheric emissions also was adopted
because the relationships between air emissions and the amount of electricity generated by specified types
of electricity-generating sources are well known. However, relationships between incremental changes in
electricity generation and other environmental impacts, such as those on wildlife, viewsheds, or
landscapes, generally are not known and are unlikely to be proportional. In addition, wind-powered
generators of electricity share some kinds of adverse environmental impacts with other types of electricity
generators (for example, some clearing of vegetation is required to construct either a wind-energy or a
coal-fired power plant and its access roads and transmission lines). Therefore, calculating the extent to
which wind energy displaces other sources of electricity generation does not provide clear information on
how much, or even whether, those other environmental impacts will be reduced. This report does,
however, provide a guide to the methods and information needed to conduct a more comprehensive
analysis.

Projections for future wind-energy development, and hence projections for future wind-energy
contributions to reduction of air-pollutant emissions in the United States, are highly uncertain. Recent
model projections by the U.S. Department of Energy (DOE) for U.S. onshore installed wind-energy
capacity in the next 15 years range from 19 to 72 gigawatts (GW), or 2 to 7% of projected U.S. onshore
installed electricity-generation capacity. In the same period, wind-energy development is projected to
account for 3.5% to 19% of the increase in total electricity-generation capacity. If the average wind-
turbine size is assumed to be 2 MW (larger than most current turbines), 9,500 to 36,000 wind turbines
would be needed to achieve that projected capacity.

Because the wind blows intermittently, wind turbines often produce less electricity than their
rated maximum output. On average in the mid-Atlantic region, the capacity factor of turbines—the
fraction of their rated maximum output that they produce on average—is about 30% for current
technology, and is forecast to improve to nearly 37% by the year 2020. Those are the fractions the
committee used in estimating how much wind energy would displace other sources. Other factors, such
as how wind energy is integrated into the electrical grid and how quickly other energy sources can be
turned on and off, also affect the degree to which wind displaces other energy sources and their
emissions. Those other factors probably further reduce the 30% (or projected 37%) figure, but the
reduction probably is small, at least for the projected amount of onshore wind development in the United
States. The net result in the mid-Atlantic region is unclear. Because the amount of atmospheric
pollutants emitted varies from one energy source to another, assumptions must be made about which
energy source will be displaced by wind. However, even assuming that all the electricity generation
displaced by wind in the mid-Atlantic region is from coal-fired power plants, as one analysis has done,
the results do not vary dramatically from those based on the assumption that the average mix of electricity
sources in the region is displaced.

In addition to CO,, coal-fired power plants also are important sources of SO, and NO, emissions.
Those two pollutants cause acid deposition and contribute to concentrations of airborne particulate matter.
NO is an important precursor to ozone pollution in the lower atmosphere. However, because current and
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upcoming regulatory controls on emissions of NO, and SO, from electricity generation in the eastern
United States involve total caps on emissions, the committee concludes that development of wind-
powered electricity generation using current technology probably will not result in a significant reduction
in total emission of these pollutants from the electricity sector in the mid-Atlantic region.

Conclusions

»  Using the future projections of installed U.S. energy capacity by the DOE described above, the
committee estimates that wind-energy development probably will contribute to offsets of approximately
4.5% in U.S. emissions of CO, from electricity generation by other electricity-generation sources by the
year 2020. In 2005, electricity generation produced 39% of all CO, emissions in the United States.

e Wind energy will contribute proportionately less to electricity generation in the mid-Atlantic
region than in the United States as a whole, because a smaller portion of the region has high-quality” wind
resources than the portion of high-quality wind resources in the United States as a whole.

Electricity generated in the MAH—including wind energy—is used in a regional grid in the
larger mid-Atlantic region. Electricity generated from wind energy in the MAH has the potential to
displace pollutant emissions, discharges, wastes, and other adverse environmental effects of other sources
of electricity generation in the grid. That potential is estimated to be less than 4.5%, and the degree to
which its beneficial effects would be realized in the MAH is uncertain.

If the future were to bring more aggressive renewable-energy-development policies, potential
increased energy conservation, and improved technology of wind-energy generation and transmission of
electricity, the contribution of wind energy to total electricity production would be greater. This would
affect our analysis, including projections for development and associated effects (for example, energy
supply, air pollution, and development footprint). On the other hand, if technological advances serve to
reduce the emissions and other negative effects of other sources of electricity generation or if fossil-fuel
prices fall, the committee’s findings might overestimate wind’s contribution to electricity production and
air-pollution offsets.

Electricity generated from different sources is largely fungible. Depending on factors such as
price, availability, predictability, regulatory and incentive regimes, and local considerations, one source
might be preferentially used over others. The importance of the factors changes over varying time scales.
As a result, a more complete understanding of the environmental and economic effects of any one energy
source depends on a more complete understanding of how that energy source displaces or is displaced by
other energy sources, and it depends on a more complete understanding of the environmental and
economic effects of all other available energy sources. Developing such an understanding would have
great value in helping the United States make better-informed choices about energy sources, but that was
beyond this committee’s charge. Nonetheless, the analyses in this report have value until such time as a
more comprehensive understanding is developed.

Ecological Impacts

Wind turbines cause fatalities of birds and bats through collision, most likely with the turbine
blades. Species differ in their vulnerability to collision, in the likelihood that fatalities will have large-
scale cumulative impacts on biotic communities, and in the extent to which their fatalities are discovered.
Probabilities of fatality are a function of both abundance and behavioral characteristics of species.
Among bird species, nocturnal, migrating passerines® are the most common fatalities at wind-energy
facilities, probably due to their abundance, although numerous raptor fatalities have been reported, and
raptors may be most vulnerable, particularly in the western United States. Among bats, migratory tree-

? The quality of a wind resource refers to the amount of wind available for wind-powered generation of electricity.
? Passerines are small to medium mainly perching songbirds; about half of all U.S. birds are passerines.
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roosting species appear to be the most susceptible. However, the number of fatalities must be considered
in relation to the characteristics of the species. For example, fatalities probably have greater detrimental
effects on bat and raptor populations than on most bird populations because of the characteristically long
life spans and low reproductive rates of bats and raptors and because of the relatively low abundance of
raptors.

The type of turbines may influence bird and bat fatalities. Newer, larger turbines appear to cause
fewer raptor fatalities than smaller turbines common at the older wind-energy facilities in California,
although this observation needs further comparative study to better account for such factors as site-
specific differences in raptor abundance and behavior. However, the data are inadequate to assess relative
risk to passerines and other small birds. It is possible that as turbines become larger and reach higher, the
risk to the more abundant bats and nocturnally migrating passerines at these altitudes will increase.
Determining the effect of turbine size on avian risk will require more data from direct comparison of
fatalities from a range of turbine types.

The location of turbines within a region or landscape influences fatalities. Turbines placed on
ridges, as many are in the MAH, appear to have a higher probability of causing bat fatalities than those at
many other sites.

The overall importance of turbine-related deaths for bird populations is unclear. Collisions with
wind turbines represent one element of the cumulative anthropogenic impacts on these populations; other
impacts include collisions with other structures and vehicles, and other sources of mortality. As discussed
in Chapter 3, those other sources kill many more birds than wind turbines, even though precise data on
total bird deaths caused by most of these anthropogenic sources are sparser and less reliable than one
would wish. Chapter 3 also makes clear that any assessment of the importance of a source of bird
mortality requires information and understanding about the species affected and the likely consequences
for local populations of those species.

The construction and maintenance of wind-energy facilities also alter ecosystem structure through
vegetation clearing, soil disruption and potential for erosion, and noise. Alteration of vegetation,
including forest clearing, represents perhaps the most significant potential change through fragmentation
and loss of habitat for some species. Such alteration of vegetation is particularly important for forest-
dependent species in the MAH. Changes in forest structure and the creation of openings alter
microclimate and increase the amount of forest edge. Plants and animals throughout an ecosystem
respond differently to these changes. There might also be important interactions between habitat
alteration and the risk of fatalities, such as bat foraging behavior near turbines.

Conclusions

e Although the analysis of cumulative effects of anthropogenic energy sources other than wind was
beyond the scope of the committee, a better analysis of the cumulative effects of various anthropogenic
energy sources, including wind turbines, on bird and bat fatalities is needed, especially given projections
of substantial increases in the numbers of wind turbines in coming decades.

e Inthe MAH, preliminary information indicates that more bats are killed than was expected based
on experience with bats in other regions. Not enough information is available to form a reliable judgment
on whether the number of bats being killed will have overall effects on populations, but given a general
region-wide decline in the populations of several species of bats in the eastern United States, the
possibility of population effects, especially with increased numbers of turbines, is significant.

* At the current level of wind-energy development (approximately 11,600 MW of installed
capacity in the United States at the end of 2006, including the older California turbines), the committee
sees no evidence that fatalities caused by wind turbines result in measurable demographic changes to bird
populations in the United States, with the possible exception of raptor fatalities in the Altamont Pass area,
although data are lacking for a substantial portion of the operating facilities.

* There is insufficient information available at present to form a reliable judgment on the likely
effect of all the proposed or planned wind-energy installations in the mid-Atlantic region on bird
populations. To make such a judgment, information would be needed on the future number, size, and
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placement of those turbines; more information on bird populations, movements, and susceptibility to
collisions with turbines would be needed as well. Lack of replication of studies among facilities and
across years makes it impossible to evaluate natural variability.

Recommendation

» Standardized studies should be conducted before siting and construction and after construction of
wind-energy facilities to evaluate the potential and realized ecological impacts of wind development.
Pre-siting studies should evaluate the potential for impacts to occur and the possible cumulative impacts
in the context of other sites being developed or proposed. Likely impacts could be evaluated relative to
other potentially developable sites or from an absolute perspective. In addition, the studies should
evaluate a selected site to determine whether alternative facility designs would reduce potential
environmental impacts. Post-construction studies should focus on evaluating impacts, actual versus
predicted risk, causal mechanisms of impact, and potential mitigation measures to reduce risk and
reclamation of disturbed sites. Additional research is needed to help assess the immediate and long-term
impacts of wind-energy facilities on threatened, endangered, and other species at risk. Details of these
recommendations, including the frequency and duration of recommended pre-siting, pre-construction, and
post-construction studies and the need for replication, are in Chapter 3.

Impacts on Humans

The human impacts considered by the committee include aesthetic impacts; impacts on cultural
resources, such as historic, sacred, archeological, and recreation sites; impacts on human health and well-
being, specifically from noise and from shadow flicker; economic and fiscal impacts; and the potential for
electromagnetic interference with television and radio broadcasting, cellular phones, and radar. This is
not an exhaustive list of all possible human impacts from wind-energy projects. For example, the
committee did not address potentially significant social impacts on community cohesion, such as cases
where proposed wind-energy facilities might cause rifts between those who favor them and those who
oppose them. Psychological impacts—positive as well as negative—that can arise in confronting a
controversial project also were not addressed.

There has been relatively little dispassionate analysis of the human impacts of wind-energy
projects in the United States. In the absence of extensive data, this report focuses mainly on appropriate
methods for analysis and assessment and on recommended practices in the face of uncertainty. Chapter 4
contains detailed conclusions and recommendations concerning human impacts, including guides to best
practices and descriptions of information needs. General conclusions and recommendations concerning
human impacts follow.

Conclusions

*  There are systematic and well-established methods for assessing and evaluating human impacts
(described in Chapter 4); they allow better-informed and more-enlightened decision making.

»  Although aesthetic concerns often are the most-vocalized concerns about proposed wind-energy
projects, few decision processes adequately address them. Although methods for assessing aesthetic
impacts need to be adapted to the particular characteristics of wind-energy projects, such as their
visibility, the basic principles (described in Chapter 4 and Appendix D) of systematically understanding
the relationship of a project to surrounding scenic resources apply and can be used to inform siting and
regulatory decisions.
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Recommendations

* Because relatively little research has been done on the human impacts of wind-energy projects,
when wind-energy projects are undertaken, routine documentation should be made of processes that allow
for local interactions concerning the impacts that arise during the lifetime of the project, from proposal
through decommissioning, as well as processes for addressing the impacts themselves. Such
documentation will facilitate future research and therefore improve future siting decisions.

*  Human impacts should be considered within the context of the environmental impacts discussed
in Chapter 3 and the broader contextual analysis of wind energy—including its electricity-production
benefits and limitations—presented in Chapter 2. Moreover, the conclusions and recommendations
concerning human impacts presented by topic in Chapter 4 should not be considered in isolation; instead,
they should be treated as part of a process. Questions and issues concerning human impacts should be
covered in assessments and regulatory reviews of wind-energy projects.

Analyzing Adverse and Beneficial Impacts in Context

The committee’s charge included the development of an analytical framework for evaluating
environmental and socioeconomic effects of wind-energy developments. As described in Chapter 1, an
ideal framework that addressed all effects of wind energy across a variety of spatial and temporal scales
would require more information than the committee could gather, given its time and resources, and
probably more information than currently exists. In addition, energy development in general, and wind-
energy development in particular, are not evaluated and regulated in a comprehensive and comparative
way in the United States, and planning for new energy resources also is not conducted in this manner.
Instead, planning, regulation, and review usually are done on a project-by-project basis and on local or
regional, but not national, scales. In addition, there are few opportunities for full life-cycle analyses or
consideration of cumulative effects.

There also are no agreed-on standards for weighting of positive and negative effects of a
proposed energy project and for comparing those effects to those of other possible or existing projects.
Indeed, the appropriate standards and methods of conducting such comparisons are not obvious, and it is
not obvious what the appropriate space and times scales for the comparisons should be. Therefore, a full
comparative analysis has not been attempted here.

The committee approached its task—to carry out a scientific study of the adverse and beneficial
environmental effects of wind-energy projects—by analyzing the information available and identifying
major knowledge gaps. Some of the committee’s work was made difficult by a lack of information and
by a lack of consistent (or even any) policy guidance at local, state, regional, or national levels about the
importance of various factors that need to be considered. In particular, the committee describes in
Chapter 1 and Chapter 5 the reasons that led us to stop short of providing a full analytic framework and
instead to offer an evaluation guide to aid coordination of regulatory review across levels of government
and across spatial scales and to help to ensure that regulatory reviews are comprehensive in addressing the
many facets of the human and nonhuman environment that can be affected by wind-energy development.

Framework for Reviewing Wind-Energy Proposals
Conclusion

* A country as large and as geographically diverse as the United States and as wedded to political
plurality and private enterprise is unlikely to plan for wind energy at a national scale in the same way as
some European countries are doing. Nevertheless, national-level energy policies (implemented through
such mechanisms as incentives, subsidies, research agendas, and federal regulations and guidelines) to
enhance the benefits of wind energy while minimizing the negative impacts would help in planning and
regulating wind-energy development at smaller scales. Uncertainty about what policy tools will be in
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force hampers proactive planning for wind-energy development. More-specific conclusions and
recommendations follow.

Conclusion

* Because wind energy is new to many state and local governments, the quality of processes for
permitting wind-energy developments is uneven in many respects.

Recommendation

. Guidance on planning for wind-energy development, including information requirements and
procedures for reviewing wind-energy proposals, as outlined in Chapter 5, should be developed. In
addition, technical assistance with gathering and interpreting information needed for decision making
should be provided. This guidance and technical assistance, conducted at appropriate jurisdictional
levels, could be developed by working groups composed of wind-energy developers; nongovernmental
organizations with diverse views of wind-energy development; and local, state, and federal government
agencies.

Conclusion

* There is little anticipatory planning for wind-energy projects, and even if it occurred, it is not
clear whether mechanisms exist that could incorporate such planning in regulatory decisions.

Recommendation

» Regulatory reviews of individual wind-energy projects should be preceded by coordinated,
anticipatory planning whenever possible. Such planning for wind-energy development, coordinated with
regulatory review of wind-energy proposals, would benefit developers, regulators, and the public because
it would prompt developers to focus proposals on locations and site designs most likely to be successful.
This planning could be implemented at scales ranging from state and regional levels to local levels.
Anticipatory planning for wind-energy development also would help researchers to target their efforts
where they will be most informative for future wind-development decisions.

Conclusion

*  Choosing the level of regulatory authority for reviewing wind-energy proposals carries
corresponding implications for how the following issues are addressed:

(1) cumulative effects of wind-energy development;
(2) balancing negative and positive environmental and socioeconomic impacts of wind energy; and
(3) incorporating public opinions into the review process.

Recommendation

* In choosing the levels of regulatory review of wind-energy projects, agencies should review the
implication of those choices for all three issues listed above. Decisions about the level of regulatory
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review should include procedures for ameliorating the disadvantages of a particular choice (for example,
enhancing opportunities for local participation in state-level reviews).

Conclusion

*  Well-specified, formal procedures for regulatory review enhance predictability, consistency, and
accountability for all parties to wind-energy development. However, flexibility and informality also have
advantages, such as matching the time and effort expended on review to the complexity and controversy
associated with a particular proposal; tailoring decision criteria to the ecological and social contexts of a
particular proposal; and fostering creative interactions among developers, regulators, and the public to
find solutions to wind-energy dilemmas.

Recommendation

*  When consideration is given to formalizing review procedures and specifying thresholds for
decision criteria, this consideration should include attention to ways of retaining the advantages of more
flexible procedures.

Conclusion

e Using an evaluation guide such as the one recommended in Chapter 5 to organize regulatory
review processes can help to achieve comprehensive and consistent regulation coordinated across
jurisdictional levels and across types of effects.

Recommendation

» Regulatory agencies should adopt and routinely use an evaluation guide in their reviews of wind-
energy projects. The guide should be available to developers and the public.

Conclusion

* The environmental benefits of wind-energy development, mainly reductions in atmospheric
pollutants, are enjoyed at wide spatial scales, while the environmental costs, mainly aesthetic impacts and
ecological impacts, such as increased mortality of birds and bats, occur at much smaller spatial scales.
There are similar, if less dramatic, disparities in the scales of realized economic and other societal benefits
and costs. The disparities in scale, although not unique to wind-energy development, complicate the
evaluation of tradeoffs.

Recommendation

* Representatives of federal, state, and local governments should work with wind-energy
developers, nongovernmental organizations, and other interest groups and experts to develop guidelines
for addressing tradeoffs between benefits and costs of wind-energy generation of electricity that occur at
widely different scales, including life-cycle effects.
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Introduction

In recent years, the growth of capacity to generate electricity from wind energy has been
extremely rapid, increasing from 1,848 megawatts (MW) in 1998 to 11,603 MW in the United States by
the end of 2006 (AWEA 2006a) (Figures 1-1, 1-2). Some of that growth was fueled by state and federal
tax incentives (Schleede 2003), as well as by state renewable portfolio standards and targets. Despite that
rapid growth, wind energy amounted to less than one percent of U.S. electricity generation in 2006. To
the degree that wind energy reduces the need for electricity generation using other sources of energy, it
can reduce the adverse environmental impacts of those sources, such as production of atmospheric and
water pollution, including greenhouse gases; production of nuclear wastes; degradation of landscapes due
to mining activity; and damming of rivers. Generation of electricity by wind energy has the potential to
reduce environmental impacts, because unlike generators that use fossil fuel, it does not result in the
generation of atmospheric contaminants or thermal pollution, and it has been attractive to many
governments, organizations, and individuals. But others have focused on adverse environmental impacts
of wind-energy facilities, which include visual and other impacts on humans; and effects on ecosystems,
including the killing of wildlife, especially birds and bats. Some environmental effects of wind-energy
facilities, especially those concerning transportation (roads to and from the plant site) and transmission
(roads and clearings for transmission lines), are common to all electricity-generating facilities; others,
such as their specific aesthetic impacts, are unique to wind-energy facilities. This report provides
analyses to understand and evaluate those environmental effects, both positive and negative.

Like all sources of energy exploited to date, wind-energy projects have effects that may be
regarded as negative. These potential or realized adverse effects have been described not only in the Mid-
Atlantic Highlands (MAH) (Schleede 2003) but also in other parts of the country, such as California
(CBD 2004) and Massachusetts (almost any issue of the Cape Cod Times, where the proposed and
controversial wind-energy installation in Nantucket Sound is discussed).

GENERATING ELECTRICITY FROM WIND ENERGY

Two percent of all the energy the earth receives from the sun is converted into kinetic energy in
the atmosphere, 100 times more than the energy converted into biomass by plants. The main source of
this kinetic energy is imbalance between net outgoing radiation at high latitudes and net incoming
radiation at low latitudes. The global temperature equilibrium is maintained by a transport of heat from
the equatorial to the polar regions by atmospheric movement (wind) and ocean currents. The earth’s
rotation and geographic features prevent the wind from flowing uniformly and consistently.

The kinetic energy of moving air that passes the rotor of a turbine is proportional to the cube of
the wind speed. Hence, a doubling of the wind speed results in eight times more wind energy. Thus, the
amount of air that passes through the rotor plane of a large wind turbine is sizable. A modern 1.5 MW
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FIGURE 1-2 Total installed U.S. wind-energy capacity: 11,603 MW as of Dec 31, 2006. Source:
American Wind Energy Association 2007. Reprinted with permission; copyright 2007, American Wind
Energy Association.

wind turbine with a hub height (center of rotor) and tower height of 90 meters, operating in a near-
optimum wind speed of 10 m/sec (36 km/h) at hub height will create more than 1.4 MW of electricity; in
eight hours it will produce the amount of electricity used by the average U.S. household in one year
(about 10,600 kilowatt-hour [kWh]).

There is an upper theoretical limit (the Betz limit of 59%) to how much of the available energy in
the wind a wind turbine can actually capture or convert to usable electricity. Modern wind turbines
potentially can reach an efficiency of 50%. Almost all wind turbines operating today have a 3-bladed
rotor mounted upwind of the hub containing the turbine. The blades have an aerodynamic profile like the
wing of an aircraft. The force created by the lift on the blades result in a torque on the axis; the forces are
transmitted through a gearbox, and a generator is used to transform the rotation into electrical energy,
which is then distributed through the transmission grid (Figure 1-3).

Human use of wind energy has a long history (the following summary is taken from Pasqualetti et
al. 2004). Wind energy has been used for sailing vessels at least since 3,100 BC. Windmills were used to
lift water and grind grain as early as the 10th century AD. The first practical wind turbine was built by
Charles Brush in 1886; it provided enough electricity for 100 incandescent light bulbs, three arc lights,
and several electric motors. However, the turbine was too expensive at that time for commercial
development.

By the 1920s, some farms in the United States generated electricity by wind turbines, and by the
1940s wind turbines sold by Sears Roebuck and Company were providing electricity for small appliances
in rural American homes; in Denmark, 40 wind turbines were generating electricity. The first wind-
powered turbine to provide electricity into an American electrical transmission grid was in October 1941
in Vermont. However, significant electricity generation from wind in the United States began only in the
1980s in California. Today (2006), it amounts to less than 1% of U.S. electricity generation.

There has been a rapid evolution of wind-turbine design over the past 25 years. Thus, modern
turbines are different in many ways from the turbines that were installed in California’s three large
installations at Altamont Pass, Tehachapi, and San Gorgonio (Palm Springs) in the early 1980s. A typical
turbine structure consists of a pylon (tower or monopole) that can produce electricity at wind speeds as
low as 12-14 km/h (3.3 — 3.9 m/sec). Generators typically reach peak efficiency at wind speeds of
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FIGURE 1-3 Structure of a wind turbine. Source: Alliant Energy 2007. Reprinted with permission;
copyright 2007, Alliant Energy.

approximately 45 km/h (12.5 m/sec) and shift to a safety mode when the wind exceeds a particular speed,
often on the order of 80-100 km/h (22 — 28 m/sec). Smaller generators are used for individual buildings
or other uses.

This report is concerned with utility-scale clusters of generators or wind-energy installations
(often referred to as “wind farms”), not with small turbines used for individual agricultural farms or
houses. Some of the utility-scale installations contain hundreds of turbines; for example, the wind-energy
facility at Altamont Pass in California consists of more than 5,000 and those at Tehachapi and Palm
Springs contain at least 3,000 turbines each, ranging from older machines as small as 100 kW installed
more than 20 years ago to modern turbines of 1.5 megawatts (MW) or more (information available at
WWW.awea.org).

Adverse effects of wind turbines have been documented: a recent Final Programmatic
Environmental Impact Statement (DPEIS) (BLM 2005a) lists the following: use of geologic and water
resources; creation or increase of geologic hazards or soil erosion; localized generation of airborne dust;
noise generation; alteration or degradation of wildlife habitat or sensitive or unique habitat; interference
with resident or migratory fish or wildlife species, including protected species; alteration or degradation
of plant communities, including occurrence of invasive vegetation; land-use changes; alteration of visual
resources; release of hazardous materials or wastes; increased traffic; increased human-health and safety
hazards; and destruction or loss of paleontological or cultural resources. These impacts can occur at the
various stages of planning, site development, construction, operation, and decommissioning or
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abandonment (if applicable), although different phases tend to be associated with different impacts. Any
or all of the impacts have the potential to accumulate over time and with the installation of additional
generators. Beneficial environmental effects result from the reduction of adverse impacts of other sources
of energy generation, to the degree that wind energy allows the reduction of energy generation by other
sources. This committee’s task includes an evaluation of the importance and frequency of these effects.

The killing of bats and birds has been among the more obvious and objectively quantifiable
effects. Birds can be electrocuted along transmission and distribution lines or killed by flying into them
(Bevanger 1994; Erickson et. al. 2001, 2002; Stemer 2002). Thousands of birds die each year from
collisions with wind-energy installations (BLM 2005a). The Altamont facility in California has caused
the deaths of many raptors, which were members of protected species (CBD 2004; BLM 2005a). Several
species of bats in North America also have been reported killed by collisions with wind-energy
installations (Johnson 2005; Kunz et al. in press a). There were no fatalities of federally protected bat
species known to this committee at this writing (early 2007).

Another widely cited impact of wind turbines is their visible effect on viewsheds and landscapes.
The scale of modern turbines makes them impossible to screen from view, often making aesthetic
considerations a major basis of opposition to them (Bisbee 2004). Well-established systematic methods
for evaluating aesthetic impacts are available (Smardon et al. 1986; USFS 2003), but they often are
misunderstood or poorly implemented, and they will need to be adapted for assessing the unique
attributes of wind-energy projects. Methods also are available for identifying the particular values and
sensitivities associated with recreational and cultural resources, as discussed in Chapter 4.

The regulatory system for siting and installing wind-energy projects in the United States varies
widely, from a fairly thorough process in parts of California to much less rigorous processes in some
other states (GAO 2005). In California, as well as in other states, the processes for evaluating and
regulating wind-energy installations are evolving. In many areas of the United States, wind-energy
installations have been controversial, sometimes strongly so.

THE PRESENT STUDY

Congress asked the National Academies to conduct an assessment of the environmental impacts
of wind-energy installations, using the Mid-Atlantic Highlands (Pennsylvania, Virginia, Maryland, and
West Virginia) as a case study.

Statement of Task

The National Academies was asked to establish an expert committee to carry out a scientific
study of the environmental impacts of wind-energy projects, focusing on the Mid-Atlantic Highlands as a
case example. The study was to consider adverse and beneficial effects, including impacts on landscapes,
viewsheds, wildlife, habitats, water resources, air pollution, greenhouse gases, materials-acquisition costs,
and other impacts. Using information from wind-power projects proposed or in place in the Mid-Atlantic
Highlands and other regions as appropriate, the committee was asked to develop an analytical framework
for evaluating those effects that can inform siting decisions for wind energy projects. The study also was
to identify major areas of research and development needed to better understand the environmental
impacts of wind-energy projects and reduce or mitigate negative environmental effects.

The committee was not asked to consider, and therefore did not address, non-environmental
issues associated with generating electricity from wind energy, such as energy independence, foreign-
policy considerations, resource utilization, and the balance of international trade.
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The Process for This Study

The committee held five meetings: on September 19-20 2005 in Washington D.C., on December
15-16 in Charleston WV_; on March 5-7 2006 in southern California; on May 18-20 in West Virginia; and
on July 17-19 in Woods Hole, MA. The first three meetings included presentations from experts and
provided opportunities for public comment; at its third meeting the committee toured the wind-energy
installation at San Gorgonio, near Palm Springs, CA; and at its fourth meeting it viewed the Mountaineer
Wind Energy Center and the proposed Mount Storm projects near Davis, W.V. from nearby public
highways (access to the Mountaineer site was not permitted). The committee’s final meeting was held in
closed session and was devoted to finalizing this report. The committee gained familiarity with the
relevant body of scientific knowledge through briefings and review of literature, databases, and existing
studies of wind farms, both in the Mid-Atlantic Highlands and elsewhere, in addition to its own expertise.

Estimating Environmental Benefits of Wind Energy: Focus on Air Emissions

It is not conceptually difficult to estimate the adverse environmental effects of wind-energy
projects, although it can be difficult in practice to quantify them. The estimation of the environmental
benefits of wind energy is more difficult, because the benefits accrue through its displacement of energy
generation using other energy sources, thereby displacing the adverse environmental effects of those
generators. To estimate those benefits requires knowledge of what other electricity-generating sources
will be displaced by wind energy, so that their adverse effects can be calculated and the offsetting
advantages of wind energy can be determined. As described in detail in Chapter 2, the committee has
restricted its estimates of the environmental benefits of wind energy to the reduction of air emissions that
results from using wind energy for electricity instead of using other sources of electricity generation. The
rationale for and limitations of this approach are discussed in detail in Chapter 2, but briefly the approach
was adopted because much of the discourse about the advantages of wind energy focuses on reduction of
air emissions, including greenhouse gases; because information about air emissions is extensive and
readily accessible; and because wind energy has some of the same kinds of adverse impacts other than air
emissions that other sources do (for example, some clearing of vegetation is required to construct either a
wind-energy or a coal-fired powered plant and their access roads and transmission lines), which
complicates the analysis of other adverse impacts. The committee did not conduct a full analysis of life-
cycle environmental effects of wind and other sources of electricity generation. This report does,
however, provide a guide to the methods and information needed to conduct a more complete analysis.

DEVELOPING AN ANALYTICAL FRAMEWORK

Part of the committee’s charge was to develop an analytical framework for reviewing
environmental and socioeconomic effects of wind-energy projects. For reasons described in detail in
Chapter 5, and summarized below, the committee has stopped short of a complete analytical framework,
both in the report itself and in its recommendations. Instead, the committee offers an evaluation guide in
Chapter 5 that, if followed, will aid coordination of regulatory review across levels of government and
across spatial scales (Figure 5-1) and will help to ensure that regulatory reviews are comprehensive in
addressing the many facets of the human and nonhuman environment that can be affected by wind-energy
development (Box 5-4).

One reason the committee stopped short is practical: even considering only the environmental
effects of wind, some effects are better documented and easier to evaluate than others. Another reason for
stopping short of a full analytical treatment is that other types of energy development, and indeed most
types of construction, are not currently regulated in a comprehensive and comparative way in the United
States. Finally, there is no social consensus at present on how all the effects of wind-energy generation of
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electricity on various aspects of the human and nonhuman environments should be evaluated as positive
or negative, how the advantages and disadvantages should be traded off, or whose value systems should
prevail in making such judgments. For all of these reasons, the committee focused its efforts on
incrementally improving the way wind-energy decisions are made today. The evaluation guide in
Chapter 5 reflects the result of those efforts.

Placing Environmental Effects in Context

Related to the above discussion of an analytical framework is the issue of placing environmental
effects of particular electricity-generation units and other human activities in context. For example,
although wind-energy projects kill tens of thousands of birds each year in the United States, other human
structures and activities, including allowing domestic cats to hunt outside, are responsible for hundreds of
millions, if not billions, of bird deaths each year (see Chapter 3 for more discussion of these numbers).
Although wind turbines may cause visual impairments, oil-drilling rigs, coal-fired power plants, roads,
buildings, and cell-telephone relay towers also may cause visual impairments. To make comparative
evaluations of those impacts would imply some sort of weighting of positive and negative effects in an
explicit, objective, and systematic way, but that is not done nationally or regionally, and indeed it is not
obvious what methods one would use to perform such an analysis. In addition, choosing the proper
standard of comparison is difficult: should effects be calculated per turbine or structure, per energy
installation, per kWh of electricity generated, or against some other standard?

It is not even obvious that doing such an analysis on a national scale would provide a useful guide
to action. Our society does not always weight effects from different causes equally. To understand,
evaluate, and compare various environmental impacts of a variety of human structures and activities, such
as bird or bat deaths, requires an understanding of the exposures to the dangers, the societal benefits that
accrue from the circumstances that lead to exposure, and many other factors, some of which might be
unrecognized or unexpressed. Therefore, any systematic comparison of the environmental effects of
various methods of generating electricity, especially if it is to include a broader context, would require a
depth of analysis and information-gathering that would be beyond this committee’s charge, although it
might have great value in helping the United States make better-informed choices about energy sources.
Although a complete, systematic comparison has not been attempted in this report, the analyses that are
provided here should have value pending a more comprehensive analysis.

For similar reasons, the committee also has not addressed environmental benefits related to
human health. For example, wind-powered electricity generation may lessen the need for electricity
generation from coal-fired power plants and thereby reduce the amount of sulfur dioxide (SO,) and
nitrogen oxides (NOy) emissions produced from coal combustion. SO, and NO, emissions are important
contributors to concentrations of airborne particulate matter and are precursors to acid deposition, and
NOy is an important precursor to ozone. Particulate matter and ozone are of considerable concern
because of the risk they pose to public health. However, the extent to which emissions from specific
electric power plants might be displaced by wind-energy facilities is unknown. Therefore making health-
effects assessments of potential displacement of emissions from electricity-production facilities of
unknown location would be highly uncertain (e.g., NRC 2006a).

TEMPORAL AND SPATIAL SCALES OF ANALYSIS

Analysis of the environmental impacts of any type of project is complicated enough, but it is
exceptionally challenging for wind-energy projects. One obvious problem is how to choose the
appropriate temporal and spatial scales for the analysis. A wind facility has local effects at scales of
hundreds of meters to one or two kilometers: vegetation is cleared to install the turbines, local drainage
patterns or can be altered, and animals can be killed by coming into contact with moving turbine blades.
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At the range of one or two kilometers to a few tens of kilometers, there are visual effects on people;
potential but currently unknown population effects on animals that are killed, such as bats and birds;
roads are built or modified to allow the carriage of very large and heavy turbine components; and power
lines are erected to transmit electricity from the turbine to the grid. At even larger scales, migratory birds
and bats, which can travel hundreds to thousands of kilometers or more each way annually, suffer
mortality with potential but currently unknown effects on their regional and global populations. Positive
effects—the reduction of adverse effects of power generated by burning of fossil fuel, hydroelectric dams,
and nuclear reactors—are more difficult to assess, because of regional and national power grids that all
are influenced by the availability of wind energy and because some effects of electricity generation are
truly global (the emission of greenhouse gases that influence climate change, for example). In addition,
the presence or the possible construction of wind-energy installations affects people’s decisions and
behavior at many levels of organization and at many spatial and temporal scales (see for example the
discussion of “opportunity and threat effects” in a NRC report on the cumulative effects of oil and gas
activities on Alaska’s North Slope [NRC 2003]). Finally, effects accumulate over space and time, both as
a function of the number and locations of wind-energy installations, and as a function of their interactions
with other perturbations (NRC 2003).

UNDERSTANDING AND ASSESSING CUMULATIVE ENVIRONMENTAL EFFECTS

When numerous small decisions about related environmental issues are made independently, the
combined consequences of those decisions often are not considered (Odum 1982). As a result, the
patterns of the environmental perturbations or their effects over large areas and long periods are not
adequately analyzed. This is the basic issue of cumulative effects assessment. The general approach to
identifying and assessing cumulative effects evolved after passage of the National Environmental Policy
Act (NEPA) of 1969, and this committee, like an earlier NRC committee (NRC 2003), has followed that
approach. This discussion is adapted from that committee’s report.

The NEPA requires environmental review for all federal actions and Environmental Impact
Statements (EISs) for federal actions with potentially significant environmental effects. In 1978, the
Council on Environmental Quality promulgated regulations implementing the NEPA that are binding on
all federal agencies (40 CFR Parts 1500-1508 [1978]). A cumulative effect was defined as “the
incremental impact of the action when added to other past, present, and reasonably foreseeable future
actions. . . . Cumulative impacts can result from individually minor but collectively significant actions
taking place over a period of time.” For example, an EIS might conclude that the environmental effects
of a single power plant on an estuary might be small and, hence, judged to be acceptable. But the effects
of a dozen plants on the estuary are likely to be substantial, and perhaps of a different nature than the
effects of a single plant—in other words, the effects are likely to accumulate and may interact. Even a
series of EISs might not identify or predict the cumulative effects that result from the interaction of
multiple activities.

The accumulation of effects can result from a variety of processes (NRC 1986). The most
important ones are:

* Time crowding—frequent and repeated effects on a single environmental medium. An example
related to wind-energy development might be repeated effects on multiple individuals within a local
population of birds or bats before the population had time to recover.

*  Space crowding—high density of effects on a single environmental medium, such as a
concentration of turbines or installations in a small region so that the areas affected by individual turbines
or installations overlap. Space crowding can result even from actions that occur at great distances from
one another. An example related to wind energy might be that impacts from widely separated wind
facilities could accumulate on a single migratory population of birds or bats.
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*  Compounding effects—effects attributable to multiple sources on a single environmental
medium, such as the combined effects of turbines, cell-phone towers, transmission lines, and other
structures that could kill flying animals.

*  Thresholds—effects that become qualitatively different once some threshold of disturbance is
reached, such as when eutrophication exhausts the oxygen in a lake, converting it to a different type of
lake. The first industrial structure in an otherwise undeveloped environment might cross a visual
threshold or a threshold of wilderness values. Another example might be the existence of a threshold in
terms of the number of turbines and risk of bird and bat fatalities, or habitat fragmentation.

* Nibbling—progressive loss of habitat resulting from a sequence of activities, each of which has
fairly innocuous consequences, but the consequences on the environment accumulate, perhaps causing the
extirpation of a species from the area.

These examples illustrate why recognizing and measuring the accumulation of effects depends on
the correct choice of domain—temporal and spatial—for the assessment. Although the assessment of
cumulative effects has a history of several decades (e.g., NRC 1986), it still is a complex task. The
responses of the many components of the environment likely to be affected by an action or series of
actions differ in nature and in the areas and periods over which they are manifest. An action or series of
actions might have effects that accumulate on some receptors (e.g., target organisms or populations) but
not on others, or on a given receptor at one time of the year but not at another. Therefore, a full analysis
of where, when, how and why effects accumulate requires multiple assessments.

To address this problem, an earlier National Research Council committee (NRC 2003) attempted
to identify the essential components of such an assessment:

*  Specify the class of actions whose effects are to be analyzed.

* Designate the appropriate temporal and spatial domain in which the relevant actions occur.

» Identify and characterize the set of receptors to be assessed.

* Determine the magnitude of effects on the receptors and whether those effects are accumulating.

These criteria cannot always be applied because of data limitations. Also, the effects of
individual actions range from brief or local to widespread, persistent, and sometimes irreversible.

To conduct an analysis of how effects accumulate, one must understand what would occur in the
absence of a given activity. The accumulated effects are the difference between that probable history and
the actual history. To predict how effects may accumulate for a proposed action, it is essential to have
good baseline data and data about the same kinds of receptors in similar areas that were and were not
influenced by comparable actions. In some cases, the lack of such information prevented the committee
from identifying and assessing possible cumulative effects of some activities or structures related to wind-
energy development. Even if accumulating effects are identified, their magnitude and their biological,
economic, and social importance must be assessed.

As noted above, it is difficult to assess cumulative effects in the absence of a comprehensive,
broad-scale regulatory and assessment framework. The discussion above is presented in the expectation
that it, along with the recommendations for development of an evaluation guide presented in Chapter 5,
will be useful for future planning and assessment efforts.

ORGANIZATION OF THE REPORT

Chapter 2 sets the context for wind energy in the United States and analyzes the committee’s
approach to estimating the environmental benefits of wind energy. It describes the considerations
involved in understanding under what conditions and to what degree wind energy can displace electricity
generation by other sources, and hence reduce the adverse environmental effects of those sources, in
particular their air emissions. Chapter 3 provides an evaluation of the literature on the effects of wind
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turbines on ecosystems and their components, and discusses methods that would be valuable in future
evaluations; it also identifies research needs. Chapter 4 deals with effects on humans of wind-energy
projects, including aesthetic, noise, cultural, health, economic, and related effects. Chapter 5 compares a
variety of extant regulatory and evaluative regimes and extracts their strong points for consideration in
other places and at larger (e.g., national) scales, and draws the information together in an evaluation guide
that would be most useful for evaluating the effects of existing wind-energy installations and for
assessing—and managing—the effects of proposed installations at various scales.



2

Context for Analysis of Effects of Wind-Powered
Electricity Generation in the United States and the
Mid-Atlantic Highlands

ESTIMATING THE ENVIRONMENTAL BENEFITS OF GENERATING
ELECTRICITY FROM WIND ENERGY

This chapter provides an assessment of the environmental benefits of generating electricity from
wind energy (current and future development) in the United States and its Mid-Atlantic Highlands
(MAH), with specific attention to the potential contribution to the electricity supply and air quality
improvement as indicated by emission reductions. For context, a general overview is provided describing
issues that should be considered when assessing potential wind-energy development and environmental
benefits. This is followed by a more detailed treatment and quantitative analysis of potential development
and benefits. We end with a set of conclusions derived from the analysis; that analysis is simplified by
including only the most robust assumptions.

Introduction and Overview

The committee’s statement of task requires it to consider the beneficial environmental effects of
electricity generation by wind-energy facilities. Wind-powered electricity-generating units (EGUs), like
EGUs using other sources of energy, have no significant intrinsic environmental benefits; for example,
none of their effects directly enhance ecosystem values or services. Indeed, every source of energy used
to generate electricity on a large scale has at least some effects that most people would identify as
adverse. The environmental and human-health risk reduction benefits of wind-powered electricity
generation accrue through its displacement of electricity generation using other energy sources (e.g.,
fossil fuels), thus displacing the adverse effects of those other generators. Moreover, the only way to
fully evaluate the environmental effects of generating electricity from wind energy is to understand all the
adverse life-cycle effects of those electricity sources, and to compare them to all the adverse effects of
wind energy. Because wind energy has some adverse impacts, the conclusion that a wind-powered EGU
has net environmental benefits requires the conclusion that all its adverse effects are less than the adverse
effects of the generation that it displaces. This committee’s charge was to focus on the generation of
electricity from wind energy, however, and so it has not fully evaluated the effects of other electricity
sources. In addition, it has not fully evaluated life-cycle effects (see discussion later in this chapter).
Thus, in assessing environmental benefits, this committee has focused on the degree to which wind-
generated electricity displaces or renders unnecessary electricity generated by other sources that produce
atmospheric emissions, and hence the degree to which it displaces or reduces atmospheric emissions,
which include greenhouse gases, mainly CO, (carbon dioxide); NOy (oxides of nitrogen); SO, (sulfur
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dioxide); and particulate matter. This focus on benefits accruing through reduction of atmospheric
emissions, especially of greenhouse gas emissions, was adopted because those emissions are well
characterized and the information is readily available; it also was adopted because much of the public
discourse about the environmental benefits of wind energy focuses on its reduction of atmospheric
emissions, especially greenhouse gas emissions. Finally, the focus on benefits accruing through reduction
of atmospheric emissions was adopted because the relationships between air emissions and the amount of
electricity generated by specified types of electricity-generating sources are well known. However,
relationships between incremental changes in electricity generation and other environmental impacts,
such as those on wildlife, viewsheds, or landscapes, are generally not known and are unlikely to be
proportional. In addition, wind-powered generators of electricity share many kinds of adverse
environmental impacts with other kinds of electricity generators. Therefore, calculating how much wind
energy displaces other sources of electricity generation does not provide clear information on how much,
or even whether, those other environmental impacts will be reduced. This report does, however, provide
a guide to the methods and information needed to conduct a fuller analysis.

Although most evaluations of the beneficial effects of wind-generated electricity, including the
present one, have addressed the degree to which they reduce (through displacement) atmospheric
emissions, other important effects are potentially displaced as well. For example, obtaining fossil fuel
through mining, drilling, and chemical modification of one form to another (e.g., gasification of coal) has
a variety of environmental effects including loss of habitat for terrestrial and aquatic species. Operation
of thermal EGUs, which generate heat to drive turbines, produces heated water, either from cooling or in
the form of steam to drive the turbines, or both. If the energy from the heated water is not recovered, the
water is usually discharged into the environment; in closed cooling systems, its heat is discharged. All
forms of generation have associated life-cycle emissions and wastes along with other environmental
effects that are affected by the design, materials provision (including mining), manufacture, construction,
transportation, assembly, operation, maintenance, retrofits, and decommissioning of the generators and
their associated infrastructure. Some of these stages of the life cycle—most notably, mining—have
adverse effects on human health as well. For the reasons given above, this committee has not considered
all these effects in this study, but a full analysis would include them.

The issue of how much generation of emissions and waste is displaced by production of
electricity generation through wind energy also is complex, but it needs to be understood to properly
evaluate the environmental effects of wind energy. The primary purpose of this chapter, then, is to
analyze the complex array of interacting factors that affect the extent to which wind displaces other
energy sources. The analysis will provide a framework for evaluating the environmental effects of wind-
energy facilities.

Although the direct and indirect environmental impacts of fossil-fuel generation of electricity are
not well understood, the atmospheric emissions of fossil-fuel generators are fairly well characterized. It
would seem straightforward to simply subtract the amount of energy generated by wind-energy facilities
from the amount generated by fossil-fuel-fired EGUs, multiply by the amount of emissions per unit of
energy, and attribute that amount of emission reduction to the wind EGUs. In practice, however, it is
extremely difficult to perform the correct calculation. The following sections briefly discuss emissions
from fossil-fuel-fired EGUs; the factors involved in calculating the extent to which wind energy reduces
those emissions, today and in the future; and the committee’s approach to the problem. In all cases, we
are discussing generators of electricity.

Atmospheric Emissions from Fossil-Fuel Plants

Currently, most of the electricity used in the United States is generated from fossil fuels. Figure
2-1 shows U.S. electricity generation by fuel type. Wind is part of the “other renewables” category.
Fossil-fuel-fired plants emit (among other atmospheric constituents) the so-called criteria pollutants, their
precursor gases, and greenhouse gases (GHGs), mainly CO,. Criteria pollutants are those regulated by
the U.S. Environmental Protection Agency (EPA) under the Clean Air Act through the establishment of
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FIGURE 2-1 U.S. electric power industry net generation 2004. Note: Conventional hydroelectric power
and hydroelectric pumped storage facility production minus energy used for pumping. Source: Energy
Information Administration 2005a.

National Ambient Air Quality Standards (NAAQS). The standards, which are designed mainly to protect
public health, apply to ozone (O;), particulate matter, carbon monoxide (CO), oxides of nitrogen (NOy),
sulfur dioxide (SO,), and lead. NAAQS are also intended to protect against adverse public-welfare
effects, such as damage to agricultural crops from acid deposition. Hazardous air pollutants, such as
mercury, also are of environmental concern (see for example NESCAUM 2003). On March 15, 2005, the
U.S. EPA issued the Clean Air Mercury Rule to permanently cap and reduce mercury emissions from
coal-fired power plants for the first time (EPA 2006a).

CO; is not currently regulated by any federal authority in the United States, although it is of
concern because it is increasing in concentration in the upper atmosphere largely due to emissions from
the burning of fossil fuel and has been implicated in climate change (NRC 2001). Various policies and
initiatives, mainly from states, seek to reduce atmospheric emissions of CO,. For example, California
established statewide greenhouse gas emissions reduction targets to reduce current emissions to 2000
emissions levels by 2010, then to reduce emissions to 1990 levels by 2020, and reduce emissions to 80%
below 1990 levels by 2050. In general, coal-fired plants have the largest emissions per unit of energy
generated, followed by gas-turbine generators (GT), followed by combined-cycle gas-turbine generators
(GTCC) (Denholm et al. 2005; DeCarolis and Keith. 2006). Some data on emissions are provided in
Appendix B, Table B-1.

The control technologies and regulatory regimes for reducing emissions of criteria pollutants,
their precursors, and CO, can differ considerably, and therefore the costs of reducing them can be
different. The question this section attempts to address, without considering costs, is to what extent will
emissions be reduced through replacement of fossil-fuel fired EGUs with wind-driven EGUs. The
committee chapter addresses this question by examining the potential for wind-energy development to
achieve reductions in emissions of three major pollutants associated with fossil-fuel fired EGUs. We
focus on NO, and SO,, as examples of regulated pollutants. Coal-fired power plants are important
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sources of SO, and NO, emissions. Those two pollutants cause acid rain and contribute to concentrations
of airborne particulate matter. NOj is an important precursor to ozone pollution in the lower atmosphere.
Also, we focus on CO,, as an example of a generally unregulated pollutant.

Factors that Affect Potential Emissions Reductions by Wind Energy

Emissions can be reduced in two basic ways: current electricity generation by emitting EGUs can
be replaced on an immediate basis by generation from non-emitting EGUs (operating displacement), and
emitting EGUs can be replaced, or not be built, when capacity is available from non-emitting EGUs
(building displacement). The complex array of factors that affect how wind energy displaces other energy
sources has been discussed in numerous publications (e.g., Smith et al. 2006). The following discussion
is not a comprehensive review, but instead is an attempt to distill the most important issues. Some of
these factors are further discussed in the section below, which provides a quantitative evaluation of wind-
energy benefits.

There are three major aspects to any EGU. The first is capacity, or the amount of electric power
an EGU can produce at its maximum output. This is usually referred to as “nameplate capacity,” and it is
expressed in some multiple of watts (usually megawatts, MW, one million watts). Electricity customers
care about (and are charged for) power consumed during a unit of time, usually expressed as the number
of kilowatt-hours (kWh), or one thousand watts for a one-hour period. The average productive output of
a power plant is almost always less than its nameplate capacity, and the fraction of nameplate power that
the average actual output represents is called the capacity factor. For wind EGUs, because the wind often
does not blow at speeds that allow maximum power generation, the capacity factor is much less than
nameplate capacity. Cumulative or annual average capacity factors are commonly about 30% and often
much lower for shorter time intervals. Also, the capacity factor can be influenced by the accumulation of
insects on turbine blades (see Corten and Veldkamp 2001).

The second aspect, dispatchability, is closely related to intermittency, and refers to the degree that
a system operator can rely on a power source to be dispatched when it is needed. Electricity customers
and electricity system operators also care about intermittency, because customers expect appliances to
work when they turn on the switch, and system operators need to balance capacity against expected and
realized demand for power. No electric power generator is 100% reliable (i.e., has zero intermittency)—
lacking an effective means of electricity storage—but thermal (fossil-fuel and nuclear) and hydroelectric
EGUs are generally less intermittent, and hence more dispatchable, than wind-energy facilities.
Dispatchability also is related to a power plant’s ability (or not) to be ramped up and down quickly. In
general, coal-fired EGUs cannot be ramped up and down very easily, and their variable dispatch capacity
is limited. Thus, they are more suited to baseload production, i.e., long periods of continuous power
production, rather than to providing variable production to balance short-term variation in load and
demand. (They also produce more emissions, such as SO, and NO,, when they are not operating at
optimum efficiency.) Natural-gas fired EGUs and wind-driven EGUs (if the wind is blowing) are more
capable than coal-fired EGUs of being ramped up and down quickly, as are many hydropower plants.

The third aspect of a power plant is the marginal cost of producing a unit of electric power, or its
operating cost. Because the “fuel” for hydroelectric and wind-energy plants is free, they typically have
low operating costs.

In addition to the characteristics of EGUs, electricity grids and transmission systems also have
characteristics that affect the potential of wind energy to replace fossil-fuel for generating electricity.
Wind-powered EGUs are widely distributed in space, and to make matters more difficult, excluding oft-
shore locations, the highest-quality largest-scale wind resources usually are far from the main centers of
demand, i.e., where people live and work (DeCarolis and Keith 2006). Constructing transmission lines is
expensive, and transporting electrical energy over long distances can be inefficient or costly. In addition,
any new power source, including wind, needs to fit into the existing transmission and dispatching
infrastructure.

This brings us to the most complex aspect of the entire estimation procedure, and that is modeling
the electricity grid. Most existing electricity grids in the United States are large, covering many states in
the east and several of the larger states in the west, and are built around existing supply (fossil fuels and
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hydropower) and demand for electricity. The usefulness of additional generation capacity is affected by
the price of that power and by the availability of transmission capacity and interfaces. System operators
must deal with transmission constraints as they try to balance load and generation (Keith et al. 2004). As
a result, the available generation, the load, and the units available change often, if not constantly, making
it difficult to characterize the interactions in a general way.

The reliability of wind forecasts declines rapidly with time, and a variety of techniques are being
investigated to improve medium- and long-range forecasts (e.g., Brundage et al. 2001; Gow 2003). As a
result, if electricity derived from wind energy is to be incorporated into a dispatch system, a certain
amount of backup or reserve power is required. In addition, the marginal cost of electricity generation by
different kinds of power plants is more or less dependent on the plant type. Finally, some power plants
can be ramped up and down faster and more efficiently than others.

Typically, a new power source is added to the grid by system operators in order of increasing
operating costs, or the closely related but not identical “bid prices”. Thus any new power source,
including wind, displaces generation that costs more than it does, in the dispatch order. More expensive
power sources that are on the margins (for example, at peak demand times) would be displaced by less
expensive sources, depending, of course, on when the new power sources become available. As an
example, the wind in the eastern United States averages lower speeds during summer afternoons—the
normal times of highest peak demand for electricity there—than it does in winter, when peak demands are
typically lower. Thus, to understand the extent to which any power source, including wind, would replace
other generation sources, information is needed on demand and availability of the power source
throughout the year at fairly small time increments. However, sometimes transmission constraints cause
dispatch to be out of economic merit order (Keith et al. 2004). In addition, multiple years of data are
examined to account for year-to-year variation. The committee cannot do much more here than to
summarize the complexities of the electric-power production, distribution, and dispatching system. To
quote DeCarolis and Keith (2006): “Intermittency can affect system operation on three timescales
[minute-to-minute, intrahour, and hour- to day-ahead scheduling], but the impact depends on the
transmission and generation infrastructure, and the resulting costs are not well understood in cases where
wind serves more than a small fraction of demand. While Denmark and parts of Germany have wind
serving more than 20% of demand, their experience does little to resolve uncertainties about the costs
imposed by intermittent wind resources for at least two reasons. First, both countries are connected to
large power pools that serve as capacity reserve for wind. Second, the multiplicity of wind-energy
subsidies and absence of efficient markets . . . makes it difficult to disentangle costs.” The authors
emphasize that the cost of intermittency (in terms of back-up or reserve requirements) will be less if the
generation mix is dominated by power plants with fast ramp rates (gas, hydropower) than if it is
dominated by coal or nuclear plants, which have high capital costs and slow ramp rates.’

Not only wind energy receives government subsidies; all energy sources in the United States do.
However, the subsidies vary from time to time, from one type of generator and its fuel to another, and
from place to place, which further complicates understanding of how wind will displace other power
sources in the mix. The two calculations of importance here are (1) the degree to which wind can
contribute to guaranteed capacity (this allows one to predict the degree to which wind can replace existing
power plants or obviate the need to construct new ones), and (2) the degree to which wind can be used in
the existing grid structure (allowing prediction of the degree to which wind energy can reduce electricity
generation, and hence emissions, from existing power plants that use fossil fuels).

A recent report by E.ON Netz, the transmission operator of a large electric grid in Europe (E.ON
Netz 2005), concluded that the average capacity factor for its wind supply was about 20%, rising to 85%
for brief periods and remaining below 14% for more than half the year. The minimum capacity factor
was well under 1% for a short period. E.ON Netz further reported the results of two German studies on
the degree to which wind-energy installations contribute to guaranteed capacity: both studies concluded
that the contribution on average was approximately 8% of its installed (nameplate) capacity. (The
committee refers to guaranteed capacity in this report as capacity value.)

! Denmark, for example, has access to substantial hydroelectric capacity, which it relies on to balance the
intermittent output from wind-energy installations (IEA 2006).
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Life-Cycle Costs

The true, full economic and environmental costs of electricity from various sources have not been
adequately calculated. Cost estimates (including capital, operating, fuel, and financing costs) for
electricity from various sources (coal, nuclear, etc.) are shown in Table 2-1, but these do not reflect the
total private and social costs. The numbers in Table 2-1 include subsidies, but it is unclear how much
they are. Estimates of the costs attributable to managing the intermittent nature of electricity supplied by
wind energy are provided by Decarolis and Keith (2006) and Strbac (2002).

Environmental externalities associated with operation of a power plant are a substantial, yet
largely unquantified component of total costs. Life-cycle cost assessment can help reveal these
externalities. Much effort has previously gone into developing methods and estimating externalities for
particular effects of particular energy sources (see European Commission 1995; Hagler Bailly Consulting,
Inc. 1995; Lee et al. 1995).

Life-cycle cost assessment attempts to compare the full costs of various electricity-generation
technologies. Such comparisons take into account fuel life cycles (including extracting, refining and
transporting the fuel) and power-plant life cycles (including designing, constructing, operating,
maintaining, renovating, decommissioning the power plant) as well as specific environmental issues (e.g.,
wildlife and human-health impacts of fuel extraction, nuclear waste disposal issues with nuclear power
plants; reservoir issues with hydroelectric power plants).

TABLE 2-1 Summary Cost Estimates for Electricity Generation Technologies (in 2003 U.S. dollars per
kilowatt-hour)

Cost estimated by:
Technology EIA? University of Chicago” MIT*
Municipal solid waste landfill gas 0.0352
Scrubbed coal, new (pulverized) 0.0382 0.0357 0.0447
Fluidized-bed coal 0.0358
Pulverized coal, supercritical 0.0376
Integrated coal gasification combined cycle (IGCC) 0.0400 0.0346
Advanced nuclear 0.0422 0.0433 0.0711
Advanced gas combined cycle 0.0412 0.0354 0.0416
Conventional gas combined cycle 0.0435
Wind 100 MW 0.0566
Advanced combustion turbine 0.0532
IGCC with carbon sequestration 0.0595
Wind 50 MW 0.0598
Conventional combustion turbine 0.0582
Advanced combined cycle with carbon sequestration 0.0641
Biomass 0.0721
Distributed generation, base 0.0501
Distributed generation, peak 0.0452
Wind 10 MW 0.0991
Photovoltaic 0.2545
Solar thermal 0.3028

“For EIA data, see “Annual Energy Outlook 2005, Basis of Assumptions, Table 38.” The 0.6 rule to adjust for scaling effects
was applied to the wind 10 MW and 100 MW units using 50 MW as the base reference. Solar thermal costs exclude the 10
percent investment tax credit.

>for University of Chicago data, see University of Chicago (2004).

“For MIT data, see MIT (2003).

Note: EIA-Energy Information Administration; MIT- Massachusetts Institute of Technology. Estimates are for newly sited
facilities and are based on national data. Data exclude regional multipliers for capital, variable operation and maintenance
(O&M). Fixed O&M New York costs are higher. Data exclude delivery costs. Data reflect fuel prices that are New York State-
specific. Costs reflect units of different sizes; while some technologies have lower costs than others the total capacity of the
lower-cost generation technology may be limited—for example, a S00 MW municipal solid waste landfill gas project is unlikely.
MIT calculations assumed a 10 year term; consequently, estimated costs are higher.

Source: Adapted from NRC 2006a.
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Life-Cycle Assessment

In the past, Life Cycle Assessment (LCA) has become a widely recognized method for
comprehensively identifying and quantifying the environmental effects of diverse products, processes,
and services (Hendrickson et al. 2006). This is typically a large task: a variety of environmental, human-
health, and ecological effects must be identified, quantified, and evaluated for all the life-cycle stages,
often scattered geographically and over time. LCA has been embraced by a number of industrial goods
manufacturers and service organizations. The use of LCA in public policy making has not been as well
publicized, but it can be expected that LCA may be used increasingly to reveal the benefits and costs of
new public investments in infrastructure.

At present, LCA methods are commonly used: process-analysis-based LCA; economic input-
output analysis-based LCA (EIO-LCA); and hybrid LCA, which combines elements of the former
methods.

In process-based LCA, all inputs (e.g., raw materials, energy, and water) and outputs (e.g., air
emissions, water discharges, noise) of processes associated with the life-cycle phases of a product or
service are assessed. This approach enables very specific analyses, but the data needs may be so large as
to make the LCA costly and time-consuming, especially when several process steps are included in the
supply chain. Selecting the boundary and scope of analysis is not always straightforward, making
comparisons between LCAs difficult.

EIO-LCA helps address the challenges of boundary selection and data intensity by creating a
consistent analytical framework for the economy of a country or region based on standard, government-
compiled economic input-output tables of commodity production and use data, coupled with material and
energy use, and emission and waste generation factors per monetary unit of economic output
(Hendrickson et al. 1998, 2006). While EIO-LCA can be used for comprehensive analyses of many
products and services, it may not provide the level of detail in a process-based LCA.

To overcome the shortcomings of the above two LCA approaches, but also provide the most
comprehensive and relatively cost- and time-effective studies, hybrid LCA has been developed (Suh et al.
2004; Hendrickson et al. 2006).

A hybrid LCA for wind-energy projects might consider:

» Inputs into the life-cycle stages, such as energy (e.g., to manufacture and install the turbines), raw
materials (e.g., iron ore), and water

*  Outputs from the life-cycle stages such as emissions to air; and a variety of potential impacts,
such as
Bird and bat fatalities
Habitat degradation or destruction
Noise
Visual impacts
Physical impacts (e.g., projectiles resulting from icing of turbine blades), and
Other impacts (e.g., shadow, flicker, glare, intrusion into commercial and military
airspace)

O O O O O O

Of course, the impacts of the above on the environment and on humans (e.g., global warming
potential) would need to be analyzed as well.

When conducting an LCA, it is critical to assess uncertainties in the available data and methods
used for analysis. Some, but not many, peer-reviewed LCAs of wind-energy technologies have been
published. Lenzen and Munksgaard (2002) note that “despite the fact that the structure and technology of
most modern wind turbines differ little over a wide range of power ratings, results from existing life-cycle
assessments of their energy and CO, intensity show considerable variations™ due to different LCA
approaches, scope, boundary assumptions, geographical distribution, and information used for embedded
energy calculations of turbine and tower materials, recycling or overhaul of turbines after the service life,
and national energy mixes. They review 72 studies focusing on energy and CO, emissions associated
with the life cycle of wind turbines and find that the energy intensity (kWh of energy input per kWh of



Context for Analysis of Effects of Wind-Powered Electricity Generation Prepublication Copy 27

electricity generated) is between 0.02 and 1.016, and the CO, intensity (in grams of CO, per kWh of
electricity generated) is between 8.1 and 123.7.

Pacca and Horvath (2002) introduce the concept of global warming effect (GWE) as a
combination of global warming potential and LCA and apply it to the construction and operation phases
of several comparable electric power plants: hydroelectric, wind, solar, coal and natural gas. In detail,
their analysis focuses on the GWE of construction, burning of fuels, flooded biomass decay in the
reservoir, loss of net ecosystem production (NEP), and land use. They find that a wind plant and a
hydroelectric power plant in an arid zone (such as the one at Glen Canyon in the Upper Colorado River
Basin) have lower GWE than the other power plants that were compared. This is the only region in the
United States where the five electricity-generation technologies have been compared in an LCA
framework.

Factors that Drive Wind-Energy Development

Forecasts for future wind-energy development presented in this chapter are based on a range of
expectations concerning technological, economic, and policy factors that will determine the rate and
magnitude of wind-energy development. These factors may be subject to change, as briefly described
here.

Technological Changes

Research continues on the development of wind-turbine technology. Modern turbines are more
efficient than earlier ones, and that trend is likely to continue. Transmissions (devices for transmitting the
rotational kinetic energy of windmill blades to electric generators) also are likely to improve. A major
impediment to the incorporation of wind generation into grids is the lack of ability to store electricity for
times when the wind is unfavorable. Various approaches to storage are being considered, including
storage batteries, hydrogen production and storage, compressed-air energy storage (CAES), hydraulic
storage (using wind to pump water to use later for generation of hydroelectric power), and perhaps other
devices (see e.g., Fingersh 2004; Denholm et al. 2005; DeCarolis and Keith 2006). No storage system
currently is economically viable, although research and development on this topic continue.

In addition to technology applied to the generation and storage of electricity by wind energy,
efforts continue in the development of better transmission lines and improved grid management, which
would improve the incorporation into the grid of intermittent power sources like wind. Some research
focuses on computer and modeling technology. Also, weather forecasting continues to improve, and
more reliable wind forecasts could enhance the ability of system operators to include wind into the
management of grids. Of course, other sources of electric power, both renewable and nonrenewable, are
also subject to continuing technological improvements; those improvements also could change ecological
as well as other environmental effects of operating them.

Economic Changes

In early July 2006, the price of crude oil was about $75 per barrel; natural gas was about $5.60
per thousand cubic feet, down from a high of $8.66 in January of 2006. As recently as 2000, crude oil
was selling for around $20 per barrel and natural gas for about $3.68 per thousand cubic feet. Coal prices
have fluctuated between about $5/ton and $65/ton in recent years, depending on quality, and were
climbing toward $100/ton as of August 2006. Prices of those fossil fuels affect the price of electricity and
hence the competitiveness of wind energy. Prices of fossil fuels are notoriously hard to predict, but it is at
least plausible that recent trends towards higher prices will continue over the next decade.
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Regulatory and Policy Changes

Changing regulatory and policy approaches towards energy production and consumption can
have significant impact on wind-energy development. Such approaches might include the production-tax
credit (PTC), renewable-portfolio-standard (RPS) legislation, carbon taxes, emissions cap-and-trade
programs, emissions regulations, incentives to reduce energy consumption, and others. The approaches
used vary from place to place and from time to time, and their effectiveness in reducing emissions (as
well as in achieving several other policy goals) are being researched and debated. Their use is increasing,
however, and it appears likely that to the degree that air quality and global climate change are considered
to warrant governmental action, their use will continue to increase and they are likely to evolve.

The federal PTC and RPS legislation enacted in various states are major drivers of wind-energy
development in the United States. The PTC is a federal support that is a direct credit against a company’s
federal income tax based on the generation of electricity with renewable resources, such as wind. As
discussed in the following section, most of the wind resource in the United States could not be profitably
developed without incentives such as the PTC (NREL 2006a). RPS legislation has been enacted by 20
states and the District of Columbia, specifying that utilities operating in those states supply a fixed
percentage of their power from renewable sources (AWEA 2006b). Because RPS legislation generally
allows purchase of renewable energy produced in other states, RPS legislation enacted in states with little
wind-energy potential can drive development in other states that have more wind-energy potential. It has
been estimated that if state RPS laws remain at current levels, they will be responsible for triggering about
80% of renewable power development in the United States in the next 10 years (Ihle 2005).

Various organizations and even government programs are presently advocating policy changes
and initiatives that may dramatically increase the rate of wind-energy development in the United States.
A number of organizations, for example, are actively promoting national RPS legislation in the 10-20%
range (e.g., Clemmer et al. 2001; AWEA 2006c), and the American Wind Energy Association and the
U.S. Department of Energy have jointly committed to pursue a goal of supplying 20% of U.S. electricity
needs from wind energy (AWEA 2006d). As discussed later in this chapter, these goals greatly exceed
the projections provided by three different organizations within the U.S. Department of Energy (Energy
Information Administration, Office of Energy Efficiency and Renewable Energy, and the National
Renewable Energy Laboratory).

Analysis of Effects and Benefits in a Context of Change

All of the factors described in this section—technological advances, economic changes, and
regulatory and policy changes—will continue to evolve. Some of the evolution, through increased energy
efficiency, improved technology for reducing emissions from fossil-fuel plants, and possible
improvements in the handling of nuclear waste products, might reduce the economic competitiveness of
wind energy. Other changes could increase its competitiveness and penetration into the mix of electric-
power generators. The current trend appears to be in the direction of increased penetration and cost-
effectiveness of wind energy, and therefore any assessment of the environmental benefits and
consequences of wind energy should take at least a decade-long perspective. As described in the
following section, the committee has examined a range of 15-year forecasts for wind-energy development
based on modeling conducted by several U.S. Department of Energy programs. Although the range of
forecast results that we examined was broad, it is still possible that technological, economic, or policy
changes as discussed above could result in substantially different outcomes, with cumulative effects that
are outside the range of our analysis. Before discussing wind energy in the United States and the MAH,
we briefly describe the global status of wind energy to provide context.

WIND ENERGY GLOBALLY

The use of wind energy for electricity generation, which began on a utility scale in about 1980,
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grew relatively slowly at first with only about 3 gigawatts (GW, one billion watts) installed by 1993.
However, by 2003, the world’s wind-energy capacity was 39.4 GW, and by 2005 it was more than 59 GW
(GWEC 2006). The United States had more wind energy installed capacity than any other country until
1996, when it was surpassed by Germany; at the end of 2005, with 9.1 GW installed, it was third, behind
Germany (18.4 GW) and Spain (10.0 GW). (The United States surpassed 11 GW of installed wind
energy in 2006.) India (4.4 GW) and Denmark (3.1 GW) rounded out the top 5; all other countries
accounted for 13.9 GW (Florence 2006), and there was wind energy installed in all continents except for
South America, but Brazil and Argentina have wind-energy projects in various stages of development
(WWEA 2006).

Factors that affect the use of wind energy for electricity generation in other countries are similar
to those in the United States in broad outline, but there are local differences among the different countries.
For example, the European Wind Energy Association (EWEA) attributes the decision to develop wind
energy in Denmark and Germany—among Europe’s leaders in the amount of wind-energy capacity—to
the nuclear accident at Chernobyl in 1986 and the Brundtland Commission’s report on sustainability in
1987. Today, the growing evidence of rapid climate change driven by greenhouse-gas emissions is an
important motivator (EWEA 2006).

As is the case for the United States (see Chapter 1 and this chapter, below), global wind-energy
capacity is widely expected to continue to grow; for example, the Global Wind Energy Council forecasts
it to reach 134.8 GW by 2010, with the strongest growth in the United States, but significant growth
elsewhere as well (GWEC 2006).

QUANTIFYING WIND-ENERGY BENEFITS IN THE UNITED STATES
AND MID-ATLANTIC HIGHLANDS

Generation of electricity on a utility scale in the United States using wind energy has undergone
increasingly rapid and geographically widespread development in recent years. The EIA Annual Energy
Outlook 2006 (EIA 2006a) indicates that 9.646 GW of wind-power capacity was installed by the end of
2005 and forecasts that total installed capacity (onshore) will exceed 11.5 GW MW in 2006; AWEA
reports than the 11 GW mark for the United States was reached in 2006 (AWEA 2007). Based on data
provided for the EIA Annual Electric Generator Report (EIA 2004a), installed capacity in 2004 included
about 17,000 wind turbines associated with more than 200 separate projects distributed in 26 states.
Based on a comparison of installed capacity for wind-powered electricity generation in 1999 and 2005
(Figure 2-2), more than two-thirds of the installed wind-energy capacity in the United States was
developed in the first five years of this decade.

High rates of growth in the wind-powered electricity-generating industry are projected to
continue well into the future. The following sections of this chapter examine projected wind-energy
development for the contiguous United States and for its MAH. The potential contributions to electricity
supply and reduction of air-pollution emissions are estimated based on projections through 2020.

Wind-Energy Potential

Estimates of U.S. wind-energy potential for electricity generation have evolved as models have
improved, more and better data have been collected and analyzed, and land-use exclusions have been
considered. In particular, there has been an increase in the geographic resolution of wind-energy maps.
The grid cell resolution of the Wind Energy Resource Atlas of the United States (Elliott et al. 1986) was
about 25 km”. Current maps of U.S. wind-energy potential have grid cell resolutions ranging from 200
m’ to 1 km” for individual states. The National Renewable Energy Laboratory (NREL) has assembled
these more current maps and accounted for land use and other exclusions (technical, legal, and
environmental) as a basis for estimating both total and practical wind-power capacity and for projecting
future wind-capacity development for electricity generation in the United States.
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1999 Installed Wind Energy Capacity: 2,437 MW
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FIGURE 2-2 Installed wind energy capacity in the contiguous United States in 1999 and 2005. Source:
Modified from Flowers 2006.

Wind class represents the potential for an area to generate electricity, based on mean wind-power
density (in units of W/m?) or equivalent mean wind speed at specified height(s) (Table 2-2). Class 1 is
the lowest wind-power class; Class 7 is the highest wind-power class. Commercial wind turbine
applications are generally limited to areas with Class 3 or better winds (Figure 2-3). Profitable
development in areas with less than Class 5 wind, which represent more than 90% of total estimated
potential wind-energy capacity, depends on incentives such as the federal production tax credit (NREL
2006a). Although wind-energy development tends to focus on areas with higher-class winds, some areas
with lower-class winds will likely be developed sooner due to proximity to demand and availability of
transmission lines. Class 4 wind sites, for example, are on average five times closer to load centers and
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TABLE 2-2 Estimates of Total Potential U.S. Wind Energy Capacity: GW*

Class 3 Class 4 Class 5 Class 6 Class 7 Sum of Classes 3-7

Without Exclusions” 5,984 2,648 465 129 61 9,286
% of Classes 3-7 64.4% 28.5% 5.0% 1.4% 0.7%
With Exclusions® 5,137 2,348 392 79 23 7,979
% of Classes 3-7 64.4% 29.4% 4.9% 1.0% 0.3%

“Based on data provided on March 15, 2006 by National Renewable Energy Laboratory, Golden, CO; assumes 5
MW/km2.

"No exclusions except slope >20%.

“Standard exclusions applied by NREL for defining available windy land, including environmental criteria, land use
criteria, and other criteria. See Appendix B, Tables B-2 and B-3 for description of the wind resource database.

represent 20 times more wind resource than sites with Class 5 and higher winds (NREL 2006a). Box 2-1
illustrates the distribution of winds rated Class 3 and higher in the MAH based on wind-power density at
50 m above the ground.

Development Projections

A number of approaches have been used to forecast future wind-capacity development for
electricity generation in the United States (Table 2-3). The National Energy Modeling System (NEMS)
was developed by the Energy Information Administration (EIA) for forecasts of energy supply, demand,
and prices. NEMS is a modular system that takes a market-based approach to balancing supply and
demand among energy production and end-use sectors. Wind-capacity forecasts are generated for 13
energy-market regions through application of a Wind Energy Submodule (Table 2-3).

The NEMS-GPRAO7 model is a modified version of NEMS used to develop benefits projections
for the Office of Energy Efficiency and Renewable Energy (EERE). The results are used to evaluate the
performance of the Wind Technologies Program, including efforts to solve institutional problems and
research to improve the cost and performance of wind generation of electricity.

The Wind Energy Deployment System (WinDS) model was developed by NREL (NREL 2006b)
to provide a detailed approach to forecasting wind-energy development in the United States. WinDS uses
a Geographic Information System database involving 356 different electricity supply and demand regions
to address market issues related to wind-energy development, including access to and cost of
transmission, and the intermittency of wind. Table 2-3 provides reference case forecasts for WinDS
model output provided to the committee by NREL. Figure 2-4 indicates the distribution of installed U.S.
wind-capacity forecast for 2020 based on this model output. Box 2-2 illustrates the distribution of future
installed wind-power capacity in the MAH based on the Win DS model. Box 2-3 shows MAH estimates
related to onshore wind-capacity development. As shown in Table 2-3, estimates of onshore installed U.S.
wind-energy capacity in the next 15 years range from 19 to 72 GW, or 2-7% of projected onshore U.S.
installed electricity-generation capacity. If the average turbine size is 2 MW—Ilarger than most current
turbines—between 9,500 and 36,000 wind turbines would be needed to achieve that projected capacity.

The three modeling approaches represented in Table 2-3 differ in degree of geographic
aggregation, in the methods for accounting for transmission and intermittency constraints, and in
assumptions about future technology and development costs. Much of the difference in forecast results
appears to be related to different expectations for future wind-project performance and capital costs. For
example, there are large differences in expectations for decreasing capital costs with increasing market
penetration. Whereas the NEMS-GPRAO7 and WinDS forecasts are based on an 8% decrease in capital
costs for every doubling of installed wind-energy capacity worldwide, the EIA-AEQ forecasts are based
on a 1% decrease in capital costs for every doubling of installed capacity nationwide. Fully
understanding the differences in forecasts among the models, however, will be difficult without a
carefully designed model comparison study. In the absence of such a study, the committee simply
concludes that any forecast of future wind-energy development involves substantial uncertainty.
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Density of Potential Wind Power Capacity: kW/km?

FIGURE 2-3 Distribution of potential onshore wind-energy capacity by state based on wind-resource
coverages assembled by NREL. Land-use exclusions have been applied; see Appendix B, Table B-2.
Wind-energy capacity is depicted as density (kW/km”) assuming that each km* of area with Class 3 winds
and better has a wind-energy capacity of 5 MW. Note: 93.2% of potential wind-energy capacity occurs
west of the Mississippi River.

TABLE 2-3 Projected U.S. Electricity-Generation Capacity with Three Forecasts for Wind-Capacity
Development (Gigawatts)

20057 2010 2015 2020
Total U.S. Capacity” 955.6 988.4 964.7 1027.4

Model Projections of Installed Wind Capacity
EIA-AEO 2006 9.6 16.3 17.7 18.8
% of Total U.S. Capacity 1.0% 1.6% 1.8% 1.8%
EERE-GPRA07” - 8.9 18.9 59.0
% of Total U.S. Capacity 0.9% 2.0% 5.7%
NREL-WinDS* 11.9 25.6 43.7 72.2
% of Total U.S. Capacity 1.2% 2.6% 4.5% 7.0%

“Based on application of the National Energy Modeling System (NEMS). Reported in the Annual Energy Outlook
for 2006 and in Supplemental Tables 73 and 89, Energy Information Administration, Office of Integrated Analysis
and Forecasting, U.S. Department of Energy (EIA 2006a).

’Based on application of the NEMS-GPRA07 model, a modified version of the National Energy Modeling System.
Reported in Projected Benefits of Federal Energy Efficiency and Renewable Energy Programs FY 2007 Budget
Request (NREL 2006a).

“Based on application of the Wind Deployment System (WinDS) model developed by the National Renewable
Energy Laboratory. Modeled national capacity totals provided to the committee on March 16, 2006 by NREL
Energy Analysis Office, Golden, Co. For model information, see NREL 2006b

“Values for 2005 are model results based on historic data available at the time of the analysis.
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BOX 2-1 Mid-Atlantic Highlands: Wind-Energy Potential

Areas with
winds rated
Class 3-7

Distribution of winds rated Class 3 and higher in the MAH region based on wind-energy density at
50 m (NREL 2003). Class 3 and higher winds in the MAH are predominantly associated with
mountain ridge crests.

Estimates of Potential MAH Wind-Energy Capacity: GW*

Class 3 Class 4 Class 5 Class 6 Class 7 Sum
Maryland 0.55 0.12 0.04 0.01 0.00 0.72
Pennsylvania 2.00 0.51 0.18 0.06 0.00 2.76
Virginia 0.61 0.29 0.14 0.14 0.05 1.23
West Virginia 2.13 0.65 0.27 0.21 0.06 3.31
Total 5.30 1.57 0.62 041 0.11 8.01
% of Classes 3-7 66.2% 19.6% 7.8% 5.2% 1.3%

“Based on data provided on March 15, 2006 by National Renewable Energy Laboratory, Golden, CO.;
assumes 5 MW/km.” Standard exclusions applied by NREL for defining available windy sources, including
environmental criteria, land use criteria, and other criteria. See Appendix B for description of the wind
resource database.

Although the development projections (Table 2-3 and Figure 2-4) are based on current policies
and expectations for technical advancement, other scenarios could be considered that involve technical
breakthroughs or major policy changes (incentives and mandates) that would result in forecasts for
substantially more development (Short et al. 2006). However, major changes in technology (e.g., much
larger or more efficient turbines) or major changes in policy (e.g., discounting environmental concerns
and land-use constraints) may create conditions outside the range of our analysis of effects (see Chapter
3). The range of forecast results (Table 2-3) is broad. There is more than a three-fold difference between
the high and low projections of installed capacity in 2020. The highest projection in the table estimates
about a seven-fold increase in installed capacity in 15 years. Given that only limited data are available for
evaluation of both beneficial and adverse effects of existing development, especially in the MAH region,
the committee has not conducted analysis of effects associated with scenarios that estimate even greater
increases.
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Projected 2020 Installed Wind-Energy Capacity: 72,146 MW
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FIGURE 2-4 Projected distribution of installed wind-energy capacity in 2020 based on the WinDS model
reference case. Results are shown as the state-level aggregation of 356 supply and demand regions
included in the model.

Contribution of Wind-Powered Generation to Meeting Projected Electricity Demand

Between 2005 and 2020, based on the WinDS model application (Table 2-3 and Figure 2-4),
installed wind-power capacity for generating electricity is projected to increase from 1% to 7% of the
total installed U.S. capacity of all electricity generator types. Projections of installed capacity alone,
however, do not provide a sufficient basis for evaluating the potential contribution of wind energy to the
electricity supply. As discussed earlier in this chapter, due to the intermittency of wind, installed wind-
power capacity is not continuously available for electricity production. Unlike other sources of
electricity, wind-generated electricity is not very dispatchable (see discussion earlier in this chapter).

Factors that Limit Wind Energy

The relatively low capacity factor of wind-powered EGUs and other intermittency-related issues
affect the extent that wind energy can contribute to the electricity supply. The capacity factor, for any
electric-power source, represents the amount of electricity produced in a specified period of time relative
to the hypothetical maximum production for the installed capacity. For 2,624 wind turbines installed in
the United States since 2000, the cumulative annual capacity factor in 2004 was 30.0% (EIA 2004a,
2004b). In contrast, the annual capacity factors for thermal power plants serving base load are typically
much higher. Capacity factors for coal-fueled EGUs designed to run continuously, for example, are
typically in the 70-90% range. Power plants serving peak loads, commonly fueled by natural gas, have
lower capacity factors because they are dispatched on a variable basis to match variation in demand.
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BOX 2-2 Mid-Atlantic Highlands: Wind-Energy Capacity Projections

2010
1139 MW

Megawatts (MW)

I 400 - 700

2020
2157 MW

Megawatts (MW)

Projected distribution of future installed wind energy capacity based on the WinDS model
reference case. Results are shown for the MAH supply and demand regions for which wind
development is projected.

Because wind-powered generators have an inherently low capacity factor, the percentage of total
electricity generation from wind energy is substantially less than the percentage of total installed capacity.
Based on records assembled for the EIA Annual Energy Outlook 2006 (EIA 2006a), the percentage of
total U.S. installed capacity provided by wind energy in 2005 was 1.0% (see Table 2-3). In contrast, the
percentage of total electricity generation provided by wind energy was 0.6%. Consideration of future
wind-energy contributions to electricity generation thus requires assumptions about the potential for
change in capacity factor as well as projections of installed capacity.
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BOX 2-3 Mid-Atlantic Highlands: Development

Estimates Related to Onshore Wind Capacity Development

Basis for Estimate Capacity (MW) 1.5 MW Turbines
NREL estimate of total technical capacity” 8015 5344

NREL WinDS model reference case 2158 1439

projection for 2020”

Operating projects3 219 146

Approved but not operating* 925 617

PIM (electricity grid operator) 3856 2571

interconnection queue*

“Wind capacity potential for MD, PA, VA, and WV provided on March 16, 2006 by National Renewable
Energy Laboratory, Golden, CO. Estimate limited to Class 3 and better wind areas above 1000 feet elevation.
Standard exclusions applied by NREL for defining available wind resource, including environmental, land
use, and other criteria. See Appendix B for description of the wind resource database and exclusion criteria.
’Modeled onshore capacity totals for MD, PA, VA, and WV provided on March 16, 2006 by National
Renewable Energy Laboratory, Golden, Co. Based on application of the Wind Deployment System
(WinDS) model. (For model information see: http://www.nrel.gov/analysis/winds/.)

“Based on assembled information for projects that are in service, that have state or local-level approval , or
that are listed in the PJM interconnection queue (http://vawind.org/Assets/Docs/PJM_windplant_queue
_summary_073106.pdf)

This comparison suggests that the WinDS forecast may be low for the MAH. The projects
that are already in operation or permitted (with state and local-level approvals) represent more than
half of the capacity forecast for 2020 by the WinDS model. The sum of the operating or permitted
capacity and the capacity of projects in the connection queue is more than twice the capacity
forecast for 2020 by the WinDS model. Although some percentage of the projects that have applied
for grid connection may not go forward, it is apparent that the WinDS forecast for the MAH may
be exceeded before 2020. Other analyses suggest that recently enacted renewable portfolio
standard legislation by Mid-Atlantic states will result in substantially more MAH wind
development. Thle (2005), for example, projects that 7600 MW of wind capacity will be installed in
the Mid-Atlantic states by 2016. Most of this development would occur on MAH ridges.

The extent to which wind energy can contribute as a source of electricity generation also is
affected by limitations related to integration with the electricity-distribution system or grid. The
significance of these limitations may both increase in time as more wind-generated electricity is
introduced to electricity grids and decrease as improvements to the grids are achieved. Reserve
requirements, in particular, can reduce the effective load-carrying capacity of installed facilities to
produce wind-generated electricity. Reserve requirements are determined by the need for dispatchable
generation to respond to both variations in demand and to generation and transmission outages. To the
degree that wind generation is not dispatchable, it does not directly contribute to reserve requirements,
and because fluctuations in wind-powered generation introduce additional load variance into the grid, it
can increase the reserve requirement. The effective amount of electricity generation from installed wind-
powered EGUs may thus be less than indicated by a simple capacity-factor adjustment.

Reserve requirements are generally met through control of conventional generators that have
some amount of variable dispatch capacity and by maintenance of stand-by generators with quick-start
capacity. At low wind-penetration levels, the load variance introduced by wind-generated electricity is
generally small in relation to both normal operating variance and variable dispatch or quick-start capacity
in the grid. This means that the need for additional reserves is generally low with initial wind-energy
development, and the effective load-carrying capacity of wind-generated electricity is not necessarily
reduced by the need for additional reserves. But this may change as more wind capacity is installed and a
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larger percentage of grid capacity is represented by wind. Estimates provided by Biewald (2005) and
UWIG (2006) suggest that additional reserves are not required until the percentage of total generation
provided by wind-generated electricity generating facilities reaches 10-20%, a range that greatly exceeds
the 0.6% of U.S. generation currently provided by wind energy (see Table 2-4). Experience in other areas
with more wind development indicates that loss of effective load-carrying capacity and the need for
additional reserves may become important as wind development expands, as discussed below.

The following examples illustrate the difficulty of translating installed capacity of wind-powered
electricity generation, even modified by capacity factor, into a displacement of other energy sources.
Germany, for example, has more installed wind-powered generation capacity than any other country in
the world (E.ON Netz 2006). Installed wind capacity was equal to about 14% of Germany’s total
installed generating capacity in 2004.> The contribution of wind energy to the “guaranteed capacity” of
the German electric generation system in 2004 was only 8% of installed wind-energy capacity (less than
half of the annual capacity factor) and it is projected to decrease to 4% of installed wind capacity in 2020,
given an expected three-fold increase in installed wind-energy capacity (E.ON Netz 2005).

Seasonal and diurnal variation in wind energy also affect the contribution of wind-powered
electricity generation relative to other power sources, and annual capacity factors do not account for this
temporal variation in the contribution of wind energy. In many areas of the United States, the availability
of wind energy is lowest in the afternoon hours of summer months when both the demand and the rate of
growth in demand for electricity are the highest. As indicated above, for 2,624 wind turbines installed in
the United States since 2000, the cumulative average annual capacity factor in 2004 was 30.0%. For the
same turbines, the cumulative average August capacity factor was 22.7%, or about 25% less than the
annual capacity factor (EIA 2004a, 2004b). Box 2-4 presents monthly variability in electricity demand
and wind capacity factor in the MAH states.

Estimating the Effective Electricity Generation from Installed Wind-Energy Capacity
In the absence of information concerning the need for increased reserve capacity or other effects

of temporal variation in wind energy, annual average capacity factors provide a reasonable basis for
approximating the effective amount of electricity generated from installed wind-energy capacity.

TABLE 2-4 Projected U.S. Electricity Generation Based on Three Forecasts of Wind Capacity
Development: Billions of kWh (thousands of GWh)

2005°¢ 2010 2015 2020
Total U.S. Generation” 4065.7 4387.7 4727.1 5107.5

Projections of Wind Generated Electricity”
EIA-AEO 2006 23.2 50.9 56.0 59.8
% of Total U.S. Generation  0.6% 1.2% 1.2% 1.2%
EERE-GPRA07” 27.8 59.8 187.6
% of Total U.S. Generation 0.6% 1.3% 3.7%
NREL-WinDS¢ 28.7 80.0 138.1 2294
% of Total U.S. Generation  0.7% 1.8% 2.9% 4.5%

“Total generation from all sources in the contiguous U.S., based on application of the National Energy Modeling
System (NEMS). Reported in the Annual Energy Outlook 2006, Energy Information Administration, Office of
Integrated Analysis and Forecasting, U.S. Department of Energy (EIA 2006a).

’Based on forecasts of installed wind-generation capacity provided in Table 2.3. Capacity factors for calculation of
electricity generation are based on installed capacity and generation data for wind energy provided in the Annual
Energy Outlook 2006 (EIA 2006a).

“Values for 2005 are model results based on historical data available at the time of the analysis.

? Based on E.ON Netz (2005) estimates of wind capacity (16,400 MW) and EIA (2006b) estimates of total capacity
(118,850 MW).
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BOX 2-4 Mid-Atlantic Highlands: Wind Capacity Factor versus Electricity Demand
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Electricity demand and wind power profiles in the MAH states. The electricity demand profile is
based on 2004 monthly sales data (EIA 2004c). The wind power profile is based on average
monthly capacity factors determined using the available 2002-2004 wind generation data for four
operating wind projects in the MAH (EIA 2004b).

The correlation between monthly wind-capacity factors and monthly electricity demand in
the four MAH states is generally negative. The electricity-grid system that includes the MAH is
managed by PJM Interconnection, a summer-season peaking system, with a greater rate of growth
in demand in summer than in winter (PJM 2005a). PJM has developed rules for determination of
the capacity value for wind-powered EGUs and other “intermittent capacity resources” (PJM
2005b). When wind-powered EGUs are first connected to the PJM grid they are assigned an initial
“capacity credit,” which represents the percentage of a project’s installed capacity that can be
traded in the PJM electricity market. The initial capacity credit for new wind-energy projects is
20%, which approximates the average summer capacity factor for wind-energy projects in the
region. As data for a wind-energy project become available, the capacity credit is adjusted by
calculating a three-year running average capacity factor based on afternoon hours in the summer
months. The expected amount of electricity provided by a wind-powered EGU in the PJM system
is thus specifically determined for the time when the availability of wind energy is the least and the
demand for electricity is the greatest. The relationship between wind-capacity factor and
electricity demand may differ for other regions of the country.

However, this approximation may prove unreliable for specific projects or regions, and we acknowledge
uncertainty concerning the effect of rapidly expanding wind development. Perhaps of more importance,
although current capacity factors for wind development can be calculated based on available capacity and
generation data (e.g., EIA data reports), the estimation of future capacity factors involves assumptions and
unspecified uncertainty.

Projections for both installed wind-energy capacity and wind-powered electricity generation
included in the EIA Annual Energy Outlook (reference-case forecasts; EIA 2006a) indicate that the
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annual average capacity factor for all installed wind capacity (not just new projects) will increase from
27.5% in 2005 to 36.2% in 2020. In contrast, the EERE has assumed that future capacity factors will be
substantially higher, given projected results of the EERE Wind Technologies Program (NREL 2006a).’
The committee has used the EIA estimates of capacity factor to assess the effective amount of electricity
generated from wind-powered EGUs in both the United States and the MAH subregion. The EIA
capacity-factor estimates allow for moderate improvement in technology, they account for the fact that
future installed capacity will be a mix of both older and newer turbines, and they are intermediate
between currently observed capacity factors and the most optimistic forecasts of future capacity factors.
It also seems reasonable to expect additional constraints on wind-powered EGU performance as
accessible areas with higher-class winds are exploited and development expands into areas with lower-
class winds.

Table 2-4 provides forecasts for wind-generated electricity through 2020 in relation to forecasts
of total electricity generation through 2020. These forecasts are based on the model projections of
installed onshore wind-energy capacity in the contiguous United States provided in Table 2-3 and on
projections of total U.S. generation capacity provided in the EIA Annual Energy Outlook for 2006 (EIA
2006a). The forecasts for both wind generation and total generation are for onshore wind-energy
development in the contiguous United States. As discussed above, the forecasts for wind-energy
generation are adjusted for capacity-factor limitations, but not for other potential effects of the temporal
variation in wind.

As with the range of forecasts for installed wind-powered EGU capacity in Table 2-3, the range
of forecasts for their effective electricity generation in Table 2-4 suggests a high degree of uncertainty.
The forecasts, however, provide a context for evaluating both the electricity supply and air-quality
benefits of future wind-energy development in the United States. The highest forecast for 2020 indicates
that wind-energy development will provide 7.0% of total installed electricity-generation capacity, and
4.5% of electricity generation, which is consistent with the fact that wind turbines generally have a lower
capacity factor than other electricity-generation sources. It is also significant that the forecast growth in
wind-energy development will occur in a context of rapidly increasing electricity demand. Although
wind-energy development has been identified as one of the fastest-growing energy sources in the United
States, this growth has typically been represented in terms of a percentage change in installed wind-
energy capacity (e.g., GAO 2004; EERE 2006). In order to evaluate the potential contribution of wind-
energy development to the electricity supply, we have examined projected growth in wind-powered
electricity generation in relation to projected growth in total electricity generation. Based on the EIA
forecasts in Table 2.4, total electricity generation from all sources is projected to increase by more than
1,000,000 gigawatt-hours (GWh) between 2005 and 2020. As shown in Figure 2-5, the projected increase
in wind generation is expected to account for 3.5% to 19.3% of this increase in total generation. Thus,
based on projections examined by the committee, 80.7% to 96.5% of the growth in U.S. electricity
generation by 2020 is expected to be obtained from other generation sources than wind.

Contribution of Wind Energy to Air-Quality Improvement

Our approach to assessing the benefits of wind-energy development for air-quality improvement
focuses on displacement of several of the pollutant emissions from fossil-fueled EGUs (in this case, CO,,
NOX, and SOz)

A more informative assessment would account for atmospheric residence times, transport
patterns, atmospheric chemistry, and the response properties of environmental receptors, all of which is
beyond the practical scope of our task.

? For input to the NEMS-GPRA07 model, EERE estimated different capacity factors depending on program support
for research and development (NREL 2006a). The estimated capacity factors for new onshore wind projects with
Class 4 winds in 2020 were 46.9% and 37.2%, with and without projected program results. EERE did not report
estimates for Class 3 winds, although Class 3 winds are now being developed, and areas with Class 3 winds are far
more extensive than areas with higher class winds (see Table 2-2).
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FIGURE 2-5 Cumulative growth in total annual electricity generation between 2005 and 2020, compared
with projected growth in onshore wind generation. Total electricity generation in the United States in
2020 is projected to exceed total generation in 2005 by 1041.8 billion kWh. Electricity generation with
wind power in 2020 is projected to exceed wind generation in 2005 by 36.6 to 200.7 billion kWh. The
projections for growth in total generation and wind generation are based on the data provided in Table
2.4.

Estimating Emissions Displacement

The generator types associated with the U.S. electricity supply differ greatly in terms of their
contributions to total generation and pollutant emissions (Figure 2-6). Despite the inevitable uncertainties
(discussed previously in this chapter), emissions-displacement analysis is needed for policy and
regulatory decisions (Appendix B, Table B-1). The wide range of emissions-displacement rates results
from different quantitative approaches, as well as differences related to the geographic distribution of
generator types and the achievement of emission reductions through air-quality regulation.

A simple approach to evaluation of emissions displacement on a large regional scale is illustrated
by a recent Programmatic Environmental Impact Statement (PEILS) prepared for assessment of wind-
energy development on western U.S. lands administered by the Bureau of Land Management (BLM
2005a). The BLM-PEIS, which relied in part on emissions data from the early 1990s, compared two
extremes, 100% coal displacement and 100% natural gas displacement. Although the emissions
reductions associated with displacement of coal generation dramatically exceeded the emissions
reductions associated with displacement of natural-gas generation (see Appendix B, Table B-1), the
BLM-PEIS provided no analysis or other basis for favoring either extreme.

The BLM-PEIS treatment of the emissions-displacement issue may actually be appropriate given
the problems and uncertainties associated with more detailed analyses. However, simply providing
bounds for the potential emissions-displacement benefits of wind-energy development (or other
renewable-energy and energy-efficiency initiatives) is not sufficient for many regulatory and policy
purposes. A number of methods for determining specific emissions-displacement rates have thus been
developed and applied. These methods can generally be assigned to two categories:

¢ methods based on emissions rates associated with affected fossil-fuel fired EGUSs, and
* methods based on system-average emissions rates.
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Proportion of U.S. Electricity Supply and Pollutant Emissions
Associated with Major Generator Types
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FIGURE 2-6 Percentage of electricity generation provided by generator types in relation to the
percentage of CO,, NOy, and SO, emitted from all electricity generation in the United States. The
renewables include hydroelectric, biomass, wood, solar, and wind. Source: Based on data for 2000 (EPA
2006b).

The methods in the first category are potentially the most reliable, although the data requirements
are much greater, the analysis is far more complex, and the issue of transparency is more difficult.
Identification of affected EGUs generally requires application of a system-dispatch model. This involves
accounting for the temporal distribution of wind energy or actual wind generation, the identity and
operational properties of EGUs operating on the margin, and transmission limits or other dispatch
constraints. Analysis of long-term displacement must also consider the introduction of new EGUs to
meet increasing baseload (continuous demand over a long period) and peaking demand, as well as the
retirement of old EGUs.

System-dispatch models can be used either to determine emissions displacement from specific
fossil-fuel fired EGUs or to determine emission-displacement rates associated with fossil-fuel fired EGUs
on the operating margin. The focus on the operating margin is based on economic-dispatch order, which
means that the most expensive EGUs are the first to be displaced when less expensive generation is
available. The most expensive units are generally those that provide peaking power or respond to short-
term variation in demand (e.g., such as by natural gas-fueled generators), rather than those that provide
baseload power (e.g., such as by nuclear and coal-fueled generators). Strict adherence to economic-
dispatch order, however, may be compromised by transmission limitations and requirements to maintain
an acceptably low risk of loss of supply.

Although system-dispatch modeling often is identified as the preferred method for estimating
emissions displacement, its use and acceptance are limited by the problem of access to necessary, but
proprietary, technical and information resources. System-dispatch models are generally owned and used
by utility companies, grid operators, or private consultants. The input data required by such models,
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including information on grid structure and performance, costs and dispatch properties of EGUs, and
detailed wind-energy information, are generally not available to either the public or resource-management
agencies. Box 2-5 discusses the issues of transparency in developing emission-reduction estimates for
MAH. Given this lack of transparency, it can be difficult or impossible for independent parties to
objectively review and verify emissions-displacement estimates based on system-dispatch modeling.

System-average emission rates are commonly used for analysis of emissions displacement when
the data and resources needed for system-dispatch modeling are unavailable (NESCAUM 2002; Keith et
al. 2003; UNFCCC 2006). System-average emission rates are calculated by dividing total system
emissions by total system generation, providing a single emission rate expressed as mass of pollutant per
unit of electricity generation (e.g., IbssMWh). Given an estimate of potential electricity generation from
wind-energy development or any other source, this rate can be applied to estimate the mass of pollutant
that would be emitted to obtain the same generation from the existing mix of EGUs in the system. The
advantage of the system-average emission rate is that it can be applied relatively easily, using emissions
and generation data that are publicly available. A disadvantage is that it tends to be weighted toward
emissions from fossil-fuel fired EGUs that supply baseload rather than fossil-fuel fired EGUs operating
on the margin. This means that use of the system-average rate will overestimate emissions displacement
in grid regions where baseload is dominated by high-emission generation (e.g., coal-fueled EGUs) and
underestimate emissions where baseload is dominated by low-emission generation (e.g., nuclear and
hydroelectric EGUs). A potentially useful modification is to use the marginal-average emission rates
instead of the system-average emission rate. This may work well in grid regions where the fossil-fuel
fired EGUs operating on the margin are relatively uniform with respect to emissions. However, in other
areas, such as the PJM grid region, which has both coal-fueled and natural-gas fueled EGUs operating on
the margin (PJM 2006a), marginal-average emission rates would be weighted toward the higher emission
rates associated with the coal-fueled EGUs, regardless of which type EGU would actually be displaced by
wind-energy generation.

Emissions Displacement in Context

In this section, the committee examines the potential for obtaining reductions in emissions of
NOy, SO,, and CO, through the increased use of wind energy to generate electricity. The comparative
lack of air-pollutant emissions has been identified as the most important environmental benefit of wind
energy (AWEA 2006e). Evaluation of these benefits, however, is complicated by a number of contextual
factors in addition to the problem of identifying emissions-displacement rates. These factors include the
presence of emissions from sources other than fossil-fuel fired EGUs, continuing growth in demand for
electricity, and changing emission rates for fossil-fuel fired EGUs. Other differences in environmental
impacts of various sources of energy are potentially important (e.g., species and habitat impacts),
although they are not addressed here for the reasons given earlier (see Chapter 3 for a discussion of
ecological impacts of wind energy).

Wind development can only displace emissions from electricity-generation sources. It is
expected that emissions associated with most industry, home heating, and transportation will not be
affected by changes in sources of electricity generation. In 2001 about 68% of anthropogenic SO,
emissions, but only about 23% of anthropogenic NO, emissions, in the United States were associated with
the burning of fossil fuels for electricity generation (EPA 2005).

The largest source of SO, emissions is coal combustion; the largest source of NOy emissions is
transportation (EPA 2006¢). About 39% of anthropogenic CO, emissions in the United States in 2001
resulted from electricity generation, while the balance was derived from other sources (EIA 2006d).

The task of evaluating air-quality benefits of wind-powered electricity generation is complicated
by increasing electricity use and changing emission rates for fossil-fuel fired EGUs. Reference case
projections provided in the EIA Annual Energy Outlook for 2006 (EIA 2006a) indicate that generation of
electricity in the United States will increase at an average rate of 1.6% per year between 2004 and 2030.
Despite this growth, emissions from fossil-fuel fired EGUs of NO, and SO,, which are subject to
regulatory controls, are projected to decrease by an average of 4.0% and 2.1% per year. Emissions from
fossil-fuel fired EGUs of CO,, which are largely uncontrolled, are projected to increase by an average of
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BOX 2-5 Mid-Atlantic Highlands:

Transparency and Emissions Reduction Estimates

Transparency has been identified as an accounting principle that must be applied for
credible quantification and public acceptance of emissions reductions claims (WBCSD and WRI
2005). Although system-dispatch modeling potentially offers the most reliable approach for
estimating the emissions-displacement benefits of wind-energy projects, actual model applications
have varied with respect to transparency.

For example, default emissions-displacement rates were determined for use in an
emissions-benefit workbook developed by the Ozone Transport Commission for evaluating
renewable energy and energy-efficiency projects in three eastern U.S. grid regions, including the
PJM grid region that includes the MAH (OTC 2002). In this case, the estimated emissions-
displacement rates were attributed to electricity-generating units operating on the margin.
Although the associated documentation identified the data sources, as well as important
assumptions, minimal information was provided about the proprietary simulation model that was
applied to identify displaced units and estimate emissions-displacement rates (Keith et al. 2002).

In other examples, emissions-displacement rates were developed as a basis for crediting
municipal wind-energy purchases with emission reductions (Hathaway et al. 2005) or for assessing
the air-quality benefits of specific wind-project proposals (High and Hathaway 2006). Model
results in these cases indicated that displaced emissions would either exclusively or predominantly
be associated with coal-fueled generating units. Again, however, only minimal details concerning
the model applications were provided. Moreover, although the associated documentation identified
some of the data sources, critical data, including proprietary or confidential information related to
both wind-energy performance and identification of the displaced generating units, were not
provided.

1.4% per year. The opposing changes in emissions influence projections of future trends in system-
average emission rates (in units of Ibs/MWh) between 2000 and 2020 (Table 2-5). The table shows that
emissions of all three pollutants are expected to decrease on a per unit of energy basis. However, whereas
system-average emission rates for NOy and SO, are projected to decline by 72% and 74%, system-average
emission rates for CO, are projected to decline by only 12%. As indicated in Figure 2-7, the projected
increase in electricity generation, the concurrent decrease in emissions of NOy and SO, from fossil-fuel
fired EGUs, and the concurrent increase in emissions of CO, from those EGUs, all represent continuations
of pre-existing trends.

U.S. emissions data for 1970-2003 indicate that emissions of SO, from fossil-fuel fired EGUs
declined 37%, while emissions of NOy from those EGUs declined 9% (EPA 2005). These past declines in
emissions of NOy and SO,, as well as the projected future declines, can be attributed to implementation of
the Clean Air Act and related regulatory programs. Future declines are also expected to result from the
upcoming implementation of the Clean Air Interstate Rule (CAIR). Because both pollutants are subject to
emissions caps and allowance trading, there is only limited opportunity to achieve additional emissions
reductions with wind-energy development.* In the context of a “cap and trade” program, a reduction in
emissions requires a reduction in the emissions cap. One means for wind-energy projects to achieve this
is through allowance “set-asides,” whereby a percentage of the allowed emissions under the cap are

* A national cap on SO, emissions from EGUs was initially established under Title IV of the Clean Air Act.
Additional controls in 28 eastern states are required by CAIR, including reductions in NO, emissions that are
expected to be achieved primarily through a cap-and-trade program for emissions from EGUs. At this time, the
extent to which emission reductions in addition to those expected from CAIR would be sought by some eastern
states is unknown (see for example Clean Air Report February 22, 2007. Inside Washington Publishers, Arlington,
VA).
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available for retirement commensurate with emission reductions credited to renewable energy or energy-
efficiency projects (see Keith et al. 2003; EPA 2004; Bluestein et al. 2006). At present there is no set-
aside program for SO, allowances, although set-asides for NO, allowances can be established by states
affected by the CAIR. Emissions-displacement rates for NOy set-asides of 1.5 Ibs/MWh through 2015
and 1.25 Ibs/MWh after 2015 have been proposed by the EPA (Bluestein et al. 2006). However, the
potential for emissions-cap reductions due to wind development remains uncertain. In the six states that

TABLE 2-5 Observed and Projected System-Average Emission Rates for U.S. Electricity Generation
(Ibs/MWh)

2000° 2005” 2010 2015° 2020°
Co, 1392 1287 1272 1241 1223
NOx 2.96 1.92 1.07 0.89 0.83
SO, 6.04 5.28 2.69 1.96 1.58

“Based on total electrical generation and associated emissions in 2000, reported in the eGRID database (EPA 2006b).
’Based on forecasts of total electrical generation and associated emissions provided in the Annual Energy Outlook 2006,
Energy Information Administration, Office of Integrated Analysis and Forecasting, U.S. Department of Energy (EIA 2006a).
The committee has not assessed the uncertainty associated with these estimates.
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From U.S. Electricity Generating Units

Electricity generation O 80,emissions ® NO_ _emissions O CO,emissions
6000 — 120 4
N o a ]
B o— 0o /
5000 ~ ;B . .
C e o 7 = 7
L o 115 = 13
L /D/ 4 g 4
4000 - . _ 2 i o]
s C o ] 7 i z‘
S 3000 | o1 410 9 412 o
kel - _—T =1
= B o—10 n @ B )
o L D/ n RS g o
=3
— 7 [V T
2000 |- D/./ \./0\.\ 5 7 ] ] 8
- ./ L4 \ 45 =4 1 N
T~ o—__ z
- ®. O\o_.o 1 O !
1000 R\ 4 x 4
B o o o0 o | i
0o L Jo 40
1970 1980 1990 2000 2010 2020 2030
1975 1985 1995 2005 2015 2025

FIGURE 2-7 Past and projected changes in emissions of CO,, NOy, and SO, from electricity-generating
units in relation to the past and projected increase in electricity generation. Data through 2000 are
observed; data for 2005-2030 are projected. Generation data were obtained from EIA (2006¢, 2006a);
emissions data were obtained from EPA (2005) and EIA (2004c, 2006a).
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have established NO, set-asides, only 1% to 5% of total NO, allowances are reserved for set-asides, and
this amount can be allocated to either renewable energy or energy-efficiency projects. NRC (2006a)
pointed out that cap-and-trade programs have potential pitfalls and that such programs can result in
emission trades from one location to another and from one period to another with potentially detrimental
consequences. However, analytical tools are not sufficient to assess the potential effect of cap-and-trade
programs on local air quality or the extent to which wind-powered EGUs might alter those effects. In
contrast to NOy and SO,, emissions of CO, from fossil-fuel fired EGUs or other sources are not subject to
national regulatory controls or emissions caps, although subregional control efforts have been initiated

(RGGI 2006) and various national controls have been proposed (see Johnston et al. 2006). Thus,
to the extent that CO,-emitting sources of electricity generation are displaced, wind-energy development
can achieve displacement of CO, emissions. As indicated above, however, CO, emissions from fossil-fuel
fired EGUs are projected to increase an average of 1.4% per year between 2004 and 2030 (reference-case
forecast; EIA 2006a). Moreover, as also indicated above, fossil-fuel fired EGUs accounted for about
39% of anthropogenic CO, emissions in the United States in 2005 (EIA 2006d). Compared with just the
projections for CO, emissions from fossil-fuel fired EGUSs, the potential for offsetting emissions with
wind-energy development is illustrated by Figure 2-8, which compares projected annual emissions of CO,
from fossil-fuel fired EGUs in the United States with offsets that might be achieved through wind-energy
development. The estimated offsets are based on the maximum forecasts for wind-powered generation of
electricity provided in Table 2-4 and on the system-average emission rates for CO, listed in Table 2.5.
Based on this comparison, the effect of wind development by 2020 is expected to offset CO, emissions
from fossil-fuel fired EGUs in the United States by 4.5%. If fossil-fuel fired EGUs continue to account
for less than half of anthropogenic CO, emissions in the United States, then the effect of projected wind-
energy development in 2020 would be to offset total anthropogenic CO;, emissions by less than 2.25%.
However, potential technological improvements in emission controls, and other factors that will affect
total CO, emissions, are as hard to predict for the transportation and industrial sectors as for the
electricity-generation sector, and so the total reduction of U.S. anthropogenic CO, emissions by wind-
energy development in 2020 could be more or less than 2.25%.

Projected Increase in CO, Emissions from Electricity Generation Units
and Potential Offset Provided by Wind Energy Development
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FIGURE 2-8 Projected increase in U.S. CO, emissions from electricity-generating units and potential
offsets associated with wind-energy development. CO, emissions are based on forecasts reported in the
Annual Energy Outlook 2006 (EIA 2006a). CO, offset estimates are based on the maximum forecasts for
U.S. wind-powered generation of electricity provided in Table 2-4 and on the system-average emission
rates provided in Table 2-5.
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A range of potential offsets can be estimated based on emissions rates for coal-fueled and natural-
gas-fueled EGUs. In 2000, the average CO, emissions rate for coal-fueled EGUs in the United States was
about 157% of the system-average emissions rate; the average CO, emissions rate for natural-gas-fueled
EGUs was about 85% of the system-average emissions rate (see Appendix B, Table B1). Based on these
values, the range of potential CO, emissions offsets given the maximum forecast for U.S. wind-powered
generation of electricity in 2020 is 3.8% to 7.1% of projected emissions from EGUs.

CONCLUSIONS

Electricity generated from different sources is fungible. Depending on factors such as price,
availability, predictability, regulatory and incentive regimes, and local considerations, one source might
be preferentially used over others. The importance of the factors changes over varying time and space
scales. As a result, a more complete understanding of the environmental and economic effects of any one
energy source depends on a more complete understanding of how that energy source displaces or is
displaced by other energy sources, and on a more complete understanding of the environmental and
economic effects of all other available energy sources. Life Cycle Assessment can be used to help fulfill
that need.

»  Projections for future development of wind-powered electricity generation, and hence projections
for future wind-energy contributions to reduction of air-pollutant emissions in the United States, are
highly uncertain. However, some insight can be gained from recent model projections by the U.S.
Department of Energy. Estimates for onshore installed U.S. wind-energy capacity in the next 15 years
maximum output. On average in the MAH, the capacity factor of wind turbines is about 30% for current
technology, forecast to improve to near 37% by the year 2020. The projections the committee has used in
this chapter suggest that onshore wind-energy development will contribute about 60 to 230 billion kWh,
or 1.2 to 4.5% of projected U.S. electricity generation in 2020. In the same period, wind-energy
development is projected to account for 3.5% to 19% of the increase in total electricity-generation
capacity. If the average turbine size is 2 MW—Ilarger than most current turbines—between 9,500 and
36,000 wind turbines would be needed to achieve that projected capacity.

*  Projections for future wind-energy contributions to air-pollution emissions reductions in the
United States also are uncertain. However, given that current and future regulatory controls on emissions
of NO, and SO, from electricity generation in the eastern United States involve total caps on emissions,
the committee concludes that development of wind-powered electricity generation using current
technology probably will not result in a significant reduction in total emission of these pollutants from
EGUs in the mid-Atlantic region. Using the future projections of installed U.S. energy capacity by the
U.S. Department of Energy, we further conclude that development of wind-powered electricity generation
probably will contribute to offsets of about 4.5% in emissions of CO, from electricity generation sources
in the United States by the year 2020. In 2005, emissions of CO, from electricity generation were
estimated to be 39% of all CO, emissions in the United States.

*  Although the wind resource in the MAH is closer to electricity markets and transmission lines
than much of the wind resource in the United States, a smaller portion of the mid-Atlantic region has
high-quality wind resources than does the United States as a whole. As a result, wind energy will likely
contribute proportionally less to electricity generation in the mid-Atlantic region than in the United States
as a whole.

» Electricity generated in the MAH—including wind energy—is used in a regional grid in the
larger mid-Atlantic region. Electricity generated from wind energy in the MAH has the potential to
displace pollutant emissions, discharges, wastes, and other adverse environmental effects over the life
cycle of other sources of electricity generation in the grid, but that potential is less than 4.5%, and the
degree to which its beneficial effects would be felt in the MAH is uncertain.

» In the presence of more aggressive renewable-energy-development policies, potential increased
energy conservation, and improving technology of wind-energy electricity generation and transmission,
the above findings may underestimate wind energy’s contribution to total electricity production. This
would affect the committee’s analysis, including projections for development and associated effects (e.g.,
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energy supply, air pollution, development footprint). On the other hand, if technological advances serve
to reduce the emissions and other negative effects of other sources of electricity generation, or if fossil-
fuel prices fall’, our findings may overestimate wind energy’s contribution to electricity production and
air-pollution offsets.

> Although it may appear unlikely that fossil-fuel prices will fall very far for a long period, so many geopolitical,
technological, and economic factors affect fuel prices that it remains difficult to predict the future trajectory of those
prices with confidence.
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Ecological Effects of Wind-Energy Development

CHAPTER OVERVIEW

At regional to global scales, the effects of wind energy on the environment often are considered
to be positive, through the production of renewable energy and the potential displacement of mining
activities, air pollution, and greenhouse gas emissions associated with non-renewable energy sources (see
Chapter 2). However, wind-energy facilities have been demonstrated to kill birds and bats and there is
evidence that wind-energy development also can result in the loss of habitat for some species. To the
extent that we understand how, when, and where wind-energy development most adversely affects
organisms and their habitat, it will be possible to mitigate future impacts through careful siting decisions.
In this chapter, we review the effects of wind-energy development on ecosystem structure and
functioning, through direct effects of turbines on organisms, and on landscapes through alteration and
displacement. We recommend a research and monitoring framework for reducing these impacts.
Although the focus of our analysis is the Mid-Atlantic Highlands, we use all available information to
assess general impacts. Although other sources of development on sites that are suitable for wind-energy
development affect wildlife and their habitats (e.g., mineral extraction, cutting of timber), and there are
other sources of anthropogenic mortality to animals, as stated previously, this committee was charged to
focus on wind energy, and therefore did not conduct a comprehensive comparative analyses of impacts
from other sources of development.

Wind turbines cause fatalities of birds and bats through collision, most likely with the turbine
blades. Species differ in their vulnerability to collision, in the likelihood that fatalities will have large-
scale cumulative impacts on biotic communities, and in the extent to which their fatalities are discovered
and publicized. This chapter reviews information on the probabilities of fatalities, which are affected by
both abundance and behavioral characteristics of each species.

Factors such as the type, location and operational schedules of turbines that may influence bird
and bat fatalities are reviewed in the chapter. The overall importance of turbine-related deaths for bird
populations is unclear. Collisions with wind turbines represent one element of the cumulative
anthropogenic impacts on bird populations; other impacts include collisions with tall buildings,
communications towers, other structures, and vehicles, as well as other sources of mortality such as
predation by house cats (Erickson et al. 2001, 2005). While estimation of avian fatalities caused by wind-
power generation is possible, the data on total bird deaths caused by most anthropogenic sources,
including wind turbines, are sparse and less reliable than one would wish, and therefore it is not possible
to provide an accurate estimate of the incremental contribution of wind-powered generation to cumulative
bird deaths in time and space at current levels of development.
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Data on bat fatalities are even sparser. While there have been a few reports of bat kills from other
anthropogenic sources (e.g., through collisions with buildings and communications towers), the recent bat
fatalities from wind turbines appear to be unprecedentedly high. More data on direct comparisons of
turbine types are needed to establish whether and why migratory bats appear to be at the greatest risk of
being killed. Clearly, a better understanding of the biology of the populations at risk and analysis of the
cumulative effects of wind turbines and other anthropogenic sources on bird and bat mortality are needed.

The construction and maintenance of wind-energy facilities alter ecosystem structure, through
vegetation clearing, soil disruption and potential for erosion, and this is particularly problematic in areas
that are difficult to reclaim, such as desert, shrub-steppe, and forested areas. In the Mid-Atlantic
Highlands forest clearing represents perhaps the most significant potential change through fragmentation
and loss of habitat for forest-dependent species. Changes in forest structure and the creation of openings
alter microclimate and increase the amount of forest edge. There may also be important interactions
between habitat alteration and the risk of fatalities, such as bat foraging behavior near turbines.

The recommendations in this chapter address the types of studies that need to be conducted prior
to siting and prior to and following construction of wind-energy facilities to evaluate the potential and
realized ecological impacts of wind-energy development. The recommendations also address assessing
the degree to which a particular site is acceptable for wind-energy development and the types of research
and monitoring needed to help inform decision makers.

INTRODUCTION

There are two major ways that wind-energy development may influence ecosystem structure and
functioning—through direct impacts on individual organisms and through impacts on habitat structure
and functioning. Environmental influences of wind-energy facilities can propagate across a wide range of
spatial scales, from the location of a single turbine to landscapes, regions, and the planet, and a range of
temporal scales from short-term noise to long-term influences on habitat structure and influences on
presence of species. In this chapter, we review the documented and potential influences of wind-energy
development on ecosystem structure and functioning, focusing on scales of relevance to siting decisions
and on influences on birds, bats, and other vertebrates.

Construction and operation of wind-energy facilities directly influence ecosystem structure. Site
preparation activities, large machinery, transportation of turbine elements, and “feeder lines,”
transmission lines that lead from the wind-energy facility to the electricity grid, all can lead to removal of
vegetation, disturbance, and compaction of soil, soil erosion, and changes in hydrologic features.
Although many of these activities are relatively local and short-term in practice (e.g., construction), there
may be substantial effects on habitat quality for a variety of organisms. These changes will likely be
detrimental to some species and beneficial to others. Wind-energy development that is focused on
topographic features that are lim