Chapter 3

Wind Vision:
A New Era for Wind Power
in the United States

1

Photo from iStock 7943575

1

This page is intentionally left blank

Chapter 3 |

Summary

3 Impacts of the
Wind Vision
Summary
Chapter 3 of the Wind Vision identifies and
quantifies an array of impacts associated with
continued deployment of wind energy. This
chapter provides a detailed accounting of the
methods applied and results from this work.
Costs, benefits, and other impacts are assessed
for a future scenario that is consistent with
economic modeling outcomes detailed in
Chapter 1 of the Wind Vision, as well as existing industry construction and manufacturing
capacity, and past research. Impacts reported
here are intended to facilitate informed discussions of the broad-based value of wind energy
as part of the nation’s electricity future.
The primary tool used to evaluate impacts is
the National Renewable Energy Laboratory’s
(NREL’s) Regional Energy Deployment System
(ReEDS) model. ReEDS is a capacity expansion model that simulates the construction
and operation of generation and transmission
capacity to meet electricity demand. In addition
to the ReEDS model, other methods are applied
to analyze and quantify additional impacts.
Modeling analysis is focused on the Wind
Vision Study Scenario (referred to as the Study
Scenario) and the Baseline Scenario. The Study
Scenario is defined as wind penetration, as a
share of annual end-use electricity demand, of
10% by 2020, 20% by 2030, and 35% by 2050.
In contrast, the Baseline Scenario holds the
installed capacity of wind constant at levels
observed through year-end 2013. In doing so,
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the Baseline Scenario provides the requisite
point of comparison from which the incremental impact of all future wind deployment and
generation can be assessed. Sensitivity
analyses around the Study Scenario—varying
wind technology cost and performance and
fossil fuel costs while holding the wind penetration trajectory at the 10%, 20%, 35% levels—
are used to assess the robustness of key
results and highlight the impacts of changes
in these variables. Sensitivities include single
variable Low/High Wind Cost or Low/High
Fossil Fuel Cost Scenarios, as well as combined
Unfavorable (High Wind Cost and Low Fossil
Fuel Cost) and Favorable (Low Wind Cost and
High Fossil Fuel Cost) Scenarios.
Many of the results presented in this chapter
emphasize outcomes across the full range
of sensitivities. In some instances, however,
results are presented only for a single central
case. This central case, referred to as the
Central Study Scenario, applies common
modeling inputs with the Business-as-Usual
(BAU) Scenario but also includes the
prescribed wind trajectory of 10% by 2020,
20% by 2030, 35% by 2050. Where the
Central Study Scenario is the point of focus
(e.g., greenhouse gas reductions, air pollution
reductions), uncertainty is typically reflected
by a range in the value of a given impact.
For several additional impacts analyzed,
results are discussed qualitatively (e.g.,
wildlife, offshore and distributed wind) or
reported in absolute terms for the Study
Scenario rather than relative to the Baseline
Scenario (e.g., cumulative installed wind
capacity, land area impacts, and gross jobs
supported by wind investments).
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Within the Wind Vision analysis, existing
policies are represented and analyzed as of
January 1, 2014 (e.g., the wind production
tax credit [PTC] is expired). No new policies
beyond these existing policies, including new
or proposed environmental regulations, are
explicitly modeled.
Impacts, costs, and benefits of the scenarios presented here are contingent on the
analysis approach of prescribed wind penetration levels in the electric sector. Because
the resulting impacts, costs, and benefits
depend, in part, on underlying policy and
market conditions as well as economy-wide
interactions, alternative approaches to reaching the wind penetration levels outlined here
would yield different results.

Wind Industry and Electric Sector
Impacts in the Study Scenario
In the Central Study Scenario, total installed wind
capacity increases from the 61 gigawatts (GW)
installed by year-end 2013 to approximately 113 GW
by 2020, 224 GW by 2030, and 404 GW by 2050.
This growth represents nearly three doublings of
installed capacity and includes all wind applications:
land-based, distributed, and offshore wind. Of these
installed capacity amounts, offshore wind comprises
3 GW, 22 GW, and 86 GW for 2020, 2030, and 2050,
respectively. The amount of installed capacity needed
to meet the deployment levels considered in the
Study Scenario will depend on future wind technology
development. For example, with improvements in
wind technology yielding higher capacity factors, only
382 GW of wind capacity are needed to reach the
35% penetration level in 2050. Conversely, 459 GW
would be required using 2013 technologies with only
limited advancements. Across the full range of technology assumptions, the Study Scenario utilizes only
a fraction of the more than 10,000 GW of gross wind
resource potential.
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Figure 3-1. Historical and forward-looking wind power capacity in the Central Study Scenario

The Study Scenario supports new capacity additions
at levels comparable to the past, but drives increased
demand for new wind turbine equipment as a function of repowering needs. Demand for wind turbines
averages approximately 8 GW/year from 2014 to 2020,
12 GW/year from 2021 to 2030, and increases to 18
GW/year from 2031 to 2050. While aggregate demand
trends upward (Figure 3-1), it is primarily concentrated
in new land-based wind in the near term. Deployment
of offshore plants and repowering (the replacement of
turbine equipment at the end of its useful life with new
state-of-the-art turbine equipment) become more
substantive factors in the 2031–2050 timeframe.
In the Study Scenario, wind industry expenditures
(new capital and development expenditures, annual
operating expenditures, and repowered capital
expenditures) grow to more than $30 billion/year (in
constant 2013 dollars) from 2020 to 2030, and are
estimated at approximately $70 billion/year by 2050.1
By 2050, annual expenditures exceed $23 billion/year
for operations, $22 billion/year for repowering, and
$25 billion/year for new greenfield development.

The Study Scenario suggests continued geographical diversity in wind power deployment. Figure 3-2
illustrates the state-level distribution of wind capacity
(land-based and offshore) in 2030 and 2050 under
the Central Study Scenario. By 2030, installed wind
capacity exists in all but one state, with 37 states
having more than 1 GW of capacity. By 2050, wind
capacity exists in all 50 states, with 40 states having
more than 1 GW of installed wind capacity.2
Variations in wind resource quality, relative distances
to load centers, and existing infrastructure drive
regional differences in modeled wind penetration
levels. Based on model outcomes from the Study
Scenario, most of the western and central parts
of the United States have penetration levels that
exceed the 10% nationwide level by 2020, with some
regions approaching or exceeding 30% penetration.
By 2050, wind penetration levels exceed 40% across
much of the West and upper Midwest, with levels
of 10%–40% in California, the mid-Atlantic, and
New England. In the Southeast, wind penetration

1.

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

2.

As of 2013, wind installations of 62 MW and 206 MW exist in Alaska and Hawaii respectively. While future wind deployment in these states
is expected and could potentially grow beyond 1 GW, these states are not counted among the states with more than 1 GW in 2030 or 2050
because the modeling analysis was restricted to the 48 contiguous United States.
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The Study Scenario results in broad-based geographic distribution of wind capacity.
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Figure 3-2. Study Scenario distribution of wind capacity by state in 2030 and 2050

levels by 2050 are lower than in other regions and
range from less than 1% (Florida) to more than 20%
(coastal Carolinas).
The levels of wind penetration examined in the Study
Scenario increase variability and uncertainty in electric power system planning and operations (Figure
3-3). From the perspective of planning reserves, the
aggregated capacity value of wind power in the Study
Scenario is about 10–15% in 2050 (with lower marginal capacity value). This reduces the ability of wind
compared to other electricity generation to contribute
to increases in peak planning reserve requirements.
In addition, the uncertainty introduced by wind in the
Study Scenario increases the level of operating reserves
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that must be maintained by the system. Operational
constraints result in average curtailment of 2–3% of
wind generation starting around 2030, modestly
increasing the threshold for economic wind deployment. These costs are embedded in the system costs
and retail rate impacts noted. Such challenges can be
mitigated by various means, including increased system
flexibility, greater electric system coordination, faster
dispatch schedules, improved forecasting, demand
response, greater power plant cycling, and—in some
cases—storage options. Specific circumstances dictate
the best solution. Continued research is expected to
provide more specific and localized assessments of
impacts, as further discussed in Chapter 4.
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• 8–11 GW/year
average net capacity
additions throughout
the 2013–2050
period
• 18 GW/year annual
turbine demand as
more wind plants
are repowered from
2031 to 2050
• $70 billion/yeara by
2050 annual wind
industry invest
ment from new
capacity additions,
repowered capacity,
and operations and
maintenance

Summary
Deployment

Integrationb

• 404 GW of cumulative capacity by
2050 for 35% wind
energy
• All 50 states with
wind deployment by
2050
• 37 states by 2030
and 40 by 2050 with
more than 1 GW of
wind power (within
the contiguous
United States)

• Increased system
flexibility is re
quired, but can
be acquired from
many sources
• 2–3% average curtailment of annual
wind generation;
estimated wind
capacity value of
10–15% by 2050
• Integration solutions required, but
will vary by region

Transmissionc

Offshore Wind

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

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

• 10 million MW-miles
incremental transmission capacity
required by 2030

• 22 GW installed by
2030 and 86 GW
installed by 2050

Cumulatively 29
million incremental
MW-miles required
by 2050
• Through 2020:
incremental 350
circuit miles/year
needed
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Industry
Investment

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

2021–2030: incre
mental 890 circuit
miles/year, and
2031–2050:
incremental 1,050
circuit miles/year

a. Expenditures in 2013$
b. Increased costs associated with greater demand for system flexibility and wind curtailments are embedded in the system costs and retail rate
impacts reported in Chapter 3.
c. All transmission estimates reported are the incremental difference between the Study Scenario and Baseline Scenario. Estimated circuit miles
assume a single-circuit 345-kilovolt transmission line with a nominal carrying capacity of 900 MW. ReEDS transmission capacity additions
exclude those added for reliability purposes only and conductor replacement on existing infrastructure. Estimates shown here represent point
to point transfers, for which explicit corridors have not been identified.

Figure 3-3. Summary of wind industry and other electric sector impacts in the Central Study Scenario

Transmission expansion is another key variable with
respect to future wind deployment. New transmission
capacity to support the Study Scenario is 2.7 times
greater in 2030 than the respective Baseline Scenario,
and about 4.2 times greater in 2050 (Table 3-1).
Although transmission expansion needs are greater
in the Study Scenario, transmission expenditures are
less than 2% of total electric sector costs. Incremental
cumulative (beginning in 2013) transmission needs
of the Central Study Scenario relative to the Baseline
Scenario amount to 10 million megawatt (MW)-miles
by 2030 and 29 million MW-miles by 2050. Assuming
single-circuit 345-kilovolt (kV) lines (with a 900-MW
3.

carrying capacity) are used to accomplish this increase,
an average of 890 circuit miles/year of new transmission lines would be needed between 2021 and 2030,
and 1,050 circuit miles/year between 2031 and 2050
(Table 3-1). This compares with the recent (as of 2013)
average of 870 circuit miles added each year since 1991.3
In the Study Scenario, wind primarily displaces fossil
fuel-fired generation, especially natural gas, with
the amount of displaced gas growing over time
(Figure 3-4). In the long-term (after 2030), wind in
the Study Scenario also affects the growth of other
renewable generation and, potentially, future growth

Transmission estimates for the Study Scenario exclude maintenance for the existing grid, reliability-driven transmission, and other factors
that would be similar between the Baseline Scenario and Study Scenario.

Chapter 3 | Summary

6

Chapter 3 | Summary

Table 3-1. Transmission Impacts in the Central Study Scenario

Historical
Average
Study Scenario MW-miles
(change from Baseline
Scenario)
Study Scenario circuit miles
(change from Baseline
Scenario)a

870/year

Ratio of Study Scenario to
Baseline Scenario

2014–2020

2021–2030

2031–2050

Cumulative
2014–2050

311,000/year

801,000/year

949,000/year

29,000,000

350/year

890/year

1,050/year

33,000

By 2020

By 2030

By 2050

1.5x

2.7x

4.2x

Note: ReEDS transmission capacity additions exclude those added for reliability purposes only and conductor replacement on existing
infrastructure. Estimates shown here represent point to point transfers, for which explicit corridors have not been identified.
a. Assuming a representative transmission line with a carrying capacity of 900 MW, typical for single-circuit 345-kV lines

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

Annual Generation (TWh/year)

1,000
800
600
400
200
0
2010

2020

2030

2040

2050

 Natural Gas  Coal
 Non-wind RE  Nuclear
Note: The positive values indicate there was greater generation from
these sources under the Baseline Scenario compared with the Study
Scenario. The “natural gas” category includes oil-fired generation.
Non-wind RE refers to non-wind renewable energy.

Figure 3-4. Change in annual generation between the
Central Baseline Scenario and the Central Study Scenario by
technology type
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Costs of the Wind Vision
Study Scenario
National average retail electricity prices for both
the Baseline Scenario and the Study Scenario are
estimated to grow (in real terms) between 2013 and
2050. Through 2030, incremental retail electricity
prices of the Central Study Scenario are less than
1% higher than those of the Baseline Scenario. In
the long-term (2050), retail electricity prices are
expected to be lower by 2% in the Central Study
Scenario relative to the Baseline Scenario.
A wider range of future costs and savings are possible
as estimated by the sensitivity scenarios. Sensitivities
analyzed include specific scenarios in which wind
costs or fossil fuel costs are expected to be higher
and lower than those estimated in the Central Study
Scenario. Sensitivities analyzed also include scenarios
where both wind costs and fossil fuel costs are altered
such that low wind costs are coupled with high fossil
fuel prices and high wind costs are coupled with low
fossil fuel prices.
In 2020, the range of estimated incremental retail
electricity rate ranges from a nearly zero cost difference vs. the Baseline Scenario up to a 1% cost increase.
In 2030, incremental costs are estimated to be as high
as a 3% increase vs. the Baseline Scenario under the
most unfavorable conditions for wind (low fuel cost
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On an annual basis for the Central Study Scenario,
consumers of electricity incur an increase in costs of
$2.3 billion (0.06¢ per kilowatt-hour [kWh]) in 2020
and $1.5 billion (0.03¢ per kWh) in 2030, but realize a
savings of $14 billion (0.28¢/kWh) in 2050, as compared to the Baseline Scenario. Across the range of
sensitivities, annual impacts to consumers range from
the potential for costs as well as savings. In the nearterm (2020), cost increases of $0.8–$3.6 billion are
observed. In the mid-term (2030), consumer electricity cost effects range from savings of up to $12 billion
to costs of up to $15 billion. In the long-term (2050),
consumer electricity cost effects range from savings
of up to $31 billion or costs of up to $27 billion. Electricity costs and savings from future wind deployment
will depend strongly on future technology and fossil
fuel cost conditions, with low technology costs or
high fossil fuel costs supporting savings and stagnant
technology or relatively lower fossil fuel costs driving
consumer costs.
In present value terms, cumulative electric sector
expenditures (fuel, capital, operating, and transmission) are lower for the Study Scenario than for the
Baseline Scenario across most sensitivities evaluated.
From 2013 to 2050, the Central Study Scenario results
in cumulative present value (using a 3% real discount
rate) savings of approximately $149 billion (-3%).
Potential electricity sector expenditures range from
savings of $388 billion (-7%) to a cost increase of
$254 billion (+6%), depending on future wind technology cost trends and fossil fuel costs.

Societal Benefits of the Wind
Vision Study Scenario
The Central Study Scenario reduces electric sector
life-cycle greenhouse gas (GHG) emissions by 6% in
2020 (0.13 gigatonnes of carbon dioxide equivalents,
or CO2e), 16% in 2030 (0.38 gigatonnes CO2e), and
23% in 2050 (0.51 gigatonnes CO2e), compared to
the Baseline Scenario. Cumulative GHG emissions are
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combined with high wind power costs). Under the
most favorable conditions modeled (high fuel cost
combined with low wind costs), the Study Scenario
results in a 2% reduction in retail electricity prices
relative to the Baseline Scenario. By 2050, incremental
electricity prices of all cases of the Study Scenario are
estimated to range from a 5% increase to a 5% savings
over the corresponding Baseline Scenario.

Life-Cycle GHG Emissions in Electric Sector
(gigatonnes CO2e/year)

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

1.5
Cumulative Reductions:
1.0

2013–2030:
3.3 gigatonnes CO2e (8%)

0.5

2013–2050:
12.3 gigatonnes CO2e (14%)

0.0
2010
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Baseline Scenario

2030

2040

2050

Study Scenario

Note: Life-cycle GHG emissions consider upstream emissions (e.g., manuNote:
Life-cycle
GHG
emissions
include
upstream
ongoing
facturing
and raw
materials),
ongoing
combustion
andemissions,
non-combustion
emissions, and
emissions
(e.g., decommissioning).
combustion
anddownstream
non-combustion
emissions,
and downstream

emissions. Upstream and downstream emissions include emissions
resulting from raw materials extraction, materials manufacturing,
component manufacturing, transportation from the manufacturing
facility to the construction site, on-site construction, project decommissioning, disassembly, transportation to the waste site, and ultimate
disposal and/or recycling of the equipment and other site material.

Figure 3-5. Life-cycle GHG emissions in the Central Study
Scenario and Baseline Scenario
Table 3-2. Example Economic and Health Benefits from
Reduced Air Pollution in the Central Study Scenario Relative
to the Baseline Scenario

Type of Benefit

Amounts

Cumulative monetized
benefits (2013$)

$108 billion

Avoided premature deaths

21,700

Avoided emergency room
visits for asthma due to
PM2.5 effects

10,100

Avoided school loss days
due to ozone effects

2,459,600

Note: Central estimate results are presented, which follow the
‘EPA Low’ methodology for calculating benefits, further detailed in
Section 3.8. Monetized benefits are discounted at 3%, but mortality
and morbidity values are simply accumulated over the 2013–2050
time period. Health impacts presented here are a subset of those
analyzed and detailed in Section 3.8.
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reduced by 12.3 gigatonnes CO2e from 2013 to 2050
(14%) (Figure 3-5). Based on the U.S. Interagency
Working Group’s (IWG’s) Social Cost of Carbon
(SCC) estimates, these reductions yield global
avoided climate change damages of an estimated
$85–$1,230 billion, with a central estimate of $400
billion (2013–2050 discounted present value). This
is equivalent to a levelized benefit of wind energy
ranging from 0.7¢ per kWh of wind to 10¢ per kWh
of wind, with a central levelized benefit estimate of
3.2¢ per kWh of wind.
The Central Study Scenario, as compared with the
Baseline Scenario, results in reductions in other air
pollutants including fine particulate matter, sulfur
dioxide, and nitrogen oxides (PM2.5, SO2, and NOX).
These reductions yield societal health and environmental benefits that range from $52–$272 billion
(2013–2050, discounted present values) depending
on the methods of quantification. The single largest
driver of these benefits is reduced premature mortality resulting from reductions in SO2 emissions in
the eastern United States. In total, the air pollution
impacts of the Study Scenario are equivalent to a levelized benefit of wind energy that ranges from 0.4¢
per kWh of wind to 2.2¢ per kWh of wind. A selection
of health outcomes is listed in Table 3-2.

Baseline Scenario (2050)

The Central Study Scenario results in reductions in
national electric-sector water withdrawals (1% reduction in 2020, 4% in 2030, and 15% in 2050) and water
consumption (4% reduction in 2020, 11% in 2030, and
23% in 2050), compared to the Baseline Scenario.4
Anticipated reductions, relative to the Baseline
Scenario, exist in many parts of the United States,
including the water-stressed arid states in the Southwest (Figure 3-6). Water use reductions driven by the
Study Scenario offer environmental and economic
benefits as well as reduced competition for scarce
water resources.
The total value of reduced GHG and air pollution
emissions in the Central Study Scenario relative to the
Baseline Scenario exceeds the estimated increase in
electricity rates observed in the 2020 and 2030 time
periods by three and 20 times, respectively. By 2050,
the Central Study Scenario results in savings across all
three categories—electricity rates ($14 billion), GHG
emissions ($42 billion), and air pollution emissions
($10 billion) (Figure 3-7). On a cumulative basis,
savings across these metrics are also experienced for
the Central Study Scenario relative to the Baseline
Scenario (Figure 3-8). These quantitative outcomes
hold across many of the sensitivities analyzed.

Percent Change
-60 to -100
-30 to -60
0 to -30
0
0 to 10
10 to 20
20 to 40

Study Scenario (2050)

Figure 3-6. Change in water consumption used in electricity generation from 2013 to 2050 for the Baseline Scenario and
Central Study Scenario

4.
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Water withdrawal is defined as water removed from the ground or diverted from a water source for use, but then returned to the source,
often at a higher temperature. Water consumption is defined as water that is evaporated, transpired, incorporated into products or crops,
or otherwise removed from the immediate water environment.
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Figure 3-7. Monetized impacts of the Study Scenario relative to the Baseline Scenario in 2020, 2030, and 2050
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Figure 3-8. Cumulative (2013–2050) present value of monetized impacts of the Study Scenario relative to the Baseline Scenario
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Additional Impacts Associated
with the Study Scenario
The Study Scenario contributes to reductions in both
long-term natural gas price risk and natural gas prices,
compared to the Baseline Scenario.5 The Central Study
Scenario results in total electric system costs that are
20% less sensitive to long-term fluctuations in coal
and natural gas prices. Additionally, the Study Scenario
leads to a potential $280 billion in consumer savings
due to reduced natural gas prices outside the electric
sector, equivalent to a levelized consumer benefit from
wind energy of 2.3¢ per kWh of wind.
The Study Scenario supports a robust domestic wind
industry, with wind-related gross jobs from investments in new and operating wind power plants ranging from 201,000 to 265,000 in 2030, and increasing
to between 526,000 and 670,000 in 2050. Actual
future wind-related jobs (on-site, supply chain, and
induced) will depend on the future strength of the
domestic supply chain and additional training and
educational programs as necessary.
Wind project development examined in the Wind
Vision affects local communities through land lease
payments and local property taxes. Under the Central
Study Scenario, wind power capacity additions lead to
land-based lease payments that increase from $350
million in 2020 to $650 million in 2030, and then to

5.
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$1,020 million in 2050. Offshore wind lease payments
increase from $15 million in 2020 to $110 million in
2030, and then to $440 million in 2050. Property tax
payments associated with wind projects are estimated to be $900 million in 2020; $1,770 million in
2030; and $3,200 million in 2050.
Under the Study Scenario, the land area occupied
by turbines, roads, and other infrastructure for wind
development equates to 0.03% of the land area in
the contiguous United States in 2030 and 0.04% in
2050. For comparison, this area equates to less than
one-third of land area occupied by U.S. golf courses
in 2013. Land area occupied by wind power plants
(accounting for requisite turbine spacing and typical
densities) equates to less than 1.5% of the land area in
the contiguous United States by 2050. Land surrounding wind power plants is typically able to support other land uses, such as ranching and farming.
Continued wind deployment will need to be executed
with sensitivity to the potential impacts on avian, bat,
and other wildlife populations; the local environment;
the landscape; and communities and individuals living
in proximity to wind projects. Experience, continued
research, and technological solutions (e.g., strategic
operational strategies and wildlife deterrents) are
expected to make siting and mitigation more effective
and efficient.

Wind power can be sold at fixed prices for long periods (e.g., 20 years), and, as a result, provides a hedge against volatility in commodity
fuels such as natural gas. When wind power is a more significant part of the electricity generation portfolio, as is the case in the Study
Scenario, electricity system costs are less sensitive to market fluctuations in fossil fuel prices. In addition, deployment and operation of
wind power plants reduces demand for fossil fuels, including natural gas, leading to lower fuel prices within and outside of the electric
sector and supporting cost savings for consumers.
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$149 billion (3%) lower
cumulative electric sector
expenditures

14% reduction in cumulative
GHG emissions (12.3 giga
tonnes CO2-equivalents),
saving $400 billion in
avoided global damages

$108 billion savings in
avoided mortality, morbidity,
and economic damages from
cumulative reductions in
emissions of SO2, NOX, and PM

Summary

Benefitsa,b,c
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System Costsa

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

21,700 premature deaths
from air pollution avoided

Additional Impacts

Energy Diversity

Jobs

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

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

The predictable, longterm costs of wind
power create down
ward price pressure
on fossil fuels that
can cumulatively save
consumers $280 billion
from lower natural
gas prices outside the
electric sector.

Local Revenues
$1 billion in annual
land lease payments
$440 million annual
lease payments for
offshore wind plants
More than $3 billion
in annual property
tax payments

Land Use
Less than 1.5%
(106,000 km2) of
contiguous U.S. land
area occupied by
wind power plants
Less than 0.04%
(3,300 km2) of
contiguous U.S. land
area impacted by
turbine pads, roads,
and other associated
infrastructure

Public Acceptance
and Wildlife
Careful siting,
continued research,
thoughtful public
engagement, and an
emphasis on opti
mizing coexistence
can support con
tinued responsible
deployment that
minimizes or
eliminates negative
impacts to wildlife and
local communities.

Note: Cumulative costs and benefits are reported on a Net Present Value basis for the period of 2013 through 2050 and reflect the difference in
impacts between the Central Study Scenario and the Baseline Scenario. Results reported here reflect central estimates within a range.
a. Electric sector expenditures include capital, fuel, and operations and maintenance for transmission and generation of all technologies
modeled, but excludes consideration of estimated benefits (e.g., GHG emissions).
b. Morbidity is the incidence of disease or rate of sickness in a population.
c. Water consumption refers to water that is used and not returned to the source. Water withdrawals are eventually returned to the water source.

Figure 3-9. Summary of costs, benefits, and other outcomes associated with the Central Study Scenario relative to the
Baseline Scenario by 2050
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Benefits Specific to Offshore
and Distributed Wind
Contributions from offshore wind under the Study
Scenario are characterized by an industrial base that
evolves from its nascent state in 2013 to one that can
supply more than 20 GW of offshore capacity by
2030 and more than 80 GW by 2050. This deployment represents just 5.5% of the resource potential
for offshore areas adjacent to the 28 coastal and
Great Lakes states. Under this scenario, the offshore
wind industry would complement and bolster a strong
land-based industry through the use of common
supply chain components and the development of
workforce synergies.
The cost of offshore wind needs to be reduced.
Through innovation and increasing scale, however,
this market segment could bring notable potential
benefits. In particular, offshore wind offers the ability
to reduce wholesale market power clearing prices and
consumer costs in transmission-congested coastal
areas, supports local jobs and port development
opportunities, and offers geographic proximity to
densely populated coastal regions with limited renewable power alternatives.
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Distributed wind applications, including customer-sited wind and wind turbines embedded in distribution networks, offer a number of unique attributes
relevant to the Wind Vision. On-site distributed wind
turbines allow farmers, schools, and other energy
users to benefit from reduced utility bills, predictable
costs, and a hedge against the possibility of rising
retail electricity rates. At the same time, decentralized generation such as distributed wind can benefit
the electrical grid. Distributed wind also supports a
domestic market; U.S. suppliers dominate the domestic small wind turbine market, with 93% of 2013 sales
on a unit basis and 88% on a capacity basis. These
suppliers maintain domestic content levels of 80–85%
for turbine and tower hardware and are well positioned to capitalize on export opportunities, including
growing global demand for decentralized electricity.

Conclusion
Wind power has the potential to provide a substantial
share of the nation’s electricity at modest near- and
mid-term costs and with long-term savings. Overcoming these costs and achieving the Study Scenario
would require an array of actions (detailed in Chapter
4), but analysis also suggests that robust deployment
of wind offers the opportunity to realize a range of
additional benefits. Based on current estimates, these
benefits exceed the expected near- and mid-term
investments and other costs that might result from
continued growth of wind energy, across nearly all
analyzed scenarios.
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3.0 Introduction
Wind industry proponents often point to societal
attributes such as lower GHG emissions and rural
economic development opportunities as a basis for
deployment of wind power. Critics argue that the
costs associated with deployment and operation of
wind power offset the potential benefits. This chapter
informs both perspectives by providing a detailed
accounting of various impacts associated with wind
deployment under the Wind Vision Study Scenario.
While Chapter 2 is a retrospective analysis, Chapter 3
provides an assessment of potential future impacts.
Reported impacts are assessed across a number of
societal variables. Where possible, impacts are quantified and reported as costs and benefits. Changes in
electricity rates, annual electricity consumer costs
or savings, and cumulative system expenditures are
quantified and reported based on a range of future
fossil fuel prices and cost trajectories for wind technology. Impacts on GHG emissions, human health
and the environment, water consumption and withdrawals, energy diversity and risk reduction, wind
workforce and economic development, transmission
and other infrastructure needs, and land use are also
analyzed and reported quantitatively. Issues related to
electric system reliability, operations and markets, and
public acceptance and local impacts are also considered and discussed.
The Wind Vision impacts assessment relies on scenarios of future wind deployment to estimate incremental impacts. As discussed in Chapter 1, the Study
Scenario uses prescribed wind energy penetration
levels of 10% by 2020, 20% by 2030, and 35% by
2050, a portion of which is assumed to be offshore
wind.6,7 These penetration levels are grounded in a
broad analysis of wind deployment under various
market and technology conditions, recent industry
trends, and wind energy penetration levels studied in
prior work [1, 2]. Impacts from the Study Scenario are
compared with the Baseline Scenario, which holds
wind capacity constant at year-end 2013 levels. This

approach allows for the quantification of impacts
from all future wind deployment. More comprehensive
discussion of the development of the Study Scenario
and the Baseline Scenario is in Chapter 1.
In addition to detailing the impacts assessment and
general quantification of costs and benefits, this
chapter discusses the electric sector modeling methods and relevant modeling inputs. These aspects are
covered in Sections 3.1 and 3.2, respectively. Using
these tools, Section 3.3 translates the Study Scenario
into more concrete implications for the wind industry
in terms of annual capacity additions and investment.
Section 3.4 details the expected impacts on electricity
rates and system costs. Sections 3.5 and 3.6 highlight
the expected changes in the national generation mix
under the Study Scenario and the relevant impacts to
the electric system. Each of these sections is based on
a comparison of the Study Scenario with the Baseline Scenario. Given uncertainties about future wind
energy costs as well as the cost of fossil generation,
sensitivities are also considered in order to provide
further insight.
Sections 3.7–3.12 describe various additional benefits
and impacts of the Study Scenario:
• Greenhouse Gas Emissions Reductions (Section 3.7)
• Air Pollution Impacts (Section 3.8)
• Water Usage Reduction (Section 3.9)
• Energy Diversity and Risk Reduction (Section 3.10)
• Workforce and Economic and Development
Impacts (Section 3.11)
• Local Impacts, including land area (Section 3.12)
In these sections, the core electric sector modeling
results are supplemented with additional analysis
tools and assumptions to quantify impacts. The
focus is principally on a comparison of the Study
Scenario under central conditions (i.e., the Central
Study Scenario) with the respective Baseline Scenario

6.

Percentage wind energy penetration is calculated as the share of total wind generation relative to total end-use energy demand.

7.

Distributed wind turbines connected to the transmission grid are represented within the larger land-based designation. Turbines sited to
serve onsite customer needs (connected to the distribution grid) are not captured in the Wind Vision report or its quantitative analysis
due to limited modeling capabilities. These modeling capabilities are under development and a vision report specific to distributed wind is
planned for 2015. Unique benefits of distributed wind are discussed in greater detail in Section 3.13.2.
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(i.e., the reference scenario with the corresponding
central fuel price assumption). A range of results is
often presented and is based on other considerations
(apart from the fossil fuel prices and wind cost
assumptions that are the basis of the sensitivities in
Sections 3.3–3.6).

Finally, Section 3.13 discusses unique benefits associated with offshore and distributed wind that are not
otherwise covered in depth in other sections of the
chapter. Various appendices provide further details
on the methods applied in this chapter and are noted
where applicable.

3.1 Impacts Assessment Methods and Scenarios
The economic, environmental, and social impacts of
wind deployment depend on the evolution of wind
technology and the context under which the deployment occurs. For example, the relative economics of
wind will depend on wind technology improvements
as well as technology improvements of other power
generation technologies and the associated fuel costs.
The environmental or social benefits of wind power
are also dependent upon the quantity and type of
generation displaced. While the market conditions for
wind deployment will evolve and there is increasing
uncertainty further into the future, impacts assessment
over the near- (2020), mid- (2030), and long- (2050)
term facilitates understanding of the potential range
of costs and benefits of greater wind deployment.
Estimating these future impacts requires analysis
techniques that capture the potential evolution of
wind technologies as well as potential changes within
the power sector given current trends and expectations. The following section describes the computational tools used for this analysis and introduces the
scenarios designed to estimate the future impact of
the Study Scenario.

3.1.1 Regional Energy Deployment
System (ReEDS) Model
The primary analytic tool used for the Wind Vision
impacts assessment is NREL’s ReEDS electric sector
capacity expansion model [3]. ReEDS simulates
the construction and operation of generation and
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transmission capacity to meet electricity demand. The
model relies on system-wide least cost optimization
to estimate the type and location of fossil, nuclear,
renewable, and storage resource development; the
transmission infrastructure expansion requirements
of those installations; and the generator dispatch and
fuel needed to satisfy regional demand requirements
and maintain grid system adequacy. The model also
considers technology, resource, and policy constraints,
including state renewable portfolio standards. ReEDS
models scenarios of the continental U.S. electricity
system in two-year solve periods out to 2050.8 Within
the context of the Wind Vision, ReEDS is used to
generate a set of future scenarios of the U.S. electricity
sector from which the impacts of a high penetration
wind future are assessed. Although ReEDS scenarios are not forecasts or projections, they provide a
common framework for understanding the incremental
effects associated with specific power sector changes
such as those prescribed in the Study Scenario.
ReEDS is specifically designed to represent the unique
characteristics of wind generation—variability, uncertainty, and geographic resource constraints—and its
impacts on the broader electric system. The model’s
high spatial resolution9 and statistical treatment of the
impact of variable wind and solar resources enable
representation of the relative value of geographically and temporally constrained renewable power
resources. In particular, ReEDS explicitly and dynamically estimates and considers the need for new transmission, increases in operating reserve requirements,

8.

Alaska, Hawaii, and Puerto Rico are not included in ReEDS analysis. The analysis assumes net energy transfers from Canada to the United
States (see Appendix G), but ignores the limited interactions with Mexico. The start year for ReEDS is 2010, but Wind Vision results are
primarily presented from 2013.

9.

ReEDS represents the continental United States using 356 wind resource regions in which wind quality and resource availability are characterized, and 134 model balancing areas. Most other technologies, generator dispatch, load balancing, and other system operation factors are
considered within the 134 model balancing areas. In addition, transmission modeling, including power transfers and transmission capacity
expansion, occurs between the 134 balancing areas. Transmission expansion within a balancing area is estimated, in this report, for new wind
interconnections only. Balancing area boundaries in ReEDS do not correspond identically with actual balancing authority area boundaries.
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and changing contributions to planning reserves that
may be driven by increases in renewable generation,
including wind. ReEDS dispatches all generation using
multiple time-slices to capture seasonal and diurnal
demand and renewable generation profiles.10
In addition to modeling wind technologies (landbased and offshore), ReEDS features a full suite of
major generation and storage technologies. This
includes coal, natural gas, oil and gas steam, nuclear,
biopower, geothermal, hydropower, utility-scale solar,
pumped hydropower storage, compressed air energy
storage, and batteries.11 ReEDS applies standardized
financing assumptions for investments of all technologies represented in the model. Financing rates
assume a weighted average cost of capital of 8.9%
(nominal).12 With this model representation of fossil,
nuclear, renewable, and storage technologies, and
the treatment of variable generation, ReEDS is able
to provide estimates of the impact of greater wind
penetration to the system over time.
The ReEDS documentation [3] provides a more
detailed description of the model structure and key
equations. Recent publications using ReEDS include
the U.S. Department of Energy’s (DOE’s) SunShot
Vision Study [5], the Renewable Electricity Futures
study [2], lab reports [6, 7, 8, 9] and journal articles [10,
11, 12, 13].13 The ReEDS model was also used to develop
scenarios for the 20% Wind Energy by 2030 report [1].14
The model documentation and subsequent publications, however, describe a large number of model
developments subsequent to that study.

While ReEDS represents many aspects of the U.S.
electric system, it has certain limitations:
• ReEDS is a system-wide optimization model and,
therefore, does not consider revenue impacts for
individual project developers, utilities, or other
industry participants.
• ReEDS does not explicitly model constraints
associated with the manufacturing sector. All technologies are assumed to be available up to their
technical resource potential.15
• Technology cost reductions from manufacturing
economies of scale and “learning by doing” are not
endogenously modeled for this analysis. Rather,
current and future cost reduction trajectories are
defined as inputs to the model (see Appendices
G and H).
• With the exception of future fossil fuel costs,
foresight is not explicitly considered in ReEDS (i.e.,
the model makes investment decisions based on
current conditions, without consideration for how
those conditions may evolve in the future).
• ReEDS is deterministic and has limited considerations for risk and uncertainty.
• The optimization algorithm in ReEDS does not fully
represent the prospecting, permitting, and siting
hurdles that are faced by project developers for
either electricity generation capacity or transmission infrastructure.16
• ReEDS does not include fuel infrastructure or land
competition challenges associated with fossil fuel
extraction and delivery.

10.

Each solve year includes 17 time-slices: four diurnal time-slices (morning, afternoon, evening, night) for each of the four seasons (winter,
spring, summer, fall) and a summer peaking time-slice.

11.

Coal and natural gas with and without carbon capture and storage are included. ReEDS models natural gas combined cycle and combustion turbine technologies independently. Utility-scale solar includes photovoltaic and concentrating solar power with and without thermal
energy storage; rooftop solar deployment is not modeled but applied as an exogenous input into the system. Short et al. [3] describes the
array of the technologies modeled in ReEDS in greater detail.

12.

An additional risk adder is applied to new coal power plant capacity that does not include carbon capture and sequestration to reflect
long-term risk associated with potential new carbon or other environmental policies. This approach is consistent with assumptions made
in the Energy Information Administration’s Annual Energy Outlook 2014 [4].

13.

See www.nrel.gov/analysis/reeds for a list of publications and further description about ReEDS.

14.

The version of the model used in the 20% Wind Energy by 2030 report was referred to as the Wind Deployment System (WinDS) model;
ReEDS reflects the current name of the model.

15.

ReEDS includes a growth penalty in which the rapid deployment of a technology is penalized with additional capital costs. For wind technologies, this is represented by having capital costs extend beyond the defined amounts if annual capacity additions exceed 1.44 times the
additions in the previous solve year.

16.

Standard exclusions are applied that limit wind resources below the gross resource potential (see Appendix H). As a linear optimization
model, ReEDS also likely underestimates transmission needs due to the lumpiness of real transmission investments and the non-direct
paths in real transmission lines compared to the point-to-point model paths. Transmission dispatch modeling in ReEDS, however, includes
a linearized DC power flow representation that accounts for non-direct paths of electricity flows.
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• ReEDS models the power system of the continental
United States and does not represent the broader
United States or the global energy economy. For
example, competing uses of resources across sectors (e.g., natural gas) are not dynamically represented in ReEDS and end-use electricity demand is
exogenously input to ReEDS for the Wind Vision.
One consequence of these model limitations is that
system expenditures estimated in ReEDS may be
understated, as the practical realities associated with
planning electric system investments and siting new
generation and transmission facilities are not fully
represented in the model. Because wind technologies
are expected to require new transmission infrastructure development and to benefit from broad-based
system coordination, this effect may be amplified
when considering high wind penetration scenarios. At
the same time, spatial resolution in ReEDS provides
sophisticated evaluation of the relative economics
among generation resources. It also offers significant incremental insight into key issues surrounding
future wind deployment, including locations for
future deployment, transmission expansion needs,
impacts on planning and operating reserves, and wind
curtailments.
ReEDS analysis uses the Solar Deployment System,
or SolarDS, model [14] to generate a projection of
rooftop solar photovoltaic (PV) deployment. Rooftop
PV deployment is then input to ReEDS. All ReEDS
scenarios rely on the same single rooftop PV capacity
projection.17 The input parameters for SolarDS used in
this analysis are similar to those used in the SunShot
Vision Study [5], with some exceptions presented in
Appendix G. No other distributed generation technologies are modeled explicitly in the Wind Vision
scenarios, although the unique attributes associated
with distributed wind generation are discussed in
Section 3.13.18

17

3.1.2 Model Outputs to Assess the
Impacts of the Wind Vision
Primary Wind Vision outputs from the ReEDS model
include the location, capacity, and generation of
technologies deployed and operated over the period
of study (2013–2050). Fixed and operating costs, fuel
usage and costs, and other associated costs are also
reported, as are transmission infrastructure expansion
and related costs. These scenario data are reported
in this chapter and are used to inform and support
the various impacts assessments, including GHG
emissions, other environmental and health benefits,
water use, energy diversity and risk, workforce and
economic development impacts, and land use. Specific scenario data uses and methods for each impact
category are provided in subsequent sections.
ReEDS is also used to estimate electric sector cost
implications. Two cost metrics are provided by
ReEDS: (1) a nationwide average retail electricity
rate, and (2) a net present value system cost. ReEDS
estimates electricity prices with a cost-of-service
model19 and accounts for all capital and operating
expenses [3] . While this metric is not indicative of
actual retail prices in all regions (e.g., price impacts
for restructured markets are not evaluated with
ReEDS), it provides an indication of the price impacts
over time. In addition, annual electricity consumer
cost, which is the product of annual rates and enduse consumption, is estimated. The present value
system cost metric accounts for capital and operating
expenditures incurred over the entire study horizon
for all technology types considered, including wind
and non-wind generation, transmission, and storage.
The cost metrics provided directly from ReEDS do not
include any environmental or health externalities (e.g.,
social cost of carbon emissions).

17.

The only differences across scenarios associated with rooftop PV relate to rooftop PV curtailment estimates within ReEDS, which have
only minor effects. Rooftop PV capital and operations and maintenance costs are excluded from ReEDS system expenditures. In the case
of the Wind Vision, however, there is no effect on reported electricity rates or system costs from this exclusion, since results focus on the
change in outcomes between two scenarios that do not include these costs in their estimates.

18.

A distributed wind deployment model comparable to SolarDS is being developed but was not applied in the Wind Vision (see Section
1.2.2).

19.

The cost-of-service model assumes a single rate base for the continental United States that includes all capital expenditures amortized
over 30 years. Impacts of wind generation on wholesale prices are not estimated for the modeled scenarios and are not described in this
section. Text Box 3-6 qualitatively discusses the impacts of wind deployment on wholesale electricity prices. The methodology to estimate
electricity prices in ReEDS uses a calibration step to match historical (2010) retail rates to consider distribution costs and/or the markup
between wholesale and retail rates for regions with restructured markets. This additional cost is assumed to be uniform across all years
and scenarios.
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3.1.3 Scenario Framework

Under the Study Scenario, annual wind power electricity generation is prescribed to reach pre-determined
levels for each ReEDS solve year for the period of 2013
to 2050. Explicit wind electricity generation levels in
the Study Scenario are 10% of annual end-use electricity demand by 2020, 20% by 2030, and 35% by 2050
(Figure 3-10 illustrates this scenario; Chapter 1 includes
a discussion of how this trajectory was developed).
While the scenario results are focused on these
specific end-point years, wind generation levels are
also prescribed for intermediate years by linear interpolation.20 These values represent the overall national
prescriptions and include combined generation from
both land-based and offshore wind technologies.
Included within the total wind allotment under the
Study Scenario, offshore wind generation is prescribed
to be 3% of wind’s electricity share (0.3% of annual
end-use demand) by 2020, 10% of wind generation

40%
Wind Penetration
(% of U.S. electricity demand)

The Wind Vision modeling analysis is focused on the
Study Scenario and the Baseline Scenario. The Study
Scenario provides insight into possible high penetration wind futures and allows for description and
quantification of effects on the broader electric power
sector associated with deployment and operation of
a high penetration wind electric system. The Baseline
Scenario fixes installed wind capacity at year-end
2013 levels and provides the requisite reference
from which the incremental impact of all future wind
deployment and generation can be assessed. The
choice of Baseline Scenario as the reference is critical
because it allows analysis and quantification of the
impacts from all incremental wind energy. None of the
scenarios within either of these categories represents
a forecast or prediction. Instead, they provide the
framework for understanding the impacts in a future
that includes high levels of wind power.
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Figure 3-10. Wind penetration levels for the Study Scenario

(2% of end-use demand) by 2030, and 20% of wind
generation (7% of end-use demand) by 2050. The
offshore wind levels include regional specificity for five
separate offshore regions: the North Atlantic, South
Atlantic, Gulf, Pacific, and Great Lakes.21
No predetermined capacity requirements from wind
power are modeled in the Study Scenario. Total
capacity required to reach the wind penetration levels
is determined by the assumed future performance
(capacity factor) of wind technologies, the quality of
the wind resource in sites accessed for each ReEDS
scenario, and the amount of wind curtailment estimated by ReEDS.
As noted above, the Baseline Scenario constitutes
the reference scenario that is used to compare the
impacts of wind deployment in the Study Scenario
and to assess the cost, benefits, and trade-offs of
deploying wind relative to other options. In the Baseline Scenario, future wind capacity in the continental
United States is restricted to be the total installed

20. The prescribed wind penetration levels for 2016 and 2018 are set to 7.2% and 8.6%, respectively; all other years assume linear increases in
wind penetration up to the specific levels established for the three end-point years of 10% in 2020, 20% in 2030, and 35% in 2050.
21.

The North Atlantic region includes Atlantic offshore areas from Maryland to Maine. The South Atlantic region includes Atlantic offshore
areas from Virginia to Florida, inclusive of only the Atlantic coast of Florida. The Gulf region includes the Gulf coast of Florida and coastal
states westward through Texas. The Pacific includes California, Oregon, and Washington. The Great Lakes includes all states touching one
of the lakes, but only the westernmost portions of New York. The remainder of New York is considered part of the Atlantic Region. The
regional distribution of offshore wind generation is also prescribed for all years. For 2020, the distribution is 80% in the North Atlantic and
20% in the Gulf; for 2030, the distribution is 50% in the North Atlantic, 15% in all other offshore regions except the Pacific, and 5% in the
Pacific; and for 2050, the distribution is 33% in the North Atlantic, 22% in the South Atlantic, 20% in the Pacific, 15% in the Great Lakes,
and 10% in the Gulf.
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capacity as of year-end 2013.22 As noted, this artificial
limit on new wind capacity reflects the fact that the
Baseline Scenario is constructed exclusively to provide
a point of reference relative to the Study Scenario and
allows an evaluation of the impacts of all incremental
wind deployment in the Study Scenario.
Given uncertainties associated with future market
conditions, multiple sensitivities are modeled for
both the Study Scenario and Baseline Scenario.
Figure 3-11 shows the scenario framework with ten
modeled sensitivities (seven Study Scenarios and
three Baseline Scenarios). Future market variables are
limited to wind cost and performance and fossil fuel
costs. All other input data assumptions are identical
across sensitivities and are described in Section 3.4
and Appendices G and H. These scenario sensitivities
allow for increased insight into the robustness of the
modeled outcomes, the magnitude of change that
may result given uncertainty in specific variables,
and the conditions under which a potential change in
direction of impact may occur.
Three trajectories of future wind cost—Central, High,
and Low Wind Cost—and three trajectories of future
fossil fuel costs—Central, High, and Low Fuel Cost—are
considered. The wind cost trajectories are developed
based on ranges provided by multiple independent
published projections. The High Wind Cost trajectory
represents no technology improvement from 2014 for
land-based wind and only moderate improvements
for offshore wind technology through the mid-2020s,
with no further improvements thereafter. The Low
Wind Cost trajectory represents the low end of cost
reductions found from these literature sources. The
Central Wind Cost trajectory represents the median
value. Greater detail on the wind costs are provided in
Section 3.4.1 and Appendix H.23
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Baseline Scenario
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projections.
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Figure 3-11. Study Scenario and Baseline Scenario
framework with associated sensitivities

Similar to the wind costs, the fossil fuel cost trajectories provide a range of future fossil fuel costs and
are based on the Energy Information Administration’s
(EIA’s) Annual Energy Outlook (AEO) 2014 scenarios
[4]. In particular, the Central Fuel Cost trajectory
uses the AEO 2014 Reference Case prices for coal
and natural gas; the High Fuel Cost trajectory uses
the AEO 2014 High Coal Cost and Low Oil/Gas
Resource scenarios for coal and natural gas prices,
respectively; and the Low Fuel Cost trajectory uses
the AEO 2014 Low Coal Cost and High Oil/Gas
Resource scenarios.

22.

The Ventyx Velocity Suite (http://www.ventyx.com/en/solutions/business-operations/business-products/velocity-suite) is the basis of
all existing installed capacity data for ReEDS for 2010 to year-end 2012. Wind capacity installations in 2013 are based on data from the
American Wind Energy Association [15]. The year-end 2013 installed wind capacity represented in ReEDS and included in the Baseline
Scenario for all post-2013 years totals 60 GW. This differs slightly from the U.S. total of 61 GW estimated by the American Wind Energy
Association [15]. Differences are a function of minor discrepancies in the underlying datasets and the exclusion in ReEDS of capacity in
Alaska, Hawaii, and Puerto Rico, which is reported in the American Wind Energy Association's total. ReEDS models the continental United
States only. These differences have negligible effect on the overall results presented in this analysis. For the Baseline Scenario, year-end
2013 installed capacity remains for all future years in that the capacity is automatically repowered upon its assumed lifetime. This differs
from the Study Scenario, where repowering is a decision made within ReEDS. Repowering garners higher assumed capacity factors,
including in the Baseline Scenario.

23.

Wind technology improvements are characterized through a combination of capital cost reductions, operations expenditure cost reductions, and capacity factor improvements. See Appendix H for additional detail.
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Reliance on central assumptions across all model
inputs allows the Central Study Scenario to be the
primary estimate.24 Figure 3-11 shows the other
single-variable sensitivities with assumptions for wind
costs (High Wind Cost, Low Wind Cost) and fossil
fuel costs (High Fuel Cost, Low Fuel Cost) considered
independently. Figure 3-11 also shows the multiple
variable or combined sensitivities analyzed including
the Favorable (Low Wind Costs coupled with High Fuel
Cost) and Unfavorable (High Wind Costs coupled with
Low Fuel Cost) conditions, respectively. When considered together, these multivariable sensitivities are
referred to as the Combined sensitivities.
The seven Study Scenario sensitivities are compared
with three Baseline Scenario sensitivities. The Central
Baseline Scenario provides a reference for the three
Study Scenario sensitivities that rely on the central
fossil fuel cost case, and the Baseline Scenario sensitivities under High and Low Fuel Cost assumptions
provide references for the Study Scenario sensitivities
with the corresponding fuel cost assumptions. Baseline Scenario sensitivities with different wind technology improvement trajectories are not needed because
no new wind capacity is installed.
Many of the results presented in this chapter focus
on the full range of analysis sensitivities. Reported
impacts including wind capacity additions, economic
impacts, electric system impacts, and transmission
and grid integration impacts rely on data from the
full set of scenario sensitivities modeled. In some
instances, impacts are assessed for the Central Study
Scenario only. For example, GHG benefits, air pollution impacts, water use reduction, workforce and
economic development impacts, and energy diversity
and risk reduction are calculated solely for the Central
Study Scenario. Even in those instances in which
impacts are calculated based on the Central Study
Scenario, a range of results is presented to reflect the
uncertainties associated with these impacts. Impacts
calculated from the full set of scenarios are clearly
distinguished from those calculated from the Central
Study Scenario alone. This distinction is important,
but does introduce challenges for direct comparisons
across the reported impact metrics.

These scenarios and their respective sensitivities
provide a means to quantify the impacts of higher
wind deployment. In particular, the scenario framework is designed to provide general bounding assessments specific to wind technology and fossil fuel
market variables. Ultimately, however, this framework
primarily demonstrates the changes in the results
as a function of those variables alone. Other market
factors, including electricity demand growth and
non-wind power costs, can also impact results and
introduce uncertainty; however, modeling the sensitivity of results to these factors is outside the scope
of this particular scenario analysis. In addition, other
than the prescribed wind penetration levels in the
Study Scenario, the modeling analysis only considers
existing policies as enacted as of January 1, 2014.
Proposed or new legislation or regulations that would
impact future wind deployment are excluded from the
results and analysis reported here. The assumption of
no new policies, beyond the prescribed wind penetration levels, does not represent policy forecasts or
recommendations. Section 3.2 provides the key input
assumptions of the analysis.
It is important to note that—while the Wind Vision
analysis is policy-agnostic and focused entirely on
the electric sector—the impacts, costs, and benefits
of the Study Scenario and respective sensitivities will
be dependent on the policy and market factors used
to yield wind deployment levels consistent with the
Wind Vision, and on larger economy interactions. The
impacts, costs, and benefits presented here are driven
by the approach to implementing the Study Scenario
in ReEDS: prescribed wind generation levels in the
electric sector. Alternative approaches to reaching
the same deployment levels, through policy drivers
and/or market dynamics, would be expected to
yield different results. Research has generally found
that energy policies that are specifically intended to
internalize so-called “external” costs (e.g., environmental taxes) are likely to be more cost effective and/
or deliver greater social returns than will technologyor sector-specific policy incentives. This is, in part,
due to economy-wide rebound and spillover effects.
These effects are discussed in Section 3.7, but are not
modeled in the Wind Vision analysis.

24. Although the Central Study Scenario reflects a central estimate, it has not been assigned a higher probability (in fact, no probabilities are
explicitly assigned to any single scenario) and should not be construed as a most likely outcome. It is simply the central estimate given the
range of potential input variables that exist as of 2013.
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3.2 Summary of ReEDS Inputs
The ReEDS model requires a diverse set of inputs.
Inputs of particular importance for the Wind Vision
analysis include generation capacity cost and performance from 2014 to 2050 for wind technologies, other
renewable technologies, and non-renewable technologies (e.g., coal, gas, nuclear). Key market variables
that also serve as important modeling inputs through
2050 include anticipated generation plant retirements,
future load growth, and fossil fuel prices. This section
summarizes the values applied for the inputs and,
where applicable, describes the methods by which
these inputs were developed. Data reflect costs to
build and operate new plants only and apply to the
Study Scenario and the Baseline Scenario. For supplemental detail on these inputs, as well as operating
costs associated with the existing plants, transmission
costs, and storage costs, see Appendices G and H.

3.2.1 Wind Power Technologies
Wind technology inputs applied in this study are
grounded in historical trends and published projections of future wind technology cost and performance. They assume continued technology development, optimization, and maturation. Although ReEDS
uses explicit capital cost, capacity factor, and operations and financing inputs, this summary of ReEDS
inputs reports costs strictly in terms of levelized cost
of electricity (LCOE).25

Land-Based Wind
Land-based wind inputs were developed by the Wind
Vision project team and are grounded in reported
costs, e.g., [16] and modeled performance of currently
available technology e.g., [17]. Primary cost inputs were

25.

developed from Interior region data as defined by
Wiser and Bolinger [16] to control for non-technology
regional cost differences (e.g., variability in labor
rates and other non-turbine input costs).26,27 Capital
cost, estimated operating expenditures, and modeled
performance data were coupled with high-resolution
(200-meter [m]) hourly wind resource data to estimate LCOEs for all potential (non-excluded)28 resource
sites in the continental United States. Estimates of
LCOE across a full array of potential project sites are
required as a result of the multi-decadal time period
covered by the analysis.
The Wind Vision project team also developed
land-based wind LCOE projections through 2050.
Projections were derived from a review and analysis
of independent literature projections. More than 20
projection scenarios from more than 15 independent
studies were considered (see also [18, 19]). Individual
LCOE projections were estimated, extracted, and
normalized to a common starting point using a process similar to, e.g., Lantz et al. 2012 [18]. This process
resulted in an overall range of projected land-based
LCOE reductions of 0–40% through 2050. From
these results, three explicit projections were selected
for modeling:
• High Wind Costs: Constant wind LCOEs from 2014
to 2050
• Central Wind Costs: Median annual cost reduction
identified in the literature
• Low Wind Costs: Maximum annual cost reduction
identified in the literature

Although there are various metrics that can be used to report generation costs, LCOE represents the present value of total costs divided
by the present value of energy production over a defined duration (20 years in the referenced analysis). Actual disaggregated inputs
are contained in Appendices G and H. LCOE values shown reflect permanent elements of the tax code (e.g., Modified Accelerated Cost
Recovery System, or MACRS) but exclude policy support requiring periodic re-authorizations, such as the wind Production Tax Credit, as
well as specific state policy support mechanisms (e.g., Renewable Energy Credits, property tax abatements, sales tax abatements). LCOE
values should not be construed as representative of all system or societal costs. ReEDS modeling and subsequent impacts. assessment
detailed in Sections 3.4–3.13 represent a more complete accounting of electric system and societal impacts.

26. The Interior region selected here is consistent with the Interior region as defined by Wiser and Bolinger for industry reporting in the 2012
Wind Technologies Market Report [16]. This region comprises states from the Rocky Mountains east to the Mississippi River, excepting
Arkansas and Louisiana, which are grouped as part of the Southeast.
27.

While ReEDS inputs are derived from empirical Interior region cost data, the ReEDS model adjusts for regional differentials in cost as well
as the cost to move energy from a wind resource site to load either as a function of local spur lines or long-distance interstate transmission (see also Appendix G).

28. Excluded land areas include urban areas, national parks, highly sloped land areas, and others. For a full list of resource exclusions, see
Appendix H.
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to move the power to load.

Figure 3-12. Land-based wind changes in LCOE by sensitivity (2014–2050, Interior region)

Figure 3-12 illustrates the range of land-based wind
LCOEs represented in the Wind Vision scenario framework for the Interior region and related changes from
2014 to 2050.29 Data shown represent plant-level
LCOE, excluding potential intraregional transmission
needed to move the power to the grid and interregional transmission to move the power to load.
Ranges reflect the variability in resource quality
captured within the ReEDS model. Changes from
2014 LCOEs are 0% by 2050 under High Wind Costs;
9% by 2020, 16% by 2030, and 22% by 2050 under
Central Wind Costs; and 24% by 2020, 33% by 2030,
and 37% by 2050 under Low Wind Costs. Additional
detail regarding the development of land-based wind
costs as well as explicit ReEDS capital costs, capacity
factors, and operations costs are detailed in Appendix H. For insights into the comparability of these
inputs with current market data, see Text Box 3-1.

Offshore Wind
Offshore wind inputs were developed in a similar
manner as their land-based counterparts. A greater
diversity of technology (e.g., shallow water versus
deepwater), limited data, a less mature industry,
and fewer long-term projections necessitated some
key differences. Data limitations are particularly
significant for mid-depth (30–60 m) and deepwater
(60–700 m) sites.
Starting-point cost data were derived from the
published data of the global offshore wind industry
as well as estimates from recent development activity
on the Atlantic coast of the United States [23, 19]. These
data were coupled with engineering assessments
and distance-based cost functions (specific to the
offshore export cable and incremental construction
cost associated with moving farther from shore) to
determine expected site-specific costs for technology
across a broad range of water depths and distances

29. All dollars are in real 2013$ unless otherwise noted.
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Text Box 3-1.

Benchmarking Wind Vision Inputs with Expected Costs for Current Projects
Estimated wind technology ReEDS LCOEs
developed from the methods described in
Section 3.2.1 were compared with 2012 historical market power purchase agreement (PPA)
data and PPA data for projects scheduled to
come online in 2014-2016. Although this benchmarking exercise is limited by the standardized
financing terms applied in ReEDS (Appendix H)
and the resulting simplified representation of
the value of the PTC in the ReEDS LCOE values,
it offers the opportunity for basic validation of
the Wind Vision analysis inputs. Benchmarking
results are reported only for resource areas best
represented by the locations where active development is concentrated today and assumes
Interior region costs.
Assuming qualification for the PTC, estimated
ReEDS LCOEs for projects in the Interior region
likely to have been commissioned in 2012 range
from approximately $27/megawatt-hour (MWh)
to $38/MWh. The interior region generation
weighted average market PPA price for projects
signing contracts in 2012 was approximately
$31/MWh with a range of approximately
$20/MWh to $40/MWh [20]. Estimated ReEDS
LCOEs for projects likely to be commissioned in
2014–2016 (and qualifying for the PTC) range
from $24/MWh to $35/MWh in the Central Wind
Cost case and $18/MWh to $29/MWh in the
Low Wind Cost case. Recent Interior region PPA
price data (contracts signed in 2013–2014) for
projects to be delivered in 2014–2016 indicate a
generation weighted average of approximately
$23/MWh with an approximate range extending
from below $20/MWh to about $30/MWh [20].
These simple comparisons suggest that ReEDS
LCOE alignment with 2012 market PPA data
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is strong; ReEDS LCOEs also appear to be
relatively consistent with 2014–2016 market
data, particularly when considering the range
offered by the Low Wind Cost case.
The standardized ReEDS financing assumptions
reflect long-term electric generation financing
cost estimates. This long-term perspective results
in slightly greater financing costs (~100 basis
points) than are observed in the market today. In
contrast, the ReEDS financing assumptions also
reflect the full nominal value of the PTC. Based
on the work of Bolinger [21] and Bloomberg New
Energy Finance [22], the cost of tax equity and
lower project debt levels required to monetize
the tax credits may erode as much as 30% of
the full nominal value of the PTC. Accordingly,
without the PTC, the costs represented in ReEDS
may be modestly conservative when compared
to market expectations for projects in the latter
half of this decade.
Given somewhat variable historical pricing
trends as well as a tendency for wind and other
generation prices to be influenced by market
factors (e.g., the cost of generation from natural
gas–fired plants), some degree of conservatism
is merited within the context of the current
scenario analysis. There are other modeling
elements that could be weighed against any
perceived conservatism in terms of individual
project cost representation. These factors include
environmental and wildlife exclusions that do
not fully represent the near-term challenges
associated with building on federal public land
or in other environmentally sensitive regions,
as well as the ability for the ReEDS model to
select among a vast array of project sites with no
transaction costs or associated sunk costs.
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from shore.30 Modeled performance data for stateof-the-art technology available as of 2013 were
also compiled. As was done for land-based wind,
estimated capital costs, operations expenditures, and
performance data were applied to high-resolution
hourly wind resource data to estimate LCOEs for
all potential (non-excluded) offshore wind resource
sites. Applying the standardized financing assumptions, ReEDS LCOEs range from approximately $170/
MWh to $230/MWh for shallow-water sites as of
2013.31 If current market-based financing assumptions
(e.g., a weighted average cost of capital of approximately 10%–11% nominal) were applied, this LCOE
range would increase by approximately $20/MWh to
$30/MWh. These estimates can be compared with
contracted sales prices for offshore wind as reflected
in PPAs. Pricing ranged from $180/MWh to $245/
MWh (2013$) for projects in the United States under
development as of 2013 (see also Chapter 2).
Offshore wind LCOE projections through 2050 were
developed using a combination of methods. Review
and analysis of independent literature-based projections were used to inform estimates of cost reduction
through the mid-2020s [24, 25, 26].32 Beyond the
mid-2020s, offshore wind projections rely on three
independent learning rate estimates to project costs
from the mid-2020s to 2050.33 Common learning
rates were applied independent of site-specific
impacts on technology (e.g., water depth, geotechnical considerations, distance from staging area).
For the High Wind Cost inputs, a 0% learning rate
is assumed; in effect, no further improvements are
considered.34 For the Central Wind Cost inputs, a 5%
learning rate is assumed. This 5% rate is generally

consistent with rates projected by van der Zwaan et
al. [27]. For the Low Wind Cost inputs, a 10% learning
rate is assumed, consistent with estimates for the
global wind industry by Wiser et al. [28] and Musial
and Butterfield [29]. Learning rates are applied to
estimated global capacity assuming a compound
average annual growth rate of approximately 10%
from 2013 to 2050.35
Figure 3-13 illustrates the range, as a function of wind
resource quality and water depth, of offshore wind
LCOEs in the Wind Vision scenario framework, and
how these LCOEs change from 2014 to 2050. Data
represent the plant-level LCOE, excluding the marine
export cable, potential intraregional transmission
needed to move the power to the grid, and interregional transmission to move the power to load.
Changes from 2014 LCOEs are 5% by 2020, 18% by
2030, and 18% by 2050 under High Wind Costs; 16%
by 2020, 32% by 2030, and 37% by 2050 under Central Wind Costs; and 22% by 2020, 43% by 2030, and
51% by 2050 under Low Wind Costs. Additional detail
regarding the development of offshore wind costs as
well as explicit ReEDS capital costs, capacity factors,
and operations costs are available in Appendix H.
Given the data limitations and relative immaturity
of offshore wind technology, a number of caveats
should be considered for these estimated cost data.
First, cost reductions presented here are based on the
methods described. Apart from what is reflected in
the literature for expectations through the mid-2020s,
the approach has not considered explicit innovation
opportunities. This is particularly notable for deepwater technology (60–700 m)—and, to a lesser degree,

30. Site-specific estimates did not consider regional cost multipliers or land-based grid infrastructure costs. The purpose of the base cost
characterization and data binning was to rank sites based on their cost of energy delivered to shore, neutral of non-technical market cost
drivers (e.g., variable labor costs by region). Both non-technical market cost drivers and land-based grid infrastructure costs are separately
captured in the ReEDS model (see Appendix G).
31.

ReEDS standardized financing costs were applied to calculate LCOEs. As such, actual LCOEs are likely underestimated for projects under
development in U.S. waters as of 2014. Nonetheless, implicit in the standardized ReEDS financing costs is the assumption that industry and
technology maturation will bring parity in all energy infrastructure financing costs.

32.

Literature projections were not applied to the long term because only a small sample of projections extend beyond the mid-2020s and
representation of recent industry trends in those studies is poor.

33.

Learning rates rely on historical trends to project future technological improvement. The learning rate is defined as the percent change in
cost for every doubling in cumulative production or units installed. Wiser et al. [17] provide a detailed review of learning rates as such rates
apply to wind energy.

34. Given the current maturity of offshore wind technology, this learning rate assumes very limited or no industry growth outside of the
United States and, in many respects, an inability for the industry to achieve adequate scale and volume required to reduce costs.
35.

Actual compound average annual growth rate is expected to decline with time, achieving potentially 30% in the near term but declining
to 5% sometime after 2030. Near-term growth is generally expected to develop in Europe and China, with the United States, Japan, and
other countries potentially supporting growth in 2020 and beyond.
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Figure 3-13. Offshore wind changes in LCOE by sensitivity (2014–2050)

mid-depth technology (30–60 m)—as the literature
is principally focused on fixed-bottom shallow-water
technology and may understate the overall long-term
cost reduction potential for other, deeper-water
offshore technologies. Second, the use of learning
curves to derive the long-term projections requires
estimates of global installed capacity. Such estimates
are highly uncertain, since future deployment will
depend on the cost of competing alternatives as well
as on potential GHG or other environmental commitments which may spur additional deployment of
renewable energy. Finally, the learning rates chosen
reflect a range of estimates derived from literature [27,
30] and the experience of land-based technology [29,
28]. While empirical learning rates for offshore wind
have not yet been developed given the nascent status
of the industry, it is likely that actual offshore learning
rates will differ from those applied here.
Despite these limitations, the cost trajectories associated with wind technology sensitivities provide a
broad range of cost reduction potential for offshore

wind. While it is possible that cost reductions greater
than those examined here may be realized, the
results demonstrate the substantial and continued
need for innovation and maturation in the offshore
wind industry.
Figure 3-14 combines existing cost estimates for landbased and offshore wind with high-resolution wind
resource data to develop a supply curve or illustration
of the total resource potential for wind at various
LCOE levels. The supply curve considers the array of
wind resource quality groups represented in ReEDS,
as well as various environmental or other exclusion
areas (described in Appendix H). Resource quality
groups are denoted here as Techno-Resource Groups,
as they consider both wind resource and applicable
technology design considerations.36 To place these
numbers in context, the U.S. electric system currently
includes approximately 941 GW of installed electric
capacity across all technologies.

36. See Appendix H for an expanded description of Techno-Resource Groups, as well as regional capital costs and performance characteristics, interconnection costs, and other regional factors.
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Figure 3-14. Combined land-based and offshore wind resource supply curve, based on estimated costs in 2012

3.2.2 Other Renewable Power
Expected cost and performance estimates for new
solar PV, concentrating solar power, geothermal,
biomass, and hydropower were also developed from
empirical market data and literature projections,
where such data were available. Some methodological deviations were required given data limitations,
resource constraints, and intrinsic differences in
technology and resource requirements. A single cost
and performance trajectory was developed for each
renewable technology and applied across the full set
of modeled scenarios.
Solar power capital costs were benchmarked to cost
data reported by Bolinger and Weaver [31] and GTM
Research/Solar Energy Industries Association [32].
Capital cost projections from 2013 to 2020 are aligned
with the 62.5% reduction scenario (from 2010 levels)
documented by DOE [5]. This cost trajectory was
subsequently grounded against a sample of cost projections from the EIA [33], International Energy Agency
37.

[26],

Bloomberg New Energy Finance [34], Greenpeace/
European Photovoltaic Industry Association [35], GTM
Research/Solar Energy Industries Association [36, 32].
From 2020 to 2040, costs decline to $1.20/AC watts
(WAC) for utility-scale PV, to $1.90/WAC for distributed
residential rooftop PV, and to $3.60/WAC for concentrating solar power.37 Although there are fewer
literature estimates that emphasize this time period,
this cost trajectory was also generally consistent with
an average literature estimate [26, 34, 33]. Costs were
assumed to be unchanged (in real terms) from 2040
to 2050.38 Performance for all solar technologies varies
regionally and is based on solar irradiance data from
the National Solar Radiation Database.39
Hydropower is represented in the current analysis
by the most recent national-scale resource potential
estimates for non-powered dams [37] and undeveloped
sites [38]. Resource estimates exclude upgrades and
expansions at existing facilities and new sites less than
1 MW.40 Costs are derived from methods developed by

Costs reported here in AC watts are consistent with targets under DOE’s SunShot Initiative, e.g., $1.00/DC watt for utility-scale PV (http://
energy.gov/eere/sunshot/sunshot-initiative).

38. Potential justifications for flat cost over this time period include increasing uncertainty with time and diminishing returns from research
and development investment.
39. The National Solar Radiation Database is available at http://rredc.nrel.gov/solar/old_data/nsrdb.
40. Marine hydrokinetic technologies are also excluded from the analysis.
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the Idaho National Laboratory and are consistent with
cost representations applied in the EIA’s AEO [4] as
well as past ReEDS analysis, including the Renewable
Electricity Futures study [2].41
Geothermal resources represented in ReEDS include
identified hydrothermal resources and near-hydrothermal field enhanced geothermal systems consistent with the EIA AEO 2014 Reference Case and
Augustine et al. [39]. All other potential geothermal
resource areas are excluded. Current costs and total
available potential are detailed by Augustine et al. [39].
Given substantial uncertainty in future cost trends,
costs are constant for the period of analysis.42
Biomass power represented in ReEDS includes both
co-fired and dedicated biomass units. Cost and
performance estimates are derived from the EIA AEO
2014 Reference Case. Supplemental detail is provided
in Appendix G.

3.2.3 Non-Renewable Power
Technologies
Non-renewable electric generation technologies,
including coal, natural gas combined cycle, natural
gas combustion turbine, and nuclear technologies,
rely on capital cost and performance estimates
resulting from the EIA AEO 2014 Reference Case. Cost
and performance estimates for natural gas combined
cycle with carbon capture and storage, and for coal
with carbon capture and storage, are consistent with
those from the EIA AEO 2014 Reference Case. Full
detail on these inputs is in Appendix G.

3.2.4 Market Variables
Other power sector variables also play a role in determining the associated impacts of the Study Scenario.
Of particular significance are expected retirements,
changes in demand for electricity generation, and
future fossil fuel prices.

41.

Retirements
Retirements in ReEDS are primarily a function of plant
age and assumed lifetimes. Fossil fuel-fired plant ages
are derived from data reported using Ventyx.43 Coal
plants less than 100 MW in capacity are retired after
65 years; coal plants greater than 100 MW in capacity
are retired after 75 years. Natural gas- and oil-fired
capacity is assumed to have a 55-year lifetime.
Nuclear plants are assumed to be approved for a
single service life extension period, giving existing
nuclear plants a 60-year life.44 No refurbishment costs
or increased operations and maintenance (O&M) costs
are applied to extend the nuclear or fossil plant life.
Figure 3-15 details the resulting age-based retirements across existing coal, oil and gas steam turbines,
nuclear, and gas-fired capacity (natural gas combined
cycle and natural gas combustion turbine), as well as
the share of existing 2012 capacity retired throughout
the period of analysis. These assumptions result in
retirement by 2050 of nearly all of the existing oil and
gas steam turbine and nuclear fleets, and about half
of the existing coal fleet.
Plant lifetimes are also estimated for newer generation sources. Respective assumed lifetimes are: wind
power plants, 24 years; solar and geothermal facilities,
30 years; and battery storage, 12 years. All other technologies (e.g., hydropower, biopower) are assumed
to have lifetimes extending beyond 2050. While all
generator types retire at the end of their defined
equipment lifetimes, the site-specific technologies
that have resource accessibility supply curves (wind,
solar, geothermal) require some special consideration.
When a parcel of capacity retires (for instance, some
wind capacity retiring upon reaching its assumed
24-year life), the freed resource potential in that site
is available for new builds. This new build is assumed
to have no accessibility cost, since the spur line and
other site infrastructure developed for the original
plant can be re-used for any new builds on these sites.

Ongoing DOE work is expected to provide insight into the long-term potential for hydropower electricity capacity and generation at a
level that is not reflected in the present study or modeling treatment (http://energy.gov/eere/water/new-vision-united-states-hydropower).

42. While an endogenous treatment of technology learning from the National Energy Modeling System model is used for the AEO reports,
it is not included in the present ReEDS analysis. As such, the geothermal technology costs used here differ slightly from the costs reported
in the AEO.
43. http://www.ventyx.com/en/solutions/business-operations/business-products/velocity-suite
44. A single service life extension period was selected as a central assumption given significant uncertainty in current nuclear plant lifetimes.
High uncertainty persists due to the potential for new investments that might be required to keep existing plants in operation (e.g., San
Onofre) as well as marginal operations costs that may not be supported by current wholesale power prices. At the same time, the possibility for a single or perhaps even double service life extension remains, given perceived GHG risks [4] .
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Figure 3-15. Estimated age-based and announced cumulative retirements and retirements by share of the operating fleet

In addition to age-based retirements, other nearterm coal retirements are reflected in the modeled
scenarios by incorporating announced retirements
[40],45 and long-term retirements are incorporated by
considering plant utilization. As illustrated in Figure
3-15, assumed age-based and announced coal retirements total 42 GW of coal capacity retirements from
2013 to 2020, 54 GW by 2030, and 166 GW by 2050.46
Modeled utilization-based coal retirements represent
a proxy for economic-based considerations and
accelerate coal retirements. For example, cumulative
(starting in 2013) coal retirements in the Central Study
Scenario total 43 GW by 2020, 67 GW by 2030, and
186 GW by 2050.47
Degradation of the efficiency of solar PV capacities
over time is also modeled at 0.5% per year [44]—i.e.,
the capacity of PV that generates energy is reduced
by 0.5% every year. In the Wind Vision analysis, however, the total PV capacity reported does not

reflect this degradation and remains at initial capacity.
Instead, the generation reported from this capacity is
reduced, reflecting the efficiency degradation of that
capacity over time.

Load Growth
The Wind Vision analysis applies a single load growth
trajectory. Load growth in the Wind Vision is assessed
by the change in end-use electricity demand and is
based on the EIA’s AEO 2014 Reference Case. Load
growth is extracted from the AEO 2014 Reference
Case for the time period of 2013 to 2040, and is
extrapolated through 2050.48 Regional differences
reflected by the AEO are also represented in ReEDS.
The overall change in electricity demand associated
with this scenario is approximately 34% from 2013
(3,700 terawatt-hours [TWh]) to 2050 (4,900 TWh)
and averages 0.8% per year. Growth is generally linear
from 2013 to 2050.

45. Due to ReEDS geospatial requirements, these data reflect announced retirements only (e.g., [40]). Other estimated retirements (e.g., [41, 42,
43]) lack sufficient geospatial and temporal resolution to be incorporated into ReEDS, but are addressed to a degree by overlaps with Saha
[40], and by the age-based and plant utilization-based retirements.
46. Age-based and announced coal retirements from 2010 (the ReEDS model start year) to 2020 total 57 GW. A direct comparison of this
assumption with other literature (e.g., [41, 42, 43]) is difficult, as the starting year is not consistent across references.
47.

Under the Baseline Scenario, coal capacity experiences greater utilization. Thus, fewer retirements are observed to occur across Baseline
Scenario sensitivities compared with the Study Scenario.

48. The method and data sources used to both calibrate the 2010 ReEDS start year load profiles and extrapolate to future years (see
Appendix G) lead to slight differences to the end-use demand trajectory in ReEDS compared to the AEO 2014 Reference Case projection.
These differences have negligible effect on the scenario results.
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Figure 3-16. Base coal and natural gas fuel cost trajectories applied in the Wind Vision

Fossil Fuel Costs
A range of fossil fuel costs (coal and natural gas) are
applied in the Wind Vision analysis. Three explicit trajectories are considered: Low Fuel Costs, Central Fuel
Costs, and High Fuel Costs. This approach is intended,
in part, to reflect the substantial uncertainty in future
fuel cost projections and the sensitivity of future
modeling outcomes to changes in the projected fossil
fuel prices. Fuel cost scenarios are grounded in the
work of the EIA and published in AEO 2014 [4].
Central Fuel Costs are extracted from the AEO
2014 Reference Case; Low Fuel Costs are extracted
from the High Oil and Gas Resource and the Low
Coal Cost scenarios in the AEO. High Fuel Costs are
extracted from the Low Oil and Gas Resource and
High Coal Cost scenarios in the AEO. Because the
AEO data extend only through 2040, fossil fuel costs
for each specific trajectory (i.e., Low, Central, High)
are assumed to be constant in real dollar terms from
2040 to 2050.49 Constant cost treatment during this
time period is justified based on the high uncertainty
associated with 2040 prices and the overall price
levels also projected in 2040. Figure 3-16 illustrates
these cost trends for the full period of the analysis.

Values shown in Figure 3-16 represent the national
ReEDS model inputs. In the Wind Vision analysis, however, more highly resolved regional data are applied.
Natural gas cost adjustments are also incorporated
in ReEDS to account for the sensitivity of fuel costs
(prices) to changes in regional electric sector fuel
usage (see also [11] and Appendix G).

3.2.5 Policy Assumptions
Existing policies are represented as enacted as of
January 1, 2014. All state renewable portfolio standards (RPSs) are modeled, federal tax incentives
are included as they exist on January 1, 2014, and
accelerated depreciation rules that exist as a permanent part of the tax code are reflected in the cost of
new technologies. The wind PTC and investment tax
credit (ITC) are assumed to be expired without further
extensions. The Modified Accelerated Cost Recovery System depreciation schedules remain in place
through 2050. The solar ITC is assumed to be 30%
until after 2016, after which it is assumed to remain at
10% through 2050. The geothermal ITC is assumed to
be 10% for all years. California’s Assembly Bill 32, or
AB32, is modeled.50,51

49. Prices are assumed to increase with the rate of inflation over this time period.
50. California Assembly Bill 32 is modeled in ReEDS as a carbon cap for the electricity sector. The cap limits are derived from California emissions in the AEO 2013 Reference scenario [33] and consider in-state generation as well as imports from outside of California. Other regional,
state, or local carbon cap-and-trade systems, including the Regional Greenhouse Gas Initiative, are not represented.
51.
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In the Baseline Scenario, the model treatments of existing state policies (RPSs and California AB32) are modified to reduce cost distortions
that these state policies would have when wind is not available to meet these standards.
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No new policies, including new or proposed environmental regulations, are explicitly modeled; however,
wind penetration levels are enforced in the model.
U.S. Environmental Protection Agency (EPA) regulation is partially represented in the announced
retirements captured by the model (Section 3.2.4).52
The EPA’s proposed Clean Power Plan is not modeled
directly in ReEDS.

the impacts, costs, and benefits of the Wind Vision
will be somewhat dependent on the policy and
market variables used to achieve wind deployment,
as discussed in Section 3.3. Text Box 3-3 provides
added context on current and past government
incentives for energy supply.

Modeling and associated cost and price impacts
presented here do not consider future limits to criteria
pollutants or carbon dioxide (CO2).53 However, environmental impacts from reduced air pollution and
GHG as a function of the Study Scenario are quantified and monetized in Sections 3.7 and 3.8.

The ReEDS inputs discussed in previous sections of
3.2 are summarized in Text Box 3-2 for reference in
future sections.

This approach allows for a consistent estimation of
the costs, benefits, and impacts of the Wind Vision
scenarios. However, it does not reflect a policy recommendation, expectation, or preference. Moreover,

3.2.6 Summary of Inputs

As introduced in Section 3.1.3, a number of sensitivities were analyzed to understand the range of potential impacts of the Study Scenario. The upcoming
sections—3.3 Wind Capacity Additions, 3.4 Economic
Impacts, 3.5 Electricity Sector Impacts, and 3.6
Transmission and Integration Impacts—present results
for the Central Study Scenario as well as some of the
sensitivities summarized.

52.

A sulfur dioxide cap is also included in ReEDS (see Section 3.8).

53.

A risk factor applied to new investments in coal-fired capacity without carbon capture and storage is included to capture the potential
for new carbon policy (see Appendix G).

Text Box 3-2.

Impacts Analysis Scenario Framework and Inputs Summary
The Wind Vision uses scenarios to explore the range of potential impacts that could result from
increased deployment of wind power as defined in the Study Scenario. Study Scenario impacts are
generally assessed relative to the Baseline Scenario, with limited exceptions for specific metrics
(e.g., land use is assessed for the total installed wind capacity in the Study Scenario). To assess the
robustness of the results, additional scenario sensitivities were conducted, focusing on changes in
wind costs and fossil fuel costs independently and in combination. These sensitivities are designed to
inform the range of outcomes. Table 1 defines the key modeling constants across scenarios. Table 2
summarizes the scenarios considered and highlights their differences.
Table 1. Constants Across Modeled Scenarios

Input Type

Input Description

Electricity demand

AEO 2014 Reference Case (average annual electric demand growth rate of 0.8%)a

Fossil technology and nuclear power

AEO 2014 Reference Case

Non-wind renewable power costs

Literature-based central 2013 estimate and future cost characterization

Policy

As legislated and effective on January 1, 2014

Transmission expansion

Pre-2020 expansion limited to planned lines; post-2020, economic expansion, based on
transmission line costs from Eastern Interconnection Planning Collaborative

a. Modeling work described in Chapter 1 to inform the development of the Study Scenario included sensitivities in which electricity demand was
varied. See Chapter 1 for additional details.

Continues next page
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Text Box 3-2. (continued)

Impacts Analysis Scenario Framework and Inputs Summary
Table 2. Scenario Definition and Variables
Scenario Label

31

Description

Inputs

Central Study
Scenario

This scenario applies the Study Scenario wind trajectory of 10% wind by 2020, 20% by 2030, 35% by
2050 and Central modeling inputs. It is the primary
analysis scenario for which impacts are assessed
and reported.

All constants noted in Table 1
Fossil fuel costs: AEO 2014 Reference Case
Wind power costs: Median 2013, with cost reductions
derived from literature review

Central Baseline
Scenario

This scenario applies the Baseline Scenario constraint of no new wind capacity. This scenario also
relies on central inputs and is the primary reference
case from which impacts are assessed and reported.

All constants noted in Table 1
Fossil fuel costs: AEO 2014 Reference Case
Wind power costs: Median 2013, with cost reductions
derived from literature review

High/Low Fossil
Fuel Cost Study
Scenario

These scenarios examine the sensitivity of changes
in fossil fuel costs to the results of the Study Scenario. Modeling outcomes are compared with the
Baseline Scenario that includes the respective fossil
fuel cost assumptions.

All constants noted in Table 1
Fossil fuel costs: AEO 2014 Low/High Oil and Gas
Resource Case and AEO High/Low Coal Cost Case
Wind power costs: Median 2013, with cost reductions
derived from literature review

High/Low
Fossil Fuel
Cost Baseline
Scenario

These scenarios examine the sensitivity of changes
in fossil fuel costs to the results of the Baseline
Scenario. Modeling outcomes are compared those
derived from the Study Scenario with the respective
fuel cost assumptions.

All constants noted in Table 1
Fossil fuel costs: AEO 2014 Low/High Oil and Gas
Resource Case and AEO High/Low Coal Cost Case
Wind power costs: Median 2013, with cost reductions
derived from literature review

High/Low Wind
Cost Scenario

These scenarios examine the sensitivity of the Study
Scenario results to changes in wind power cost
reductions from 2014–2050. Results are compared
to the Central Baseline Scenario, which holds wind
capacity constant at current levels and is therefore
unaffected by changes in wind costs.

All constants noted in Table 1
Fossil fuel costs: AEO 2014 Reference Case
Wind power costs: No change in costs from 2014–
2050; Max. literature-based change in costs from
2014–2050

Favorable
Scenario Study
Scenario

By combining low wind costs with high fossil fuel
costs, this sensitivity represents the conditions most
conducive to wind deployment considered in the
analysis and forms a low cost bookend for the Study
Scenario. Results are compared to the High Fossil
Fuel Cost Baseline Scenario.

All constants noted in Table 1
Fossil fuel costs: AEO 2014 Low Oil and Gas
Resource Case and AEO High Coal Cost Case
Wind power costs: Max literature-based change in
cost from 2014–2050

Unfavorable
Study Scenario

By combining high wind costs with low fossil fuel
costs, this sensitivity represents the conditions
least conducive to wind deployment considered in
the analysis and forms a high cost bookend for the
Study Scenario. Results are compared to the High
Fossil Fuel Cost Baseline Scenario.

All constants noted in Table 1
Fossil fuel costs: AEO 2014 High Oil and Gas
Resource Case and AEO Low Coal Cost Case
Wind power costs: No change in cost from 2014–
2050
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Text Box 3-3.

Government Incentives for Energy Supply
The United States has a long history of offering incentives at both the federal and state levels for energy
development, technologies, and use. In the early days
of oil and gas development, Congress adopted policies
allowing favorable tax accounting practices; coal similarly
received support through favorable tax policy (e.g., [45]).
Nuclear energy was initially indirectly supported through
military efforts, later leading to commercial reactors for
electricity generation. Favorable tax policy applies to
nuclear energy, and the Price-Anderson Act was established to partially indemnify the nuclear industry against
liability claims arising from nuclear incidents (e.g., [46]).
Federal energy research and development (R&D) has
also existed for many decades. A 2012 Congressional
Research Service report reviewed available data on
R&D funding and found that, “[f]or the 65-year period
from 1948 through 2012, nearly 12% went to renewables,
compared with 10% for efficiency, 25% for fossil, and
49% for nuclear” [47]. The overall proportion of R&D
funding for renewable energy has, however, increased in
years leading up to 2014 [47]. Renewable energy has also
benefited from favorable federal tax policy and a variety
of state-level incentives.
Some widely cited goals of government incentives
include: (1) addressing the environmental effects of
energy technologies, (2) reducing barriers to the development and adoption of innovative technologies, (3)
creating opportunities for local economic development
Variations in the Types of Incentives
Included in Studies

• Direct spending (e.g., grants)
• Tax reduction (e.g., tax credits,
accelerated depreciation)
• Support for R&D
• Market access (e.g., access to
public land, use mandates)
• Risk reduction (e.g., loan
guarantees, insurance)

benefits, and (4) increasing energy security and diversity.
The relative importance of these goals—and the extent
to and efficiency with which various incentives achieve
them—is the subject of continual debate. Research has
generally found it to be more cost-effective to address
market failures (e.g., unpriced environmental effects)
directly through policies (e.g., environmental taxes)
specifically intended to internalize these “external” costs,
rather than solely through technology- or sector-specific
incentives (e.g., [48,49, 50, 51]).
One question that often arises is the relative size of
incentives for different energy technologies. Studies
conducted as of 2013 have led to widely varying estimates as a result of three types of complications. First,
the definition of what is considered an energy incentive
varies widely. Some incentives—such as federal direct
spending via grants, favorable taxation, and R&D—are
almost always included, whereas others, such as the failure to price environmental effects, are rarely addressed.
Second, estimates are greatly impacted by the analysis
methods used, the scope applied (e.g., timescale,
whether state incentives are included), and how different technologies are categorized. Third, estimates are
often reported differently, because timescales and units
of interest vary. While each of the metrics noted in the
table below can be useful depending on the goals of the
analysis, the variety of approaches makes it difficult to
compare different studies.

Variations in Methods
and Scope

Variations in
Metrics Reported

• Methods used to assess complicated programs

• Dollar value in recent year
($/year)

• Scope: generation-only or full
life cycle; timescale; treatment of
state/local

• Cumulative dollar value since
beginning of incentives ($)

• Whether subsides are allocated to electricity production,
and form of categorization into
sectors

• Dollar value in first 10–30 years of
technology development ($)
• Total dollar value in recent year,
divided by production (¢/kWh)
• Projected
future
under
Continues
nextincentives
page
current policy ($/year)

• Failure to price environmental
effects (rarely included)
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Text Box 3-3. (continued)

Government Incentives for Energy Supply
Complications in Comparing Estimates of
Relative Government Incentives
Given these differences, it is difficult to generalize about
the relative size of incentives offered to various energy
technologies. Depending on the factors included, different studies have reported estimates of total subsidies that
vary by more than an order of magnitude (e.g., [52]). In
broad terms, however, and focusing principally on federal
government incentives since most available studies do
not consider state incentives, the literature suggests:
• If “recent incentives per year” is used as the metric,
incentives for renewable energy are comparable
to—and, in the most recent years (as of 2013), potentially greater than—those provided to nuclear or fossil
energy sources; examples from some recent studies
are in the table below.
• If “cumulative incentives” or “total incentives over an
initial deployment period (10–30 years)” is used as the
metric, renewable energy has received fewer incentives relative to nuclear or some fossil energy sources.
A 2011 study by DBL Investors, for example, found that,
“federal incentives for early fossil fuel production and
the nascent nuclear industry were much more robust
than the support provided to renewables today” [53].
Studies by the Congressional Research Service [47],
Management Information Services [54], the Congressional Budget Office [51], and Badcock and Lenzen [55]
present similar results for historical incentive patterns.
• If “recent incentives per unit of electricity” is used
as the metric, renewable electricity is more heavily

supported than other technologies, in part because
renewable energy is still a relatively small share of the
overall electricity mix (e.g., [56, 57, 58]).
• If “projected future incentives under current policy”
is used, renewable energy sources are sometimes
expected to receive relatively lower levels of incentives than other energy sources (e.g., [59]). This is
because many of the available federal incentives for
renewable energy have expired or are set to expire.
In contrast, a number of the currently available
incentives for other energy sources do not have an
established expiration date.
Virtually none of the studies reviewed consider the
failure to fully price environmental impacts as an “incentive.” As suggested elsewhere in Chapter 3, however,
and as assessed by Kitson et al. [57], the economic
consequences of such “externalities” are substantial. If
such factors were considered as implicit incentives, a
number of the general conclusions herein could change.
Vast differences in approach and findings in the literature make it challenging to draw firm conclusions. It is
certain, however, that billions of dollars of incentives are
designated for fossil, nuclear, and renewable energy each
year and that these diverse incentives have been partly
responsible for the development of each sector. The
incentives are of many different types, vary significantly
from year to year, and are intended to accomplish many
different—and sometimes contradictory—purposes. No
single, simple answer exists regarding the relative size of
these incentives.

Estimates of Recent U.S. Incentives for Various Energy Sources (2013$ billion/year)
Source

GAO 2007

EIA 2008

ELI 2009

EIA 2011

CBO 2012

CRS 2013

Study Period

2002–2007

2007

2002–2008

2010

2011

2013

Nuclear electricity

1.1

1.5

NA

2.7

0.9

NA

Oil and gas

NA

2.4

10.0

3.0

NA

2.7

Coal

NA

3.7

0.5

1.5

NA

0.6

Fossil total

3.1

6.0

11.3

4.5

2.5

3.3

Biofuels

NA

3.6

2.6

7.1

7.0

2.2

Renewables (ex. biofuels)

NA

1.9

1.8

8.5

6.1

11.8

Renewable total

0.8

5.5

4.4

15.7

13.1

14.0

a

a

Sources: GAO 2007 [60], EIA 2008 [56], ELI (Adeyeye et al.) 2009 [61], EIA 2011 [58], CBO 2012 [51], CRS 2013 [62].
Note: Table reports average annual incentives in billion dollars per year; values were adjusted from study estimates to 2013$ by multiplying by the annual average Consumer
Price Index ratio. NA values are not reported due to different studies using different categorization methods. Caution should be used when comparing these values, as study
scope and methods vary substantially, and there were many changes to energy policy in the time period reviewed. Acronyms used in this table: General Accounting Office
(GAO); Energy Information Administration (EIA); Environmental Law Institute (ELI); Congressional Budget Office (CBO); Congressional Research Service (CRS)
a. Individual categories do not always sum to total because not all direct spending was reported by fuel.
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3.3 Wind Capacity Additions and Investment
3.3.1 Capacity Additions

Moving wind power penetration from approximately
4.5% of end-use demand in 2013 to the Wind Vision
levels of 10% by 2020, 20% by 2030, and 35% by
2050 is expected to result in changes within the wind
energy industry. Among the more notable changes
is the anticipated growth in the U.S. wind power
fleet. Under the Wind Vision, total installed capacity
increases from the 61 GW installed at year-end 2013
to ranges of 111–115 GW by 2020, 213–235 GW by
2030, and 382–459 GW by 2050. Results for the
Central Study Scenario are in the middle of that range,
at 113 GW, 224 GW, and 404 GW by 2020, 2030, and
2050, respectively; of this, 3 GW, 22 GW, and 86 GW
are from offshore installations in 2020, 2030, and
2050 respectively. This growth requires nearly three
doublings of installed capacity. Although capacity and
investment levels will vary as a function of technology performance improvements and costs, results
presented in this section are primarily based on the
Central Study Scenario.

Historical

Annual Wind Installations (GW/year)

25
20

The Wind Vision analysis assumes a linear increase in
wind power penetration to the noted levels in 2020,
2030, and 2050. This drives consistent growth in
annual capacity additions throughout the period of
analysis. Despite continued growth, capacity added in
new land-based sites actually declines as technology
becomes more productive, deployment of offshore
plants increases, and repowering—with its associated
performance improvements from installing new
equipment—becomes a more substantive share of the
annual capacity installations (Figure 3-17).
In the near term, Central Wind Cost assumptions
result in wind capacity additions of 7.7 GW/year from
2014 to 2020.54 During this time period, approximately 430 MW/year are offshore and only 1 MW/year
is repowered land-based wind facilities. More rapid
technological improvements (Low Wind Costs) would

Study Scenario
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Figure 3-17. Historical and forward-looking wind power capacity in the Central Study Scenario

54. The most recent five-year average of wind capacity additions from 2009 to 2013 is 7.25 GW/year.
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Table 3-3. Estimated Average Annual Wind Deployment across Wind Cost Sensitivities

Annual Capacity Additions (GW/year)
Central Study
Scenario

Low Wind Cost
Study Scenario

High Wind Cost
Study Scenario

2014–2020

2021–2030

2031–2050

7.7

12.1

17.5

Total
New Land-Based/New
Offshore/Repowered

7.2

Total

0.4

0.0

9.5

7.4

New Land-Based/New
Offshore/Repowered

6.9

Total

0.4

7.5

0.4

0.7

6.8

11.1
0.0

8.6

7.9

New Land-Based/New
Offshore/Repowered

1.9

1.8

10.4

1.9

7.4

16.7
0.7

6.3

13.0
0.0

3.3

3.2

7.1

20.0
0.7

9.1

3.4

7.6

Note: Totals may not sum because of rounding.

reduce the average annual new installations for this
period to approximately 7.4 GW/year by capturing
more energy per unit of installed capacity. Assuming
no further technology performance improvements
(High Wind Costs) increases the annual installed
capacity average to 7.9 GW/year but would simultaneously result in increased electric sector costs (see
Section 3.6).55 From 2021 to 2030, growth in the form
of annual wind capacity additions increases to 12.1
GW/year in aggregate, with a range of 11.1–13 GW/
year again as a function of Low and High Wind Cost
assumptions; approximately 1.9 GW per year are
offshore and 0.7 GW/year are repowered land-based
wind facilities. From 2031 to 2050, aggregate annual
wind capacity additions increase even further to
approximately 17.5 GW year (range of 16.7–20 GW/
year), with repowering and new offshore installations
constituting about 40% and 20% of aggregate annual
wind installations, respectively. Table 3-3 summarizes
the annual wind deployment results from the Central Study Scenario, Low Wind Cost, and High Wind
Cost sensitivities. Workforce implications associated
with these changes in annual capacity additions are
detailed in Section 3.11.

55.

3.3.2 Distribution of Capacity
Through year-end 2013, land-based wind power was
installed in 39 states; 16 states have more than 1 GW
of installed capacity. The Study Scenario continues
this trend of geographical diversity in wind power.
Figure 3-18 illustrates the state-level distribution of
wind capacity in 2030 and 2050, as associated with
the Central Study Scenario.
By 2030, installed wind capacity exists in 49 states,
and 37 states have met or surpassed the 1 GW threshold. By 2050, wind deployment is observed in all
states and 40 states have more than 1 GW of installed
wind capacity.56
Although the Study Scenario relies on expansion of
long-haul transmission lines to move power eastward
from the upper Midwest, Great Plains, and Texas,
and from the western Interior to the Pacific Coast,
the geographic diversity noted earlier is indicative of
the fact that technology improvements continue to
open previously marginal sites to wind development.
Access to lower-quality sites in the Southeast, Northeast, and elsewhere are enabled in part by continued

Since the wind electricity penetration levels are prescribed across all Study Scenarios, the amount of capacity needed is largely dependent
on the assumed capacity factors. As such, the High Wind Cost Study Scenario with its associated lower wind capacity factors yields higher
installed capacity than the other scenarios.

56. As of 2013, wind installations of 62 MW and 206 MW exist in Alaska and Hawaii respectively. While future wind deployment in these states
is expected and could potentially grow beyond 1 GW, these states are not counted among the states with more than 1 GW in 2030 or 2050
because the modeling analysis was restricted to the 48 contiguous states.
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The Study Scenario results in broad-based geographic distribution of wind capacity.

Total Wind Deployment
Through 2030
2031 through 2050

Total Capacity (GW)
60
30
15
5
≤1

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

Figure 3-18. Study Scenario distribution of wind capacity by state in 2030 and 2050

increases in hub heights and rotor diameters that
allow these sites to become economically viable as
wind power costs fall, fuel costs increase, and retirements result in more demand for new capacity. In
addition, offshore resources offer wind deployment
opportunity in regions where land-based resources
may be more limited. Land and offshore area impacts
associated with the deployment and distribution of
wind capacity are discussed in Section 3.12. Transmission expansion impacts of the Study Scenario are
discussed in Section 3.6.
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Figure 3-19. Wind industry investments by market segment in the Central Study Scenario

3.3.3 Wind Capital and
Operating Expenditures
Annual investment in new wind power plants averaged $15 billion/year from 2009 to 2013. In the
Central Study Scenario, investments in new plants and
ongoing operations average $20 billion/year through
2020 and more than $30 billion/year from 2021 to
2030. Between 2031 and 2050, investment in new
plants and operations averages more than $55 billion/
year and ultimately grows to more than $70 billion/
year by 2050 (constant 2013 dollars).57 Figure 3-19
illustrates market size by industry segment over time.
Consistent with annual capacity additions, growth
trends upward throughout the period of analysis
despite reduced investments in new sites after 2030.
In the long term, repowering and O&M expenditures

57.
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become significant portions of annual industry
expenditures at $22 billion/year and $23 billion/year
by 2050, respectively. In fact, repowering and O&M
together eventually comprise greater expenditures
than new capital investments. Total offshore wind
investment (new capacity, repowered capacity, and
operations) under the Central Study Scenario averages $2.5 billion/year through 2020 before settling at
an average of $20 billion/year from 2030 to 2050.
By the mid-2030s, repowering and operations of the
fleet provide steady industry demand that is at least
partially decoupled from demand for new electric
power capacity. This represents a shift from the existing state of the industry, which is largely dependent
on new capacity additions to generate capital flow
into the industry.

The historical capital investment values include the cost of construction financing and some interconnection costs. In contrast, capital
expenditures shown for future years simply represent overnight capital investments incurred for each year. These figures exclude construction financing costs, other financing costs, and any interconnection costs.
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3.4 Economic Impacts
Impacts to the wind industry are important for direct
industry participants. A more holistic view, however,
is offered through analysis of the broad-based
economic impacts of the Study Scenario, along with
other costs and benefits provided by wind power. This
section describes the estimated economic cost of the
Study Scenario and associated sensitivities relative to
the respective Baseline Scenario. Subsequent sections
describe the potential benefits and non-economic
costs of the Study Scenario, which provide context to
evaluate the economic impacts presented.
The economic impact of the Study Scenario is estimated using two metrics from the ReEDS model—
national average electricity price and present value
of total system cost—described in Section 3.1.2 and in
Short et al. [3]. Both metrics consider all capital and
operating expenditures in the U.S. power sector to
assess the relative costs of different scenarios.58 In
terms of the limitations of this portion of the analysis,
Section 3.1 describes how the system-wide cost optimization perspective of ReEDS might affect the overall
cost results of the analysis provided below. None of the
economic metrics considered reflects a comprehensive
macroeconomic analysis; economic impacts presented
in this section are restricted solely to the electricity
sector and do not explicitly consider cross-sector
interactions, economy-wide impacts, or potential
externalities.59 The economic impact is assessed for
the continental United States as a whole and distributional effects are not presented. Regional economic
impacts will depend on future markets and regulations
that are beyond the scope of the present analysis.
Notwithstanding these limitations, the electricity price
and system cost impacts provide insights into the
magnitude and direction of economic impacts associated with the Study Scenario.

3.4.1 National Average Retail
Electricity Price Impacts
The Wind Vision analysis shows that, for the nearterm (2020) and mid-term (2030), electricity price
differences between the Central Study Scenario and
the Baseline Scenario have a (positive) incremental
cost of less than 1% (Figure 3-20 and Table 3-4). In
the long-term (2050), electricity price savings exist
for the Central Study Scenario, driven primarily by
reduced wind costs and increased fossil fuel costs.
Higher near-term incremental costs and reduced
long-term savings are possible if fossil fuel costs are
lower and/or wind technologies realize less improvement than estimated in the Central assumptions.
Conversely, incremental costs can be reduced or
eliminated through some combination of higher fossil
fuel costs or greater wind cost improvements.
Estimated electricity prices presented in this section
represent national average retail prices to serve the
average consumer across regions and sectors—industrial, residential, and commercial. Figure 3-20 shows
estimated price trajectories for the full array of Study
Scenario and Baseline Scenario sensitivities. Before
2030, for the Central Study Scenario (and respective
Baseline Scenario) estimated average electricity
prices remain similar to recent historical prices for
both scenarios; prices increase about 0.3¢/kWh from
2013 to 2030.60 The relatively flat electricity price
trajectories during this time period reflect, in part,
the limited need for new capacity in the near term
(Section 3.2.4). Beyond 2030, electricity prices in
both the Study Scenario and the Baseline Scenario
increase more rapidly due to rising fossil fuel costs
and the increase in demand for new capacity driven
by load growth and retirements. Retail electricity

58. The ReEDS model represents the expansion and dispatch of the bulk transmission-level electric system, but does not model the distribution system. As such, expenditures for the distribution network are not captured in the cost estimates. In addition, while the cost of
transmission expansion is considered, the cost to maintain the existing transmission network is not. Finally, while retirements are based
on assumed plant lifetimes that exceed many decades (see Section 3.2.4 for technology-specific retirement assumptions), refurbishment
costs beyond standard O&M are not included. As the economic impact of the Study Scenario is assessed relative to the reference Baseline
Scenario, many of these limitations have little effect on the incremental cost impacts. Future expenditures for the distribution system,
transmission maintenance, and plant refurbishment would exist at similar levels across the Study Scenario and Baseline Scenario, and their
omission therefore has limited impact on the estimated incremental costs.
59. Section 3.10 describes the impacts of the Study Scenario on fuel diversity and price suppression effects that extend beyond the power
sector. Section 3.11 describes national impacts on workforce and economic development, and Section 3.12 discusses local impacts.
60. All costs are presented in real 2013$ throughout this section and chapter unless otherwise noted. As such, any estimated price increases
reflect increases above inflation.
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Figure 3-20. National average retail electricity price trajectories for the Study Scenario and Baseline Scenario (across sensitivities)

prices in 2050 are estimated to be 12.6¢/kWh and
12.3¢/kWh for the Central Baseline Scenario and
Study Scenario, respectively. Uncertainties exist for all
estimates and increase with time.
Study Scenarios with higher and lower wind technology cost projections, but still under Central Fuel Cost
assumptions, yield 2050 electricity prices of 12.8¢/
kWh and 11.9¢/kWh, respectively. Under Low Fuel
Cost assumptions, electricity prices are generally flat
through 2040 for the Study Scenario and experience a
slight decline for the Baseline Scenario over the same
period of time. From 2040 to 2050, electricity prices
in both the Baseline Scenario and Study Scenario
experience a sharper increase, however, 2050 prices
remain lower (at 11.4-11.5¢ /kWh) than all scenarios
under Central Fuel Cost assumptions. The Unfavorable
(combined Low Fuel Cost and High Wind Cost) Study
Scenario results in electricity prices that are higher
than the other Low Fuel Cost scenarios. Under High
Fuel Cost assumptions, electricity prices rise more
rapidly and result in 2050 prices of about 13.3¢/kWh
for both the Baseline Scenario and Study Scenario.
Favorable (combined High Fuel Cost and Low Wind
Cost) conditions yield lower prices for the Study
Scenario, but the 2050 price in this scenario remains
61.
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higher than prices under all scenarios under Central
or Low Fuel Cost conditions. These results point to the
influence of future fuel prices on electricity rates.
While future fuel prices will impact the magnitude
of electricity prices across any scenario, they—along
with future wind technology development—also
impact the incremental price of achieving the Study
Scenario relative to the Baseline Scenario. Figure 3-21
shows the incremental electricity price across all modeled Study Scenario sensitivities, where the incremental price is defined as the difference in electricity price
between the Study Scenario and the corresponding
base fuel price Baseline Scenario sensitivity.61 In
2020, the incremental electricity price is 0.06¢/kWh
(+0.6%) for the Central Study Scenario. The range
of electricity price impacts reflect 2020 incremental
costs of up to about 0.09¢/kWh (+0.9%) under the
least favorable conditions considered—High Wind
Cost and Low Wind Cost. Under favorable conditions,
incremental costs are only 0.02¢/MWh (+0.2%). While
the near-term incremental electricity prices of the
Study Scenario sensitivities depends on future wind
technology cost and future fuel prices, the magnitude
of the 2020 electricity price impacts is relatively small
across all sensitivities considered.

The Central, High Wind, and Low Wind Study Scenario sensitivities are compared with the Central Baseline Scenario; the High Fuel Cost
and Favorable Study Scenario sensitivities are compared with the High Fuel Cost Baseline Scenario; and the Low Fuel Cost and Unfavorable
Study Scenario sensitivities are compared with the Low Fuel Cost Baseline Scenario.
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Figure 3-21. Incremental average electricity prices in Study Scenario sensitivities relative to the Baseline Scenario

The incremental electricity price of the Central Study
Scenario is positive between 2020 and 2030 (representing a cost relative to the Baseline Scenario), peaking at 0.08¢/kWh (+0.8%) in the mid-2020s. By 2030,
this incremental price drops to 0.03¢/kWh (+0.3%).
The range of estimated incremental prices across all
sensitivities modeled is larger in 2030 than in 2020,
with an incremental cost of up to 0.34¢/kWh (+3.3%)
and savings of up to 0.29¢/kWh (–2.4%). Future fossil
fuel costs and advances in wind technology are found
to have measurable effects on 2030 incremental
prices with the directionality following the expected
manner: Low wind costs, high fuel costs, or their
combination lead to incremental savings; while high
wind costs, low fuel costs, or their combination lead
to incremental costs.
For the Central Study Scenario, the 2050 electricity
price is estimated to be 0.28¢/kWh (–2.2%) lower
than the Baseline Scenario. In fact, incremental
savings in electricity prices are found across a majority of Study Scenario sensitivities. Wind technology
improvement provides the greatest long-term savings; the largest 2050 price savings are about 0.64¢/
kWh (-5.1%) in the Low Wind Cost sensitivity, while
the Favorable sensitivity achieves savings of 0.43¢/
62.

kWh (–3.2%).62 Greatest 2050 incremental costs of
0.55 cents/kWh (+4.8%) are found in the Unfavorable
sensitivity.63 While uncertainty exists for cost estimates during this time period, the analysis indicates
that, in the long term, deployment of wind power to
reach levels in the Study Scenario is cost effective
under a range of possible future conditions, including
under Central assumptions.
The estimated average retail rate impacts can be
translated to annual electricity consumer impacts
by evaluating the product of the incremental prices
above with projected end-use electricity demand.
Incremental annual electricity consumer costs for
the Central Study Scenario total $2.3 billion and
$1.5 billion in 2020 and 2030, respectively. In 2050,
electricity consumers are estimated to save $14 billion
in the Central Study Scenario relative to the Baseline
Scenario. The range of incremental annual electricity
consumer 2020 costs—across all sensitivities—is
$0.8–$3.6 billion. By 2030, annual incremental costs
grow to up to $15 billion under the least favorable
conditions, but savings of $12 billion are estimated to
be possible under favorable ones. Consumer impacts
in 2050 range from possible savings up to $31 billion
to costs of up to $27 billion.

The Low Wind Cost Study Scenario sensitivity counterintuitively achieved slightly greater 2050 savings than the Favorable sensitivity. Two separate Baseline Scenarios are used as references, however, to estimate incremental prices for these Study Scenario sensitivities. As such, the greater
savings found under the Low Wind Cost sensitivity is possible. The difference in 2050 incremental prices between these scenarios is small.

63. Under the Unfavorable sensitivity, peak incremental prices occur in the mid-2040s, at about 0.81¢/kWh (+7.6%).
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Table 3-4. Changes in Electricity Prices for the Study Scenario Relative to the Baseline Scenario (Across Sensitivities)

Central Study Scenario electricity price
(change from Baseline Scenario)
Central Study Scenario annual electricity con
sumer costs (change from Baseline Scenario)
Study Scenario sensitivity range (% change
from Baseline Scenario)
Study Scenario annual electricity consumer
costs range (change from Baseline Scenario)

2020

2030

2050

0.06¢/kWh cost
(+0.6%)

0.03¢/kWh cost
(+0.3%)

0.28¢/kWh
savings (-2.2%)

$2.3 billion
costs

$1.5 billion
costs

$13.7 billion
savings

+0.2% to +0.9%

-2.4% to +3.2%

-5.1% to +4.8%

$0.8 to $3.6
billion costs

$12.3 billion
savings to
$14.6 billion costs

$31.5 billion
savings to
$26.9 billion costs

Note: Expenditures in 2013$

3.4.2 Present Value of
Total System Cost
The present value of total system cost measures cumulative expenditures over the entire study period (20132050). Figure 3-22 shows the present value of total
system costs for all Baseline and Study Scenario sensitivities modeled with a 3% real discount rate.64 Multiple
cost components are shown separately in Figure 3-22,
including capital, O&M, and fuel costs for conventional
and renewable technologies.65 Under the Central
Baseline Scenario, system costs total approximately
$4,690 billion. A large fraction (62%) of this cost is for
conventional fuel—coal, natural gas, uranium—expenditures. With conventional fuel expenditures greatly
outweighing any other cost category under the Baseline Scenario conditions, future fuel price assumptions
have a dramatic effect on total system costs. For
example, under the High Fuel Cost Baseline Scenario,
the present value of total system cost equals $5,390
billion, 15% higher than the Central Baseline Scenario.
Conversely, under the Low Fuel Cost Baseline Scenario,
present value of total system cost totals $3,940 billion,
16% lower than the Central Baseline Scenario.

The Central Study Scenario is found to have a present
value of total system cost of nearly $4,540 billion,
3% lower (–$149 billion) than that of the Baseline
Scenario. These results and the electricity price results
presented earlier indicate that the long-term savings
of the Central Study Scenario outweigh the near-term
incremental costs relative to the Baseline Scenario in
which no wind capacity is deployed after 2013, even
after accounting for the greater discount factor in
the long term. The majority of the savings are associated with decreased conventional fuel expenditures
(–$670 billion) at the expense of increased renewable
capital (+$380 billion) and renewable O&M (+$170
billion) expenditures. The Study Scenario results
with higher and lower wind technology cost have
respective higher and lower total system cost than the
Central Study Scenario. Different assumed fuel price
trajectories have a similar effect on the total system
cost of Study Scenario sensitivities as on the Baseline
Scenario sensitivities. The range of system costs
driven by fossil fuel assumptions, however, is narrower
under Study Scenario sensitivities versus the Baseline
Scenario sensitivities. This narrowing is a function of

64. The discount rate used in ReEDS (8.9% nominal or 6.2% real) is not to be confused with the discount rate used to describe the present
value of overall system cost (5.6% nominal or 3% real). The discount rate used in ReEDS is selected to represent private-sector investment
decisions for electric system infrastructure and approximates the expected market rate of return of investors. The lower “social” discount
rate is only used to present the cost implications of the Wind Vision Study Scenario results and is generally consistent with the discount
rate used by the DOE, EIA, International Energy Agency, and Intergovernmental Panel on Climate Change when evaluating energy
technologies or alternative energy futures. A 3% discount rate is also consistent with The White House Office of Management and Budget
guidance when conducting “cost-effectiveness” analysis that spans a time horizon of 30 years or more.
65. Conventional technologies include fossil (coal, natural gas, oil) and nuclear generators. Renewable technologies include wind (land-based
and offshore), biomass (dedicated and co-fired with coal), geothermal, hydropower, and solar (utility-scale PV and concentrating solar
power). Expenditures associated with distributed rooftop PV are not considered in the total system costs. This omission has no effect on
incremental costs, as the same rooftop PV capacity projections are used across all Baseline and Study Scenario sensitivities.
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Figure 3-22. Present value of total system cost for the Baseline Scenario and Study Scenario (across sensitivities)

the reduced prominence of fossil fuel in the cumulative portfolio and is discussed in greater detail in
Sections 3.5 and 3.10.
Figure 3-23 shows the incremental total system cost
for the Study Scenario sensitivities relative to the
corresponding Baseline Scenario sensitivities. The
Central Study Scenario is estimated to have a system
cost that is $149 billion lower (–3%) than that of
the Central Baseline Scenario. Greatest savings are
observed under the Favorable Scenario (combined
low wind power and high fossil fuel costs), in which
the total system cost is $388 billion lower (–7%)
than that of the High Fuel Cost Baseline Scenario. In
contrast, the greatest incremental present value of
total system cost is observed under the Unfavorable
Scenario (combined high wind power costs and low
fossil fuel costs), in which an incremental cost of $254
billion (+6%) relative to that of the Low Fuel Cost
Baseline Scenario is estimated.66

In summary, the incremental economic impacts of the
Study Scenario sensitivities ranges from a savings of
up to 7% to a cost of up to 6%, in present value terms
(2013–2050, 3% discount rate). The results indicate
that—while fossil fuel prices are important drivers for
these incremental costs—wind technology improvements can help reduce the cost to achieve the Wind
Vision penetration levels or even enable savings compared with a future in which no new wind capacity is
placed in service. Central assumptions of wind costs
and fuel prices result in savings of $149 billion (–3%).
This demonstrates the economic competitiveness of
wind despite low fossil fuel prices in years leading
up to 2013, particularly when economic impacts are
evaluated over multiple decades.

66. Using a higher discount rate would lead to lower overall system costs for both Baseline Scenario and Study Scenario sensitivities, and
changes in incremental costs. For example, with a 6% (real) discount rate, present value of system cost for the Central Baseline Scenario
and Study Scenario is estimated to be nearly identical. On a percentage basis, the upper range of incremental costs would increase to
about 8% (+$212 billion), while the possible magnitude of percent savings would decline to about 5% (–$173 billion). These changes
related to a higher discount rate reflect the changing competitiveness of wind relative to other technology options over time, under the
assumptions used.
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Figure 3-23. Incremental system costs of Study Scenario sensitivities relative to the Baseline Scenario

3.5 Electricity Sector Impacts
Electricity generated in the United States in 2013
totaled approximately 4,058 TWh. Of this, coal-fired
generation comprised the largest share at 39%,
followed by natural gas-fired generation at 28%.67
Nuclear and hydropower power plants contributed
19% and 6.6%, respectively. Generation from wind
power plants totaled 4.1% of 2013 generation.68 Other
renewable technologies, including solar, geothermal, and biomass, contributed 2.1%.69 Among seven
broad technology categories—coal, natural gas,
nuclear, hydropower, wind, solar, and other renewable
energy—wind was the fifth largest contributor

67.

to the U.S. electricity system on a net electricity
generation basis. Wind electricity was generated
from approximately 61 GW of installed wind capacity
by year-end 2013. There are approximately 941 GW
in total installed capacity in the 2013 U.S. electricity
generation fleet.
This section describes the evolution of the U.S. electric system from the 2013 starting point envisioned
under the Study Scenario and Baseline Scenario. This
discussion includes description and illustration of the
generation and capacity mixes under the scenarios.

The total market share from fossil fuel-fired generation has not changed significantly in the decade leading up to 2014. Significant fuel switching from coal to natural gas has been observed since 2010, however, primarily driven by historically low natural gas prices from 2010 to 2013.

68. The wind generation share (4.1%) presented here differs from the percentage of end-use demand (4.5%) indicated elsewhere in the report,
but both reflect the same amount of electricity produced from wind power plants.
69. Values for 2013 are taken from the EIA electric power monthly (www.eia.gov/electricity/monthly). Reported natural gas generation values
here and throughout this section include oil-fired steam generators. Hydropower generation values include electricity produced by
domestic hydropower plants only—excluding net generation from pumped hydropower storage. The scenario results presented include
net imports from Canada, which the Canadian National Energy Board notes totaled 42 TWh in 2013 and are assumed to be 34–52 TWh
annually in future years. Solar generation represents all grid-connected solar facilities, including utility-scale concentrating solar power and
PV, and distributed PV.
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Figure 3-24. Annual generation and installed capacity by technology type and year under the Central Study Scenario

The position of wind power within this broader electric sector is provided here for context, while Section
3.3 more fully describes the impacts to the wind
industry specifically.
Significant uncertainty exists for all time periods,
and an even greater degree of uncertainty exists in
the long term. Uncertain factors that can and will
drive future investment and dispatch decisions in the
electric system include environmental regulations,
electricity demand growth and plant retirements
(particularly coal and nuclear retirements), and future
technology and fuel costs. While results from scenario
variations of two key drivers—wind power costs and
fossil fuel costs—are described to provide an indication of the range of possible outcomes, these and
other uncertainties need to be recognized in interpreting scenario results. Also, none of the scenarios
represent forecasts or projections.

3.5.1 Evolution of the Electricity
Sector under the Study Scenario
In the wind penetration levels of the Study Scenario,
total wind power generation moves from its 2013
position as the fifth largest source of annual electricity
generation to the second largest source of electricity
by 2030, and to the single largest source of electricity
generation by 2050 in the Central Study Scenario.

Growth in electricity demand through 2030 is met
primarily by the expansion of wind under the Study
Scenario. Figure 3-24 shows the generation and
capacity mixes under the Central Study Scenario. As
shown, the growth in wind generation exceeds the
growth in electricity demand for most years, reducing
aggregate generation from other energy sources.
Reductions in fossil fuel-based generation on absolute and percentage bases are observed. Under the
Central Study Scenario, fossil fuel-based generation
comprises about 64% and 54% of end-use demand
in 2020 and 2030, respectively, compared to about
70% in 2013. While annual electricity generated from
non-wind renewable and nuclear technologies does
not exhibit a similar decline by 2030, its growth is
limited under the Study Scenario. Outside of wind,
solar generation exhibits the greatest growth, at 1% in
2020 to 4% in 2030, although from a smaller starting
base. Nuclear generation remains generally constant
(18%–20%) through 2030, as the current nuclear fleet
continues to operate through its assumed first service
life extension period. Other technologies experience
changes in annual generation on the order of tens of
TWh or less.70 For example, hydropower generation
remains at 8–9% of end-use demand through 2030,
including imports from Canada.

70. Percentage totals for the Central Study Scenario or any other single scenario exceed 100% because the percentages reflect the fraction of
end-use demand and not total generation. Transmission and distribution losses total 6–7% of total generation.
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From 2030 to 2050, assumed retirements combined
with load growth begin to have a more dramatic
effect on the generation mix. During this time period,
growth in wind generation under the Study Scenario
continues to exceed growth in electricity demand. By
2050, natural gas-fired generation in the Central Study
Scenario equals 33% of end-use demand, representing
higher absolute natural gas-fired generation than
historical totals. Along with wind generation, natural
gas replaces declining coal and nuclear generation. In
2050, coal generation makes up only 18% of end-use
demand, and nuclear comprises less than 1% in the
Central Study Scenario.71 Growth in solar generation
continues relatively steadily and reaches about 10% in
2050. Hydropower and other renewable energy generation remain largely at current levels, making up 7%
and 2% of total 2050 end-use demand, respectively.
Under the Central Study Scenario, the capacity expansion trajectory (Figure 3-24, right) largely follows the
same trends as the generation trajectory (Figure 3-24,
left) with three important differences. First, while
coal generation is observed to hold relatively steady
in the near term, coal capacity actually declines by
about 66 GW between 2013 and 2030. Second, while
oil and gas steam capacity also declines over this
time period, growth in natural gas combustion turbine capacity more than makes up for this decrease.
These natural gas units provide peaking and reserve
capacity needs and, thus, play an important role for
the U.S. power sector that is not observed in the
annual generation values presented earlier. Third, the
rate of growth in installed capacity is observed to be
higher than the rate of growth in annual generation,
primarily as a result of rapid growth in wind and solar
PV capacity. Wind and solar PV have a lower capacity
factor compared with many other energy sources
(e.g., nuclear and coal) that are being replaced in the
long term. Among the non-wind renewable technologies, solar technologies exhibit the greatest capacity
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increases, reaching 33 GW by 2020, 116 GW by 2030,
and 357 GW by 2050. Capacity growth is limited for
other renewable technologies.72
In summary, under the Study Scenario, the U.S. electricity sector experiences a significant transformation.
In the near term, the growth of wind power satisfies
new electricity demand and replaces declining fossil
generation. In the long term, significant declines
in coal and nuclear are observed and replaced by
the continued growth of wind, solar, and natural
gas generation.

3.5.2 Comparing the Electric
Sector under the Study Scenario
and Baseline Scenario
The Baseline Scenario sensitivities provide the requisite reference scenario needed to evaluate the costs
and benefits of the Study Scenario sensitivities. The
change in generation between these two scenarios
under central assumptions drives many of the environmental and other impacts reported in Sections 3.7-3.12.
Figure 3-25 shows the difference in non-wind generation between the Central Baseline Scenario and Study
Scenario for four categories: natural gas, coal, nuclear,
and non-wind renewable generation. The difference in
non-wind generation reflects the type of generation
“displaced” by wind between these two scenarios. In
the near- and mid-term, wind generation primarily
displaces fossil generation. In particular, 2020 wind
generation under the Central Study Scenario primarily takes the place of fossil generation found in
the Baseline Scenario, including 142 TWh of natural
gas-fired generation and 54 TWh of coal-fired generation. Wind continues to displace fossil generation in
2030, including 452 and 149 TWh of natural gas-fired
and coal-fired generation, respectively. Differences
in generation shares in the other broad technology

71.

In the modeled scenarios, nuclear and coal generation is largely driven by assumptions around the available installed capacity of these
plants, due to the low operating costs of nuclear and many coal-fired plants. Nuclear units are assumed to be retired after one service life
extension period, resulting in a 60-year lifetime for nuclear units. With a second service life extension and the associated total 80-year
lifetime, nuclear would achieve greater generation in the latter years than the findings suggestion. Other plant retirement assumptions are
described in Section 3.2.4 and Appendix G.

72.

Section 3.2.2 describes the underlying assumptions used for this analysis. While technology sensitivities beyond wind power costs were
not conducted as part of this study, they would yield different results. For example, the inclusion of other geothermal technologies with
greater resource potential—including undiscovered hydrothermal and greenfield-enhanced geothermal systems—could lead to greater
market share from geothermal generation. Different assumptions about hydropower, such as inclusion of upgrades at existing facilities
or new sites with <1 MW capacity, biomass costs and resources, or nuclear technology costs, could also yield larger shares from these
energy sources.
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Figure 3-25. Difference in annual generation between the Central Study Scenario and Baseline Scenario by technology type

categories are more modest through 2030. For example, in aggregate, 42 TWh of all non-wind renewable
technologies are displaced by wind in 2030.
Wind deployment under the Central Study Scenario
continues to displace fossil generation in the long
term, including 789 TWh of displaced natural gasfired generation and 130 TWh of displaced coal
displacement in 2050. The growth in the displacement of natural gas and more constant amount of
coal displacement reflects the underlying fossil fuel
switching observed in both the Study Scenario and
Baseline Scenario. With an electric sector transitioning
over time to be more heavily dependent on natural
gas compared to coal, the Central Study Scenario
results in greater amounts of avoided natural gas in
the long term. By 2050, wind not only displaces fossil
generation, but also has a significant impact on solar
generation; the Central Study Scenario includes 489
TWh less solar generation in 2050 than the Baseline
Scenario. Differences in 2050 hydropower and other
renewable energy generation are smaller, at 18 TWh
in total. Under Central assumptions, differences in
nuclear generation between the Baseline Scenario and
Study Scenario results are negligible in all years.

73.

The amount of capacity displaced is not as drastic as
the amount of electricity production displacement,
particularly for the near- and mid-terms. The Central
Study Scenario results in minor reductions of natural
gas-fired combustion turbine capacity (5 GW) in
2020 compared with the Baseline Scenario. In 2030,
these differences grow to 22 GW of natural gas
combustion turbine and also include 5–6 GW each of
natural gas-fired combined cycle and coal capacity.
Even by 2050, differences in installed fossil capacity
between these two scenarios remain relatively small
at 51 GW and 14 GW, respectively, of natural gas and
coal, compared with a fleet of about 1,800 GW.73
The much smaller displacement of fossil capacity
compared to fossil generation by the Study Scenario
reflects some of the system-wide contributions the
fossil fleet provides beyond energy provision, as
described in Sections 2.7 and 3.6.

The Central Study Scenario includes greater natural gas-fired combustion turbines capacity (+43 GW) compared with the Central Baseline
Scenario, but less natural gas-fired combined cycle capacity (-94 GW), resulting in a net difference of only 51 GW of 2050 natural gas
capacity. This trade-off reflects wind’s greater role in providing energy compared with capacity reserves.
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3.5.3 The Evolution of the
Electricity Sector is Dependent
on Future Fuel Prices
Assumptions around fossil fuel prices can have a
sizable effect on the evolution of the electricity
system, particularly on the generation differences
found across the full set of Baseline and Study
Scenario sensitivities. While three variants of wind
technology cost scenarios are modeled, future wind
technology development is found to have little effect
on the remaining generation mix under the prescribed
scenario framework.74 For all years up to 2030,
different fuel price assumptions largely affect the
relative displacement of natural gas and coal-based
generation, indicating the fuel switching possibility
between coal and natural gas in the U.S. electricity
system.75 By 2050, the direct trade-off between coal
and natural gas is reduced relative to earlier years, but
the contributions from natural gas remain strongly
tied to assumed long-term fuel prices. For example,

in 2050, natural gas generation reaches 62% of 2050
end-use demand (from more than 3,000 TWh) under
the Low Fuel Cost Baseline Scenario compared with
32% under the High Fuel Cost Baseline Scenario.
During this long-term period, the trade-off is made
between natural gas and other technologies, primarily
nuclear and non-wind renewables.76
Under the scenario construction of this study, wind
generation levels over time are prescribed. As a
consequence, other generation sources will achieve
less generation in the Study Scenario compared to
the corresponding Baseline Scenario. The starkest
differences are found in 2050, when the 35% wind
penetration displaces fossil generation and leaves less
room for nuclear and renewable generation. The mix
of displaced generation enables a consistent estimate
of the impacts, costs, and benefits of future wind
deployment. Ultimately, however, the generation mix
will depend on economic, policy, and other conditions—including those that can accommodate growth
of multiple technology types.

3.6 Transmission and Integration Impacts
The primary role of electric system operators and
planners is to ensure reliable delivery of electricity
at the lowest cost to meet demand. Challenges in
serving this role result from variability and uncertainty that exists in the electric power system at all
timescales—from multiple decades to microseconds.
Variability and uncertainty are inherent in the system
as a result of changing electricity demand and generator availability, as well as the potential for power
plant and transmission line outages. Although sources
of variability and uncertainty exist throughout the
power system, including from all generator types,
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greater reliance on variable output generation such as
wind further add to the challenges of system operation. Increasing penetration77 of wind energy may
result in increased ramping needs, increased operating reserves, and transmission expansion. Section 2.7
provides a description of the renewable integration
challenges and solutions experienced recent to
2013. This section (3.6) presents the ReEDS scenario
results associated with transmission expansion and
grid integration and does so within the context of
broader transmission and grid integration issues with
increased renewable penetration.

74.

Wind technology costs have a more sizable effect on the cost implications of the Study Scenario, as described in Section 3.4.

75.

The Low Fuel and High Fuel Cost scenarios assume both coal and natural gas fuel prices to be adjusted in the same direction relative to the
Central assumption; however, the scenario assumptions change the relative competitiveness of these two energy sources.

76.

Installed 2050 nuclear capacity totals about 83 GW under the High Fuel Cost Baseline Scenario compared with about 6–16 GW in all other
scenarios modeled. This is mostly the result of the assumed single service life extension for existing nuclear units and the limited growth in
nuclear capacity under the assumptions used.

77.

In this section, penetration refers to the annual percentage of energy sourced from wind power plants. The prescribed wind penetration
levels associated with the Study Scenario of 10% by 2020, 20% by 2030, and 35% by 2050 for the continental United States reflect the
annual electricity generated by wind power plants divided by annual end-use electricity demand. When regional wind penetration levels
are displayed in this section, the denominator is instead represented by the total annual electricity generated in that region.
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The modeled scenarios are developed using the
ReEDS long-term nationwide capacity expansion
model described in Section 3.1.1, which is designed to
consider the major grid integration issues surrounding
future electricity infrastructure development. The
present analysis is not intended to be a full integration
study that relies on hourly or sub-hourly modeling;
instead, it provides a high-level and semi-quantitative
assessment of the grid integration challenges at
high wind penetration. The scenario analysis complements and is supported by the conclusions found
in integration studies, including those that evaluate
30–50% wind and solar penetration levels [2, 63, 64, 65,
66, and others]. Further work could provide additional
high-resolution insights specific to the transmission
and integration impacts of the Study Scenario.
Notwithstanding the limitations of the Wind Vision
analysis discussed here, the ReEDS scenarios provide
a general assessment of the impacts of greater wind
deployment, including issues around system operations and transmission expansion. In addition, while
the analysis focuses on wind integration, many of
the practices and technologies described to support
greater wind deployment can have system-wide
benefits even without wind.

3.6.1 Integrating Variable and
Uncertain Wind Energy
The Study Scenario includes wind penetration levels
that are significantly higher than the 4.5% penetration level experienced in 2013 [4] . In this section, the
impacts of this increased wind penetration level to
system operations are considered in terms of wind
capacity value or contributions to system planning
reserves, impacts to operating reserves, and wind
curtailments. Regional implications are also explored.

At the planning timescale, ReEDS estimates that
the capacity value78 of wind (i.e., the contribution of
wind in providing firm capacity planning reserves
to meet peak or net peak79 demand hours) declines
with increasing wind penetration. For example, for
the Study Scenario, ReEDS estimates the average
capacity value of the entire wind fleet providing
35% of 2050 demand to be about 10–15%, and the
marginal capacity value to be near zero in most
regions.80 Accordingly, wind’s aggregate contribution
to planning reserves is relatively modest compared
to its nameplate capacity, and new plants installed
late in the period of analysis have zero contribution to
planning reserves. This result does not imply that new
wind deployment causes a need for more capacity,
nor does it create new peak planning reserve requirements. It does, however, reflect that wind may not
reduce the need for new capacity as much as alternative resources with higher capacity value. In other
words, a consequence of low marginal wind capacity
value is that non-wind options, including new thermal
generation, demand-side resources, or other options
may be needed to ensure sufficient planning reserves
due to peak electricity demand growth.
At operational timescales, ReEDS ensures that capacity reserves are held to adequately meet operating
requirements, including contingency, regulation, and
forecast error reserve requirements.81 Changes in the
requisite operating reserve capacity resulting from
increased wind deployment are modeled in ReEDS
through increased forecast error reserve requirements. For example, wind forecast error reserves of
approximately 10–15% of wind capacity are estimated
for the Study Scenario. As a result, the Study Scenario
requires that a greater amount of capacity is available
to providing operating reserves compared to the
Baseline Scenario. This result does not necessarily

78.

Capacity value is a statistical metric used to identify the amount of a power plant’s (or technology group’s) total nameplate capacity that
can be reliably used during peak hours [68, 69]. Effective load-carrying capacity calculations are widely accepted reliability-based methods
used to estimate wind capacity value. ReEDS uses simplified effective load carrying capacity calculations to estimate wind and solar
capacity value dynamically for all regions, penetration levels, and system configurations [70].

79.

Net peak hours occur when electricity demand minus variable generation is highest.

80. Marginal values reflect the capacity value for the next increment of wind capacity, while average values reflect the capacity value for the
entire amount of wind capacity in a region in existence as of that year.
81

Contingency reserves are used to address unexpected generator or transmission outages. The amount of contingency requirement is typically assessed based on the largest generating unit or transmission line in a region. Regulation refers to the very short (less than 5-minute)
timescale deviations between generation and load. ReEDS allows regions to trade reserve capacity (operating and planning) between
model regions, but constrains the amount of trading by the available transmission capacity. ReEDS assumes contingency and regulation
reserves to be 6% and 1.5% of demand, respectively, in every model balancing area. ReEDS treatment of operating reserves is described in
Short et al. 2011 [3] and Mai et al. 2014 [10].

Chapter 3 | Transmission and Integration Impacts

48

imply that new capacity is needed to provide these
reserves, but that greater existing (or new) capacity
is online or can be made readily available at the operating timescale (hourly or shorter). Increased wind
penetration could free up other generators to provide
operating reserves instead of energy [63, 67]. Increased
operating reserve requirements could impose
higher costs or prices for ancillary services [67]. Such
potential cost increases may be offset by lower
wholesale energy prices that result from increased
wind penetration at least in the short run (see Text
Box 3-6). The net cost implications of increased
operating reserves and other grid integration issues
are included in the ReEDS scenario cost estimates
described in Section 3.4.
The ReEDS analysis does not consider a number of
other short timescale grid services needed to ensure
system reliability, including voltage stability, inertia,
and frequency response. Other studies (e.g., [71]) have
evaluated the effects of wind penetration on these services, and further research is needed to examine them
for the Study Scenario. Wind power plants with active
power control can provide a range of ancillary services,
including synthetic inertia, regulation, reactive power,
voltage support, and contingency reserves.82
Increased wind penetration also creates the potential
for greater wind curtailment. ReEDS estimates the
amount of wind curtailment (the amount of wind
energy available but not used due to transmission
constraints and/or system inflexibility) across all
scenarios. Wind curtailment amounts of approximately 20 TWh (2% of annual wind generation) in
2030 and 50 TWh (3%) in 2050 are estimated for the
Central Study Scenario.83 On a percentage basis, these
curtailment values are similar to wind curtailments
experienced leading up to 2013 across many regions
of the United States [72]; however, the Study Scenario
includes much higher levels of wind deployment
than existed in 2013. Many factors affect curtailment,
including the efficiency of resource sharing across
balancing areas, which is assumed to be highly efficient within the system-wide optimization construct
in ReEDS. Generator flexibility, including the ability to
operate at a low generation point, ramp rapidly, and

start/stop, can also have substantial effects on curtailment. While the curtailment values for the Study
Scenario are low, marginal curtailment values can be
higher and potentially impose challenges to investment decisions for new wind capacity.84
The ReEDS analysis finds that wind curtailment
occurs most prominently during times of low demand
and high wind generation, which coincide with spring
nights for many regions in the United States. Under
high wind penetration regimes, grid integration challenges are found to be generally most acute during
these same time periods. This includes increased
ramping and cycling of thermal power plants in
addition to curtailments [2, 65]. More detailed hourly
or sub-hourly modeling would be needed to better
estimate and understand wind curtailment and operational changes under the Wind Vision Study Scenario.
While the prescribed wind penetration levels apply to
the continental United States as a whole, the variations in wind quality and relative distances to load
centers and the existing infrastructure drive regional
differences in wind penetration levels. Figure 3-26
shows these differences for 2030 and 2050 in the
Central Study Scenario. In 2030, many regions in the
western, central, and northeastern parts of the United
States have penetration levels that exceed the 20%
nationwide level, with some regions exceeding 30%
penetration. Resource limitations for land-based wind
diminish wind growth in some regions (e.g., California
and the southeastern United States). Under the Central Study Scenario, however, wind capacity is found
across nearly all states by 2030. By 2050, regional
wind penetration levels exceed the 35% nationwide
Study Scenario level in many regions, especially in
the western and central parts of the United States.
Only two regions in the Southeast have wind penetration levels below 20% by 2050 and, in fact, are
well below 10%. Figure 3-26 demonstrates that grid
integration challenges will vary in magnitude and
timing between regions.

82. Wind’s low energy cost typically makes wind a higher-cost option for ancillary service supply than thermal generation, due to the higher
opportunity cost incurred when wind curtails energy production in order to make capacity available for reserves. If wind is curtailed for
other reasons (minimum load limits on thermal generation, for example), it can be a cost-effective ancillary service provider.
83. Curtailment values can vary significantly between regions.
84. The LCOE of wind is inversely proportional to the amount of energy wind provides; therefore, increased curtailment would increase this cost.
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Figure 3-26. Regional annual wind penetration for 2030 and 2050 under the Central Study Scenario

These findings demonstrate some of the grid integration challenges associated with greater wind deployment. In combination with a large body of renewable
grid integration studies (e.g., [2, 63, 64, 65, 73]), they
also indicate that these challenges can be mitigated
through a portfolio of supply-side, demand-side, and
market solutions to increase system flexibility. This
includes coordination over wider areas, increased
transmission, improved wind forecasting, faster
dispatch and commitment schedules, demand
response, electric vehicles, wind curtailment, and
storage.85 Similar to the regional variations of the grid
integration challenges posed in the Study Scenario,
as indicated by Figure 3-26, the deployment of
mitigation options will also vary by region. The cost
impacts presented in Section 3.4 include the costs to
deploy the mitigation options as assumed in ReEDS.
ReEDS does not represent all flexibility options, nor
does it comprehensively assess their costs and value.
It does, however, give an indication of the potential

deployment of a subset of options. For example, the
Central Study Scenario results in about 28 GW of total
installed storage capacity by 2030 and 54 GW by
2050. In contrast, there are approximately 22 GW of
operating storage capacity in the U.S. electric system,
and 24 GW installed by 2050 in the Baseline Scenario.
These results are reflective of the assumptions used
for storage and other flexibility options and the associated representation in ReEDS. Greater understanding
of the costs and benefits of storage and other mitigation options to support higher wind penetrations
would be needed to more accurately estimate future
adoption of flexibility technologies and practices.
Text Box 3-4 summarizes the grid integration challenges associated with the Study Scenario (across
sensitivities). It also summarizes the estimated
transmission needs of the Central Study Scenario as
discussed in greater detail in the following section.

85. Synergies between nightly electric vehicle charging and excess wind energy exist [74, 75, 76], as advanced controls on vehicle charging can
enable demand response to provide additional reserves required to accommodate wind integration.
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Text Box 3-4.

Transmission and Grid Integration Challenges of the Wind Vision
The variable, uncertain, and location-dependent
nature of wind energy introduces grid integrat
ion challenges associated with the Wind Vision.
Planning Reserves: The contribution of wind
as a firm capacity resource to meet longterm planning reserves typically declines with
increasing wind penetration [68, 69]. ReEDS
estimates that the aggregate capacity value
of the wind fleet is about 10–15% in 2050,
when wind penetration reaches 35%. Marginal
capacity value can be even lower, and near zero
for many regions. While adding wind does not
increase planning reserve requirements, wind’s
low capacity value implies that other sources
may be needed to meet any potentially growing
peak system adequacy requirements.
Operating Reserves: Wind energy cannot be
perfectly predicted and can introduce increased
ramping needs. The typical means of managing
these needs is to increase operating reserve re
quirements and hold greater amounts of reserve
capacity online. ReEDS estimates increased
operating reserve requirements of 10–15% of
wind capacity in 2050. Increased reserves can
incur greater costs and prices for ancillary
services [67]. These costs are captured in the cost
results presented in Section 3.6, with much of
the need being serviced by existing generators.
Wind Curtailments: The inherent variability of
wind energy, in combination with system inflexibility such as transmission constraints and
physical generator limits, can lead to wind curtailment [72]. ReEDS estimates that 2–3% of potential
wind energy is curtailed in 2050. Curtailment
influences the economic position of wind, but can
be a source of valuable system flexibility that can
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reduce the cost of managing the electric system’s
supply and demand balance [71].
Mitigation Options: Diverse options are
available to help manage the variability and
uncertainty of wind. These include market
and institutional solutions (e.g., wider area
coordination, faster commitment and dispatch
schedules), operational practices (e.g., improved
forecasting, increased dispatch flexibility, cur
tailments), technology solutions (e.g., storage,
demand-side options), and transmission
expansion. ReEDS estimates an incremental
29 GW of storage capacity in the Central Study
Scenario by 2050, relative to the Baseline
Scenario. The costs to deploy storage are
captured in the cost results presented in Section
3.6 but further work is needed to understand
the cost and benefits of different mitigation
solutions. These solutions increase overall flexi
bility and could garner benefits to the system
even absent wind.
Transmission Expansion: Transmission infrastructure expansion is needed to access and
deliver remote wind resources to load centers.
It also helps facilitate resource sharing between
regions. ReEDS estimates a cumulative incremental transmission need of 29 million MW-miles
(or 32,000 circuit-miles, assuming 900-MW
single-circuit 345-kV lines are used to meet this
increment) by 2050 for the Study Scenario,
relative to the Baseline Scenario. Challenges
with transmission expansion include siting
and cost allocation, but advanced transmission
options such as high-voltage direct-current and
transmission switching [77] can further support
system flexibility.
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Figure 3-27. Cumulative transmission expansion under the Baseline Scenario and Study Scenario

3.6.2 Transmission Expansion
Needed to Support the Wind Vision
The ReEDS analysis estimates increased transmission
expansion in the Study Scenario compared with the
Baseline Scenario. Figure 3-27 shows the cumulative
transmission expansion needs estimated for the
Central Study Scenario and Baseline Scenario as well
as the range of results across the sensitivity scenarios.
Between 2013 and 2020, as shown by the differences
in transmission expansion between the two Central
scenarios in Figure 3-27, estimated incremental transmission needs to support the Central Study Scenario
total 2.3 million MW-miles.86 By 2030 and 2050, these
incremental transmission demands increase to 10 and
29 million MW-miles, respectively.87 For comparison,

the existing transmission system in the United States
totals approximately 200 million MW-miles [78].88 In
other words, while the new transmission requirement
in the Central Study Scenario is 2.7 times greater
than in the Baseline Scenario by 2030 and 4.2 times
greater by 2050, the total transmission needs of the
Central Study Scenario would expand the existing
transmission network by less than 10% by 2030 and
by less than 20% by 2050.
The incremental transmission needs of the Central
Study Scenario relative to the Baseline Scenario can be
expressed in units of circuit miles by assuming that the
representative transmission line used has a carrying
capacity of 900 MW, which is typical for single-circuit
345-kV lines.89 Under this assumption, cumulative

86. Modeled transmission infrastructure is presented using the unit MW-mile, which represents a transmission line rated with a carrying
capacity of 1 MW of power and a 1-mile extent. The amount of new transmission includes long-distance interregional transmission lines as
well as spur lines used for grid interconnection of new wind capacity. Planned and under-construction transmission projects are included
in ReEDS and reported in Appendix G.
87.

The range of incremental cumulative (from 2013) transmission expansion estimated across all Study Scenario sensitivities is 7–12 million
MW-miles by 2030 and 18–34 million MW-miles by 2050.

88. For another comparison, all interregional lines in the existing transmission network are represented in ReEDS as 88 million MW-miles;
however, this metric excludes all lines that do not cross model region boundaries. The scenario-specific transmission expansion results
include both inter-regional and intra-regional lines. For the Study Scenario sensitivities, estimates are that approximately one-third of the
total transmission needs are for intra-regional lines.
89. The selection of single-circuit 345 kV as the representative transmission line is only used to provide a simple estimate of circuit miles.
Future transmission expansion will rely on different voltages and technologies, and will result in different distance estimates for the
incremental transmission needs of the Study Scenario.
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Figure 3-28. New (2013–2050) transmission expansion under the Central Baseline Scenario and Study Scenario

incremental transmission needs of the Central Study
Scenario total about 11,000 and 33,000 circuit miles
of new transmission by 2030 and 2050, respectively.
These values correspond to an average of 350 circuit
miles/year between 2014 and 2020, 890 miles/year
between 2013 and 2030, and 1,050 miles/year between
2031 and 2050. For comparison, North American
Electric Reliability Corporation (NERC) [79] reports that,
since 1991, an average of 870 miles/year of new transmission have been added and 21,800 circuit miles are
planned with in-service dates before 2023.90
On a present value basis, total transmission-related
expenditures comprise less than 2% of total system
costs91 for the Study Scenario sensitivities (see Section
3.4.2). Such costs include all fuel, O&M, and capital
expenditures. The present value of incremental transmission-related expenditures of the Central Study
Scenario compared to the Baseline Scenario totals
$60 billion. As a linear optimization model, however,
ReEDS likely underestimates the amount of transmission needed due to the lumpy nature of transmission

investments, non-direct paths in real transmission
lines compared to the point-to-point model paths, and
siting and permitting challenges for these infrastructure investments. ReEDS also does not estimate the
cost to maintain the existing transmission grid, which
would have a similar effect to the Baseline Scenario
and Study Scenario. In addition, construction of new
transmission lines can serve reliability and other purposes that are beyond the scope of the ReEDS model.
For this reason, the total amount of transmission
expansion and associated costs estimated for both the
Baseline and Study Scenarios are likely understated.
Including transmission maintenance costs or other
modifications to the economic representation of
transmission deployment in ReEDS would likely only
have minor effects on the amount of total system cost
for transmission-related expenditures.
Figure 3-28 shows the location of new transmission
paths estimated by ReEDS for the Central Baseline
Scenario (left) and Central Study Scenario (right).

90. The regions assessed by NERC also include Canadian provinces and a portion of northern Baja Mexico.
91.
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The present value (2013-2050, 3% discount rate) of transmission-related costs are estimated to be about $70 billion for the Central
Study Scenario and range from $62 billion to $79 billion across all Study Scenario sensitivities. On an undiscounted basis, average annual
transmission expenditures totals about $4 billion per year for the Central Study Scenario between 2013 and 2050.
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In addition to the increased magnitude of new transmission infrastructure estimated for the Study Scenario relative to the Baseline Scenario, the geographic
distribution also differs between these two scenarios.
In particular, though new transmission is generally uniformly distributed across the continental United States
under the Baseline Scenario, somewhat higher concentrations of transmission projects are found in certain
regions including the Midwest, the south central states,
the West, and the northern Atlantic region under the
Study Scenario. These new transmission locations
reflect the geographic location of high quality landbased wind regions relative to the load centers.
The ReEDS model co-optimizes transmission and
generation expansion, but it is not designed to formulate a coordinated transmission plan. Others have

explored transmission network options to help support expansion of wind and other renewable technologies and to support improved reliability (e.g., [80]).
In particular, numerous high-voltage direct-current
(HVDC) projects are in various development stages.
These projects can enhance coordination over long
distances and help system operators and regional reliability organizations manage increased variability due
to higher wind deployment. Further research would
be needed to evaluate transmission plans and technologies to enable cost-effective access of high-quality wind. Further research would also be needed on
the additional benefits that advanced technologies
like HVDC can provide in terms of stability, contingency reserves, and greater operating flexibility, with
or without additional wind.

3.7 Greenhouse Gas Emissions Reductions
The majority of scientists agree that significant
changes will occur to the Earth’s climate on both
a multi-decadal and multi-century scale as a result
of past and future GHG emissions. These changes
may include rising average temperatures, increased
frequency and intensity of some types of extreme
weather, rising sea levels due to both thermal expansion and ice melt, and ocean acidification [81, 82, 83, 84,
85, 86]. In part as a result, there is growing agreement
among scientists and economists on the desirability
of near-term rather than delayed actions to reduce
GHGs [87, 85, 88, 89].
Wind power is one of a family of clean energy technologies92 that could be deployed to reduce GHG emissions, in turn decreasing the likelihood and severity of
future climate-related damages [84, 85]. Additionally,
near-term action to limit GHGs may lessen the longer-term cost to society of meeting future policies
intended to reduce GHGs [90]. Some states (e.g.,
California) and regions (e.g., a number of northeastern
states) have already enacted carbon policies [90], and
the U.S. Congress has also considered such policies
[90]. The U.S. EPA has implemented GHG reduction

programs for the transport sector [91] and has proposed carbon dioxide emission limits for new and
existing power plants [92]. In part as a result, utilities
regularly consider GHG regulatory risk in resource
planning [93, 94].
This section first estimates the potential GHG reductions associated with the Study Scenario compared
to the Baseline Scenario, on both a direct-combustion
and life-cycle basis.93 It then quantifies the economic
benefits of these GHG reductions based on the range
of social cost of carbon estimates developed by the
U.S. IWG and used by the U.S. government [95, 96].
The methods applied here are consistent not only
with those used by U.S. regulatory agencies [97], but
also with those used in the academic literature [98, 99,
100, 101, 102]. Text Box 3-5 also briefly summarizes the
literature on the net energy requirements of different
electricity generation technologies. Net energy is
another metric often used to compare energy technologies on a life-cycle basis, and one in which wind
energy performs relatively well in comparison to other
electricity generation sources.

92. Including other forms of renewable energy, nuclear, fossil-based carbon capture and sequestration, and energy efficiency.
93. This section evaluates the impacts of the Study and Baseline Scenarios, under Central assumptions only. The ranges presented in this
section are driven by the range of parameters evaluated and not by the range of scenario results.
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3.7.1 Wind Energy Reduces
GHG Emissions
Achieving the wind deployment levels of the Study
Scenario will reduce fossil energy use (see Section 3.5),
leading to reduced fossil fuel-based carbon emissions
in the electric sector. Figure 3-29 shows the decline
in annual combustion-related carbon emissions (left
panel) and annual life-cycle emissions (right panel) for
the Study Scenario relative to the Baseline Scenario.
Based on output from ReEDS, the left panel of the
figure shows that, by 2050, direct combustion CO2
emissions are estimated to decline by 23% in the
Study Scenario relative to the Baseline Scenario.94
Cumulative emissions from 2013-2050 are 13% lower
in the Study Scenario than in the Baseline Scenario.
The estimates of combustion-related emissions in the
left panel of Figure 3-29, however, do not consider
several potentially important effects. First, only CO2

A more comprehensive evaluation requires that GHG
emissions across the full life cycle of each technology
be evaluated with life-cycle assessment (LCA) procedures, and the results of this assessment are presented in right panel of Figure 3-29.95 In particular, an
extensive review and analysis of previously published
LCAs on electricity generation technologies was

Combustion Related Emissions

2.5
2.0
1.5
1.0
0.5
0.0
2010

Cumulative Reductions:
2013–2030:
3.1 gigatonnes CO2 e (8%)
2013–2050:
10.7 gigatonnes CO2e (13%)
2020

2030

2040

3.0
Life-Cycle GHG Emissions in Electric Sector
(gigatonnes CO2e/year)

Combustion-Related CO2 Emissions in
Electric Sector (gigatonnes CO2 e/year)

3.0

emissions are considered while other potent GHGs
are ignored, an omission that may be particularly
important for methane released in coal mining, oil
production, and natural gas production and transport.
Second, and related, only emissions from the combustion of fossil energy are counted, while emissions
from upstream fuel extraction and processing are
disregarded. Finally, a focus on combustion-only
emissions means that the GHG emissions from equipment manufacturing and construction, O&M activities,
and plant decommissioning are not considered for
wind or any other electric power plants.

2050
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Figure 3-29. Greenhouse gas emissions in the Central Study Scenario and Baseline Scenario

94. Unless otherwise noted, all reported values related to carbon dioxide or GHG emissions are in units of metric ton (i.e., tonne) of CO2 or CO2
equivalent (CO2eq).
95. A full LCA considers upstream emissions, ongoing combustion and non-combustion emissions, and downstream emissions. Upstream and
downstream emissions include emissions resulting from raw materials extraction, materials manufacturing, component manufacturing,
transportation from the manufacturing facility to the construction site, on-site construction, project decommissioning, disassembly,
transportation to the waste site, and ultimate disposal and/or recycling of the equipment and other site material.
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Figure 3-30. Summary of systematic review of estimates of life-cycle GHG emissions from electricity generation technologies

conducted through the LCA Harmonization project.96
For the Wind Vision analysis, this foundation was
augmented by the assessment of additional LCA
literature for wind technologies, published through
August 2013. Figure 3-30 summarizes the results of
this extensive literature review for a wide range of
renewable and non-renewable electricity generation
technologies, including the full range of estimates of
life-cycle emissions factors for each technology. (See
Appendix J for further details for wind, including a

listing of the large number of publications reviewed.
For all other technologies, see Appendix C, Volume 1
of Renewable Electricity Futures [2]).97 Based on this
comprehensive literature assessment, the median
life-cycle, non-combustion GHG emission values for
each generation technology were used to estimate
GHG emissions that are in addition to the ReEDScalculated combustion-only CO2 emissions shown in
the left panel of Figure 3-29.

96. http://www.nrel.gov/harmonization
97.

The life-cycle GHG emissions for natural gas-fired combustion technologies has recently become a topic of intense interest and debate.
Two meta-analyses of available LCAs were published in 2014: O’Donoughue et al. [103] harmonized estimates for electricity generated using
conventionally produced natural gas; Heath et al. [104] harmonized evidence for unconventional natural gas. Both support the prevailing
view that, on average, life-cycle GHG emissions from natural gas-fired generators are half that of coal, though there could be cases with
emissions much higher. Measurements in some natural gas production basins, e.g., [105, 106] suggest higher methane leakage rates than
have typically been included in the harmonized LCAs. These have, however, only measured a few, small basins, and not enough evidence
is available to develop a national average based on measurements. A 2014 synthesis of measurement evidence of methane leakage
from natural gas systems [107] concludes that natural gas retains climate benefits over coal, even considering the available evidence from
measurements. The Wind Vision report uses the available LCA literature to assign GHG emission estimates to each life-cycle stage. These
assignments could be updated as new evidence becomes available.
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The extensive literature demonstrates that, on a lifecycle basis, wind has among the lowest levels of GHG
emissions of different energy technologies (Figure
3-30). As a result, when considering the full lifecycle, Figure 3-30 (right panel) shows that the Study
Scenario is estimated to significantly reduce GHG
emissions in the electric sector relative to the Baseline
Scenario: 6% in 2020 (0.13 gigatonnes CO2e), 16% in
2030 (0.38 gigatonnes CO2e), and 23% in 2050 (0.51
gigatonnes CO2e). Cumulative life-cycle GHG emissions
are reduced by 12.3 gigatonnes CO2e from 2013 to
2050 (14%). Life-cycle GHG reductions are larger in
absolute terms than combustion-only CO2 reductions.
These estimates suggest significant potential for
wind energy in reducing GHG emissions, consistent
with previous literature [1, 28].The foregoing analysis,
however, does not consider two factors that may
degrade to a degree the actual emissions savings from
increased wind deployment. First, the GHG benefits
of variable renewable generation may be eroded to a
degree by the increased cycling, ramping, and partial
loading required of conventional generators. Partial
loading of fossil generators, for example, means operating those plants at less-efficient output levels. This
creates a penalty for fuel efficiency and GHG emissions
relative to optimally loaded plants. Though the analysis discussed here does not capture these effects,
the difference implied by this omission is, in this case,
expected to be modest. The reduction in GHG benefits
can be significant when considering small, isolated
systems with little geographic diversity of wind and
few plants to offer balancing services, but the effects
are much smaller in large systems—such as those
analyzed here—with many conventional generators
and considerable smoothing from geographic diversity [108, 109]. Recent studies have found that the GHG
emissions benefits of wind energy are diminished by,
at most, less than 10% [110, 111, 112,113]. In the largest and
most sophisticated of these studies, Lew et al. [65] find
that the emissions impact is negligible (less than 1%).
Second, economy-wide rebound and spillover effects
can impact emissions reductions, especially when
those rebound and spillover effects are affected by
policy mechanisms.98 The model used for the Wind
Vision analysis focuses on the electric sector, and the
analysis is intentionally policy-agnostic. This voids

the opportunity for an assessment of economy-wide
spillover or rebound effects. Other literature, however, has shown that spillover and rebound effects
can impact GHG savings, as can the specific policy
mechanisms used to support renewable energy
deployment. In particular, there is general agreement
that GHG savings will be greater and/or achieved
at lower cost when met, at least in part, through
economy-wide carbon pricing, and lower when met
solely through sector-specific financial incentives for
low-carbon technologies [48, 49, 50, 85, 114, 115, 116, 117, 118,
119]. Depending on the policies employed and related
rebound and spillover effects, the GHG reductions
estimated here may therefore over- or under-state
actual emissions reductions associated with the wind
deployment levels envisioned in the Study Scenario.

3.7.2 Economic Benefits of
Wind Energy in Limiting Climate
Change Damages
The economic benefits of wind energy due to limiting
damages from climate change can be estimated
through the use of a metric known as the social cost of
carbon, or SCC. The SCC reflects, among other things,
monetary damages resulting from the future impacts
of climate change on agricultural productivity, human
health, property damages, and ecosystem services
[95, 96].The methodology for estimating the benefits
from reduced GHG emissions involves multiplying
the emissions reduction (on a life-cycle, CO2eq basis)
in the Study Scenario (relative to Baseline Scenario)
in any given year by the SCC for that year, and then
discounting those yearly benefits to the present.99
Estimating the magnitude and timing of climate
change impacts, damages, and associated costs is
challenging, especially given the many uncertainties
involved [81, 84, 85, 86, 95, 96, 120, 121]. Models of climate
response to GHG emissions and damage functions
associated with that response are imperfect. Even
when looking to events over the several decades leading up to 2013, such as the upward trend in damage
costs associated with extreme environmental events
[122], caution is necessary to separate causation from
correlation [123]. In addition, because the majority of
effects will be felt many decades and even centuries

98. As one example, if policies used to support wind development tend to decrease retail electricity prices, then customer incentives for
energy efficiency will be muted, potentially reducing GHG savings. The opposite would be anticipated if retail electricity prices increase.
99. The discount rate varies for any individual calculation to be consistent with that assumed in the SCC estimate.
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in the future, the choice of discount rate becomes a
key concern when estimating the present value of
future damages. This can, in turn, greatly influence
the relative benefits and timing of alternative strategies to reduce carbon emissions [124, 125].
In part as a result, a number of widely ranging
estimates of the SCC are available [85, 120, 126]. Key
uncertainties about the SCC result from: (1) difficulties in estimating future damages associated with
different climate-related causes, as well as uncertainties about the likelihood, timing, and potential
impact of (nonlinear) tipping points; (2) the high
sensitivity of the SCC to assumptions about growth
in world population, gross domestic product, and CO2
emissions; and (3) large differences in the present
value of estimated damages depending upon choice
of discount rate [120, 127, 128].
Though these uncertainties have led some to suggest
possible improvements to SCC estimates [125, 129, 130, 131]
or even to question the use of these estimates [128],
U.S. government regulatory bodies now regularly
use SCC estimates when formulating policy [97, 130].
Under Executive Order 12866,100 U.S. agencies are
required, to the extent permitted by law, to assess
costs and benefits—even though these are considered
difficult to quantify—during regulatory proceedings.
To that effect, in 2010, the U.S. IWG on the SCC101 used
three integrated assessment models to estimate the
SCC under four scenarios [95]. The IWG SCC reflects
global damages from GHGs, and IWG recommends
use of global damages. That approach is followed in
the Wind Vision, recognizing that lower values are
obtained if only damages within the United States are
considered.102 In 2013, IWG updated its estimates

based on improvements in the integrated assessment
models, which lead to an increase in SCC values [96].
IWG SCC estimates have been widely used in regulatory impact analyses in the United States, including in
numerous proposed or final rules from the EPA, DOE,
and others [97].
To reflect the inherent uncertainties, the IWG [96] has
published four SCC trajectories (see Figure 3-31 for
these four trajectories from 2010 to 2050). Three of
the four trajectories are based on the expected value
of the SCC (estimated by averaging the results of
the three IWG models), assuming discount rates of
2.5%, 3%, and 5%.103 A fourth trajectory represents a
95th percentile of the SCC estimates across all three
models at the central 3% social discount rate. This
95th percentile case is intended to reflect a much
less likely outcome, but one with a much higher than
expected impact, e.g., due to more extreme temperature changes.104
Using the four IWG SCC estimates, Figure 3-32 shows
the present value of the estimated global benefits of
life-cycle GHG reductions from 2013 to 2050 from the
Study Scenario (compared to the Baseline Scenario,
and assuming no rebound or spillover effects). For
the IWG central value case, discounted present-value
benefits are estimated to be $400 billion. Across
the three expected-value cases, benefits range
from $85 billion (for the 5% discount rate case) to
$640 billion (for the 2.5% discount rate case). The
fourth case that accounts for the small possibility
of more extreme effects results in a benefit estimate
of $1,230 billion.105,106

100. http://www.archives.gov/federal-register/executive-orders/pdf/12866.pdf
101. U.S. agencies actively involved in the process included the EPA and the Departments of Agriculture, Commerce, Energy, Transportation,
and Treasury. The process was convened by the Council of Economic Advisors and the Office of Management and Budget, with active
participation from the Council of Environmental Quality, National Economic Council, Office of Energy and Climate Change, and Office of
Science and Technology Policy.
102. The IWG notes that a range of values from 7–23% should be used to adjust the global SCC to calculate domestic effects, but also cautions
that these values are approximate, provisional, and highly speculative [95].
103. The use of this range of discount rates reflects uncertainty among experts about the appropriate social discount rate [95, 129].
104. Each of the integrated assessment models estimates the SCC in any given year by modelling the impact of CO2 emissions in that year
on climate damages over a multi-century horizon (discounted back to that year). The SCC increases over time because, as IWG explains,
“future emissions are expected to produce larger incremental damages as physical and economic systems become more stressed in
response to greater climate change” [96].
105. As suggested by the IWG, domestic benefits might be 7–23% of these global estimates [95].
106. Annual benefits reflecting the discounted future benefits of yearly avoided emissions are as follows: (1) low: $1.8 billion (2020), $7.0 billion
(2030), $15.5 billion (2050); (2) central: $6.3 billion (2020), $22.8 billion (2030), $42.3 billion (2050); (3) high: $9.4 billion (2020), $32.9
billion (2030), $57.8 billion (2050); (4) higher-than-expected: $18.9 billion (2020), $69.7 billion (2030), $131.0 billion (2050) [2013$].
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Figure 3-31. IWG social cost of carbon estimates
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Figure 3-32. Estimated benefits of the Study Scenario due to avoided climate change damages

To put these figures in another context, the central
value estimate represents a levelized global benefit
of wind energy of 3.2¢/kWh of wind. Across the
remaining three scenarios, the estimated GHG savings

benefit ranges from 0.7¢/kWh of wind (low) to
5.2¢/kWh of wind (high) to 10¢/kWh of wind (higher
than expected).107

107. These levelized impacts are calculated by dividing the discounted benefits by the discounted difference in total wind generation in the
Study Scenario relative to the Baseline Scenario. When instead presented on a discounted, average basis (dividing discounted benefits by
the non-discounted difference in total wind generation in the Study Scenario relative to the Baseline Scenario), the central value estimate
is 1.5¢/kWh of wind; across the remaining three scenarios, the estimated benefit ranges from 0.3¢/kWh of wind (low) to 2.5¢/kWh of wind
(high) to 4.7¢/kWh of wind.
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Text Box 3-5

Net Energy Requirements for Different Electric Generating Technologies.
Similar in concept to the assessment of life-cycle GHG
emissions is the aim of a large body of literature to
estimate on a life-cycle basis the amount of energy
required to manufacture and operate energy conversion technologies or fuels (i.e., “input” energy). This
concept helps inform decision makers on the degree
to which various energy technologies provide a “net”
increase in energy supply, and is often expressed in
the form of either:
• Energy ratio: a ratio of the amount of energy
produced by a technology over its lifetime to its
input energy; or
• Energy payback time: the amount of time required
to pay back the input energy given the amount of
yearly energy produced.
This text box summarizes published estimates of
these two metrics for wind technologies, in comparison to estimates for other electric generation
technologies as presented in a recent report from the
Intergovernmental Panel on Climate Change [132]. With
regard to wind energy, 55 references reporting more
than 130 net energy estimates were reviewed, using

the same literature screening approach as for the
review of life-cycle GHG emissions (see Appendix J).
The figure presents a summary of the review. To be
clear, these results are reported from studies that
exhibit considerable methodological variability.
Although previous work has identified several key issues
that can influence results (e.g., [133, 134, 135]), the literature
remains diverse and unconsolidated. Variability in the
results for wind, for example, may in part be due to
difference in the treatment of end-of-life modeling
(e.g., recycling); assumed system lifetime and capacity
factor; technology evaluated (turbine size, height); and
whether turbine replacement is considered.
Notwithstanding these caveats, the results suggest
that both land-based and offshore wind power
have similar, if not somewhat lower, energy payback
times as other technologies, with higher (especially
at the high end) energy ratios. That is, wind energy
performs relatively well in comparison to other
electric generation technologies on these metrics,
requiring roughly the same or even lower amounts of
input energy relative to energy produced.

Review of energy payback and energy ratios of electricity generating technologies
Technology

Most Commonly Stated Lifetime (year)

Brown coal, new subcritical

low

high

values

Black coal, new subcritical

Energy payback time (years)

values Energy ratio (kWhe/kWhprim)
low high

Black coal, supercritical
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Heavy-water reactors
Light-water reactors
Photovoltaics
Concentrating solar
Geothermal
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Wind turbines, offshore
Hydroelectricity
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Note: Energy ratio is the ratio of energy produced by a technology over its lifetime to the input energy required to build the power generating technology.
Energy payback time is the amount of time required to pay back the technology’s input energy requirements given the amount of yearly energy produced
Source: Non-wind estimates from [132]; wind estimates based on literature review detailed in Appendix J.
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3.8 Air Pollution Impacts
Using wind energy to offset the use of fossil generation brings potential public health and environmental
benefits. The health, environmental, and ecosystem
impacts of electricity supply are far reaching, with
every energy source having some impact in terms of
air pollutants, water pollutants, land use and degradation, and waste generation and disposal. A thorough
review of all types of impacts is beyond the scope of
the Wind Vision, but reviews can be found elsewhere
[132, 136, 137, 138]. The Wind Vision analysis focuses on
air pollutant emissions. This is because the costs to
society of air pollutant emissions are significant, and
are often much higher than some other environmental
impacts of energy supply [132].
Turconi et al. [139] and Edenhofer et al. [132] reviewed
published estimates of air pollutant emissions from
electricity generation technologies. Emissions were
considered across the life-cycle of each technology—from those associated with extraction and
processing of fuels, to manufacture and construction
of generation facilities, to operation of those facilities and their end-of-life decommissioning. In short,
these meta-studies find consistent evidence that,
on a life-cycle basis, wind has very low air pollutant
emissions as compared to fossil fuels.
Estimating the impact of different energy technologies on the health of ecosystems and humans, and
then quantifying those impacts in monetary terms, is
challenging. Nonetheless, several major studies have
been conducted in the European context to estimate
these so-called “externalities” [146, 147, 148], and one
prominent study for the United States was completed
by the National Research Council (NRC) in 2010
[138]. Figure 3-33 displays the range of results from
some of these studies, focusing on damages from air
pollutants. It indicates a similar outcome as that for
physical emissions: Health-related externalities are
much lower for wind than almost any other electric
generation technology.
The NRC study’s [138] quantitative damage estimates
were restricted to a limited set of air pollutants: particulate matter (PM) [both coarse particles (PM10) and
fine particles (PM2.5)], SO2, and NOX. The monetized

adverse effects from these emissions were primarily
due to human health outcomes (premature mortality
and morbidity), but also included consequences from
decreased timber and agriculture yields, reduced
visibility, accelerated degradation of materials, and
reductions in recreation services. Damages were evaluated from the operation of combustion technologies;
for renewable energy technologies, externalities
were only discussed qualitatively. The NRC acknowledged significant uncertainty in its assessment, but
concluded that the estimated damages should be
considered underestimates of true damages given
that not all impact pathways were considered.108
Notwithstanding these caveats, NRC estimated that,
in 2005, the emissions from 406 U.S. coal-fired power
plants caused aggregate damages of $62 billion (or
3.2¢/kWh) in 2007$, primarily from exposure to PM
created from SO2 emissions [138]. Pollution damages
from gas-fueled plants tend to be substantially lower
than those from coal plants; the NRC’s sample of 498
gas facilities produced damages in 2005 estimated at
$740 million, or 0.16¢/kWh.
More recent research suggests that the NRC study
may have substantially understated the health and
environmental damages of air pollution emissions.
Since the publication of the NRC study in 2010,
updated damage estimates have been released [140]
that were on average 2–3 times higher than the
original values in NRC. Researchers at the EPA have
also estimated far greater damages from electricity
generation. Fann et al. [141] estimate damages from
power plant SO2 emissions alone to be equivalent to
$280 billion in 2005 and $133 billion in 2016 (2010$)
in the United States. Machol and Rizk [142], following
a similar methodology as developed by Fann et al.
[143], estimate total damages from fossil fuel electricity
in the United States to equal $361.7–$886.5 billion
(2010$) annually. Similarly, Thompson et al. [144]
apply EPA-based methods to estimate sizable heath
co-benefits from carbon mitigation (see also [145]).
The EPA, meanwhile, has applied the methodology
presented in Fann et al. [141, 143] on a number of occasions to estimate the benefits of emission reductions
from power generation. As a result, the EPA’s Clean

108. Non-quantified impacts included heavy metal releases; radiological releases; waste products, land use, and water quality impacts associated with power and upstream fuel production; noise; aesthetics; and others.
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Notes: Figure utilizes a logarithmic scale and is derived from Edenhofer et al. [116]. More specifically, the figure summarizes the results of four
prominent externalities studies conducted worldwide ((A) NRC 2010 [138]; (B) Krewitt and Schlomann 2006 [146]; (C) Preiss 2009 [147]; Ricci 2010
[148]; (D) Sippula et al. 2009 [149]). Uncertainty is assumed to be a factor of three. Costs are in 2010¢/kWh. Abbreviations: CCS = carbon capture
and storage; Comb.C = combined cycle; Postcom = post-combustion; η = efficiency factor; PV = photovoltaic; CHP = combined head and power;
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Figure 3-33. Range of health-related costs from air pollutant emissions from electricity generation technologies

Power Plan [92] and other regulatory actions now
include larger estimates of the benefits from emissions reductions than those in the NRC study.
This section summarizes the analysis methods used
to quantify the air pollution benefits of achieving
the Wind Vision Study Scenario (see Appendix L for
further details on these methods and underlying
assumptions). It then presents estimates for the
potential air pollutant emissions reductions from the
Study Scenario, relative to the Baseline Scenario, and

assesses the health and environmental benefits associated with those potential emissions reductions.109
Two methods are used to quantify the reduced health
and environmental damages of the Study Scenario in
monetary terms, resulting in three different monetary
estimates (EPA includes a “low” and a “high” case). In
all cases, only a subset of the potential air pollution
benefits of wind energy are evaluated, focused specifically on impacts from SO2, NOX, and PM2.5 emissions.
A brief discussion of an alternate approach to quantifying the air pollution benefits of the Study Scenario

109. This section evaluates the impacts of the Central Study Scenario and Baseline Scenario only. See Section 3.1.3 for detailed explanation of the
scenarios. The ranges presented in this section are driven by the range of parameters evaluated and not by the range of scenario results.
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is also provided, one in which the benefits derive not
from reduced health and environmental damages
but instead from reducing the cost of meeting more
stringent air pollution regulations.110

3.8.1 Methods
This section summarizes the basic methodology used
to estimate potential air pollution benefits for the
Study Scenario. Appendix L more fully describes the
assumptions, data sources, and calculations used.
Health benefits are realized when exposure to pollutants is reduced. The estimates used in the Wind
Vision to calculate these benefits depend on three
critical steps: (1) estimation of pollutant emissions
from power plants; (2) modeling the atmospheric
dispersion and secondary reaction of those pollutants;
and (3) estimation of population exposure to primary
and secondary pollutants, the exposure-response
relationship for specific outcomes (i.e., morbidity or
premature mortality), and the monetary quantification of those outcomes.
For step (1), pollutant emission estimates are developed for both the Study Scenario and the Baseline
Scenario, and are a function of the product of ReEDS
generation outputs (MWh, by generation type and vintage) for both scenarios with assumed emission rates
(grams/MWh, by generation type and vintage). The
stringency of future air pollution regulations impacts
emissions rates (and generation investment and dispatch decisions), and, therefore, also affects estimates
of the air pollution benefits of wind energy. For the
purpose of this analysis, initial year-one emission rates
were estimated based on reported historical plant-level
emission rates for SO2, NOX, and PM2.5, and aggregated
to each type of power plant in ReEDS and to each of
the 134 ReEDS regions across the contiguous United
States. Emission rates were updated over time as
plants retire, under the assumption that the Mercury
and Air Toxics Standards (MATS) are implemented in
2016, and as limited by the Cross-States Air Pollution
Rule (CSAPR) starting in 2014. The MATS requirements,
in particular, significantly limit SO2 emission rates.
As discussed in Section 3.7, increased reliance on variable wind generation will require fossil plants to operate in a more flexible manner, potentially increasing the

air pollution emissions from those plants on a perMWh basis (e.g., [150]). This may create an emissions
penalty relative to a fully loaded plant [102]. Though the
Wind Vision analysis does not capture these effects,
research results suggest that emissions are reduced by
wind energy, even after accounting for any emissions
penalties [73, 109, 151]. In a 2013 analysis of this issue, Lew
et al. [65] find that accounting for emissions impacts
related to increased coal plant cycling slightly improves
(by 1–2%) the avoided NOX emissions of wind and solar
relative to the avoided emissions, based on an assumption of a fully loaded plant. This result is driven by average emissions rates of coal plants decreasing during
times when the plants are part-loaded. Conversely, that
study finds that accounting for cycling impacts on SO2
emissions reduces the avoided SO2 emissions of wind
and solar by 3–6% relative to avoided emissions based
on an assumption of a fully loaded plant. A similarly
detailed analysis of avoided NOX and SO2 emissions
with wind and solar in the mid-Atlantic region reports
more substantial emissions penalties, in part due to
frequent cycling of supercritical coal plants [73]. In
both cases, however, the impacts are not large enough
to dramatically alter the basic results reported here.
Further research is warranted to quantify emissions
penalties related to cycling and to identify strategies
for mitigating those emissions.
For steps (2) and (3), this analysis depends on previous estimates of pollutant dispersion and reaction,
exposure and response, and monetary damage
assessment. Two different approaches are used,
resulting in three estimates. The first method is as
applied by the EPA, most recently in its 2014 Regulatory Impact Analysis for the Clean Power Plan [92].
EPA applied two different sets of estimates for the
average benefit per ton of reduced SO2, NOX, and
PM2.5 emissions from power plants across three broad
regions on the United States, resulting in an “EPAlow” and an “EPA-high” estimate of the benefits of
the Study Scenario. As an alternative to the EPA estimates, we use benefit-per-ton estimates from the Air
Pollution Emission Experiments and Policy analysis
model version 2 (originally APEEP, now abbreviated
AP2), also for SO2, NOX, and PM2.5. The AP2 model was
used in the 2010 NRC study [138] discussed previously,

110. Basic economics demonstrate it is more cost-effective to address unpriced environmental effects directly through, e.g., environmental
taxes or cap-and-trade, rather than through technology- or sector-specific incentives [117]. Also, conceptually, additional welfare benefits
from pollution reduction can only occur if these direct environmental regulations have not already been established at the optimal welfare
maximizing level [50, 101, 102].
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as well as by Siler-Evans et al. [99] to estimate the
benefits of wind and solar energy in reducing the
health and environmental damages from existing
power plants from 2009 to 2011.111

Bolinger and Wiser [154] report that electric utilities
sometimes consider future air pollution regulations
and associated compliance costs when selecting
among alternative energy resource portfolios.

Both EPA (low and high) and AP2 develop benefit-per-ton estimates by combining air quality modeling with exposure modeling, exposure-response
relationships, and monetary damage estimates. There
are, however, significant differences in air quality
modeling methodology between EPA and AP2; in the
assumed relationship between exposure and impact
between EPA-low, EPA-high, and AP2; and in the
specific health and environmental impacts assessed.
The result is three distinct monetary estimates of the
reduced air pollution damages associated with the
Study Scenario relative to the Baseline Scenario.

3.8.2 Air Pollution Benefits
of Wind Energy

In addition to estimating the air pollution benefits
of the Study Scenario, this analysis also presents an
alternate approach to quantifying air pollution benefits. This alternative approach assumes the presence
of binding cap-and-trade programs limiting air pollution, and focuses on the ability of wind to potentially
offset the cost of meeting those air pollution regulations. Details are provided in the next section.
Overall, the basic approaches described above have
been commonly used to quantify the benefits of
renewable energy. Siler-Evans et al. [99], for example,
used AP2 to estimate the health and environmental
benefits of wind and solar energy. Additionally, to
account for the possibility of binding cap-and-trade
programs, Siler-Evans et al. [99] developed a benefit
estimate in which wind generation does not decrease
air pollutant emissions for capped pollutants in
locations where the cap-and-trade governs, but
rather principally avoids costs associated with the
implementation of other pollution control strategies.
Several studies [98, 100, 101] also quantify the benefits
of renewable energy due to reduced air pollution
damages. Heeter et al. [153] find that state-level studies
of the benefits and costs of RPS policies sometimes
use either damage-based or compliance cost-based
approaches to quantify air pollution impacts. Finally,
111.

Achieving the Study Scenario will provide air pollution
benefits, relative to the Baseline Scenario in which
no additional growth in wind capacity is assumed
to occur. Considerable uncertainty exists about the
magnitude of these benefits, however, including
uncertainties driven by the representation of future air
pollution regulations, air pollutant transport assumptions that connect emissions to concentrations,
assumptions about the future such as population and
income growth, and the translation of emission concentrations to impacts and monetary quantification.
Figure 3-34 illustrates potential electric-sector air
emissions for the Study Scenario and Baseline Scenario. On a national basis, emissions of SO2, NOX, and
PM2.5 are shown to be lower in the Study Scenario.
Specifically, on a cumulative basis, the Study Scenario
has estimated emissions reductions from 2013 to
2050 (relative to the Baseline Scenario) of 2.6 million
metric tonnes of SO2, 4.7 million metric tonnes of NOX,
and 0.5 million metric tonnes of PM2.5.
An important feature of the data in Figure 3-34 is the
precipitous drop of SO2 emissions from 2010 through
2016 in both scenarios. This decline is due to the
assumed implementation of MATS, which requires
that all (new and existing) coal plants meet acid gas
(such as SO2 or hydrogen chloride), PM and other
pollutant emission-rate limits. Note that MATS is
modeled outside of ReEDS, as a post-processing step;
see Appendix L for further details. Aside from this
dramatic change to SO2 emissions, emissions of all
three pollutants are relatively stable until 2040, when
they are projected to decline by half over the course
of a decade as a result of a drop in coal generation.
This is due in part to additional coal plant retirements.

One important value used to generate the monetary benefit estimates is the value of a statistical life assumed for mortality damages. The
AP2 analysis assumes that the cost of premature deaths is $6 million (in 2000$), regardless of age, which is consistent with the value used
by the NRC [138] and Siler-Evans et al. [99]. This cost is also near the mid-point of available literature estimates, and is in line with value of
statistical life assumptions used by the EPA in regulatory impact analyses (e.g., [152]). The EPA-based analysis assumes that the cost of premature deaths is $6.3 billion (in 2000$, adjusted for currency inflation and income growth). Note that the EPA provides benefit estimates
that increase in the future with population and income growth. For the Wind Vision, damages from AP2 are scaled over time based on U.S.
Census Bureau population projections and are based on per capita income growth projections used by EIA [4], using an elasticity of the
value of statistical life to income growth consistent with NRC [138].
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Figure 3-34. Electric sector SO2, NOX, and PM2.5 emissions in Study and Baseline Scenarios
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(2013–2050, billion 2013$)

$300

$272

$250
$200
$150
$108
$100
$50
$0

$52

AP2

EPA Low

EPA High

Figure 3-35. Estimated benefits of the Study Scenario due to reduced SO2, NOX, and PM2.5 emissions
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Based on these SO2, NOX, and PM2.5 emissions
reductions, Figure 3-35 summarizes the estimated
present value of the air pollution benefits of the Study
Scenario (relative to the Baseline Scenario), applying
the methods described previously and detailed in
Appendix L. Discounted, present value air pollution
benefits are estimated at $52 billion, $108 billion,
and $272 billion under AP2, EPA-low, and EPA-high
respectively (3% discount rate, 2013–2050).112,113 To put
these figures in another context, they are equivalent
to an average levelized benefit of 0.4¢/kWh of wind,
0.9¢/kWh of wind, and 2.2¢/kWh of wind.114
The range of benefit estimates that exists between
EPA-low ($108 billion) and EPA-high ($272 billion) is
due to uncertainty in the epidemiology that connects
pollution exposure to health consequences. EPA-low
is based on research summarized in Krewski et al.
[155] and Bell et al. [156], whereas EPA-high is based
on research presented in Lepeule et al. [157] and Levy
et al. [158]. Both sets of epidemiology research have
different strengths and weakness and EPA does not
favor one result over the other; see Appendix L for
more information.
The lower AP2 estimate ($52 billion) relies on epidemiology assumptions consistent with EPA-low, but
applies different air quality and meteorological modeling techniques. This drives the differences between
AP2 and EPA-low. Both sets of air quality modeling
techniques have advantages and disadvantages vs.
one another; a description of these differences is
provided in Appendix L. One difference between EPA
and AP2 relates to the specific health and environmental impacts considered. In this instance, however,
the differences would—all else being equal—deflate
the EPA estimates relative to AP2. In particular, both
AP2 and EPA consider many of the health (mortality

and morbidity) consequences of SO2, NOX, and PM2.5
emissions, but the specific impact pathways differ
somewhat. As one example, AP2 includes primary
pollutant exposure as well as secondary exposure
to ozone during the ozone season and to secondary
PM2.5 that derives from directly emitted SO2 and NOX.
EPA, on the other hand, does not include primary
exposure to SO2 and NOX, focusing instead entirely
on secondary particulate matter and ozone exposure.
Unlike EPA, AP2 also includes consequences from
decreased timber and agriculture yields, reduced
visibility, accelerated degradation of materials, and
reductions in recreation services. These differences
in quantified impact pathways imply that the AP2
results are somewhat more inclusive. The majority
of the damages derive from mortality and morbidity
from primary and secondary PM2.5 and ozone exposure [140, 159], however, and the differences between
AP2 and EPA on this score are minor. Further discussion of the differences between AP2 (and, previously,
APEEP) and EPA are highlighted in Fann et al [141],
Machol and Rizk [142], and Brown et al. [160].
Table 3-5 provides additional detail on these monetary estimates over the entire 2013–2050 analysis
period and, for the EPA-derived figures, also lists
in some detail the estimated health (mortality and
morbidity) benefits from the Study Scenario. Overall,
the majority of the monetary benefits derive from
reduced levels of premature mortality associated
with the Study Scenario. Focusing on the EPA-low
estimate, because it is in the middle of the range of
estimates presented, the Study Scenario is found to
result in nearly 22,000 fewer premature mortalities
than the Baseline Scenario over the 2013–2050
timeframe. Though the monetary benefit is smaller,
a large number of additional morbidity benefits are

112. Though the emission rate estimates developed outside of the ReEDS model and applied in this section include a representation of MATS,
the ReEDS generation estimates do not include MATS. They instead include a representation of a SO2 cap-and-trade system; the core
ReEDS results were not updated to include MATS because MATS was under legal challenge at the time the scenario approach was finalized.
Preliminary analysis suggests that the Wind Vision air quality benefit estimates presented here would increase by at least 20–30% if ReEDS
were updated to account for the new regulatory environment, with potentially even-greater benefits depending on how the new environment is represented. The benefit increase would be seen as the SO2 cap-and-trade system would become non-binding in most years due to
the emission controls required by MATS. On the other hand, representation of another recent proposed change to the regulatory environment, the EPA’s Clean Power Plan, would likely reduce future estimates of air quality benefits. At the time of this publication, the status of
MATS remains in legal review pending a decision by the U.S. Supreme Court. See Appendix L for more details.
113. Annual benefits reflecting yearly avoided emissions are as follows: (1) AP2: $0.9 billion (2020), $4.3 billion (2030), $4.8 billion (2050);
(2) EPA-low: $2.4 billion (2020), $8.3 billion (2030), $10.1 billion (2050); (3) EPA-high: $5.6 billion (2020), $20.3 billion (2030), $27.4
billion (2050) [2013$].
114. These levelized impacts are calculated by dividing the discounted benefits by the discounted difference in total wind generation in the
Study Scenario relative to the Baseline Scenario. When instead presented on a discounted, average basis (dividing discounted benefits by
the non-discounted difference in total wind generation in the Study Scenario relative to the Baseline Scenario), the values are 0.2¢/kWh of
wind, 0.4¢/kWh of wind, and 1.0¢/kWh of wind.
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Table 3-5. Accumulated Emissions, Monetized Benefits, and Mortality and Morbidity Benefits over 2013–2050 for the
Study Scenario Relative to the Baseline Scenario

Impacts

SO2

NOX

PM2.5

Total

4.7

0.5

—

Emissions Reductions
Central Study Scenario air pollution reduction
(million metric tonnes)

2.6

Total Monetized Benefits (Present Value)
EPA-low benefits (billion 2013$)

71

28

9

108

EPA-high benefits (billion 2013$)

174

78

21

272

AP2 benefits (billion 2013$)

24

19

8

52

a

EPA Total Mortality Reductions
EPA-low mortality reductions (count)

14,400

5,500

1,900

21,700

EPA-high mortality reductions (count)

29,100

15,200

4,300

48,700

EPA Morbidity Reductions from Primary and Secondary PM2.5 Impacts
Emergency department visits for asthma (all ages)

7,000

2,200

900

10,100

18,800

5,500

2,500

26,800

Lower respiratory symptoms (age 7–14)

242,200

69,900

31,900

344,000

Upper respiratory symptoms (asthmatics age 9–11)

383,000

111,600

45,600

540,200

Minor restricted-activity days (age 18–65)

9,118,000

2,685,800

1,243,000

13,046,600

Lost work days (age 18–65)

1,525,800

462,900

2,040,008

2,192,700

858,800

104,300

47,700

1,010,800

Hospital admissions, respiratory (all ages)

5,000

1,400

600

7,000

Hospital admissions, cardiovascular (age > 18)

5,400

1,800

700

7,900

Non-fatal heart attacks (Peters et al. 2001)

17,700

5,400

2,300

25,300

Non-fatal heart attacks (pooled estimates—4 studies)

2,000

600

200

2,800

Acute bronchitis (age 8–12)

Asthma exacerbation (age 6–18)

Morbidity Reductions from NOX → Ozone Impacts
Hospital admissions, respiratory (ages > 65)

—

9,200

—

9,200

Hospital admissions, respiratory (ages < 2)

—

2,800

—

2,800

Emergency room visits, respiratory (all ages)

—

3,800

—

3,800

Acute respiratory symptoms (ages 18–65)

—

5,882,000

—

5,882,000

School loss days

—

2,459,600

—

2,459,600

Note: Monetized benefits are discounted at 3%, but mortality and morbidity values are simply accumulated over the 2013–2050 time period.
EPA benefits derive from mortality and morbidity estimates based on population exposure to direct emissions of PM2.5 and secondary PM2.5
(from SO2 and NOX emissions), as well as ozone exposure from NOX emissions during the ozone season (May–September). Primary and
secondary PM2.5 effects account for approximately 90% of the mortalities and monetized benefits in both the high and low cases.
a. A
 P2 benefits are derived from mortality and morbidity estimates based on population exposure to direct emissions of PM2.5, SO2 and NOX, and
secondary PM2.5 (from SO2 and NOX emissions), as well as ozone exposure from NOX emissions during the ozone season (May–September). AP2
benefits also include consequences from decreased timber and agriculture yields, reduced visibility, accelerated degradation of materials, and
reductions in recreation services.
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also associated with the Study Scenario, as detailed
in Table 3-5. For example, the Study Scenario is
estimated to lead to ~41,000 fewer visits to the
emergency department or hospital due to cardiovascular, respiratory, or asthma symptoms. The improved
air quality in the Study Scenario is also estimated to
result in ~2.2 million fewer lost work days.
Under the EPA-low case, 66% of estimated monetary
benefits are derived from reductions in SO2 emissions.
Reductions in NOX emissions account for 26% of the
monetary benefits in the EPA-low case. Reductions in
direct PM2.5 emissions account for 8% of the benefits.
Consistent with the results from Siler-Evans et al. [99]
and NRC [138], a large majority (>95%) of these health
benefits are found to be concentrated in the eastern
half of the United States, especially in areas where air
pollution from coal plants predominates. Benefits in
the western United States are limited due, in part, to
lower overall emissions in those areas and to lower
population densities.
As noted earlier, there is an alternate approach to
valuing emission reductions in the case that binding cap-and-trade regulations exist. This approach
reflects the fact that the design of air pollution
regulations can impact not only the size but also the
nature of the benefit derived from wind energy. In
particular, when cap-and-trade programs are used to
limit air pollution (as under the Clean Air Interstate
Rule and CSAPR for SO2, NOX, and in some regions
of the United States), and if those caps are strictly
binding over time, increased wind energy may not
reduce capped pollution emissions because the
potential avoided emissions from wind may be offset
by increases in emissions elsewhere as allowed under
the cap [99, 101]. In this case, the benefits of increased
wind energy derive not from reduced health and environmental damages, but instead from reducing the
cost of complying with the air pollution regulations,
as determined by pollution allowance prices.115
Though cap-and-trade programs currently exist in
various regions of the United States for both SO2 and
NOX, those programs have not been fully binding [162,

163].

Assessment of the Study Scenario and Baseline
Scenario suggests that the CSAPR caps are unlikely
to be strongly binding in the presence of MATS. The
benefits of the Study Scenario, therefore, are not
estimated from the perspective of reducing pollution regulation compliance costs. This alternative
valuation approach is provided, however, because it
is possible that future national or regional cap-andtrade regulations could impact the size and nature of
the benefits from the Study Scenario. Whether any
such resulting benefits are lower or higher than those
health and environmental benefits presented here
would depend on the stringency of the presumed
cap and the resulting projected cost of pollution
allowances. Due to a lack of ability to forecast the
presence of future regulations and their stringency,
this valuation approach is not applied here. With
MATS, it is less likely that a binding cap-and-trade
program for SO2 emissions would be established in
future years. For comparison purposes, however,
note that EPA-estimated SO2 allowance prices under
the CSAPR (before MATS was proposed) [164] were
roughly 1/40th the monetized health benefits value
estimated in EPA [92], and that historical SO2 and
NOX allowance prices have similarly been well below
health-based estimates. As such, it is possible under
binding cap-and-trade policies that the air emissions
benefits of wind energy would be lower than otherwise presented earlier in this section.
Overall, the air pollution benefits of the Study Scenario, relative to the Baseline Scenario in which no
new wind is added, are estimated to be sizable but
uncertain. The range presented here of $52–$272
billion reflects some, but not all, of that uncertainty,
as discussed in more depth in EPA [92]. At the same
time, the health and environmental impact pathways
analyzed here include only a subset of the impacts
associated with SO2, NOX, and PM2.5, and exclude any
benefits associated with reductions in heavy metal
releases, radiological releases, waste products, water
quality impacts, and many others. If these additional
impact pathways were able to be quantified, benefits
estimates would increase.116

115. Pollution allowance prices represent the marginal cost of complying with a cap-and-trade program. These prices embed the cost of reducing air emissions, whether through the installation of pollution control technologies, fuel switching, or altered generation dispatch. Under
a binding pollution cap, wind energy effectively reduces these costs by offsetting fossil generation and helping to meet the emissions cap.
Thus, pollution allowance prices may be used to estimate the savings of not needing to pay for compliance.
116. The subset of benefits analyzed here likely represents the majority of the value, because reductions in premature mortality have a high
valuation relative to other potential benefits and are strongly associated to reductions to ambient PM2.5 concentrations (i.e., linked to
reductions in SO2, NOX, and PM2.5 emissions).
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3.9 Water Usage Reduction
The future development of the electric sector will
be influenced by water availability, which can affect
what types of power plants and cooling systems
are built and where those plants are sited. Some
proposed power plants have been canceled or had
to change locations or cooling systems as a result of
water-related restrictions [174]. Water-related operational and siting vulnerabilities could be exacerbated
by future changes in the climate, which could alter
the spatial and temporal distribution of freshwater
resources, water temperatures, and power plant
efficiencies [86, 175].

Water usage is evaluated based on two key metrics:
withdrawal and consumption. Water withdrawal
is the amount of water removed from the ground
or diverted from a water source for use, but then
returned to the source, often at a higher temperature;
water consumption is the amount of water that is
evaporated, transpired, incorporated into products
or crops, or otherwise removed from the immediate
water environment [165]. The U.S. electric sector is
the largest withdrawer of freshwater in the nation;
it accounted for 41% of all withdrawals in 2005 [165].
Freshwater consumption from the electric sector represents a much smaller fraction of the national total
(3%), but can be regionally important [166, 167].
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The primary water demand for the electric sector,
both withdrawal and consumption, is for plant cooling.
Approximately 80% of the electricity generated in
the United States uses a thermodynamic cycle that
requires water for cooling [168]. Consequently, the electricity sector both impacts and is highly dependent on
water resources [169, 170, 171, 172, 173]. Power plants have
sometimes been forced to curtail generation or shut
down due to water-related restrictions, in some cases
creating electric reliability challenges [174, 175].

median

Withdrawals

Consumption

Source: Averyt et al. [174]

Figure 3-36. Water use rates for various types of power plants
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Consumption (gallons/MWh)

Operational water use requirements can vary
greatly depending on fuel type, power plant type,
and cooling system, with wind power requiring the
lowest amount of water [176]. Figure 3-36 highlights
water withdrawal and consumption rates for a variety of power plant types and cooling systems. As
shown, thermal power plants using once-through
cooling withdraw more water per MWh of electricity
than do plants using recirculating cooling systems.
Once-through cooling has lower water consumption
demands, however, than recirculating systems. Dry
cooling can be used to reduce both water withdrawal
and consumption for thermal plants, but at a cost and

efficiency penalty [177]. Non-thermal renewable energy
technologies, such as wind and PV, do not require
water for cooling and thus have very low water use
intensities. Wind power plants require effectively no
water for operations, while PV can use a relatively
small amount, primarily for washing panels.
In addition to water required for plant cooling and
other operations, water may also be needed in
the fuel cycle, in equipment manufacturing, and in
construction [178, 179]. On a life-cycle basis, thermoelectric water withdrawals and consumption during
plant operations are orders of magnitude greater
than these other demands [179]; as such, this section
focuses on operational water requirements. However,
as discussed in Averyt et al. [174], these additional
fuel-cycle water demands can have important water
quality implications due to, for example, water used in
mining, coal washing, and hydraulic fracturing.
Given its low water use intensity, wind energy has the
potential to reduce water impacts and water-related
vulnerabilities in the U.S. electric sector, potentially
providing economic and environmental benefits.
Some states (e.g., California, New York) have already
proposed measures to reduce the water intensity of
the electricity produced in their states (California State
Lands Commission 2006; New York State Department
of Environmental Conservation 2010). The EPA has
also invoked the Clean Water Act to propose various
measures to limit the impacts of thermal power plant
cooling on aquatic habitats [180]. To the extent that
wind deployment can reduce electric sector water
demands, it might also reduce the cost of meeting
future policies intended to manage water usage.
This section evaluates the potential operational water
withdrawal and consumption reductions associated
with the Study Scenario compared to the Baseline
Scenario.117 National water impacts were evaluated,
including by fuel and cooling system type. Because
water resources are managed locally and regional
trends can differ substantially from national trends,
regional water impacts are also presented. Finally, the
potential economic and environmental benefits of
water use reductions are explored.
117.

3.9.1 Wind Energy Reduces
National Water Usage
118

Meeting the wind deployment levels of the Study
Scenario is estimated to reduce national electric sector
water use, both in comparison to recent use and in
comparison with the Baseline Scenario in which no
additional growth in wind capacity is assumed to occur.
Figure 3-37 shows the decline in annual electric
sector water withdrawals for the Study Scenario and
Baseline Scenario, based on ReEDS output, as well as
by fuel and cooling system type. On a national level,
withdrawals are estimated to decline substantially
over time under both the Study Scenario and the
Baseline Scenario. This is largely due to the retirement
and reduced operations of once-through cooled
facilities and the assumed replacement of those
plants with newer, less water-intensive generation
and cooling technologies.119 In the Baseline Scenario,
once-through cooled plants are largely replaced by
new thermal plants utilizing recirculating cooling.
In the Study Scenario, water-intensive plants are
replaced by new, less water-intensive thermal power
plants as well as by wind energy, driving somewhat
greater reductions in water withdrawals. As a result,
national electric sector water withdrawals decline by
1% in 2020 (0.4 trillion gallons), 4% in 2030 (1.3 trillion
gallons), and 15% in 2050 (1.3 trillion gallons) in the
Study Scenario relative to the Baseline Scenario.
Figure 3-38 shows the change in annual electric
sector water consumption for the Study Scenario
and Baseline Scenario, based on ReEDS output, as
well by fuel and cooling system type for 2012, 2030,
and 2050. Unlike withdrawals, national electric
sector water consumption remains higher than 2012
values until after 2040 under the Baseline Scenario.
It declines after this point, but to a lesser extent than
water withdrawals. Consumption decreases sooner
and more significantly in the Study Scenario. The
delayed decrease in water consumption in the Baseline Scenario is caused by the assumed replacement
of once-through cooled plants with those using
recirculating cooling systems (recirculating cooling
has higher water consumption). Such cooling system

This section evaluates the impacts of the Study and Baseline Scenarios, under Central assumptions only. See Section 3.1.3 for detailed
explanation of the scenarios. The ranges presented in this section are driven by the range of parameters evaluated and not by the range
of scenario results.

118. Some of the data underlying the figures presented in this section can be found in Appendix K.
119. Consistent with prior studies and proposed EPA regulations, new power plants in ReEDS are not allowed to employ once-through cooling
technologies [170, 172].
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Figure 3-37. Electric sector water withdrawals for the Central Study Scenario and Baseline Scenarios (2012–2050), and by fuel
type and cooling system
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Figure 3-38. Electric sector water consumption for the Study and Baseline Scenarios from 2012 to 2050, and by fuel type
and cooling system

71

Chapter 3 | Water Usage Reduction

changes also occur in the Study Scenario, but the
greater penetration of wind energy reduces water
consumption for the sector as a whole. Overall,
national electric sector water consumption declines
by 4% in 2020 (62 billion gallons), 11% in 2030 (173
billion gallons), and 23% in 2050 (260 billion gallons) in the Study Scenario relative to the Baseline
Scenario. These percentage reductions are greater
than for water withdrawals because wind energy is
found to generally offset generation that has higher
water consumption but lower water withdrawals, e.g.,
recirculating natural gas combined cycle plants. In
comparison to 2012 values, Study Scenario consumption is 35% lower in 2050.
These estimates suggest significant potential for
wind energy in reducing water use. Water use, however, will be impacted by a variety of changes in the
electric sector, such as coal plant retirements, new
natural gas combined cycle construction, and, potentially, increased use of dry cooling. These changes
may be driven in part by future state and federal
water policies, and could affect the estimated water
savings of the Study Scenario.

3.9.2 Regional Water
Usage Trends
120

Because water resources are managed locally and
water is not easily transferred across basins, regional
impact analyses can provide critical insight into the
sustainability of water use. Because water resource

Baseline Scenario (2012–2050)

boundaries do not follow state boundaries, analyzing
water resource impacts at the watershed level is also
useful to water managers. The analysis presented here
therefore focuses on 18 defined watershed regions in
the contiguous United States.121
Figure 3-39 highlights regional percentage changes in
water withdrawal in 2050 compared with 2012 for the
Study Scenario (right) and the Baseline Scenario (left).
Due to the large estimated reductions in national
electric sector water withdrawals over time, all but one
of the 18 major watershed regions in the United States
experiences reductions in withdrawals in the Baseline
Scenario from 2012 to 2050, and all regions experience
reductions in the Study Scenario (there are additional
regional increases by 2030; see Appendix K). The
degree of estimated water withdrawal reductions
varies geographically, with the Study Scenario driving
somewhat deeper declines by 2050.
More substantial differences between the Study
Scenario and Baseline Scenario are apparent when
looking at water consumption. Water consumption
declines by 2050 in all but two of the defined watershed regions under the Study Scenario; in 11 of 18
regions, consumption reductions are greater than
30% (Figure 3-40). Regional increases under the
Study Scenario occur in portions of the Southeast
and in California. In the Southeast, high withdrawal
and low consumption cooling technologies for
thermal power plants are assumed to be replaced
by low withdrawal and high consumption cooling

Percent Change
-60 to -100
-30 to -60
0 to -30
0
0 to 10
10 to 20
20 to 40

Study Scenario (2012–2050)

Figure 3-39. Percentage change in water withdrawals in 2050 compared with 2012 for the Baseline and Study Scenarios

120. Some of the data underlying the figures presented in this section can be found in Appendix K.
121. In particular, water impacts were aggregated from the 134 ReEDS model regions to the two-digit U.S. Geological Survey Hydrologic Unit Code
watershed regions, of which there are 18 in the contiguous United States [181]. Data aggregation techniques follow those described in Macknick
et al. and Sattler et al. [170, 182].
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Figure 3-40. Percentage change in water consumption in 2050 compared with 2012 for the Baseline Scenario and the
Study Scenario

technologies, and wind penetration is lower than
other regions. In California, increases in consumption
are a result of additional recirculating natural gas
combined cycle plants and geothermal generation.122
In the Baseline Scenario, five regions experience
an increase in consumption by 2050. Specifically,
consumption increases in watershed regions covering
parts of water-stressed states such as Texas, Oklahoma, New Mexico, Nevada, Utah, and Colorado. The
electric sector is not a major contributor to water
consumption nationally. However, the large potential
percentage increases in electric sector water consumption under the Baseline Scenario in arid states
and regions that, in many cases, already experience
water availability issues, could increase regional competition for water resources.123 Additional maps of
water consumption and withdrawal impacts through
2030 are shown in Appendix K.

3.9.3 Economic and
Environmental Considerations
of Water Use Reduction
The ability of wind energy to reduce water withdrawals and consumption may offer economic and
environmental benefits, especially where water is
scarce. By reducing electric sector water use, wind

energy reduces the vulnerability of electricity supply
to the availability or temperature of water, potentially avoiding electric sector reliability events and/
or the effects of reduced thermal plant efficiencies.
These are concerns that might otherwise grow as the
climate changes [175]. Additionally, increased wind
deployment might help make available water that
could then be used for other productive purposes
(e.g., agricultural, industrial, or municipal use), or to
strengthen local ecosystems (e.g., benefiting wildlife
due to greater water availability). The lower life-cycle
water requirements of wind energy can help to alleviate other energy sector impacts to water resource
quality and quantity that could occur during fuel
production for other technologies, e.g., water used
in mining, coal washing, and hydraulic fracturing [174].
Finally, wind deployment might help reduce the cost
of future national or state policies intended to limit
electric sector water use.
The ReEDS model includes the cost and performance
characteristics of different cooling technologies as
well as the availability and cost of water supply in
its optimization; these costs and considerations are
embedded in the results presented earlier. Quantifying in monetary terms any separable, additional
benefits from the water use reductions estimated

122. In California, freshwater consumption increases by nearly 50%, largely due to the replacement of once-through cooled facilities along the
ocean with power plants utilizing freshwater in recirculating cooling systems. This is consistent with the recommendation of no oncethrough cooling by the California State Lands Commission (2006).
123. Results in this section were developed using a version of ReEDS that incorporates water availability as a constraint for future development, and model results find that there is sufficient freshwater available in these regions to sustain the model results. However, assumed
available water resources include water currently being used for agriculture, which may in practice be difficult to access. In addition, the
water availability information used in ReEDS does not take into account all other potential sources of increased water demand, which
could further increase competition for scarce resources.
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under the Study Scenario is difficult, as no standardized methodology exists in the literature to do so.
One way to assess the potential economic benefit
of water savings is to consider wind deployment
as avoiding the possible need to otherwise employ
thermal power plants with lower water use, or to site
power plants where water is available and less costly.
To an extent, these costs are already embedded in
the ReEDS results, as discussed above. However,
water could become scarcer in the future and/or
water policy could become stricter, both of which
would necessitate additional investments. In such an
instance, a possible upper limit of the incremental
cost of water associated with conventional thermal
generation can be estimated by comparing the
cost of traditional wet cooling with the cost of dry
cooling. Dry cooling adds capital expense to thermal
plants and reduces plant efficiencies. The total cost
increase of dry cooling for coal thermal generation
has been estimated to be 0.32–0.64¢/kWh [183]. For
natural gas combined cycle plants, Maulbetsch and
DiFilippo [184] estimate an “effective cost” of saved
water at $3.8–$6.8 per 1,000 gallons, corresponding
to approximately 0.06–0.17¢/kWh.124

These estimated incremental costs for dry cooling are
relatively small, and likely set an upper limit on the
water-related benefits of wind energy or any other
power technology intended, in part, to reduce water
usage. The actual benefits would be lower than these
figures for a few reasons. First, many regions of the
country are not facing water scarcity, so the economic
benefits of reduced water use are limited. Second, to
the extent that wind offsets more electricity supply
(kWh) than electricity capacity (kW), it may not be
able to offset the full capital and operating cost of
less water-intensive cooling technologies. Third, few
plants as of 2013 have been required or chosen to
implement dry cooling; alternative, lower-cost means
of obtaining and/or reducing water have predominated, including simply locating plants where water is
available. Alternative water resources, such as municipal wastewater or shallow brackish groundwater,
could also be more cost-effective than dry cooling
in some regions [172]. These lower-cost methods of
reducing water use are likely to dominate for the foreseeable future. Because of these complicating factors,
a separable monetary benefit of the Study Scenario in
terms of reduced water usage is not estimated.

3.10 Energy Diversity and Risk Reduction

125

Traditional energy planning focuses on finding leastcost sources of supply. In balancing different electricity supply options, however, the unique risk profiles
of each generating source and varying portfolios of
multiple generation sources are also considered.
Though wind energy is not free of risk (e.g., due to
its variable output and capital-intensive nature), it
nevertheless relies on a “fuel” stream that is domestic
and is not subject to significant resource exhaustion
or price uncertainty. In contrast, fossil generation,
and especially natural gas, relies on fuels that have
experienced substantial price volatility and for which
historical price forecasts have been decidedly poor.
As a result, utility-scale wind energy is most often
sold through long-term, fixed-price contracts, while
fossil generation—and particularly gas-fired generation—is most often sold through short-term contracts
and/or at prices that vary with the underlying cost of

fuel. In evaluating new generation resources across
seven different categories of risk (construction cost,
fuel and operating cost, new regulation, carbon price,
water constraint, capital shock, and planning risk),
Binz et al [185] identified land-based wind as not only
one of the lowest cost sources of new generation, but
also as one of the lowest risk resources overall.
A variety of methods have been used to assess and
sometimes quantify the benefits of fixed-price renewable energy contracts relative to variable-price fossil
generation contracts, as well as the benefits of electricity supply diversity more generally. These methods
have included the use of risk-adjusted discount rates
[186]; Monte Carlo and decision analysis [187]; mean
variance-based portfolio theory [188, 189]; market-based
assessments of the cost of conventional fuel price
hedges [190]; various diversity indices [191, 192]; comparing empirical wind PPA prices to gas price forecasts

124. 2006$ adjusted to 2013$.
125. This section draws heavily on Mai et al. [2].
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Figure 3-41. Electric system cost variability under a range of fuel price scenarios
[193];

and estimating a generation portfolio’s sensitivity to high and low fuel prices under high renewable
penetration scenarios [194]. Many of these methods
have proven to be incomplete or even controversial,
and, as a result, a single, standard approach to benefit
quantification has not emerged.
Though a full suite of standardized tools for quantifying the myriad risks associated with different electricity resource portfolios is not available, there is broad
recognition that the deployment of wind energy can
reduce certain risks. In particular, even though natural
gas prices and price expectations have declined in
recent years, an increase in wind generation mitigates
long-term fossil fuel price risks in two ways that can
be quantified using recognized and—with appropriate caveats—accepted methods. First, by providing
electricity purchasers with a long-term fixed-price
source of supply (at least when sold under a traditional power sales contract), wind can directly offset
the use of fuel streams with variable and uncertain
prices, thereby potentially reducing uncertainty in
electric system costs. Second, by reducing demand
for exhaustible fossil fuels, wind can place downward

pressure on fossil fuel prices, with benefits to energy
consumers both within and outside of the electricity
sector. Though it is acknowledged that these are not
the only pertinent areas of risk associated with higher
levels of wind generation, the following subsections
quantify these two possible impacts, while some of
the additional risk mitigation aspects of offshore and
distributed wind applications are noted in Section
3.13.126 Finally, a brief discussion of the competitive
and complementary relationship between wind and
natural gas is included at the end of this section.

3.10.1 Reducing Uncertainty
in Electric System Costs
Figure 3-41 illustrates the sensitivity of total electricity
sector costs (on a present value basis) to low and
high fuel prices under two scenarios: the Baseline Scenario and the Study Scenario. In the Baseline Scenario,
total system costs under High Fuel Cost and Low Fuel
Cost assumptions range from +15% to -16% around
the Central fuel cost assumptions.127 Under the Study
Scenario, the overall range narrows to +14% to -11%.128

126. This section primarily evaluates the impacts of the Study and Baseline Scenarios, under Central assumptions. See Section 3.1.3 for detailed
explanation of the scenarios.
127. See Section 3.2.4 for a summary of the specific fuel price assumptions used in the Central, Low Fuel Cost, and High Fuel Cost cases.
128. ReEDS implicitly assumes a cost-plus environment for capacity planning similar to the regulated markets that are common in many, but
not all, parts of the United States. This modeling approach is reasonable for this study, as it provides a consistent comparison of the relative economics of different technologies. Some of the nuances involved with competitive wholesale markets, however, are not captured in
ReEDS (see Text Box 3-6).
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Thus, by replacing gas- and coal-fired generation with
wind generation, the Study Scenario results in a total
portfolio that may be 20% less sensitive to long-term
fluctuations in fossil fuel prices.129 It therefore provides
some insurance value against rising costs to consumers due to higher-than-expected fossil fuel prices.
Translating this reduced risk into monetary units is not
straightforward, however, and would require knowledge about the risk preferences of electricity sellers
and purchasers, as well as about the availability, cost,
and effectiveness of alternative risk mitigation mechanisms such as forward gas contracts and physical
gas supply contracts [190, 194].130

gas price reductions are applied to AEO Reference
Case projections of natural gas consumption outside
of the electricity sector [4], they yield a present value
(from 2013 to 2050 and discounted at a 3% real
discount rate) of approximately $280 billion in consumer savings that is not captured within the ReEDS
modeling results.

The displacement of coal- and gas-fired generation
under the Study Scenario (relative to the Baseline
Scenario) also reduces overall demand for coal and
natural gas, which in turn can suppress coal and gas
prices. This effect results from a shift of the demand
curve for fossil fuels along an upward-sloping supply
curve,131 and, while there remains some uncertainty as
to the magnitude of the price response, the effect has
been both empirically estimated and modeled extensively (e.g., [195]).

Importantly, these potential price reductions and
consumer savings are likely to be primarily or even
exclusively transfer payments from gas producers
and those that benefit from gas production, such
as owners of mineral rights (through rents) and
governments and taxpayers (through taxes), to gas
consumers. As such, the potential for $280 billion in
consumer savings outside of the electricity sector,
as well as the additional savings captured by ReEDS
within the electricity sector, do not necessarily reflect
a true net increase in aggregate economic wealth.
Lower prices for natural gas benefit consumers, at
the expense of producers. These significant consumer
benefits may, nevertheless, be interesting from a
public policy perspective, given that public policy is
often formulated with consumers in mind.

Figure 3-42 provides an estimate of this effect using
modeling results, showing in particular an increasing
reduction over time in natural gas demand and prices
under the Study Scenario.132 These gas price reductions are already captured within the ReEDS modeling results presented earlier, but only within the
electricity sector, which is just one of the gas-consuming sectors of the overall U.S. economy. If these

It is important to recognize that the gas price reductions shown in Figure 3-42, as well as the $280 billion
consumer savings estimate, do not take into account
the possibility of a rebound in demand for natural gas
outside of the electric sector, spurred by the lower gas
prices that result from increasing wind power penetration within the electric sector. ReEDS is an electric
sector model, covering only one sector in the broader

129. Moving from a range of +15% to -16% to a range of +14% to -11% is a 20% reduction in sensitivity.
130. Though considered a benefit by many—e.g., recent purchasers of wind power have touted wind’s long-term hedge value as an important driver [15, 193]—this reduction in long-term fuel price risk may not be valued as highly (or even at all) by less risk-averse consumers.
Furthermore, wind generation is not unique in its ability to reduce fossil fuel price risk, which can also be mitigated through fixed-price
fuel contracts or low-cost financial hedges. Physical and financial fuel price hedges, however, are not typically available over long terms, in
part due to counterparty risk [193], which is why gas-fired generation in particular is most often contracted only over short terms and/or at
prices that vary with fuel costs. This stands in contrast to wind power, which is most often sold over long terms and at prices that are fixed
in advance. Finally, the risk reduction shown in Figure 3-41 is measured over the long term. As noted in Text Box 3-6, however, over shorter
time durations increased wind penetration may be expected to increase wholesale price volatility due to the variability in wind generation.
131. These supply and demand curves should be thought of as long-term curves reflecting long-term elasticities. Over the short term, price
reductions could be even larger, as it will take time for suppliers to restrict supply in response to a reduction in demand (i.e., short-term
supply and demand curves are generally thought to be steeper than corresponding long-term curves). Over the long term, supply will
have ample time to respond to lower demand, leading to less of a price shift along a flatter supply curve—though not completely flat,
since fossil fuels are exhaustible. It is these more enduring long-term price impacts that are of primary interest to this analysis, and that
are captured within the ReEDS model. Note that, although ReEDS focuses solely on the electricity sector, it also approximates the longterm supply elasticities that are embedded within the EIA’s cross-sector, economy-wide National Energy Modeling System [11].
132. Demand for coal within the electricity sector also declines relative to the Baseline Scenario, but the ReEDS model does not project the corresponding impact on coal prices. Because the long-term inverse price elasticity of supply is generally thought to be lower for coal than
for natural gas [195], coal price reductions are likely to be muted relative to the gas price reductions shown in Figure 3-42. Further, unlike
natural gas, coal is not widely used in the United States outside of the electricity sector, which limits the broader, economy-wide consumer
benefit of any coal price reductions.
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Figure 3-42. Reduction in demand for, and price of, fossil fuels under the Study Scenario

economy, and not able to fully account for such
macro-economic impacts. This rebound effect, which
might also include an increase in natural gas exports,
would presumably lead to smaller market-wide
price reductions than are shown in Figure 3-42. The
impact on overall consumer savings is less clear, as
the smaller price reductions would benefit a larger
amount of consumption due to the rebound, leaving
the aggregate dollar impact uncertain.
Notwithstanding these caveats, the $280 billion is
equivalent to a levelized consumer benefit from wind
energy of 2.3¢/kWh of wind.133 Considering a household with a typical level of natural gas consumption,
the estimated natural gas bill reduction benefit equates
to an average of $0.40/month from 2013 to 2020 and
$1.50/month from 2021 to 2030, increasing to $2.60/
month from both 2031 to 2040 and 2041 to 2050.
Finally, some stakeholders point to the potential
impact of increased wind power deployment on
reducing wholesale electricity prices in organized
competitive markets. Though not quantified here, the
nature of this impact and relevant literature analyzing
it are discussed in Text Box 3-6.

3.10.2 Wind and Natural Gas:
Competitors and Partners in
the Electric Sector
The significant displacement of gas-fired generation
shown in Figure 3-25 under the Study Scenario
(relative to the Baseline) suggests that utility-scale
wind and gas compete in the electric sector. A closer
analysis, however, reveals that gas-fired and wind
generation are important partners in the Study
Scenario, and that their combined presence may yield
diversity-related benefits. In particular, despite being
partially displaced by wind, natural gas continues to
play a major role in the electricity sector under the
Study Scenario, with demand eventually rising above
today’s levels (Figure 3-24). In addition, gas-fired
capacity is not displaced as much as gas-fired generation under the Study Scenario (see Section 3.5.1),
since a high-wind future requires a significant amount
of flexible capacity to help integrate wind power,
meet peak loads, and maintain system reliability.
Ensuring that gas plants are adequately compensated
for providing these services may be a precondition to
achieving the Study Scenario.

133. This levelized impact is calculated by dividing the discounted benefit by the discounted difference in total wind generation in the Study
Scenario relative to the Baseline Scenario. When instead presented on a discounted, average basis (dividing the discounted benefit by the
non-discounted difference in total wind generation in the Study Scenario relative to the Baseline Scenario), the value is 1.1¢/kWh of wind.
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Text Box 3-6.

Impact of Wind Power on Wholesale Electricity Prices
One potential impact of wind energy not explicitly
analyzed in the Wind Vision is its potential to lower
wholesale electricity prices in the short run (i.e.,
within the time it takes new generation to be built
or to retire). In particular, in organized, competitive
wholesale markets such as those in many parts of the
United States, the wholesale price is largely based
on the variable cost of the most expensive generator
required to meet demand. The addition of wind
lowers demand for power from other generators,
resulting in lower-cost generators setting wholesale
prices. This short-run reduction in wholesale prices
is often referred to as the “merit-order effect.” This
effect is not present, or is present to a lesser extent,
in still-regulated markets that operate in a cost-plus
environment (rather than an environment in which
the marginal generator sets the price for all generation) and in markets where wholesale purchases are
a subset of supply costs.
The magnitude of this effect has been estimated
through simulations [66, 196, 197] and empirical analysis
[198, 199]. In a review of many studies, Würzburg et
al. [200] find a roughly 0.1¢/kWh (within a range of
0.003¢/kWh to 0.55¢/kWh) reduction in wholesale
prices per percentage penetration of wind energy.
The price effect is expected to be larger when plants
with different fuels and efficiencies are used (i.e.,
when the generation supply curve is steep), whereas
a smaller effect is expected if similar plant types are
consistently on the margin [113]. Likewise, a relatively
small effect of wind on wholesale prices was found in
the hydro-dominated region of the Pacific Northwest
[201]. Section 3.13.1.3 discusses this effect as it relates
to offshore wind applications.
As with the impact of wind on natural gas prices (see
Section 3.10.1), the change in wholesale electricity
prices with the addition of wind affects electricity
customers and generators differently. Assuming
demand is inelastic (meaning demand does not
increase substantially as the wholesale power price is
reduced), customer costs are reduced by the difference in wholesale price times the amount of power
purchased from the market. This reduction in costs
for customers, however, is equal to the reduction in
revenues earned by generators selling power in this

market. Hence, just as with the impact of wind on
natural gas prices, the merit-order effect results in a
transfer of wealth from generators to consumers, and
does not reflect a net increase of societal welfare [202].
There are two other reasons wholesale price effects
are not separately quantified in the Wind Vision
report. First, the modeling tool used here (ReEDS)
estimates the total costs of producing electricity—it
is not capable of estimating hourly wholesale market
prices, and does not separately identify impacts to
consumers versus impacts to generators. Second, as
described below, the merit-order effect may be temporary. This is unlike the impact of wind on natural
gas prices, which are presumed to have a long-term
price response to altered demand conditions because
the underlying gas resource is exhaustible.
The reason a persistent, long-term merit-order effect
is less likely is that a reduction in revenue to generators reduces the incentive for new generators to enter
a market or for existing generators to stay in a market
[203, 204]. Sustained reductions in wholesale prices may
therefore change the amount and type of generation
capacity. In the long run, a number of studies suggest
that, with high wind penetration, the generation mix
will shift away from generators with higher up-front
cost but lower variable costs (i.e., coal and perhaps
combined cycle gas turbines) to generation with lower
up-front cost but higher variable cost (i.e., natural gas
plants, and perhaps especially combustion turbines)
[170, 205, 206]. As a result of the increased investment
in plants with higher variable costs, wholesale prices
may not decrease in the long run to the same degree
as observed in the short run.
Two characteristics of the impact of wind on wholesale prices that are expected to endure in the long run
are an altered temporal pattern of short-term prices
and an increase in short-term price volatility. Prices
will be low during periods with high wind generation
but can still be high in periods with low wind and high
load [207]. The impact and importance of these altered
prices—both due to short-term merit-order effects
and long-term changes in price volatility—on electricity markets, resource adequacy, system flexibility, and
revenue sufficiency are topics of current concern, as
discussed briefly in Section 2.4.6.
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Figure 3-43. Qualitative framework for evaluating investment in new natural gas or wind projects by risk source, magnitude,
and time scale

Utility-scale wind and gas-fired generation can complement each other in a number of ways within an
overall electric system portfolio, given the diverse and
often opposing characteristics and risks associated
with these two resource types [208, 209]. For example,
as suggested in Figure 3-43 and as described in Lee
et al. [208], a portfolio that includes both wind and
gas can help to partially protect consumers against
natural gas price and delivery risk, while also providing insurance against the unknown costs of potential
environmental regulations. Continuing to invest in and

deploy a more diverse portfolio that includes renewable energy reduces the risks associated with locking
in to a narrow range of technologies,134 and may also
enhance long-term energy security by preserving the
nation’s finite natural gas resource. At the same time,
the inclusion of natural gas in this same diverse portfolio can mitigate the consumer price impact of any
potential loss of federal tax incentives for wind, help
manage wind output variability, and help minimize
the need for and cost of new transmission.135

134. In addition, including offshore wind in the portfolio would help to prevent the possible premature lockout of a promising technology
whose costs may decline significantly in the future as a result of deployment-related learning.
135. Gas-fired generators can often be sited closer to load than can wind generators, thereby minimizing the need for new transmission. In
addition, pairing wind with flexible gas-fired capacity may allow for greater utilization of transmission assets than if used for wind generation alone.
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3.11 Workforce and Economic
Development Impacts
Workers are needed to develop, construct, operate,
and maintain wind projects. In addition, supply chain
workers manufacture and assemble turbine components, and businesses provide financial, legal, and
other services. These workers, in turn, support additional jobs in their communities through purchases at
restaurants, daycare centers, retail outlets, and more.
Jobs create opportunities for local economic development, as do other local impacts associated with
wind-related manufacturing and deployment, such as
property taxes and land lease payments. An extensive body of literature has analyzed these impacts
within the context of the U.S. wind sector [1, 210, 211, 212,
213, 214, 215].

renewable energy deployment [216, 217, 218, 219, 220, 221,
222, 223, 224, 225, 226, 227, 228].137 In general, however, there
is little reason to believe that net impacts are likely to
be sizable in either the positive or negative direction
(e.g., [227]). Brietschopf et al. [229] provide guidelines
for the estimation of both the gross and net effects
of renewable energy on employment, noting that
input-output models can be useful for gross effects,
but that a complete net-effects analysis requires the
use of macroeconomic, economy-wide models.

3.11.1 Methods and Assumptions

The potential national wind sector labor force
required to achieve the Study Scenario is analyzed
here. Because these impacts are uncertain, depending
in part on the future competitiveness of U.S. wind
manufacturing, a range of potential labor force needs
is quantified. Section 3.12.1 elaborates on these results,
focusing on local and state-specific impacts. Section
3.13 provides additional context on the economic
development aspects of offshore and distributed wind
applications, respectively.

To assess the potential gross wind-related employment and economic development impacts of the
Study Scenario, this analysis uses the land-based
and offshore wind Jobs and Economic Development
Impacts (JEDI) models. JEDI is an input-output model
designed to estimate the jobs, earnings, and gross
output (economic activity) associated with energy
projects. JEDI has been used extensively in both
national and local assessments of land-based and
offshore wind.138 For more information about JEDI and
its limitations, as well as further explanation of the
metrics it reports, see Appendix I.

This section focuses on the potential “gross” wind-related labor force and economic development impacts
of the Study Scenario136; it does not include an assessment of gross wind-related jobs in the Baseline Scenario, or of “net” economy-wide impacts. Increased
wind generation will directly displace demand for
natural gas, coal, and other sources of electric generation, impacting job totals and economic development associated with those sectors of the economy.
Additionally, to the extent that increased wind
deployment impacts the cost of energy, or has other
macro-economic effects, this too may affect employment in the broader economy. Though not covered
here, studies that have evaluated the economy-wide
net effects of renewable energy deployment have
shown differing results in terms of the net impact of

Three key sets of parameters are used to calculate
labor needs in JEDI: deployed capacity, expenditures,
and domestic content. Land-based and offshore wind
power deployment in the United States and underlying expenditures come from the Study Scenario,
described in Section 3.1.3. No export of U.S. windrelated goods and services is assumed. In reality, an
export market for domestically manufactured wind
equipment already exists—both for utility-scale wind
[20, 232] and for distributed wind (primarily those
100 kW and under in size; see [233] and Chapter 2).
The continuation or expansion of these existing
exports would increase domestic wind-related jobs.
Additionally, jobs associated with the increased interconnection and transmission infrastructure required
under the Study Scenario are excluded, as are jobs

136. This section evaluates the impacts of the Central Study Scenario only. See Section 3.1.3 for detailed explanation of the scenarios. The ranges
presented in this section are driven by the range of domestic content parameters evaluated, and not by the range of ReEDS scenario results.
137. Questions also remain as to whether any such effects serve as economic justification for government policy (e.g., [50, 117, 230, 231].
138. For examples of JEDI use in national studies, see, e.g., [1, 241, 242]. For examples of JEDI use in local studies, see, e.g., [213, 243, 244, 245, 246].
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associated with behind-the-meter wind applications.
Incorporation of these impacts would further increase
the jobs estimates reported in this section.
Domestic content is defined as the portion of specific
expenditures associated with wind deployment in
the United States that is procured—and produced,
in the case of manufactured goods—domestically.
The extent to which wind developers, turbine
manufacturers, and operators source components
and services domestically depends on a number of
factors (Figure 3-44; see also [20, 234, 235, 236, 237, 238,
239, 240]). Transportation costs and logistical complexity increase with larger, heavier components such
as towers, blades, and offshore foundations, which
tends to increase domestic sourcing.139 International
manufacturers, however, can often produce components at a lower cost than their U.S. counterparts.
This is especially true for components that require
significant amounts of labor and can be produced in
countries with lower prevailing wages, or for components requiring materials that are less expensive in
some countries, e.g., steel.
As discussed in Chapter 2, the domestic wind supply
chain has strengthened since the early 2000s, albeit
with some pullback since 2012. The steady, sustained

Increasing
domestic
content

deployment envisioned in the Study Scenario—a scenario that reduces the risk of fluctuations in demand
for wind-related businesses—would, all else being
equal, continue to strengthen the domestic manufacturing market. This trend would also be supported by
the expected continued growth in turbine size, which
will create greater transportation costs and complexities that can be mitigated through more localized
manufacturing and assembly. Another development
that may increase domestic content is increasing
production automation and the associated decrease
in labor needed to manufacture and assemble wind
components, which will make the United States more
globally competitive with countries that have comparatively lower labor costs. Additionally, manufacturers
are developing new technologies such as hybrid
towers140 that could be manufactured completely
or partially on-site, potentially further supporting
domestic content. Finally, lower natural gas prices will
reduce the materials cost for wind-related domestic
supply (e.g., steel, plastics, and adhesives), which
utilize natural gas in their manufacture.
There are, however, other trends that could lead to
decreases, or limit increases, in domestic content
(Figure 3-44). The most significant could be the

- Stable and significant domestic wind energy deployment
- Larger components (more expensive transportation and logistics)
- On-site manufacturing
- Increased automation (lower labor needs)
- Low energy prices supported by abundant natural gas
- Distributed wind deployment

Decreasing
domestic
content

- Stiff global supply-chain competition
- Modular and commoditized components
- Reduced transportation costs
- Lower cost of labor and materials in other countries

Figure 3-44. Factors that could increase or decrease domestic content of wind equipment installed in the United States

139. In the case of operational wind projects, operators may choose domestically produced components to minimize downtime created while
waiting for replacement components to arrive from an international source or shipping components overseas for repair.
140 Hybrid towers are made out of steel along with concrete that is typically poured at the construction site.
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development of modular, commoditized components—for example, blades and nacelle components.
These technologies ease transportation constraints,
thus making imports more cost competitive. Additionally, stiff competition among turbine manufacturers
has led to supply chain consolidation, with manufacturers seeking only the lowest-cost components within
their increasingly global supply chains. Assuming this
trend continues, there may be an increasing concentration of component manufacturing and assembly in
locations and facilities that offer the absolute lowest-cost delivered prices, with larger manufacturing
facilities potentially offering economies of scale.
To account for uncertainty about these various trends,
a range of component- and activity-specific domestic
content assumptions are used for the Study Scenario
workforce analysis (Appendix I). These ranges accommodate some potential shifts in global and industrial
trends and allow for other unknowns, including
changes in exchange rates, import tariffs, natural
resource prices, and manufacturing and transportation
technology. Under both the lower and higher ranges
of domestic content, achieving the Study Scenario is
assumed to support a robust domestic supply chain
Table 3-6. Domestic Content Assumptions
for Land-Based and Offshore Wind

Average
Domestic Content
(2013–2050)
Component

Lower

Higher

Towers

60%

90%

Blades

60%

90%

Nacelle components

20%

50%

Balance of plant materials

80%

95%

100%

100%

30%

60%

Labor (construction and O&M)
Replacement parts

Note: Offshore substructure and foundation costs are placed in the
“Towers” category, above. Replacement parts include all parts replaced
during scheduled and unscheduled maintenance.

given the steady, significant growth in wind deployment envisioned. The lower case, however, assumes
a greater tendency toward international supply,
whereas the higher case presumes that the trends
toward domestic supply predominate. Specifically,
the lower case is intended to reflect, loosely, the level
of domestic content achieved for 2012 installations in
the United States (see, e.g., [20]). It is assumed that the
wind deployment under the Study Scenario (which is
both significant in magnitude and far more stable on a
year-to-year basis than historical deployment levels) is
likely to be sufficient to support that historical level of
domestic manufacturing. Given the potential for even
greater localization of manufacturing with the steady,
significant growth in the Study Scenario, the higher
case assumes much higher levels of domestic content.

3.11.2 Gross Employment and
Economic Development Impacts
Increasing wind deployment will support jobs directly
or indirectly related to the U.S. wind industry in manufacturing, construction, and O&M. Figures 3-45 and
3-46 show the estimated total number of gross fulltime equivalent (FTE) jobs141 under the Study Scenario
from 2020 to 2050, based on the range of domestic
content assumptions.142 These figures encompass jobs
associated with both the construction and operation
phases of wind project development, and include
induced jobs. Three different types of jobs are identified (for more information, see Appendix I):
• O
 nsite jobs come directly from labor expenditures
and include O&M technicians and construction
workers, as well as labor associated with project
development.
• T
 urbine and supply chain jobs relate to the supply
of equipment, materials, and services to project
operators and developers. These include manufacturing/production, as well as business-to-business
services such as accounting, legal services, finance,
and banking.
• I nduced jobs are supported by on-site and supply
chain workers who spend money in the United
States. These include retail, food service, education,
and entertainment jobs.

141. An FTE job is the equivalent of one person working full-time (40 hours per week) for one year or two people working half-time (20 hours
per week) for one year.
142. Note that all jobs estimates presented here are reported as four-year rolling averages, rather than as yearly point estimates from JEDI, in
order to reflect the planning and development times for land-based and offshore wind.
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2050 Breakdown:
Jobs by Type

Total Wind-Related Jobs (FTE)

800,000
700,000

On-Site
12%

600,000

Induced
43%

500,000
400,000

Supply
Chain
45%

Higher Domestic
Content

300,000

On-Site
15%

200,000

Induced
43%
Supply
Chain
42%

100,000
0
2012

2020

2030

Future wind-related jobs range
(lower to higher estimates)

2040

2050

Existing wind-related jobs

Lower Domestic
Content

Note:for
Existing
for 2012
and 2013Wind
utilized
AWEAAssociation
data for on-site
chain
Note: Existing job estimates
2012 job
andestimates
2013 utilized
American
Energy
dataand
forsupply
on-site
and supply chain jobs and then the
and then the
JEDI model
JEDI model to estimate jobs
the additional
induced
jobs.to estimate the additional induced jobs.

Higher Estimate

Lower Estimate

600,000

400,000
300,000

Land-Based

Offshore

500,000

Land-Based

Wind-Related Jobs (FTE)

700,000

200,000
100,000
0
2014

2020

2030

2040

2050

2014 2020

2030

2040

On-site (land-based)

Supply chain (land-based)

Induced (land-based)

On-site (offshore)

Supply chain (offshore)

Induced (offshore)

Figure 3-46. Wind-related employment estimates for land-based and offshore wind
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Offshore

Figure 3-45. Wind-related gross employment estimates, including on-site, supply chain, and induced jobs: 2012–2050
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Table 3-7. Construction-Phase Estimated FTE Jobs

Type of Job

2020

2030

2050

Low Estimate (FTE)
On-site and project development

2020

2030

2050

High Estimate (FTE)

17,000

32,000

58,000

17,000

32,000

58,000

Turbine and supply chain

58,000

85,000

139,000

81,000

118,000

189,000

Induced

48,000

75,000

127,000

65,000

100,000

165,000

123,000

193,000

323,000

163,000

250,000

412,000

Total

Note: Totals may not sum because of rounding. Induced jobs are supported by on-site and supply chain workers who spend money in the
United States on retail, food service, education, and entertainment.

Table 3-8. Operation-phase Estimated FTE Jobs

Type of Job

2020

2030

2050

Low Estimate (FTE)
On-site labor

2020

2030

2050

High Estimate (FTE)

7,000

12,000

19,000

7,000

12,000

19,000

Local revenue and supply chain

32,000

57,000

85,000

44,000

76,000

112,000

Induced

39,000

67,000

98,000

51,000

88,000

127,000

Total

78,000

136,000

202,000

102,000

176,000

258,000

Note: Totals may not sum because of rounding. Induced jobs are supported by on-site and supply chain workers who spend money in the
United States on retail, food service, education, and entertainment.

As shown in Figure 3-45, total estimated wind-related
(including induced) jobs range from 201,000 to
265,000 in 2020; 329,000 to 426,000 in 2030; and
526,000 to 670,000 in 2050. In 2050, 12–15% of these
jobs are projected to be on-site, 42–45% are turbine
and supply chain jobs, and 43% are induced. These
totals compare to the American Wind Energy Association's estimates of 80,700 wind-related on-site and
supply chain jobs in the United States at the end of
2012, and 50,500 jobs at the end of 2013 [15], which
corresponds to approximately 140,000 and 90,000
jobs when also considering induced impacts.
Figure 3-46 provides additional detail, by general job
type and by land-based and offshore wind. As shown,
the proportion of offshore-related jobs increased with
time: by 2050, 23–28% of the total wind-related jobs
are driven by offshore wind development. A further
regional segmentation of the on-site jobs is provided
in Section 3.12.

Under the lower domestic content scenario, total construction-phase impacts are estimated to be 123,000
FTE jobs in 2020; 193,000 in 2030; and 323,000 in
2050 (Table 3-7). Under the higher domestic content
scenario, there are 163,000 jobs in 2020; 250,000
in 2030; and 412,000 in 2050. The majority of these
positions are turbine and supply chain jobs—approximately 46% under the higher scenario and 43% under
the lower scenario.
Total operation-phase jobs are estimated to be
78,000 in 2020; 136,000 in 2030; and 202,000 in
2050 under the lower scenario (Table 3-8). Under
the higher scenario, there are 102,000 jobs in 2020;
176,000 in 2030; and 258,000 in 2050.
In addition to employment implications, wind project
development can also impact local communities
through, for example, land lease payments and local
property taxes. Under the Study Scenario, wind
power capacity additions are estimated to lead to

Chapter 3 | Workforce and Economic Development Impacts

84

land-based lease payments that increase from $350
million in 2020 to $650 million in 2030, and then to
$1,020 million in 2050. Offshore wind lease payments
increase from $15 million in 2020 to $110 million in
2030, and then to $440 million in 2050. Property tax
payments associated with wind projects are estimated at $900 million in 2020; $1,770 million in 2030;
and $3,200 million in 2050.143

3.11.3 Occupational Needs
These results provide estimates of the future workforce associated with the Study Scenario, but do
not characterize who might fill these positions or
what skills they may need. Workers who fill positions
supported by the Study Scenario may be previously
unemployed, may move from other industries, or may

come from educational or vocational training programs. Many of the workers needed under the Study
Scenario, at least in the near future, may already be
employed in the wind industry.
Notwithstanding the potential availability of some
already qualified workers, additional training and
educational programs are likely to be necessary. In
particular, according to a 2013 report, the United
States may need to offer increased wind-related education and training in several areas in order to reach
20% wind penetration by 2030 [247]. This includes
post-secondary professional certificate programs
(90 additional programs needed), bachelor’s degree
programs (30 additional programs needed), and master’s, Ph.D., and law degree programs (10 additional
programs needed).

3.12 Local Impacts
It is important to examine the potential positive and
negative local impacts of wind development. Local
impacts covered in this section include: economic
development, land and offshore use, wildlife, aviation and radar, aesthetics and public acceptance,
and health and safety. Where it is feasible, potential
impacts are quantitatively analyzed. For some
impacts, quantification is feasible given the existing
literature base; for example, the impact of wind on
scenic views. Where quantification of the impacts
is not possible, impacts are discussed based on an
understanding of current wind energy technology,
developments since 2003, and consideration for what
might occur during the timeframe of the Wind Vision
study (2014–2050).
The Study Scenario calls for large-scale wind deployment that will have numerous and wide-ranging
impacts. The Wind Vision analysis concludes that,

with responsible wind turbine siting, improvements
in technology, and a better understanding of potential impacts and mitigation options, it is possible to
achieve this scenario. This is in part because of the
enormous wind resource base in the United States.
Even if large portions of the country with wind
potential do not see expanded wind deployment due
to different energy choices or local decisions, other
wind-rich areas should be able to provide enough
wind energy to reach the wind penetration levels of
the Study Scenario. Expanded impact mitigation and
reliance on lower wind resource areas may also help
reduce or avoid areas with possible greater negative
local impacts. At the same time, such strategies can
increase the cost of wind energy. Careful consideration is therefore warranted when balancing positive
and negative impacts, mitigation measures, and
project economics.

143. These land lease and property tax figures are solely associated with wind capacity additions and do not include related payments that
result from wind equipment manufacturing and supply chain investments. This analysis uses JEDI default property tax and land lease
figures. Nationally, default annual property tax payments are $7,399/MW. Annual lease payments for land-based wind are $3,000/MW; see
Appendix I for more information about the calculation of offshore wind lease payments. All dollar figures are in 2013$.
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3.12.1 Local Economic
Development Impacts

144

Local economic development benefits of wind energy
can include jobs and additional financial benefits. The
gross national economic development, employment,
and workforce implications of the Study Scenario
are described in Section 3.11. These national results,
however, mask the local economic and employment
impacts of wind energy.145
Although every wind power project is different, a
representative 100-MW operational wind project,
whether land-based or offshore, is likely to employ
4–6 people on-site for the life of the facility. Landbased plants of this size support an additional 30–80
on-going jobs nationally, through supply chain and
subcontracted activities, and as a result of on-site and
supply chain worker expenditures (the latter are often
called “induced” jobs). Offshore wind projects of a
similar size are likely to support a somewhat larger
number of these jobs, about 30–110.146
Focusing only on on-site construction and operations
jobs, Figure 3-47 provides estimated state-by-state
gross wind employment numbers in 2050, using the
same tools as in Section 3.11.1. Estimated state-level
on-site wind jobs are, not surprisingly, directly linked
to the geography of the land-based and offshore
wind deployment under the Study Scenario. Domestic
supply chain (e.g., manufacturing) and induced jobs,
though analyzed nationally in Section 3.11, are not
shown in these figures since the location of these
potential future jobs could not be accurately assessed.
In addition to jobs, there are other economic benefits
to local communities that host wind projects, such as
payments to landowners for land leases and property
tax revenue to counties and states. Estimates of total
land lease payments and property taxes under the
Study Scenario are summarized in Section 3.11.2 on
a national basis, but these, too, have a local context.
Although annual land lease payments vary by project,
a typical payment might be $3,000/MW. Property
taxes also vary by location, but average annual
payments of more than $7,000/MW are common.

Employment (FTE)
<250

250–500

500–1,500

1,500–4,000

>4,000

Figure 3-47. Estimated on-site wind project
employment, 2050

Wind projects on public lands or in public waters
would also provide lease payments to the state and
other relevant jurisdictions in close proximity to the
installations.147
Finally, research shows that the gross economic
development impacts from community and distributed wind projects are somewhat more likely to
remain in the community within which those projects
are located. This is because community and distributed wind feature local ownership. For example, Lantz
and Tegen [248] find that community wind projects
have construction-phase employment impacts that
are 1.1–1.3 times higher than typical utility or investor-owned projects, while operation-phase impacts
are 1.1–2.8 times higher. See Section 3.13 for a further
discussion of the unique economic development
attributes of distributed and offshore wind.

3.12.2 Land and Offshore Use
All electricity generation sources require land—not
only for the physical power plant, but also for supply
chain activities, fuel extraction, and fuel delivery.
The magnitude and nature of these land uses are
diverse, making comparisons among different energy
sources challenging. Given those challenges, the

144. The analysis and results presented in this section, as in Section 3.11, relies on the NREL JEDI model. For more details, see Appendix I. Also
note that the analysis presented here is based on the Study Scenario under Central assumptions only.
145. As in Section 3.11, the present section does not address “net” impacts, but instead focuses on the local impacts associated with wind
power development alone.
146. http://www.nrel.gov/analysis/jedi/
147. http://www.nrel.gov/analysis/jedi/
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present analysis focuses solely on the “gross” land
and offshore use that might be required by wind
power plants in the Study Scenario. The analysis does
not evaluate the land savings associated with power
plants and fuel usage displaced by wind production.
Though the reduced burdens on land use associated
with that displacement are not considered here, they
can be significant. For example, Fthenakis and Kim
[249] estimated the life-cycle land disturbance of wind
and solar energy to be lower than the impacts of
coal-generated electricity.
The amount of space that a wind power plant requires
varies depending on a variety of siting requirements;
however, a general value of 0.33 kilometers(km)2/MW
(82.4 acres/MW) constitutes a viable estimate for the
facility boundary for both land-based and offshore
wind development (see Chapter 2 for details). Within
this facility boundary, however, only a relatively small
amount of land is actually physically transformed or
occupied permanently by turbines and related infrastructure. Analysis using satellite images of operating
wind power plants completed by the U.S. Geological
Survey, for example, indicates that land impacts for
wind turbines as well as additional land use such
as tree thinning, roads, and electrical infrastructure
varies between 0.0011–0.043 km2/MW (0.27–10.63
acres/MW) [250], with a mean of .0093 km2/MW (2.30
acres/MW). The present analysis assumes a mid-point
for land transformation of 0.01 km2/MW (2.47 acre/
MW), or approximately 3% of the project boundary
area.148 The remaining land within the overall project
boundary can be used for other activities, such as
farming and ranching, or left in its natural state.
For offshore wind projects, a range of values have
been proposed for the boundary of projects along
the Eastern Seaboard, between 0.20–0.60 km2/MW
(50.4–148.8 acres/MW) [251, 252, 253, 254]. For offshore
plants, the physically transformed area is much less
than for land-based facilities, though actual values for
U.S.-based facilities will depend on pending legal and
marine public safety issues for offshore wind development in public waters.

Focusing first on the area impacted by the turbine footprint, roads, and associated infrastructure and assuming
a land use value of 0.01 km2/MW, the Study Scenario149
is estimated to require approximately 2,000 km2
(500,000 acres) by 2030, and 3,200 km2 (790,000
acres) by 2050. This transformed land is dispersed over
a larger area that represents the combined boundary
of the projects. Assuming a land use value of 0.33 km2/
MW, this larger area represents 67,000 km2 (17 million
acres) of land by 2030 and 106,000 km2 (26 million
acres) by 2050. Most of this larger area could also be
used for other purposes, such as farming or ranching
[255], though an even larger area would be impacted
visually. Assuming the same boundary usage assumption as for land-based, the offshore wind deployment
in the Study Scenario covers approximately 7,300 km2
(1.8 million acres) of offshore area by 2030 and
29,000 km2 (7.1 million acres) by 2050, only a small
fraction of which would be physically transformed.150
Although only indirectly tied to land use, it should be
noted that the wakes produced by wind turbines can
persist for several kilometers downwind of the actual
wind plant. Impacts to land and other environmental
characteristics resulting from downstream wakes are
likely negligible, but have not been quantified.
To put these land and offshore areas in context, the
total land area affected by wind power installations in
the Study Scenario is less than 1.5% of the land area
of the contiguous United States, with the vast majority (97%) of that land area remaining available for
multiple purposes. For comparison, the areas of West
Virginia and Kentucky are 63,000 km2 and 105,000
km2, respectively, similar to the expected facility
boundary for all land-based wind deployments in
2030 and 2050. The area of the nation’s golf courses,
approximately 10,000 km2, is three times the estimated transformed land area from wind development
by 2050 [256], where “transformation” includes the
amount of land impacted by turbine footprints, roads,
and associated infrastructure.
Figures 3-48 and 3-49 show the relative size of
expected land and offshore areas containing and
transformed by wind facilities in the Study Scenario
for 2030 and 2050, respectively, by state.

148. Denholm et al. [255] find direct land use to equal, on average, just 1% of the project boundary, using a somewhat different definition for land
use than that used here.
149. The analysis presented in this section is based on the Study Scenario under Central assumptions only.
150. Given the uncertainties around offshore development due to unresolved legal and marine public safety issues, only the facility boundary
offshore area is estimated for the Study Scenario and not the transformed area.
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Land Area (km2)
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Aggregated Total
Area in 2030

Transformed Area
Land-based wind

Note: Map illustrates expected land and offshore area requirements in 2030 for the Study Scenario, by state. Trans
formed land area is the wind plant area directly impacted by turbines, roads, and other infrastructure. The project
boundary area includes spacing between turbines that can be used for other purposes such as ranching and farming.

Figure 3-48. Land-based and offshore area requirements for Study Scenario, 2030

Land Area (km2)
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10,000 km2
20,000 km2

Project Boundary
Land-based wind
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Aggregated Total
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Transformed Area
Land-based wind

Note: Map illustrates expected land and offshore area requirements in 2050 for the Study Scenario, by state. Trans
formed land area is the wind plant area directly impacted by turbines, roads, and other infrastructure. The project
boundary area includes spacing between turbines that can be used for other purposes such as ranching and farming.

Figure 3-49. Land-based and offshore area requirements for Study Scenario, 2050
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3.12.3 Wildlife Impacts
Climate change is considered a significant threat to
wildlife, and rapidly replacing fossil fuel-based energy
technologies (e.g., coal and gas) with low-carbon
options (e.g., wind) has been identified as a crucial
step in limiting the impacts of climate change. Like
all energy sources, however, electricity generation
from wind has impacts on wildlife that must be
considered. Although there is no regulated national
process regarding pre-construction environmental
assessments and the literature remains unclear on
how these assessments affect outcomes, concerns
about wildlife impacts are reflected in wildlife surveys
and assessments typically completed in the siting and
permitting of wind projects [257]. With the increased
levels of deployment described by the Study Scenario, a greater impact on wildlife from wind will
be expected. However, impacts can be reduced on
a per-turbine basis using improvements in project
siting, impact minimization, mitigation, and compensation strategies. Impacts should also be balanced
against the wildlife benefits that wind energy might
provide through the displacement of other generation
options, their direct impacts to wildlife, and their
impacts on climate change.
An overview of the current impacts of wind development on avian and bat species is provided in Chapter
2. Increasing wind deployment under the Study
Scenario through 2050 is not expected to directly and
materially impact most common bird species, i.e., passerines. Direct fatalities of as many as 1 million birds
per year could be expected in 2030 and 2 million per
year in 2050, 151 using current fatality estimates and
not taking into consideration additional improvements
in siting practices and future avoidance and minimization techniques that could reduce impacts over time.
Although general and regionally-specific cumulative
impacts must be considered, the direct wildlife impact
associated with wind energy development and operation represented by these figures is a small fraction
of the birds killed annually by communication towers,
power lines, and buildings (See Table 2-7).

Though learning is still needed regarding impacts of
wind deployment on common bat species, the overall
impact is expected to be low, especially with the
development of effective avoidance, minimization,
and mitigation strategies over the last few years, as
outlined in Section 2.8.1. The general and regional
cumulative impacts of White Nose Syndrome as well
as anthropogenic causes, however, may be significant,
especially for populations that are already imperiled.
The impacts of the Study Scenario on rare, protected,
and endangered species must also be considered.
In some instances, future wind project siting might
simply avoid areas in which such species live. In other
cases, active minimization or compensation strategies can be employed, such as changing operational
conditions of wind turbines during periods of high
risk associated with bat migration, or supporting
species recovery programs to minimize the net species
impact, if appropriate. Such strategies will increase
the cost of wind energy, and those costs would ideally
be balanced against the benefits of wind energy in
facilitating a transition away from conventional energy
sources and related climate and wildlife impacts [258].
Although the relationship between pre-construction
activity and post-construction impacts, particularly
for bird and bat collisions, is not well understood
[257], the wind industry has and is expected to continue to invest in assessing risks to wildlife, and in
avoiding, minimizing, or compensating for predicted
project-level impacts. The wind community also
continues to help fund larger-scale research to reduce
the impact of expanded wind development. For
example, the industry co-founded the American Wind
Wildlife Institute in 2008 to facilitate research aimed
at minimizing impacts to wildlife. Given these efforts,
a continuing reduction in the uncertainty around risk
assessments is anticipated. This should increase consistency in the protocols for pre-construction wildlife
surveys and post-construction monitoring, potentially
leading to reductions in per-MW wildlife impacts and
a more transparent process for understanding overall
impact of expanded wind development. There are
also efforts underway to make wildlife data collected

151. Collision fatality rates for birds at land-based facilities average 3–5 birds per year [257, 259, 260, 261]. Estimated annual fatalities in 2030 and
2050 use a conservative high average of 5 birds/MW per year and the Central Study Scenario estimate of 224 GW in 2030 and 404 GW
in 2050. Specific mortality rates are dependent on the local habitat, and this simple calculation assumes a similar geographic distribution
of further wind installations. Additionally, research indicates that avian impacts of offshore wind development will be reduced compared
to land-based deployment. This offshore effect is not considered [262], likely leading to an overestimation of the potential impact. Finally,
these estimates presume no further improvements in reducing fatality rates over time, which is a conservative conclusion.
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at wind power plants available for scientific analysis,
with the expectation that analyses of comprehensive
datasets will reduce uncertainties about wildlife
impacts and improve the ability to predict impacts
during the siting process.
The broader, habitat-level impacts of wind energy on
wildlife are less understood and are dependent upon
numerous site-specific factors. Concerns often focus
on indirect effects. For example, the disturbance from
operating wind projects is hypothesized to cause
species displacement, fragmentation of habitat, and
demographic decline. Species of prairie grouse (in
particular, greater sage-grouse and both greater and
lesser prairie chicken) avoid breeding sites in the
proximity of tall structures. Few published studies
have tested this hypothesis regarding wind power
plants [263, 264], and other studies [265, 266] have called
into question whether tall structures themselves or
other factors like road noise are the true cause of this
effect. Even less is known about the wildlife impacts
of offshore wind development in the United States.
Existing studies and those anticipated to be done
once the U.S. offshore wind industry develops can
be expected to bolster data from Europe to facilitate
assessing and, to the extent possible, mitigating
any identified impacts. Baseline assessments and
the mapping of use patterns and habitats of marine
organisms that are likely to be impacted by offshore
wind energy development are important as well, to
allow wind developers to anticipate and mitigate
potential impacts.
Though not all impacts can be fully mitigated, the
process of siting wind power plants has evolved
significantly since the early days of the industry and
is expected to continue to do so over the coming
decades, decreasing impacts on local wildlife. Further
progress can be made with increased research on
and information-sharing of the observed impacts of
wind energy deployment, particularly in comparison
to other energy-generating technologies. This will
provide a better understanding of the tradeoffs
between development of wind and other energy
technology options.

3.12.4 Aviation Safety and
Radar Impacts
Wind projects can impact aircraft and weather radar
systems and general aviation. Assuming continued
minimization of potential impacts and mitigation of
any resulting impacts, the wind deployment levels
under the Study Scenario are not anticipated to have
a significant effect on critical missions served by
advanced radars, e.g., flight safety, severe weather
warnings, commerce, and control of U.S. borders and
airspace. The total cost of wind projects may increase,
however, to address these local issues through the
implementation of increased mitigation measures,
reduced site availability, and increased permitting
requirements.
Future strategies to minimize and mitigate the effects
of wind development on radar systems will likely
include improved algorithms such as clutter filters and
other filtering techniques, advanced signal processing, and intelligent detection algorithms. Further
mitigation may occur through new technologies
or variations of old technologies via hardware and
software changes, such as the upgrade of Air Route
Surveillance Radars, concurrent beam processing,
creation of radar networks and fusing of data from
multiple radars, or operational data-sharing. Other
mitigation techniques that have been or could be
used include project developer-supported adaptation
(through personnel training) or, in rare instances,
radar upgrades, repositioning, or mission relocation.
Modeling, simulation, and smarter planning through
improved siting tools will be important to remove
and mitigate wind turbine and radar interactions. The
U.S. Department of Defense has begun negotiating
wind project curtailments with developers. These
curtailments allow projects to proceed while insuring
that the turbines will not impact defense operations
during critical times. All of these advancements,
combined with a growing understanding of issues and
the deployment of new radar systems that are better
at eliminating erroneous signals caused by wind
turbines, will continue to mitigate the impacts of wind
deployment.
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Issues related to aircraft safety (beyond possible radar
interference) may also be of concern. Although wind
turbines may increase to more than 500 feet (152.4 m)
in total height, federal permitting and requirements
around critical infrastructure are not anticipated to
impact overall deployment. Local aviation-related
issues will also be addressed through increased
mitigation measures such as the use of expanded
lighting or flight avoidance technology and through
increased permitting requirements. These steps could
add modestly to the costs of wind development.

3.12.5 Aesthetics and
Public Acceptance
Local community concerns about wind projects can
be expected as wind development expands and
approaches the levels of the Study Scenario. Future
wind plants will likely be in closer proximity to
larger population centers. A comparison of existing
wind deployment by state against the expected
deployment under the Study Scenario shows that a
substantial amount of new wind will be located in
states that have already experienced extensive wind
deployment. Even in these states, though, significant
additional wind deployment would be needed, often
in areas without prior wind development. Additionally, many states and offshore areas that have not
experienced significant wind development are anticipated to see new wind deployment under the Study
Scenario, e.g., the southern Atlantic states, such as
South Carolina, as well as southern states including
Arkansas, Tennessee, and Alabama. Though wind
development in remote areas is also anticipated,
wind deployment levels under the Study Scenario
could lead to increased local conflicts over aesthetic
and other concerns, given greater development near
population centers.
Public attitudes toward land-based and offshore
wind are generally supportive [267]. Although not
conclusive, research as recent as 2014 suggests that
existing wind projects have not led to any widespread
reduction in the home values of surrounding properties [268, 269, 270, 271]. Moreover, as previously described,
the local positive economic development benefits of
wind projects can be substantial, providing not only
local jobs, but additional tax revenue and land use
payments [210, 213, 245, 248, 272].
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Despite these findings, public acceptance in communities that host wind facilities is highly dependent
on local conditions and can change depending on
whether benefits are provided and whether community members feel that their values are respected
during the development process [273, 274]. Community
conflicts surrounding potential wind development
can and do occur. As a result, early community
involvement, careful attention to local concerns, and
advancements in development and siting procedures
may be needed to achieve the wind deployment levels
in the Study Scenario while also reducing the prevalence of local conflicts. Expanded community engagement using more accessible peer-reviewed information, increasingly sophisticated assessment tools,
and technology advancements to mitigate potential
impacts can help reduce local concerns. Ultimately,
although doing so would increase the costs of wind
deployment, the available U.S. wind resource is more
than sufficient to meet the deployment needs outlined
in the Study Scenario even if areas are removed from
consideration or require expanded mitigation.

3.12.6 Potential Health and
Safety Impacts
As with other electric generation facilities, there are
several health and safety concerns that have been
identified in the development and operation of landbased and offshore wind projects, including wind
turbine blade-induced shadow flicker, sound, general
safety, and marine safety. As described in greater
depth in Chapter 2, much is already known and
many studies have documented the limited potential
impacts of wind development [274, 275, 276, 277, 278, 279].
Most of these issues are addressed through the implementation of thoughtful permitting and zoning guidelines and careful study during the project development
process. As has been discussed previously, there are
no defined standard guidelines for the permitting of
wind power plants, although several examples have
been publicly offered [280, 281, 282].
Although some questions remain, numerous state
and federal organizations, non-governmental organizations, and the larger wind industry continue to
work to understand, document, and mitigate current
or future impacts. Over the long-term horizon of the
Wind Vision, the number of turbines will increase
dramatically, potentially increasing health and safety
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concerns and requiring careful attention. At the same
time, with regulatory and statutory oversight, careful and considerate wind development, and use of
mitigation strategies, health and safety impacts can
be reduced.
This chapter has identified a large number of benefits
to wind deployment for the nation as a whole: cleaner
air, reduced water stress, stable energy prices and,

in the longer term, reduced impacts from climate
change. These larger national benefits must also
be included in the consideration of the positive and
negative local impacts of wind development. Ongoing communication of these benefits at the national
and local levels will be essential to maintaining high
levels of both general and local support for wind
development.

3.13 Unique Benefits of Offshore
and Distributed Wind
Offshore and distributed wind have unique benefits
that should be considered in evaluating the overall
value of wind power to the nation’s electricity supply.

3.13.1 Offshore Wind
In order for offshore wind to be economically competitive, the cost of the technology needs to be
reduced. Through innovation and increasing scale,
however, this market segment could bring notable
potential benefits. The attributes for offshore wind’s
contribution to the Study Scenario are characterized
by a robust industrial base that evolves from the
nascent state of 2013 to supply more than 80 GW
of capacity by 2050. This deployment represents
about 5.5% of the available offshore resource after
exclusions for environmental and other protected
areas or just 2% of the gross resource potential,
estimated at 4,000 GW for offshore areas adjacent to
the 28 coastal states [283]. Under the Study Scenario,
the offshore wind industry would complement and
bolster a strong land-based industry through the use
of common supply chain components and the development of workforce synergies. While a sharp decline
in offshore wind costs is anticipated with increased
industrial scale (see Section 3.2.1), the following
sections highlight unique cost drivers and benefits of
offshore wind not otherwise assessed in Chapter 3
that may contribute to economic viability.

Major Renewable Resource for Coastal States
U.S. counties situated on the coasts constitute less
than 10% of the country’s total land area (excluding
Alaska), but almost 40% of the total population [284].
With high land values and an average population
density six times greater than in corresponding inland
counties, coastal areas frequently lack suitable sites
for new utility-scale electric generation facilities. From
the perspective of land use and site availability in
densely populated coastal states, offshore wind is one
of the most potentially viable large-scale renewable
energy options. In some cases, offshore wind may be
one of the only electric generation options that can
be practically developed at a large scale using indigenous energy sources.

Reduced Transmission Requirements
Building electric transmission lines from interior
land-based wind (or other electric generation) sites
to coastal population centers may avoid the need
for new local, large-scale generation in these areas.
There is, however, significant uncertainty associated
with the cost of building new transmission, and even
greater uncertainty associated with the feasibility
of planning, permitting, and cost recovery [285]. For
example, there is no currently accepted method of
planning and allocating the cost of multi-state electric
transmission projects spanning from the Midwest to
the East Coast; in fact, there is evidence that some
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policy makers in coastal states are opposed to such
infrastructure [286]. The development of offshore
wind can reduce the need for new investments in
long-distance transmission and avoid complex (and
sometimes contentious) transmission projects [2, 64,
63]. At the same time, offshore wind does require
some offshore transmission infrastructure, and so
presents a unique opportunity for efficient centralized
management of offshore transmission planning and
development. Since the federal government and state
governments control most of the offshore space, a
new offshore transmission infrastructure could avoid
some of the complexity and fragmentation resulting
from numerous over-land private property easements
and could provide a more robust electric network for
congested coastal areas. This would be possible with
or without offshore wind development.

Lowered Wholesale Electricity Prices
Offshore wind might have a more significant impact
in lowering wholesale electric prices in coastal states,
at least in the near term, than land-based wind in
other regions. In a large portion of the eastern United
States, as well as in California and Texas, electric markets feature locational marginal pricing. This leads to
wholesale prices that vary along time and geography,
and that incorporate three cost components: energy,
transmission congestion, and transmission losses. The
marginal cost of energy in these markets is set by the
highest-priced available unit of electricity required
to support load at any given point in time and space
(see discussion of merit-order effect in Text Box
3-6). Higher prices are typically experienced during
the day and during the summer, when load is high.
Pricing is also higher in urban areas; for example,
during the day in New York State, prices can average
50–100% higher in New York City and Long Island
than in rural upstate areas.
Offshore wind can help lower transmission congestion
and losses by taking advantage of relatively short
interconnection distances to urban electric grids
in coastal and Great Lakes states. This means that
offshore wind could help depress locational marginal
pricing in these areas, reducing electricity prices to
utilities, at least in the short run. Though there are
many nuances behind these possible effects (Text Box
3-6), and similar locational marginal pricing effects
can apply to any generating source, the impact is
potentially stronger for offshore wind due to its proximity to the highest transmission congestion regions,
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such as the northeastern United States. Research that
has explored these effects includes that of Levitan
and Associates [287] for New Jersey, Charles River
Associates [288] for New England, and GE Energy,
EnerNex, and AWS Truepower [63] for New England.
Although these more global market price reductions
cannot be attributed to lowering the cost of energy
for offshore wind projects, they can potentially
provide incentives at the utility level to raise the price
point for grid parity with other energy sources.

Higher Capacity Value Relative to
Land-Based Wind
The capacity value of a power plant is the amount
of generation that can be relied upon to meet load
during critical periods. The variability of wind energy
has contributed to a general perception that it has a
low capacity value. Indeed, some land-based wind
energy projects have shown a poor correlation with
peak demand, and the ReEDS modeling for the
Study Scenario shows a steep decline in the capacity
value of wind as penetrations increase toward 2050
(see Section 3.6.1). Notwithstanding these concerns,
studies show that offshore wind in the mid-Atlantic,
South Atlantic and New England regions has a higher
capacity value than typical land-based wind sites. This
is partly because the geophysical weather patterns
responsible for peak electric loads on the East Coast
often also enhance wind flows over adjacent offshore
waters; offshore winds often peak in the afternoon
and evening, whereas land-based winds often peak
at night [63, 64, 289, 290]. As a result, the market value of
offshore wind may be higher than that of land-based
wind in the same region.

Fuel Diversity and Risk Reduction
As discussed in Section 3.10, the Study Scenario
offers potential energy diversity and risk reduction
benefits. Offshore wind, in particular, can help diversify coastal states’ fuel mix and help them hedge
against future price increases or supply disruptions
of natural gas. Coastal states have among the highest
electricity prices in the nation [4], driven in part by
constraints in gas pipeline infrastructure coupled
with congestion in the electric transmission system.
In New England, for example, greater diversity would
help alleviate the region’s heavy reliance on natural
gas, the supply of which has become constrained
especially in winter months [4, 291]. As noted by ISO
New England [291], “over-reliance on natural gas
subjects the New England region to substantial
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price fluctuations that are influenced by a variety of
market-based factors (i.e. exercising of natural gas
contractual rights, tight gas spot-market trading),
and technical factors (i.e. pipeline maintenance
requirements and limited pipeline capacity).” DOE
has also previously highlighted this issue in a 2004
report, stating: “To alleviate New England’s volatile
energy market and reduce its over-reliance on natural
gas, the region needs to pursue an energy policy that
is focused on fuel diversity. Increased use of renewable energy will enable New England to diversify the
region’s energy portfolio, thereby increasing electric
reliability and lowering energy costs by utilizing local
resources in the generation of electricity [292].” On the
Atlantic, offshore wind tends to be winter-peaking,
so it is well matched to compensate for cold-weather
natural gas shortages.

to avian mortality. As of 2014, carefully vetted offshore wind energy areas have emerged through federal and state marine spatial planning processes [298],
especially in the Atlantic and Great Lakes. Relative to
land-based projects in densely populated communities, large offshore wind projects can be located at
sea, away from people, thereby potentially reducing
the impacts to project neighbors from project construction and operation. There is also the potential
that with projects located farther offshore, the risk to
wildlife and sensitive environmental receptors such as
birds and bats may be diminished as many sensitive
ecosystems are closer to shore. Even far from shore,
however, there are siting issues to address, including
the migratory pathways, feeding, breeding, and
nursery habitats of marine mammals as well as birds,
bats, and fish (see Section 3.12).

Wind-Related Jobs and Local Economic
Development

3.13.2 Distributed Wind

Due to its physical scale and local infrastructure
requirements, offshore wind can bring significant
wind-related jobs and local economic activity to
coastal states, and government support for offshore
wind has often hinged on these potential benefits
[293, 294, 295, 296]. In 2012, Europe had approximately
58,000 workers employed in the offshore wind
sector; the European Wind Industry Association notes
that the industry, which barely existed a decade
ago, has helped revitalize certain coastal cities as
industrial hubs [297]. The same could be true in the
United States. Studies of the potential local economic
development and gross employment impacts of
offshore wind in the United States include those by
Keyser et al. [244], Flores et al. [242], and Navigant [240].
As discussed in Section 3.11, the offshore wind deployment envisioned in the Study Scenario results in an
estimated 32,000–34,000 offshore wind-related jobs
in 2020, increasing to 76,000–80,000 in 2030 and
170,000–181,000 in 2050.

Environmental Impacts and Siting Challenges
Offshore wind was formally introduced to the United
States through the Energy Policy Act of 2005, known
as EPAct. The Bureau of Ocean Energy Management
was assigned regulatory jurisdiction, and stakeholders have cautiously welcomed offshore wind as a
potential new member of the ocean use community.
Nevertheless, some offshore wind projects have faced
opposition from stakeholder groups that cite possible
impacts ranging from degradation of the view-scape

Distributed wind applications, including customer-sited wind and wind turbines embedded in distribution networks, offer a number of unique benefits
not otherwise analyzed in the Wind Vision. More specifically, distributed wind turbines give individuals and
communities an opportunity to learn directly about
wind power, empowering more localized discussion
and growth for all wind power projects. The following
sections highlight more examples of benefits resulting
from distributed wind.

Economic Development
Distributed wind creates local economic development
and job opportunities linked to the manufacturing,
sales, installation, and maintenance of wind turbines
used in distributed applications. Installation materials,
services, and labor account for about 30% of the total
installed cost for small wind turbines [299]. Domestic
distributed wind investments in 2012 totaled $410
million. Of that amount, $101 million is attributed
to the small wind turbine market segment, and an
estimated $30 million of that value was therefore
invested in installation materials, services, and labor
from small turbines. U.S. suppliers dominate the
domestic small wind turbine market, claiming 93% of
2013 sales on a unit basis and 88% on a capacity basis
[15].U.S. small wind turbine suppliers also source most
of their turbine components from domestic supply
chain vendors, maintaining domestic content levels of
80–95% for turbine and tower hardware [300].
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Utility Bill Reduction and Risk Protection

Electric Grid Benefits

On-site distributed wind turbines allow farmers,
schools, small businesses, and other energy users
to benefit from reduced utility bills and predictable
controlled costs and to hedge against the possibility
of rising retail electricity rates. Once the wind system
is paid off, the cost of the electricity produced is minimal, reflecting only the cost of ongoing maintenance.
Distributed wind systems can also provide the owner
with a sense of self-reliance.

Decentralized generation such as distributed wind can
benefit the electrical grid. Distributed wind turbines
installed in strategic locations can provide reactive
power support and thereby benefit weak distribution
grids that experience voltage-regulation problems
[301]. Distributed wind systems may not require the
construction of new transmission capacity, usually
relying instead on available capacity on local distribution grids. In fact, distributed wind may at times
lessen or mitigate a utility’s need for distribution grid
upgrades (if the output of such systems correlates well
with the peak load on the distribution circuit), and it
can help reduce transmission congestion [301]. While
distributed wind systems utilize existing distribution
grids, many distribution systems—particularly rural
ones—would benefit from upgrades and modernization to improve their efficiency [302] and the integration of increasing amounts of distributed generation.
This is true even though such upgrades could be
costly. Utilities see the rise in distributed generation as
both a threat to the traditional utility model as well as
an opportunity for utility growth [303, 304].

The implementation of distributed wind on a community basis—whether through development by
municipal utilities, local government organizations,
or in isolated community power systems— can also
provide wider community benefits of lower energy
costs, higher reliability, and reduced sensitivity to
fuel commodity prices. Of course, distributed wind
is a highly location-dependent energy source, as its
energy generation potential relies on the quality of
the site’s wind resource. The technology is therefore
not appropriate for every community.

95

Chapter 3 | Unique Benefits of Offshore and Distributed Wind

[1] 20% Wind Energy by 2030: Increasing Wind
Energy’s Contribution to U.S. Electricity Supply. DOE/
GO-102008-2567. Washington, DC: U.S. Department
of Energy, 2008. Accessed Dec. 13, 2014: http://energy.
gov/eere/wind/20-wind-energy-2030-increasingwind-energys-contribution-us-electricity-supply.

[8] Martinez, A.; Eurek, K.; Mai, T.; Perry, A. Integrated Canada-U.S. Power Sector Modeling with the
Regional Energy Deployment System (ReEDS). NREL/
TP-6A20-56724. Golden, CO: National Renewable
Energy Laboratory, 2013. Accessed Feb. 22, 2015:
http://tinyurl.com/m47nou8.

[2] Mai, T.; Wiser, R.; Sandor. D.; Brinkman, G.; Heath,
G.; Denholm, P.; Hostick, D.; Darghouth, N.; Schlosser,
A.; Strzepek, K. Exploration of High-Penetration
Renewable Electricity Futures. Vol. 1 of Renewable
Electricity Futures Study. NREL/TP-6A20-52409-1.
Golden, CO: National Renewable Energy Laboratory,
2012. Accessed Feb. 22, 2015: http://www1.eere.
energy.gov/library/viewdetails.aspx?productid=5846.

[9] Logan, J.; Heath, G.; Macknick, J.; Paranhos, E.;
Boyd, W.; Carlson, K. Natural Gas and the Transformation of the U.S. Energy Sector: Electricity. NREL/
TP-6A50-55538. Golden, CO: National Renewable
Energy Laboratory, 2012. Accessed Feb. 22, 2015:
www.nrel.gov/publications.

[3] Short, W.; Sullivan, P.; Mai, T.; Mowers, M.; Uriarte,
C.; Blair, N.; Heimiller, D.; Martinez, A. Regional Energy
Deployment System (ReEDS). NREL/TP-6A20-46534.
Golden, CO: National Renewable Energy Laboratory,
December 2011; 94 pp. Accessed Feb. 22, 2015: http://
www.nrel.gov/analysis/reeds/documentation.html.
[4] Annual Energy Outlook 2014. DOE/EIA-0383
(2014). Washington, DC: U.S. Department of Energy
Energy Information Administration, 2014. Accessed
Feb. 22, 2015: http://www.eia.gov/forecasts/aeo/.

Chapter 3 | References

3.14 References
Chapter 3 References

[10] Mai, T.; Mulcahy, D.; Hand, M.M.; Baldwin, S.F.
“Envisioning a Renewable Electricity Future for the
United States.” Energy (65), February 1, 2014; pp.
374–386. Accessed Jan. 5, 2015: http://www.science
direct.com/science/article/pii/S0360544213009912.
[11] Logan, J.; Lopez, A.; Mai, T.; Davidson, C.;
Bazilian, M.; Arent, D. “Natural Gas Scenarios in
the U.S. Power Sector.” Energy Economics (40),
November 2013; pp. 183–195. Accessed Jan. 5, 2015:
http://www.sciencedirect.com/science/article/pii/
S0140988313001217.

[5] SunShot Vision Study: February 2012. NREL/
BK-5200-47927; DOE/GO-102012-3037. Washington,
DC: Department of Energy, February 2012; 320 pp.
Accessed Feb. 22, 2015: http://www.energy.gov/
downloads/sunshot-vision-study.

[12] Clemmer, S.; Rogers, J.; Sattler, S.; Macknick, J.;
Mai, T. “Modeling Low-Carbon US Electricity Futures
to Explore Impacts on National and Regional Water
Use.” Environmental Research Letters (8:1), January-March 2013; 11 pp. Accessed Dec. 29, 2014: http://
dx.doi.org/10.1088/1748-9326/8/1/015004.

[6] Lantz, E.; Steinberg, D.; Mendelsohn, M.; Zinaman,
O.; James, T.; Porro, G.; Hand, M.; Mai, T.; Logan, J.;
Heeter, J.; Bird, L. Implications of a PTC Extension
on U.S. Wind Deployment. NREL/TP-6A20-61663.
Golden, CO: National Renewable Energy Laboratory,
April 2014. Accessed Feb. 22, 2015: http://apps2.eere.
energy.gov/wind/windexchange/filter_detail.asp?
itemid=4177.

[13] Mignone, B.K.; Alfstad, T.; Bergman, A.; Dubin,
K.; Duke, R.; Friley, P.; Martinez, A.; Mowers, M.; Palmer,
K.; Paul, A.; Showalter, S.; Steinberg, S.; Woerman, M.;
Wood, F. “Cost-Effectiveness and Economic Incidence
of a Clean Energy Standard.” Economics of Energy &
Environmental Policy (1:3), 2012; pp. 59–86. Accessed
Jan. 6, 2015: http://www.iaee.org/en/publications/
eeeparticle.aspx?id=32.

[7] Eurek, K.; Denholm, P.; Margolis, R.; Mowers, M.
Sensitivity of Utility-Scale Solar Deployment Projections in the SunShot Vision Study to Market and
Performance Assumptions. NREL/TP-6A20-55836.
Golden, CO: National Renewable Energy Laboratory,
2013. Accessed Feb. 22, 2015: http://tinyurl.com/
m9e2sya.

[14] Denholm P.; Drury, E.; Margolis, R. The Solar
Deployment System (SolarDS) Model: Documentation
and Sample Results. NREL/TP-6A2-45832. Golden,
CO: National Renewable Energy Laboratory, 2009a.
Accessed Feb. 22, 2015: www.nrel.gov/publications.

Chapter 3 | References

96

Chapter 3 | References

[15] AWEA U.S. Wind Industry Annual Market Report,
Year Ending 2013. Washington, DC: American Wind
Energy Association, 2014. Accessed Jan. 10, 2015:
http://www.awea.org/amr2013.
[16] Wiser, R.; Bolinger, M.; et al. 2012 Wind Technologies Market Report. NREL/TP-5000-58784; DOE/
GO-102013-3948. Washington, DC: U.S. Department
of Energy, Office of Energy Efficiency & Renewable
Energy, August 2013; 92 pp. Accessed Feb. 22, 2015:
http://www1.eere.energy.gov/library/viewdetails.
aspx?productid=6436&Page=9.
[17] Wiser, R.; Lantz, E.; Bolinger, M.; Hand, M.
“Recent Developments in the Levelized Cost of
Energy from U.S. Wind Power Projects.” WINDExchange presentation, Feb. 1, 2012. Washington, DC:
U.S. Department of Energy Wind Program, Office
of Energy Efficiency & Renewable Energy; 42 pp.
Accessed Feb. 22, 2015: http://apps2.eere.energy.gov/
wind/windexchange/filter_detail.asp?itemid=3456.
[18] Lantz, E.; Wiser, R.; Hand, M. IEA Wind Task 26:
The Past and Future Cost of Wind Energy, Work Package 2. NREL/TP 6A20-53510. Golden, CO: National
Renewable Energy Laboratory, 2012. Accessed Feb.
22, 2015: http://tinyurl.com/mzmm39m.
[19] Tegen, S.; Hand, M.; Maples, B.; Lantz, E.;
Schwabe, P.; Smith, A. 2010 Cost of Wind Energy
Review. NREL/TP-5000-52920. Golden, CO: National
Renewable Energy Laboratory, April 2012; 111 pp.
Accessed Feb. 22, 2015: http://tinyurl.com/lmsv8tb.
[20] Wiser, R.; Bolinger, M.; Barbose, G.; Darghouth,
N.; Hoen, B.; Mills, A.; Weaver, S.; Porter, K.; Buckley, M.; Oteri, F.; Tegen, S. 2013 Wind Technologies
Market Report. DOE/GO-102014-4459. Washington,
DC: U.S. Department of Energy, Office of Energy
Efficiency & Renewable Energy, August 2014.
Accessed Feb. 22, 2015: http://energy.gov/eere/wind/
downloads/2013-wind-technologies-market-report.
[21] Bolinger, M. An Analysis of the Costs, Benefits,
and Implications of Different Approaches to Capturing
the Value of Renewable Energy Tax Incentives. LBNL6610E. Berkeley, CA: Lawrence Berkeley National
Laboratory, 2014. Accessed Dec. 29, 2014: http://emp.
lbl.gov/reports/re.
[22] “Cash Is King: Shortcomings of the U.S. Tax Credits in Subsidizing Renewables.” U.S. Policy Research
Note. Bloomberg New Energy Finance. Jan. 20, 2010.

97

[23] Tegen, S.; Lantz, E.; Hand, M.; Maples, B.; Smith,
A.; Schwabe, P. 2011 Cost of Wind Energy Review.
NREL/TP-5000-56266. Golden, CO: National Renewable Energy Laboratory, March 2013; 50 pp. Accessed
Feb. 22, 2015: www.nrel.gov/publications/.
[24] Offshore Wind Cost Reduction Pathways Study.
London: The Crown Estate, May 2012. Accessed Dec.
19, 2014: http://www.thecrownestate.co.uk/energyand-infrastructure/offshore-wind-energy/workingwith-us/strategic-workstreams/cost-reduction-study/.
[25] “Offshore Wind Costs.” Wind Insight.
Bloomberg New Energy Finance. Jan. 10, 2014.
[26] World Energy Outlook 2013. Paris: International
Energy Agency, Nov. 12, 2013. Accessed Jan. 4, 2015:
http://www.worldenergyoutlook.org/publications/
weo-2013/.
[27] van der Zwaan, B.; Rivera-Tinoco, R.; Lensink, S.;
van den Oosterkamp, P. “Cost Reductions for Offshore
Wind Power: Exploring the Balance Between Scaling,
Learning and R&D.” Renewable Energy (41), May 2012:
pp. 389–393. Accessed Jan. 7, 2015: http://www.
sciencedirect.com/science/article/pii/S09601481110
06161.
[28] Wiser, R.; Yang, Z.; Hand, M.; Hohmeyer, O.;
Infield, D.; Jensen, P.H.; Nikolaev, V.; O’Malley, M.;
Sinden, G.; Zervos, A. “Wind Energy,” Chapter 7.
Edenhofer, O.; Pichs-Madruga, R.; Sokona, Y.; Seyboth,
K.; Matschoss, P.; Kadner, S.; Zwickel, T.; et al., eds.
Intergovernmental Panel on Climate Change (IPCC)
Special Report on Renewable Energy Sources and
Climate Change Mitigation. Cambridge, UK, and New
York, NY: Cambridge University Press, 2011; 108 pp.
Accessed Feb. 22, 2015: srren.ipcc-wg3.de/report.
[29] Musial, W.; Butterfield, S. “Future for Offshore
Wind Energy in the United States.” Preprint. Prepared
for EnergyOcean 2004, June 28–29, 2004. NREL/CP500-36313. Golden, CO: National Renewable Energy
Laboratory, June 2004. Accessed Feb. 22, 2015:
http://tinyurl.com/kf6tbv6.
[30] Junginger, H.M.; Faaij, A.P.C.; Turkenburg, W.C.
“Cost Reduction Prospects for Offshore Wind Farms.”
Wind Engineering (28:1), 2004; pp. 97–118. Accessed
Jan. 4, 2015: http://multi-science.metapress.com/
content/c9507l1438138887/.

Chapter 3 | References

[32] “Solar Market Insight 2013 Q3.” GTM Research
and Solar Energy Industries Association (SEIA).
Washington, DC: SEIA, 2013. Accessed Jan. 3, 2015
(purchase required): http://www.seia.org/search/
Q3%202013.
[33] Annual Energy Outlook 2013. DOE/EIA0383(2013). Washington, DC: U.S. Energy Information
Administration, 2013. Accessed Feb. 24, 2015: http://
www.eia.gov/analysis/.
[34] “Q4 2013 PV Market Outlook.” New York:
Bloomberg New Energy Finance, 2013b.
[35] Energy [R]evolution, 4th ed. Prepared by Global
Wind Energy Council, Greenpeace International,
European Renewable Energy Council. Washington,
DC: Greenpeace, July 2012; 340 pp. Accessed Jan. 3,
2015: http://www.greenpeace.org/international/en/
campaigns/climate-change/energyrevolution/.
[36] “Solar Market Insight 2011 Q4.” GTM Research
and Solar Energy Industries Association (SEIA).
Washington, DC: SEIA, 2011. Accessed Feb. 9,
2015: http://www.seia.org/research-resources/
us-solar-market-insight-report-2011-year-review.
[37] Hadjerioua, B.; Kao, S.-C.; McManamay, R.A.;
Pasha, M.F.K.; Yeasmin, D.; Oubeidillah, A.A.; Samu,
N.M.; Stewart, K.M.; Bevelhimer, M.S.; Hetrick, S.L.;
Wei, Y.; Smith, B.T. An Assessment of Energy Potential
from New Stream-Reach Development in the United
States: Initial Report on Methodology. Technical
Manual 2012/298. Oak Ridge, TN; Oak Ridge National
Laboratory, 2013. Accessed Jan. 4, 2015: http://nhaap.
ornl.gov/nsd.
[38] Hadjerioua, B.; Wei, Y.; Kao, S.-C. An Assessment
of Energy Potential at Non-Powered Dams in the
United States. GPO DOE/EE-0711. Prepared by Oak
Ridge National Laboratory for the U.S. Department
of Energy Wind and Water Power Program. Oak
Ridge, TN: Oak Ridge National Laboratory, April 2012.
Accessed Jan. 4, 2015: http://www.worldcat.org/title/
assessment-of-energy-potential-at-non-powereddams-in-the-united-states-report/oclc/842094581.

[39] Augustine, C.; Young, K.; Anderson, A. “Updated
U.S. Geothermal Supply Curve.” NREL/CP-6A2-47458.
Presented at the 35th Stanford Geothermal Workshop, Stanford University, Feb. 1–-3, 2010. Golden, CO:
National Renewable Energy Laboratory, 2010; 19 pp.
Accessed Dec. 28, 2014: www.nrel.gov.

Chapter 3 | References

[31] Bolinger, M.; Weaver, S. Utility-Scale Solar 2012:
An Empirical Analysis of Project Cost, Performance,
and Pricing Trends in the United States. LBNL-6408E.
Berkeley, CA: Lawrence Berkeley National Laboratory,
2013. Accessed Dec. 29, 2014: http://emp.lbl.gov/
publications/utility-scale-solar-2012-empiricalanalysis-project-cost-performance-and-pricing-trends.

[40] Saha, A. “Review of Coal Retirements.” Concord, MA: M.J. Bradley and Associates, April 12, 2013; 8
pp. Accessed Jan. 7, 2015: http://www.mjbradley.com/
reports/coal-plant-retirement-review.
[41] Patrylak, R.; Donnelly, A. “2013 Energy Market
Outlook and Industry Trends: Energy Market Perspective—Mid Year 2013.” Black and Veatch National
Webcast, July 16, 2013. Accessed Jan. 7, 2015: http://
thebooks.club/2013-energy-market-outlook-andindustry-trends.html.
[42] Celebi, M.; Graves, F.; Russell, C. “Potential
Coal Plant Retirements: 2012 Update.” Cambridge,
MA: Brattle Group, October 2012. Accessed Dec. 29,
2014: http://www.brattle.com/news-and-knowledge/
news/95.
[43] DiOrio, P.; Jones, A. Staying Power: Can U.S.
Coal Plants Dodge Retirement for Another Decade?
Cambridge, MA: IHS Cambridge Energy Research
Associates, April 1, 2011.
[44] Jordan, D.; Kurtz, S. (2012). “Photovoltaic
Degradation Rates: An Analytic Review.” NREL/JA5200-51664. Golden, CO: National Renewable Energy
Laboratory, June 2012. Accessed Jan. 8, 2015: http://
tinyurl.com/oqzsgoe.
[45] Sherlock, M.F. Energy Tax Policy: Historical
Perspectives on and Current Status of Energy Tax
Expenditures. CRS Report R41227. Washington, DC:
Congressional Research Service, 2011. Accessed
Jan. 7, 2015: http://www.cnie.org/NLE/CRS/abstract.
cfm?NLEid=2262.
[46] Koplow, D. “Subsidies to Energy Industries.”
Enyclopedia of Energy (5), 2004; pp. 749–764.
Accessed Feb. 22, 2015: http://earthtrack.net/content/
subsidies-energy-industries.
[47] Sissine, F. Renewable Energy R&D Funding History: A Comparison with Funding for Nuclear Energy,
Fossil Energy, and Energy Efficiency R&D. CRS Report
RS22858. Washington, DC: Congressional Research
Service, 2011. Accessed Jan. 7, 2015: http://digital.
library.unt.edu/ark:/67531/metadc31502/.

Chapter 3 | References

98

Chapter 3 | References

[48] Fell, H.; Linn, J. “Renewable Electricity Policies,
Heterogeneity, and Cost Effectiveness.” Journal of
Environmental Economics and Management (66:3),
2013; pp. 688–707. Accessed Jan. 3, 2015: http://www.
researchgate.net/publication/259095992_Renewable_
electricity_policies_heterogeneity_and_cost_
effectiveness.
[49] Fischer, C.; Newell, R.G. “Environmental and
Technology Policies for Climate Mitigation.” Journal
of Environmental Economics and Management (55:2),
2008; pp. 142–162. Accessed Jan. 3, 2015: http://www.
sciencedirect.com/science/article/pii/S009506960
7001064.
[50] Edenhofer, O.; Hirth, L.; Knopf, B.; Pahle,
M.; Schlömer, S.; Schmid, E.; Ueckerdt, F. “On the
Economics of Renewable Energy Sources.” Energy
Economics (40:s1), December 2013; pp. S12–S23.
Accessed Dec. 30, 2014: http://www.researchgate.
net/publication/259097121_On_the_economics_of_
renewable_energy_sources.
[51] “Federal Financial Support for the Development
and Production of Fuels and Energy Technologies.”
Washington, DC: Congressional Budget Office, March
2012. Accessed Dec. 29, 2014: https://www.cbo.gov/
publication/43032.
[52] Koplow, D. EIA Energy Subsidy Estimates: A
Review of Assumptions and Omissions. Cambridge,
MA: Earth Track, March 2010. Accessed Jan. 5, 2015:
http://earthtrack.net/documents/eia-energy-subsidyestimates-review-assumptions-and-omissions.
[53] Pfund, N.; Healey, B. What Would Jefferson Do?
The Historical Role of Federal Subsidies in Shaping
America’s Energy Future. San Francisco: DBL Investors, September 2011. Accessed Jan. 7, 2015: http://
www.dblinvestors.com/resource/what-wouldjefferson-do/.
[54] 60 Years of Energy Incentives: Analysis of Federal Expenditures for Energy Development. Washington, DC: Management Information Services, October
2011. Accessed Jan. 5, 2015: http://www.brightsource
energy.com/reports?category=1810#.VKt6rSvF_os.
[55] Badcock, J.; Lenzen, M. 2010. “Subsidies for
Electricity-Generating Technologies: A Review.”
Energy Policy (38:9), 2010; pp. 5038–5047. Accessed
Dec. 28, 2014: https://inis.iaea.org/search/search.
aspx?orig_q=RN:41107164.

99

[56] Federal Financial Interventions and Subsidies in
Energy Markets 2007. SR/CNEAF/2008-01. Washington, DC: U.S. Department of Energy, Energy Information Administration, 2008. Accessed Jan. 2, 2015:
http://www.eia.gov/oiaf/servicerpt/subsidy2/.
[57] Kitson, L.; Wooders, P.; Moerenhout, T. 2011.
Subsidies and External Costs in Electric Power Generation: A Comparative Review of Estimates. Winnipeg,
MB, Canada: International Institute for Sustainable
Development, 2011. Accessed Jan. 5, 2015: http://
www.iisd.org/publications/.
[58] Direct Federal Financial Interventions and
Subsidies in Energy in Fiscal Year 2010. Washington,
DC: U.S. Department of Energy, Energy Information
Administration, 2011. Accessed Jan. 2, 2015: http://
www.eia.gov/analysis/requests/subsidy/.
[59] Hanna, A.; Schreiber, B.; Lehrer, E. Green
Scissors 2012. Washington, DC: Friends of the Earth,
Taxpayers for Common Sense, and R Street, 2012.
Accessed Jan. 4, 2015: http://greenscissors.taxpayer.
net/reports.
[60] Federal Electricity Subsidies: Information on
Research Funding, Tax Expenditures, and Other Activities That Support Electricity Production. GAO-08-102.
Washington, DC: Government Accountability Office,
2007. Accessed Jan. 3, 2015: http://www.gao.gov/
search?q=GAO-08-102.
[61] Adeyeye, A.; Barrett, J.; Diamond, J.; Goldman,
L.; Pendergrass, J.; Schramm, D. Estimating U.S.
Government Subsidies to Energy Sources: 2002–2008.
Research Report. Washington, DC: Environmental Law
Institute, September 2009. Accessed Jan. 2, 2015:
http://www.eli.org/research-report/estimating-usgovernment-subsidies-energy-sources-2002-2008.
[62] Sherlock, M.F. Energy Tax Policy: Issues in the
113th Congress. CRS Report R43206. Washington, DC:
Congressional Research Service, 2013. Accessed Dec.
29, 2014: http://www.legistorm.com/reports/view/
crs/125338/Energy_Tax_Policy_Issues_in_the_113th_
Congress.html.
[63] New England Wind Integration Study. Prepared
for ISO New England by GE Energy, EnerNex, and
AWS Truepower. Schenectady, NY: GE Energy
Consulting, 2010. Accessed Jan. 3, 2015: http://apps2.
eere.energy.gov/wind/windexchange/filter_detail.
asp?itemid=3177.

Chapter 3 | References

[65] Lew, D.; Brinkman, G.; Ibanez, E.; Florita, A.;
Heaney, M.; Hodge, B.-M.; Hummon, M.; Stark, G.;
King, J.; Lefton, S.A.; Kumar, N.; Agan, D.; Jordan, G.;
Venkataraman, S. The Western Wind and Solar Integration Study Phase 2. NREL/TP-5500-55588. Golden,
CO: National Renewable Energy Laboratory, 2013.
Accessed Feb. 22, 2015: http://tinyurl.com/q4uxxxq.
[66] PJM Renewable Integration Study (PRIS):
Project Review (Task 3a). Revision 7 draft; prepared
for PJM Interconnection. Schenectady, NY: GE Energy
Consulting, Oct. 28, 2013. Accessed Feb. 22, 2015:
https://www.pjm.com/committees-and-groups/
task-forces/irtf/pris.aspx.
[67] Hummon, M.; Denholm, P.; Jorgenson, J.;
Palchak, D.; Kirby, B.; Ma, O. Fundamental Drivers
of the Cost and Price of Operating Reserves. NREL/
TP-6A20-58465. Golden, CO: National Renewable
Energy Laboratory, 2013. Accessed Feb. 22, 2015:
http://tinyurl.com/qju8exl.
[68] Methods to Model and Calculate Capacity
Contributions of Variable Generation for Resource
Adequacy Planning. Princeton, NJ: North American
Electric Reliability Corporation, March 2011.
[69] Keane, A.; Milligan, M.; D’Annunzio, C.; Dent,
C.J.; Dragoon, K.; Hasche, B.; Holttinen, H.; Samaan,
N.; Soder, L.; O’Malley, M. “Capacity Value of Wind
Power.” IEEE Transactions on Power Systems (26:2),
2011; pp. 564–572. Accessed Feb. 22, 2015: http://
tinyurl.com/portbv3.
[70] Sigrin, B.; Sullivan, P.; Ibanez, E.; Margolis, R. Representation of Solar Capacity Value in the ReEDS Capacity Expansion Model. NREL/TP-6A20-61182. Golden,
CO: National Renewable Energy Laboratory, 2014.
Accessed Feb. 22, 2015: http://tinyurl.com/ptcafk7.

[71] Ela, E.; Gevorgian, V.; Fleming, P.; Zhang, Y.C.;
Singh, M.; Muljadi, E.; Scholbrook, A.; Aho, J.; Buckspan, A.; Pao, L.; Singhvi, V.; Tuohy, A.; Pourbeik, P.;
Brooks, D.; Bhatt, N. Active Power Controls from Wind
Power: Bridging the Gaps. NREL/TP-5D00-60574.
Golden, CO: National Renewable Energy Laboratory,
2014. Accessed Feb. 22, 2015: http://energy.gov/eere/
wind/downloads/active-power-controls-wind-powerbridging-gaps.

Chapter 3 | References

[64] Eastern Wind Integration and Transmission
Study. NREL/SR-5500-47078. Prepared by EnerNex
Corp. Golden, CO: National Renewable Energy Laboratory, February 2011. Accessed Feb. 22, 2015: http://
tinyurl.com/mvozm5s.

[72] Bird, L.; Cochran, J.; Wang, X. (2014). Wind and
Solar Energy Curtailment: Experience and Practices in
the United States. NREL Report No. TP-6A20-60983.
Golden, CO: National Renewable Energy Laboratory,
2014. Accessed Feb. 22, 2015: http://tinyurl.com/
ml85mx8.
[73] PJM Renewable Integration Study. Prepared
for PJM Interconnection. Schenectady, NY: GE Energy
Consulting, 2014. Accessed Feb. 22, 2015: www.pjm.
com/committees-and-groups/task-forces/irtf/pris.
aspx.
[74] Wang, J.; Liu, C.; Ton, D.; Zhou, Y.; Kim, J.; Vyas,
A. “Impact of Plug-In Hybrid Electric Vehicles on
Power Systems with Demand Response and Wind
Power.” Energy Policy (39:7), 2011; pp. 4016–4021.
Accessed Feb. 22, 2015 (purchase required): http://
www.sciencedirect.com/science/article/pii/S03014215
11000528.
[75] Ekman, C.K. “On the Synergy Between Large
Electric Vehicle Fleet and High Wind Penetration—An
Analysis of the Danish Case.” Renewable Energy
(36:2), 2011; pp. 546–553. Accessed Jan. 2, 2015:
http://www.sciencedirect.com/science/article/pii/
S096014811000354X.
[76] Short, W.; Denholm, P. A Preliminary Assessment
of Plug-In Hybrid Electric Vehicles on Wind Energy
Markets. NREL/TP-620-39729. Golden, CO: National
Renewable Energy Laboratory, 2006. Accessed Feb.
22, 2015: www.nrel.gov/publications.
[77] Fisher, E.B.; O’Neill, R.P.; Ferris, M.C. “Optimal
Transmission Switching.” IEEE Transactions on Power
Systems (23:3), 2008; pp. 1346–1355. Accessed Feb.
22, 2015: http://tinyurl.com/nzjgy63.
[78] HSIP (Homeland Security Infrastructure Program) 2012. https://www.hifldwg.org/hsip-guest.
Accessed January 28, 2015.

Chapter 3 | References

100

Chapter 3 | References

[79] 2013 Long-Term Reliability Assessment. Atlanta,
GA: North American Electric Reliability Corporation
(NERC), Sept. 23, 2013. Accessed Jan. 8, 2015: http://
www.nerc.com/pa/RAPA/ra/Pages/default.aspx.
[80] “Interstate Transmission Vision for Wind Integration.” Aurora, CO: American Electric Power, March
2007; 8 pp. Accessed Dec. 28, 2014: http://www.
energycentral.com/reference/whitepapers/102686/.
[81] Parry, M.L.; Canziani, O.F.; Palutikof, J.P.; van der
Linden, P.J.; Hanson, C.E., eds. Climate Change 2007:
Impacts, Adaptation and Vulnerability: Contribution
of Working Group II to the Fourth Assessment Report
of the Intergovernmental Panel on Climate Change.
Cambridge, UK: Cambridge University Press, 2007a.
Accessed Jan. 4, 2015: http://www.ipcc.ch/
publications_and_data/publications_ipcc_fourth_
assessment_report_wg2_report_impacts_adaptation_
and_vulnerability.htm.
[82] Solomon, S.; Qin, D.; Manning, M.; Chen, Z.;
Marquis, M.; Averyt, K.B.; Tignor, M.; Miller, H.L, eds.
Climate Change 2007: The Physical Science Basis:
Working Group I Contribution to the Fourth Assessment Report of the IPCC. 1 Pap/Cdr. Cambridge, UK,
and New York: Cambridge University Press, 2007c.
Accessed Feb. 22, 2015: https://www.ipcc.ch/
publications_and_data/publications_and_data_
reports.shtml.
[83] Stocker, T.F.; Qin, D.; Plattner, G.-K.; Tignor,
M.M.B.; Allen, S.K.; Boschung, J.; Nauels, A.; Xia, Y.;
Bex, V.; Midgley, P.M., eds. Climate Change 2013: The
Physical Science Basis: Contribution of Working Group
I to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge, UK,
and New York: Cambridge University Press, 2013.
Accessed Feb. 22, 2015: https://www.ipcc.ch/publications_and_data/publications_and_data_reports.
shtml.
[84] Field, C.B.; Barros, V.R.; Dokken, D.J.; Mach,
K.J.; Mastrandrea, M.D.; Bilir, T.E.; Chatterjee, M.; Ebi,
K.L.; Estrada, Y.O.; Genova, R.C.; Girma, B.; Kissel, E.S.;
Levy, A.N.; MacCracken, S.; Mastrandrea, P.R.; White,
L.L., eds. Climate Change 2014: Impacts, Adaptation,
and Vulnerability: Contribution of Working Group II to
the Fifth Assessment Report of the Intergovernmental
Panel on Climate Change. Cambridge, UK, and New
York: Cambridge University Press, 2014a. Accessed
Jan. 4, 2015: http://ipcc-wg2.gov/AR5/.

101

[85] Edenhofer, O.; Pichs-Madruga, R.; Sokona, Y.;
Farahani, E.; Kadner, S.; Seyboth, K.; Adler, A.; Baum,
I.; Brunner, S.; Eickemeier, P.; Kriemann, B.; Savolainen,
J.; Schlömer, S.; von Stechow, C.; Zwickel, T.; Minx,
J.C., eds. Climate Change 2014: Mitigation of Climate
Change: Contribution of Working Group III to the Fifth
Assessment Report of the Intergovernmental Panel
on Climate Change. Cambridge, UK, and New York:
Cambridge University Press, 2014b. Accessed Jan. 4,
2015: http://mitigation2014.org/.
[86] Melillo, J.M.; Richmond, T.C.; Yohe, G.W., eds.
Climate Change Impacts in the United States: The
Third National Climate Assessment. U.S. Global
Change Research Program. Washington, DC: Government Printing Office, 2014. Accessed Jan. 6, 2015:
http://nca2014.globalchange.gov/downloads.
[87] Luderer, G.; Pietzcker, R.C.; Bertram, C.; Kriegler,
E.; Meinshausen, M.; Edenhofer, O. “Economic Mitigation Challenges: How Further Delay Closes the
Door for Achieving Climate Targets.” Environmental
Research Letters (8:3), 2013. Accessed Jan. 5, 2015:
http://iopscience.iop.org/1748-9326/8/3/034033/.
[88] Jakob, M.; Haller, M.; Marschinski, R. “Will
History Repeat Itself? Economic Convergence and
Convergence in Energy Use Patterns.” Energy Economics (34:1), 2012; pp. 95–104. Accessed Jan. 4,
2015: http://www.sciencedirect.com/science/article/
pii/S0140988311001381.
[89] Nordhaus, W.D. The Climate Casino: Risk, Uncertainty, and Economics for a Warming World. New
Haven, CT: Yale University Press, 2013. Accessed Jan.
6, 2015: http://yalepress.yale.edu/book.asp?isbn=
9780300189773.
[90] Luckow, P.; Stanton, E.; Biewald, B.; Fisher,
J.; Ackerman, F.; Hausman, E. 2013 Carbon Dioxide
Price Forecast. Cambridge, MA: Synapse Energy
Economics, 2013. Accessed Jan. 5, 2015: http://www.
synapse-energy.com/project/synapse-carbondioxide-price-forecast.

Chapter 3 | References

[92] Standards of Performance for Greenhouse
Gas Emissions from New Stationary Sources: Electric
Utility Generating Units: Proposed Rule. EPA-HQOAR-2011-0660. Washington, DC: U.S. Environmental
Protection Agency, 2014. Accessed Feb. 22, 2015:
https://federalregister.gov/a/2013-28668.
[93] Barbose, G.; Wiser, R.; Phadke, A.; Goldman, C.
“Managing Carbon Regulatory Risk in Utility Resource
Planning: Current Practices in the Western United
States.” Energy Policy (36:9), 2008; pp. 3300–3311.
Accessed Dec. 29, 2014: https://inis.iaea.org/search/
search.aspx?orig_q=RN:39106688.
[94] Bokenkamp, K.; LaFlash, H.; Singh, V.; Wang,
D.B. 2005. “Hedging Carbon Risk: Protecting
Customers and Shareholders from the Financial
Risk Associated with Carbon Dioxide Emissions.”
Electricity Journal (18:6), 2005; pp. 11–24. Accessed
Dec. 29, 2014: http://www.researchgate.net/publication/222288407_Hedging_Carbon_Risk_Protecting_
Customers_and_Shareholders_from_the_Financial_
Risk_Associated_with_Carbon_Dioxide_Emissions.
[95] Technical Support Document: Social Cost of
Carbon for Regulatory Impact Analysis Under Executive Order 12866. Washington, DC: Interagency Working Group on Social Cost of Carbon, February 2010.
[96] Technical Support Document: Technical Update
of the Social Cost of Carbon for Regulatory Impact
Analysis Under Executive Order 12866. November 2013
revision. Washington, DC: Interagency Working Group
on Social Cost of Carbon, 2013. Accessed Jan. 4, 2015:
https://federalregister.gov/a/2013-28242.
[97] Regulatory Impact Analysis: Development of
Social Cost of Carbon Estimates. GAO-14-663. Washington, DC: U.S. Government Accountability Office,
2014. Accessed Feb. 24, 2015: http://techportal.eere.
energy.gov/commercialization/pdfs/innovation_
ecosystem_factsheet.pdf.

[98] Johnson, L.T.; Yeh, S.; Hope, C. “The Social Cost
of Carbon: Implications for Modernizing Our Electricity System.” Journal of Environmental Studies and
Sciences (3:4), 2013; pp. 369–375. Accessed Jan. 4,
2015: http://www.researchgate.net/publication/2634
92370_The_social_cost_of_carbon_implications_for_
modernizing_our_electricity_system.

Chapter 3 | References

[91] Joint Technical Support Document: Final
Rulemaking for 2017–2025 Light-Duty Vehicle Greenhouse Gas Emission Standards and Corporate Average
Fuel Economy Standards. EPA-420-R-12-901. Washington, DC: U.S. Environmental Protection Agency
and National Highway Traffic Safety Administration,
August 2012. Accessed Feb. 22, 2015: http://www.epa.
gov/otaq/climate/regs-light-duty.htm.

[99] Siler-Evans, K.; Azevedo, I.L.; Morgan, M.G.; Apt,
J. “Regional Variations in the Health, Environmental,
and Climate Benefits of Wind and Solar Generation.”
Proceedings of the National Academy of Sciences (110:
29), July 2013; pp. 11768–11773. Accessed Jan. 7, 2015:
http://www.pnas.org/content/110/29/11768.short.
[100] McCubbin, D.; Sovacool, B.K. “Quantifying the
Health and Environmental Benefits of Wind Power to
Natural Gas.” Energy Policy (53), February 2013; pp.
429–441. Accessed Jan. 6, 2015: http://www.science
direct.com/science/article/pii/S030142151200969X.
[101] Cullen, J. “Measuring the Environmental
Benefits of Wind-Generated Electricity.” American
Economic Journal: Economic Policy (5:4), 2013; pp.
107–133. Accessed Dec. 29, 2014: https://www.aeaweb.
org/articles.php?doi=10.1257/pol.5.4.107.
[102] Kaffine, D.; McBee, B.; Lieskovsky, J.. 2012. Emissions Savings from Wind Power Generation: Evidence
from Texas, California and the Upper Midwest. Working
Paper 2012-03. Golden, CO: Colorado School of Mines,
2012. Accessed Jan. 4, 2015: http://econpapers.repec.
org/paper/mnswpaper/wp201203.htm.
[103] O’Donoughue, P.; Heath, G.; Dolan, S.; Vorum,
M. “Life Cycle Greenhouse Gas Emissions of Electricity Generated from Conventionally-Produced
Natural Gas: Systematic Review and Harmonization.”
Journal of Industrial Ecology (18:1), 2014; pp. 125–144.
Accessed Jan. 8, 2015: http://onlinelibrary.wiley.com/
doi/10.1111/jiec.12084/abstract.
[104] Heath, G.; O’Donoughue, P.; Arent, D.; Bazilian,
M. “Harmonization of Initial Estimates of Shale Gas
Life Cycle Greenhouse Gas Emissions for Electric
Power Generation.” Proceedings of the National
Academy of Sciences (111:31), 2014; pp. E3167–E3176.
Accessed Jan. 8, 2015: http://www.pnas.org/content/
111/31/E3167.abstract.

Chapter 3 | References

102

Chapter 3 | References

[105] Pétron, G.; Karion, A.; Sweeney, C.; Miller,
B.R.; Montzka, S.A.; Frost, G.J.; Trainer, M.; Tans, P.;
Andrews, A.; Kofler, J.; Helmig, D.; Guenther, D.;
Dlugokencky, E.; Lang, P.; Newberger, T.; Wolter, S.;
Hall, B.; Novelli, P.; Brewer, A.; Conley, S.; Hardesty, M.;
Banta, R.; White, A.; Noone, D.; Wolfe, D.; Schnell, R.
“A New Look at Methane and Nonmethane Hydrocarbon Emissions from Oil and Natural Gas Operations
in the Colorado Denver-Julesburg Basin.” Journal of
Geophysical Research: Atmospheres (119:11), 2014; pp.
6836–6852. Accessed Jan. 8, 2015: http://onlinelibrary.
wiley.com/doi/10.1002/2013JD021272/abstract.
[106] Karion, A.; Sweeney, C.; Pétron, G.; Frost, G.;
Hardesty, R.M.; Kofler, J.; Miller, B.R.; Newberger, T.;
Wolter, S.; Banta, R.; Brewer, A.; Dlugokencky, E.;
Lang, P.; Montzka, S.A.; Schnell, R.; Tans, P.; Trainer, M.;
Zamora, R.; Conley, S. “Methane Emissions Estimate
from Airborne Measurements over a Western United
States Natural Gas Field.” Geophysical Research
Letters (40:16), 2013; pp. 4393–4397. Accessed Jan.
8, 2015; http://onlinelibrary.wiley.com/doi/10.1002/
grl.50811/abstract.
[107] Brandt, A.R.; Heath, G.A.; Kort, E.A.; O’Sullivan,
F.; Pétron, G.; Jordaan, S.M.; Tans, P.; Wilcox, J.; Gopstein, A.M.; Arent, D.; Wofsy, F.; Brown, N.J.; Bradley,
R.; Stucky, G.D.; Eardley, D.; Harriss, R. “Methane Leaks
from North American Natural Gas Systems.” Science
(343:6172), 2014; pp. 733–735. Accessed Jan. 8, 2015:
http://www.sciencemag.org/content/343/6172/733.
summary.
[108] Fripp, M. “Greenhouse Gas Emissions from
Operating Reserves Used to Backup Large-Scale
Wind Power.” Environmental Science & Technology
(45:21), 2011; pp. 9405–9412. Accessed Jan. 3, 2015:
http://pubs.acs.org/doi/abs/10.1021/es200417b.
[109] Valentino, L.; Valenzuela, V.; Botterud, A.;
Zhou, Z.; Conzelmann, G. “System-Wide Emissions
Implications of Increased Wind Power Penetration.”
Environmental Science & Technology (46:7), 2012; pp.
4200–4206. Accessed Jan. 7, 2015: http://pubs.acs.
org/doi/abs/10.1021/es2038432.

103

[110] Gross, R.; Heptonstall, P.; Anderson, D.; Green,
T.; Leach, M.; Skea, J. The Costs and Impacts of Intermittency: An Assessment of the Evidence on the Costs
and Impacts of Intermittent Generation on the British
Electricity Network. London: UK Energy Research
Centre, March 2006. Accessed Jan. 3, 2015: http://
www.ukerc.ac.uk/publications.html.
[111] Pehnt, M.; Oeser, M.; Swider, D.J. “Consequential
Environmental System Analysis of Expected Offshore
Wind Electricity Production in Germany.” Energy
(33:5), 2008; pp. 747–759. http://www.sciencedirect.
com/science/article/pii/S0360544208000030.
[112] Göransson, L.; Johnsson, F. “Dispatch Modeling
of a Regional Power Generation System—Integrating Wind Power.” Renewable Energy (34:4), 2009;
pp. 1040–1049. Accessed Jan. 3, 2015: http://www.
researchgate.net/publication/222132358_Dispatch_
modeling_of_a_regional_power_generation_
system__Integrating_wind_power.
[113] Perez-Arriaga, I.J.; Batlle, C. “Impacts of Intermittent Renewables on Electricity Generation System
Operation.” Economics of Energy & Environmental
Policy (1:2), 2012. Accessed Jan. 7, 2015: http://www.
iaee.org/en/publications/eeeparticle.aspx?id=17.
[114] Kalkuhl, M.; Edenhofer, O.; Lessman, K. “Renewable Energy Subsidies: Second-Best Policy or Fatal
Aberration for Mitigation?” Resource and Energy
Economics (35:3), 2013; pp. 217–234. Accessed Jan. 4,
2015: http://www.sciencedirect.com/science/article/
pii/S0928765513000043.
[115] McKibbin, W.J.; Morris, A.C.; Wilcoxen, P.J.
“Pricing Carbon in the U.S.: A Model-Based Analysis
of Power-Sector-Only Approaches.” Resource and
Energy Economics (36:1), 2014; pp. 130–150. Accessed
Jan. 6, 2015: https://www.infona.pl/resource/bwmeta1.
element.elsevier-4f146c3d-43e3-3440-bacd-79d64
acfc198.
[116] Edenhofer, O.; Pichs-Madruga, R.; Sokona, Y.;
Seyboth, K.; Matschoss, P.; Kadner, S.; Zwickel, T.;
Eickemeier, P.; Hansen, G.; Schlömer, S.; von Stechow,
C., eds. IPCC Special Report on Renewable Energy
Sources and Climate Change Mitigation. Prepared by
Working Group III of the Intergovernmental Panel
on Climate Change. Cambridge, UK, and New York:
Cambridge University Press, 2011. Accessed Jan. 4,
2015: http://srren.ipcc-wg3.de/.

Chapter 3 | References

[118] Rausch, S.; Karplus, V.J. “Markets versus Regulation: The Efficiency and Distributional Impacts of U.S.
Climate Policy Proposals.” The Energy Journal, Special
Issue (35:1), 2014. Accessed Feb. 24, 2015: http://www.
iaee.org/en/publications/ejarticle.aspx?id=2595.
[119] Tuladhar, S.D.; Mankowski, S.; Bernstein, P.
“Interaction Effects of Market-Based and Command-and-Control Policies.” The Energy Journal, Special Issue (35:1), 2014. Accessed Feb. 24, 2015: http://
www.iaee.org/en/publications/ejarticle.aspx?id=2588.
[120] Metz, B.; Davidson, O.R.; Bosch, P.R.; Dave, R.;
Meyer, L.A., eds. Climate Change 2007: Mitigation of
Climate Change: Contribution of Working Group III to
the Fourth Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge, UK, and New
York: Cambridge University Press, 2007b. Accessed
Feb. 22, 2015: https://www.ipcc.ch/publications_and_
data/publications_and_data_reports.shtml.
[121] Weitzman, M.L. “GHG Targets as Insurance
Against Catastrophic Climate Damages.” Journal of
Public Economic Theory (14:2), 2012; pp. 221–244.
Accessed Jan. 7, 2015: http://onlinelibrary.wiley.com/
doi/10.1111/jpet.2012.14.issue-2/issuetoc.
[122] 2013 Natural Catastrophe Year in Review.
(2014). Munich, Germany: Webinar. Accessed Feb.
22, 2015 (recording no longer available): http://www.
munichreamerica.com.
[123] Sander, J.; Eichner, J.F.; Faust, E.; Steuer, M.
2013. “Rising Variability in Thunderstorm-Related
U.S. Losses as a Reflection of Changes in Large-Scale
Thunderstorm Forcing.” Weather, Climate, and Society
(5:4), 2013; pp. 317–331. Accessed Jan. 7, 2015: http://
journals.ametsoc.org/doi/abs/10.1175/WCAS-D-1200023.1.
[124] Weitzman, M.L. “A Review of the Stern Review
on the Economics of Climate Change.” Journal of
Economic Literature (45), September 2007; pp.
703–724. Accessed Jan. 7, 2015: https://www.aeaweb.
org/articles.php?doi=10.1257/jel.45.3.703.

[125] Johnson, L.T.; Hope, C. “The Social Cost of
Carbon in U.S. Regulatory Impact Analyses: An Introduction and Critique.” Journal of Environmental Studies and Sciences (2:3), 2012; pp. 205–221. Accessed
Jan. 4, 2015: http://link.springer.com/article/10.1007
%2Fs13412-012-0087-7#page-1.

Chapter 3 | References

[117] Borenstein, S. “The Private and Public Economics of Renewable Electricity Generation.” Journal
of Economic Perspectives (26:1), 2012; pp. 67–92.
Accessed Feb. 22, 2015: http://www.nber.org/papers/
w17695.

[126] Tol, R.S.J. “The Social Cost of Carbon.” Annual
Review of Resource Economics (3), October 2011; pp.
419–443. Accessed Jan. 7, 2015: http://www.annual
reviews.org/doi/abs/10.1146/annurev-resource083110-120028.
[127] Kopp, R.E.; Golub, A.; Keohane, N.O.; Onda, C.
2012. “The Influence of the Specification of Climate
Change Damages on the Social Cost of Carbon.”
Economics: The Open-Access, Open-Assessment
E-Journal (6:2012–13), 2012. Accessed Jan. 5, 2015:
http://papers.ssrn.com/sol3/papers.cfm?abstract_
id=2056944.
[128] Pindyck, R.S. “Climate Change Policy: What Do
the Models Tell Us?” Journal of Economic Literature
(51:3), 2013; pp. 860–872. Accessed Jan. 7, 2015:
http://econpapers.repec.org/article/aeajeclit/.
[129] Arrow, K.; Cropper, M.; Gollier, C.; Groom, B.;
Heal, G.; Newell, R.; Nordhaus, W.; et al. 2013. “Determining Benefits and Costs for Future Generations.”
Science (341:6144), 2013; pp. 349–350. Accessed Dec.
28, 2014: http://comments.sciencemag.org/content/
10.1126/science.1235665.
[130] Kopp, R.E.; Mignone, B.K. 2012. “The U.S.
Government’s Social Cost of Carbon Estimates After
Their First Two Years: Pathways for Improvement.”
Economics: The Open-Access, Open-Assessment
E-Journal (6:2012–15), 2012; pp. 1–41. Accessed Jan. 5,
2015: http://www.economics-ejournal.org/economics/
journalarticles/2012-15.
[131] Ackerman, F.; Stanton, E.A. “Climate Risks and
Carbon Prices: Revising the Social Cost of Carbon.”
Economics: The Open-Access, Open-Assessment
E-Journal (6:2012-10), 2012; pp. 1–25. Accessed
Dec. 18, 2014: http://www.economics-ejournal.org/
economics/journalarticles/2012-10.

Chapter 3 | References

104

Chapter 3 | References

[132] Edenhofer, O.; Pichs-Madruga, R.; Sokona, Y.;
Seyboth, K.; Matschoss, P.; Kadner, S.; Zwickel, T.; et
al., eds. IPCC Special Report on Renewable Energy
Sources and Climate Change Mitigation. Cambridge,
UK, and New York: Cambridge University Press, 2011.
Accessed Dec. 30, 2014: http://srren.ipcc-wg3.de/.
[133] Kubiszewski, I.; Cleveland, C.J.; Endres, P.K.
“Meta-Analysis of Net Energy Return for Wind Power
Systems.” Renewable Energy (35:1), 2010; pp. 218–225.
doi:10.1016/j.renene.2009.01.012. Accessed Jan. 5,
2015: http://www.researchgate.net/publication/
222703134_Meta-analysis_of_net_energy_return_for_
wind_power_systems.

[140] Muller, N.Z.; Mendelsohn, R.; Nordhaus, W.
“Environmental Accounting for Pollution in the
United States Economy.” American Economic Review
(101:5), 2011; pp. 1649–1675. Accessed Jan. 6, 2015:
https://www.aeaweb.org/articles.php?doi=10.1257/
aer.101.5.1649.

[134] Brandt, A.R.; Dale, M. “A General Mathematical Framework for Calculating Systems-Scale
Efficiency of Energy Extraction and Conversion:
Energy Return on Investment (EROI) and Other
Energy Return Ratios.” Energies (4:8), 2011; pp.
1211–1245. Accessed Dec. 29, 2014: http://www.mdpi.
com/1996-1073/4/8/1211.

[141] Fann, N.; Baker, K.R.; Fulcher, C.M. “Characterizing the PM2.5-Related Health Benefits of Emission
Reductions for 17 Industrial, Area and Mobile Emission
Sectors Across the U.S.” Environment International
(49), Nov. 15, 2012; pp. 141–151. Accessed Jan. 8, 2015:
http://www.sciencedirect.com/science/article/pii/
S0160412012001985.

[135] Brandt, A.R.; Dale, M.; Barnhart, C.J. “Calculating Systems-Scale Energy Efficiency and Net Energy
Returns: A Bottom-Up Matrix-Based Approach.”
Energy (62), 2013; pp. 235–247. Accessed Dec. 29,
2014: http://www.sciencedirect.com/science/article/
pii/S0360544213008207.

[142] Machol, B.; Rizk, S. “Economic Value of U.S.
Fossil Fuel Electricity Health Impacts.” Environment International (52), February 2013; pp. 75–80.
Accessed Jan. 8, 2015: http://www.sciencedirect.com/
science/article/pii/S0160412012000542.

[136] Masanet, E.; Chang, Y.; Gopal, A.R.; Larsen, P.;
Morrow, W.R.; Sathre, R.; Shehabi, A.; Zhai, P. “Life-Cycle Assessment of Electric Power Systems.” Annual
Review of Environment and Resources (38), October
2013; pp. 107–136. Accessed Jan. 6, 2013: http://www.
annualreviews.org/doi/abs/10.1146/annurev-environ010710-100408.
[137] Cleveland, C.J.; Ayres, R.U.; Costanza, R.;
Goldemberg, J.; Ilic, M.D.; Jochem, E.; Kaufmann, R.;
et al., eds. Encyclopedia of Energy. San Diego, CA:
Elsevier Science & Technology Books, 2004.
[138] Hidden Costs of Energy: Unpriced Consequences of Energy Production and Use. National
Research Council of the National Academies. Washington, DC: National Academies Press, 2010. Accessed
Jan. 6, 2015: http://www.nap.edu/catalog/12794/
hidden-costs-of-energy-unpriced-consequences-ofenergy-production-and.

105

[139] Turconi, R.; Boldrin, A.; Astrup, T. “Life Cycle
Assessment (LCA) of Electricity Generation Technologies: Overview, Comparability and Limitations.”
Renewable and Sustainable Energy Reviews (28),
December 2013; pp. 555–565. Accessed Feb. 22, 2015:
http://www.sciencedirect.com/science/article/pii/
S1364032113005534.

[143] Fann, N.; Fulcher, C.M.; Hubbell, B.J. “The
Influence of Location, Source, and Emission Type in
Estimates of the Human Health Benefits of Reducing
a Ton of Air Pollution.” Air Quality Atmospheric Health
(2:3), 2009; pp.169–176. Accessed Jan. 8, 2015: http://
www.ncbi.nlm.nih.gov/pmc/articles/PMC2770129/.
[144] Thompson, T.M.; Rausch, S.; Saari, R.K.; Selin,
N.E. “A Systems Approach to Evaluating the Air
Quality Co-Benefits of US Carbon Policies.” Nature
Climate Change (4:10), 2014; pp. 917–923. Accessed
Jan. 8, 2015: http://www.nature.com/nclimate/journal/
v4/n10/full/nclimate2342.html.
[145] Schwartz, J.; Buonocore, J.; Levy, J.; Driscoll, C.;
Lambert, K.F.; Reid, S. Health Co-Benefits of Carbon
Standards for Existing Power Plants. Part 2 of the
Co-Benefits of Carbon Standards Study. Cambridge,
MA: Harvard School of Public Health Center for Health
and the Global Environment; Boston: Boston University; and Syracuse, NY: Syracuse University, Sept. 30,
2014. Accessed Jan. 8, 2015: http://www.chgeharvard.
org/resource/health-co-benefits-carbon-standardsexisting-power-plants.

Chapter 3 | References

[147] Preiss, P.; Friedrich, R. Report on the Application of the Tools for Innovative Energy Technologies.
Deliverable 7.2-RS-1b. Rome: New Energy Externalities
Developments for Sustainability (NEEDS), 2009.
[148] Ricci, A. Policy Use of the NEEDS Results.
Deliverable 5.3-RS. Rome: New Energy Externalities
Developments for Sustainability (NEEDS), 2010.
[149] Sippula, O.; Hokkinen, J.; Puustinen, H.; Yli-Pirilä, P.; Jokiniemi, J. “Comparison of Particle Emissions
from Small Heavy Fuel Oil and Wood-Fired Boilers.”
Atmospheric Environment (43:32), 2009; pp. 4855–
4864. Accessed Jan. 7, 2015: http://www.researchgate.
net/publication/222982503_Comparison_of_
particle_emissions_from_small_heavy_fuel_oil_and_
wood-fired_boilers.
[150] Denny, E.; O’Malley, M. “Wind Generation,
Power System Operation, and Emissions Reduction.”
IEEE Transactions on Power Systems (21:1), 2006;
pp. 341–347. Accessed Dec. 30, 2014: http://www.
researchgate.net/publication/3267545_Wind_
generation_power_system_operation_and_
emissions_reduction.
[151] Oates, D.L.; Jaramillo, P. “Production Cost
and Air Emissions Impacts of Coal Cycling in Power
Systems with Large-Scale Wind Penetration.”
Environmental Research Letters (8:2), May 15, 2013;
7 pp. Accessed Jan. 6, 2013: http://iopscience.iop.
org/1748-9326/8/2/024022.
[152] Regulatory Impact Analysis for the Federal
Implementation Plans to Reduce Interstate Transport
of Fine Particulate Matter and Ozone in 27 States;
Correction of SIP Approvals for 22 States. Docket
ID EPA-HQ-OAR-2009-0491. Washington, DC: U.S.
Environmental Protection Agency, 2011a.

[153] Heeter, J.; Barbose, G.; Bird, L.; Weaver, S.;
Flores-Espino, F.; Kuskova-Burns, K.; Wiser, R. A
Survey of State-Level Cost and Benefit Estimates of
Renewable Portfolio Standards. NREL/TP-6A20-61042
and LBNL-6589E. Golden, CO: National Renewable
Energy Laboratory and Berkeley, CA: Lawrence
Berkeley National Laboratory, May 2014. Accessed
Feb. 25, 2015: http://tinyurl.com/mskl5e8.

Chapter 3 | References

[146] Krewitt, W.; Schlomann, B. Externe Kosten
Der Stromerzeugung Aus Erneuerbaren Energien Im
Vergleich Zur Stromerzeugung Aus Fossilen Energieträgern. Karlsruhe: Fraunhofer Institut für System
und Innovationsforschung, April 6, 2006. Accessed
Jan. 8, 2015: http://www.izu.bayern.de/publikationen/
detail_publikationen.php?pid=0903010100440.

[154] Bolinger, M.; Wiser, R. Balancing Cost and Risk:
The Treatment of Renewable Energy in Western Utility
Resource Plans. LBNL-58450. Berkeley, CA: Lawrence
Berkeley National Laboratory, 2005. Accessed Dec.
29, 2014: http://emp.lbl.gov/publications/balancingcost-and-risk-treatment-renewable-energy-westernutility-resource-plans-0.
[155] Krewski, D.; Jerrett, M.; Burnett, R.T.; Ma,
R.; Hughes, E.; Shi, Y.; Turner, M.C.; Pope, C.A. III;
Thurston, G.; Calle, E.E.; Thun, M.J., et al. “Extended
Follow- Up and Spatial Analysis of the American
Cancer Society Study Linking Particulate Air Pollution
and Mortality.” Health Effects Institute (HEI) Research
Report 140. Boston: HEI, 2009. Accessed Jan. 8, 2015:
http://pubs.healtheffects.org/view.php?id=315.
[156] Bell, M.L.; McDermott A.; Zeger, S.L.; Samet,
J.M.; Dominici, F. “Ozone and Short-Term Mortality in
95 US Urban Communities, 1987–2000.” Journal of
the American Medical Association (292:19), 2004; pp.
2372–2378. Accessed Jan. 8, 2015: http://www.ncbi.
nlm.nih.gov/pubmed/15547165.
[157] Lepeule, J.; Laden, F.; Dockery, D.; Schwartz, J.
“Chronic Exposure to Fine Particles and Mortality: An
Extended Follow-Up of the Harvard Six Cities Study
from 1974 to 2009.” Environmental Health Perspectives (120:7), 2012; pp. 965–970. Accessed Jan. 8,
2015: http://www.ncbi.nlm.nih.gov/pubmed/22456598.
[158] Levy, J.I.; Chemerynski, S.M.; Sarnat, J.A.
“Ozone Exposure and Mortality: An Empiric Bayes
Metaregression Analysis.” Epidemiology (16:4), July
2005; pp. 458–468. Accessed Jan. 8, 2015: http://
www.ncbi.nlm.nih.gov/pubmed/15951663.
[159] Muller, N.Z.; Mendelsohn, R. “Efficient Pollution
Regulation: Getting the Prices Right.” American Economic Review (99:5), 2009; pp. 1714–1739. Accessed
Jan. 6, 2015: https://www.aeaweb.org/articles.php?
doi=10.1257/aer.99.5.1714.

Chapter 3 | References

106

Chapter 3 | References

[160] Brown, K.E.; Henze, D.K.; Milford, J.B. “Accounting for Climate and Air Quality Damages in Future
Electricity Generation Scenarios.” Environmental
Science & Technology (47:7), 2013; pp. 3065–3072.
Accessed Jan. 8, 2015: http://pubs.acs.org/doi/
abs/10.1021/es304281g.
[161] Peters, A.; Dockert, D.W.; Muller, J.E.; Mittleman, M.A. “Increased Particulate Air Pollution and
the Triggering of Myocardial Infarction.” Circulation
(103:23), June 12, 2001. Accessed Feb. 24, 2015: http://
circ.ahajournals.org/content/103/23/2810.long.
[162] “2012 Progress Report: SO2 and NOX Emissions,
Compliance, and Market Analyses.” Washington, DC:
U.S. Environmental Protection Agency, 2013. Accessed
Jan. 2, 2015: http://www.epa.gov/airmarkets/progress/
progress-reports.html.
[163] Schmalensee, R.; Stavins, R.N. “The SO2 Allowance Trading System: The Ironic History of a Grand
Policy Experiment.” Journal of Economic Perspectives (27:1), 2013; pp. 103–122. Accessed Jan. 7, 2015:
https://www.aeaweb.org/articles.php?doi=10.1257/
jep.27.1.103.
[164] “Clean Air Markets: IPM Analyses of the CrossState Air Pollution Rule.” U.S. Environmental Protection Agency, 2011b. Accessed Jan. 2, 2015: www.epa.
gov/airmarkets/progsregs/epa-ipm/transport.html.
[165] Kenny, J.F.; Barber, N.L.; Hutson, S.S.; Linsey,
K.S.; Lovelace, J.K.; Maupin, M.A. Estimated Use of
Water in the United States in 2005. CIR-1344. Washington, DC: U.S. Geological Survey, 2009. Accessed
Jan. 5, 2015: http://pubs.usgs.gov/circ/1344/.
[166] Solley, W.B.; Pierce, R.R.; Perlman, H.A. Estimated Use of Water in the United States in 1995.
CIR-1200. Washington, DC: U.S. Geological Survey
1998. Accessed Jan. 7, 2015: http://pubs.er.usgs.gov/
publication/cir1200.
[167] Averyt, K.; Meldrum, J.; Caldwell, P.; Sun, G.;
McNulty, S.; Huber-Lee, A.; Madden, N. “Sectoral Contributions to Surface Water Stress in the Coterminous
United States.” Environmental Research Letters (8:3),
2013. Accessed Dec. 28, 2014: http://iopscience.iop.
org/1748-9326/8/3/035046.

107

[168] Yang, X.; Dziegielewski, B. “Water Use by
Thermoelectric Power Plants in the United States1.”
Journal of the American Water Resources Association
(43:1), February 2007; pp. 160–169. Accessed Jan. 8,
2015: http://tinyurl.com/nebe66c.
[169] Chandel, M.K.; Pratson, L.F.; Jackson, R.B.
“The Potential Impacts of Climate-Change Policy on
Freshwater Use in Thermoelectric Power Generation.”
Energy Policy (39:10), 2011; pp. 6234–6242. Accessed
Dec. 29, 2014: http://sites.biology.duke.edu/jackson/
ep2011.html.
[170] Macknick, J.; Sattler, S.; Averyt, K.; Clemmer,
S.; Rogers, J. “The Water Implications of Generating
Electricity: Water Use Across the United States Based
on Different Electricity Pathways Through 2050.”
Environmental Research Letters (7:4), 2012. Accessed
Jan. 5, 2015: http://iopscience.iop.org/1748-9326/
7/4/045803.
[171] Sáenz de Miera, G.; del Río González, P.;
Vizcaíno, I. “Analysing the Impact of Renewable
Electricity Support Schemes on Power Prices: The
Case of Wind Electricity in Spain.” Energy Policy
(36:9), 2008; pp. 3345–3359.Accessed Jan. 7, 2015:
http://www.sciencedirect.com/science/article/pii/
S0301421508001882.
[172] Tidwell, V.C.; Malczynski, L.A.; Kobos, P.H.; Klise,
G.T.; Shuster, E. “Potential Impacts of Electric Power
Production Utilizing Natural Gas, Renewables and
Carbon Capture and Sequestration on U.S. Freshwater
Resources.” Environmental Science & Technology
(47:15), 2013; pp. 8940–8947. Accessed Dec. Jan. 7,
2015: http://pubs.acs.org/doi/abs/10.1021/es3052284.
[173] van Vliet, M.T.H.; Yearsley, J.R.; Ludwig, F.;
Vögele, S.; Lettenmaier, D.P.; Kabat, P. 2012. “Vulnerability of US and European Electricity Supply to
Climate Change.” Nature Climate Change (2), 2012;
pp. 676–681. Accessed Jan. 7, 2015: http://www.nature.
com/nclimate/journal/v2/n9/full/nclimate1546.html.
[174] Averyt, K.; Fisher, J.; Huber-Lee, A.; Lewis, A.;
Macknick, J.; Madden, N.; Rogers, J.; Tellinghuisen,
S. Freshwater Use by U.S. Power Plants: Electricity’s
Thirst for a Precious Resource. Cambridge, MA: Union
of Concerned Scientists, 2011; 58 pp. Accessed Dec.
28, 2014: www.ucsusa.org/clean_energy/our-energychoices/energy-and-water-use/freshwater-use-by-uspower-plants.html.

Chapter 3 | References

[183] Zhai, H.; Rubin, E.S. “Performance and Cost
of Wet and Dry Cooling Systems for Pulverized Coal
Power Plants with and Without Carbon Capture and
Storage.” Energy Policy (38:10), 2010; pp. 5653–5660.
Accessed Jan. 8, 2015: http://www.sciencedirect.com/
science/article/pii/S0301421510003848.

[176] Macknick, J.; Newmark, R.; Heath, G.; Hallett,
K.C. “Operational Water Consumption and Withdrawal
Factors for Electricity Generating Technologies:
A Review of Existing Literature.” Environmental
Research Letters (7:4), 2012. Accessed Jan. 5, 2015:
http://iopscience.iop.org/1748-9326/7/4/045802.

[184] Maulbetsch, J.S.; DiFilippo, M.N. Cost and
Value of Water Use at Combined-Cycle Power Plants.
CEC-500-2006-034. Sacramento: California Energy
Commission, PIER Energy-Related Environmental
Research, 2006. Accessed Jan. 6, 2013: http://www.
energy.ca.gov/2006publications/CEC-500-2006-034/.

[177] Phase I—New Facilities, Technical Development Document for the Final Regulations Addressing
Cooling Water Intake Structures for New Facilities.
EPA-821-R-01-036. Washington, DC: U.S. Environmental Protection Agency, 2001. Accessed Feb. 22,
2015: http://water.epa.gov/lawsregs/lawsguidance/
cwa/316b/phase1/technical_index.cfm.

[185] Binz, R.; Sedano, R.; Furey, D.; Mullen, D. Practicing Risk-Aware Electricity Regulation: What Every
State Regulator Needs to Know. Boston: Ceres, 2012.
Accessed Dec. 29, 2014: www.ceres.org.

[178] Fthenakis, V.; Kim, H.C. “Life-Cycle Uses of
Water in U.S. Electricity Generation.” Renewable and
Sustainable Energy Reviews (14:7), 2010; pp. 2039–
2048. Accessed Jan. 3, 2015: http://www.science
direct.com/science/article/pii/S1364032110000638.
[179] Meldrum, J.; Nettles-Anderson, S.; Heath, G.;
Macknick, J. “Life Cycle Water Use for Electricity
Generation: A Review and Harmonization of Literature
Estimates.” Environmental Research Letters (8:1), 2013;
18 pp. Accessed Jan. 6, 2015: http://iopscience.iop.
org/1748-9326/8/1/015031.
[180] Environmental and Economic Benefits Analysis
for Proposed Section 316(b) Existing Facilities Rule.
EPA 821-R-11-002. Washington, DC: U.S. Environmental Protection Agency, March 28, 2011. Accessed Jan.
2, 2015: http://nepis.epa.gov.
[181] Seaber, P.R.; Kapinos, F.P.; Knapp, G.L. Hydrologic Unit Maps. Water Supply Paper 2294. Washington, DC: U.S. Geological Survey, 1987. Accessed Jan. 7,
2015: http://pubs.water.usgs.gov/wsp2294.
[182] Sattler, S.; Macknick, J.; Yates, D.; Flores-Lopez,
F.; Lopez, A.; Rogers, J. 2012. “Linking Electricity
and Water Models to Assess Electricity Choices at
Water-Relevant Scales.” Environmental Research
Letters (7:4), 2012. Accessed Jan. 7, 2015: http://
iopscience.iop.org/1748-9326/7/4/045804.

Chapter 3 | References

[175] U.S. Energy Sector Vulnerabilities to Climate
Change and Extreme Weather. DOE-PI00013.
Washington, DC: U.S. Department of Energy, 2013.
Accessed Feb. 22, 2015: http://energy.gov/downloads/
us-energy-sector-vulnerabilities-climate-change-andextreme-weather.

[186] Awerbuch, S. “The Surprising Role of Risk
in Utility Integrated Resource Planning.” Electricity
Journal (6:3), 1993; pp. 20–33. Accessed Dec. 28,
2014: http://www.sciencedirect.com/science/article/
pii/104061909390048P.
[187] Wiser, R.; Bolinger, M. “Balancing Cost and
Risk: The Treatment of Renewable Energy in Western
Utility Resource Plans.” Electricity Journal (19:1), 2006;
pp. 48–59. Accessed Jan. 7, 2015: http://www.sciencedirect.com/science/article/pii/S1040619005001466.
[188] Awerbuch, S.; Berger, M. Applying Portfolio
Theory to EU Electricity Planning and Policy-Making.
IEA/EET Working Paper EET/2003/03. Paris: International Energy Agency, 2003. Accessed Dec. 28, 2014:
http://ghutdc.com/file-doctc/9Mh/ieaeet-workingpaper-awerbuch.html.
[189] Bazilian, M.; Roques, F.; eds. Analytical Methods
for Energy Diversity & Security. Elsevier Global Energy
Policy and Economics Series. Oxford, UK: Elsevier,
2008. Accessed Dec. 29, 2014: www.sciencedirect.
com/science/article/pii/B9780080568874000305.
[190] Bolinger, M.; Wiser, R.; Golove, W. “Accounting
for Fuel Price Risk When Comparing Renewable to
Gas-Fired Generation: The Role of Forward Natural
Gas Prices.” Energy Policy (34:6), 2006; pp. 706–720.
Accessed Dec. 29, 2014: http://dx.doi.org/10.1016/j.
enpol.2004.07.008.

Chapter 3 | References

108

Chapter 3 | References

[191] Stirling, A. “Diversity and Ignorance in Electricity Supply Investment: Addressing the Solution Rather
Than the Problem.” Energy Policy (22:3), 1994; pp.
195–216. Accessed Jan. 7, 2015: http://www.research
gate.net/publication/4946000_Diversity_and_
ignorance_in_electricity_supply_investment__
Addressing_the_solution_rather_than_the_problem.
[192] Stirling, A. 2010. “Multicriteria Diversity
Analysis: A Novel Heuristic Framework for Appraising Energy Portfolios.” Energy Policy (38:4), 2010;
pp. 1622–1634. Accessed Jan. 7, 2015: http://www.
researchgate.net/publication/222087595_
Multicriteria_diversity_analysis_A_novel_heuristic_
framework_for_appraising_energy_portfolios.
[193] Bolinger, M. Revisiting the Long-Term Hedge
Value of Wind Power in an Era of Low Natural Gas
Prices. LBNL-6103E. Berkeley, CA: Lawrence Berkeley
National Laboratory, 2013. Accessed Jan. 12, 2015:
http://emp.lbl.gov/publications/revisiting-long-termhedge-value-wind-power-era-low-natural-gas-prices.
[194] Jenkin, T.; Diakov, V.; Drury, E.; Bush, B.; Denholm, P.; Milford, J.; Arent, D.; Margolis, R.; Byrne, R.
The Use of Solar and Wind as a Physical Hedge Against
Price Variability Within a Generation Portfolio. NREL/
TP-6A20-59065. Golden, CO: National Renewable
Energy Laboratory, 2013. Accessed Feb. 24, 2015:
http://tinyurl.com/lb5jbvk.
[195] Wiser, R.; Bolinger, M. “Can Deployment of
Renewable Energy Put Downward Pressure on Natural
Gas Prices?” Energy Policy (35:1), 2007; pp. 295–306.
Accessed Jan. 7, 2015: http://www.sciencedirect.com/
science/article/pii/S0301421505003149.
[196] Sensfuß,, F.; Ragwitz, M.; Genoese, M. “The
Merit-Order Effect: A Detailed Analysis of the Price
Effect of Renewable Electricity Generation on Spot
Market Prices in Germany.” Energy Policy (36:8),
2008; pp. 3086–3094. Accessed Jan. 7, 2015:
http://www.sciencedirect.com/science/article/pii/
S0301421508001717.
[197] Fagan, B.; Luckow, P.; White, D.; Wilson, R. The
Net Benefits of Increased Wind Power in PJM. Cambridge, MA: Synapse Energy Economics, 2013.

109

[198] Woo, C.K.; Zarnikau, J.; Moore, J.; Horowitz, I. “Wind Generation and Zonal-Market Price
Divergence: Evidence from Texas.” Energy Policy
(39:7), 2011; pp. 3928–3938. Accessed Jan. 8, 2015:
http://www.sciencedirect.com/science/article/pii/
S0301421510008700.
[199] Gil, H.A.; Lin, J. “Wind Power and Electricity
Prices at the PJM Market.” IEEE Transactions on Power
Systems (28:4), 2013; pp. 3945–3953. Accessed Jan.
3, 2015: http://ieeexplore.ieee.org/xpl/articleDetails.
jsp?arnumber=6517984.
[200] Würzburg, K.; Labandeira, X.; Linares, P. 2013.
“Renewable Generation and Electricity Prices: Taking
Stock and New Evidence for Germany and Austria.”
Energy Economics (40:s1), 2013; pp. S159–S171.
Accessed Jan. 8, 2015: http://www.sciencedirect.com/
science/article/pii/S0140988313002065.
[201] Woo, C.K.; Zarnikau, J.; Kadish, J.; Horowitz, I.;
Wang, J.; Olson, A. “The Impact of Wind Generation
on Wholesale Electricity Prices in the Hydro-Rich
Pacific Northwest.” IEEE Transactions on Power
Systems (28:4), 2013; pp. 4245–4253. Accessed Jan.
8, 2015: http://ieeexplore.ieee.org/xpl/RecentIssue.
jsp?punumber=59.
[202] Felder, F.A. “Examining Electricity Price
Suppression Due to Renewable Resources and Other
Grid Investments.” Electricity Journal (24:4), 2011; pp.
34–46. Accessed Jan. 3, 2015: http://www.science
direct.com/science/article/pii/S1040619011000923.
[203] Traber, T.; Kemfert, C. “Gone with the Wind?
Electricity Market Prices and Incentives to Invest in
Thermal Power Plants Under Increasing Wind Energy
Supply.” Energy Economics (33:2) 2011; pp. 249–256.
Accessed Jan. 7, 2015: http://www.diw.de/sixcms/
detail.php?id=diw_01.c.368348.de.
[204] Woo, C.K.; Horowitz, I.; Horii, B.; Orans, R.;
Zarnikau, J. “Blowing in the Wind: Vanishing Payoffs
of a Tolling Agreement for Natural-Gas-Fired Generation of Electricity in Texas.” Energy Journal (33:1),
2013; pp. 207–229. Accessed Jan. 8, 2015: https://
ideas.repec.org/a/aen/journl/33-1-a08.html.

Chapter 3 | References

[206] Bushnell, J. “Building Blocks: Investment
in Renewable and Non-Renewable Technologies,”
Chapter 9. Mosell, B.; Padilla, J.; Schmalensee, R.,
ed. Harnessing Renewable Energy in Electric Power
Systems: Theory, Practice, Policy. Washington, DC:
RFF Press, 2010; pp. 159-179. Accessed Feb. 24, 2015:
http://tinyurl.com/lmpcozs.
[207] Woo, C.K.; Horowitz, I.; Moore, J.; Pacheco, A.
“The Impact of Wind Generation on the Electricity
Spot-Market Price Level and Variance: The Texas
Experience.” Energy Policy (39:7), 2011; pp. 3939–
3944. Accessed Jan. 8, 2015: http://www.science
direct.com/science/article/pii/S0301421511002813.
[208] Lee, A.; Zinaman, O.; Logan, J.; Bazilian, M.;
Arent, D.; Newmark, R.L. “Interactions, Complementarities and Tensions at the Nexus of Natural Gas and
Renewable Energy.” Electricity Journal (25:10), 2012;
pp. 38–48. Accessed Jan. 5, 2015: http://www.research
gate.net/publication/255812529_Interactions_
Complementarities_and_Tensions_at_the_Nexus_of_
Natural_Gas_and_Renewable_Energy.
[209] Weiss, J.; Bishop, H.; Fox-Penner, P.; Shavel,
I. 2013. Partnering Natural Gas and Renewables in
ERCOT. Prepared for the Texas Clean Energy Coalition.
Cambridge, MA: The Brattle Group, June 11, 2013.
Accessed Jan. 7, 2015: http://www.texascleanenergy.
org/2013-research.php.
[210] Brown, J.P; Pender, J.; Wiser, R.; Lantz, E.;
Hoen, B. “Ex Post Analysis of Economic Impacts from
Wind Power Development in U.S. Counties.” Energy
Economics (34:6), 2012; pp. 1743–1754. Accessed
Dec. 29, 2014: http://digitalcommons.unl.edu/
usdaarsfacpub/1144/.
[211] Druckenmiller, H. At Wind Speed: How the
U.S. Wind Industry Is Rapidly Growing Our Local
Economies. Issue Paper IP: 12-09-A. New York: Natural Resources Defense Council, September 2012.
Accessed Feb. 22, 2015: http://www.nrdc.org/energy/
wind-powered-communities/.

[212] Wind Power’s Contribution to Electric Power
Generation and Impact on Farms and Rural Communities. GAO-04-756. Washington, DC: Government
Accountability Office, 2004. Accessed Jan. 3, 2015:
http://www.gao.gov/search?q=GAO-04-756.

Chapter 3 | References

[205] Lamont, A.D. “Assessing the Long-Term
System Value of Intermittent Electric Generation
Technologies.” Energy Economics (30:3), 2008;
pp. 1208–1231. Accessed Feb. 24, 2015: http://www.
researchgate.net/publication/4944530_Assessing_
the_long-term_system_value_of_intermittent_
electric_generation_technologies.

[213] Lantz, E.; Tegen, S. “Variables Affecting Economic Development of Wind Energy.” NREL/CP-50043506. Presented at WINDPOWER 2008, June
1–4, 2008. Golden, CO: National Renewable Energy
Laboratory, July 2008; 30 pp. Accessed Feb. 24, 2015:
http://tinyurl.com/l8en776.
[214] Pedden, M. Analysis—Economic Impacts
of Wind Applications in Rural Communities: June
18, 2004–January 31, 2005. NREL/SR-500-39099.
Golden, CO: National Renewable Energy Laboratory,
January 2006. Accessed Feb. 24, 2015: http://tinyurl.
com/qy8bbvu.
[215] Wei, M.; Patadia, S.; Kammen, D.M. “Putting
Renewables and Energy Efficiency to Work: How
Many Jobs Can the Clean Energy Industry Generate
in the US?” Energy Policy (38:2), 2010; pp. 919–931.
Accessed Feb. 24, 2015: http://rael.berkeley.edu/
node/585.
[216] Böhringer, C.; Keller, A.; van der Werf, E. “Are
Green Hopes Too Rosy? Employment and Welfare
Impacts of Renewable Energy Promotion.” Energy
Economics (36), 2013; pp. 277–285. Accessed Feb. 24,
2015: http://www.sciencedirect.com/science/article/
pii/S0140988312001995.
[217] Böhringer, C.; Rivers, N.J.; Rutherford, T.F.;
Wigle, R. 2012. “Green Jobs and Renewable Electricity Policies: Employment Impacts of Ontario’s
Feed-in Tariff.” B.E. Journal of Economic Analysis
& Policy (12:1), 2012. Accessed Feb. 24, 2015: www.
degruyter.com/view/j/bejeap.2012.12.issue-1/19351682.3217/1935-1682.3217.xml.
[218] Bowen, W.M.; Park, S.; Elvery, J.A. “Empirical
Estimates of the Influence of Renewable Energy Portfolio Standards on the Green Economies of States.”
Economic Development Quarterly June 13, 2013.
Accessed Feb. 24, 2015: http://edq.sagepub.com/
content/early/2013/06/13/0891242413491316.

Chapter 3 | References

110

Chapter 3 | References

[219] Breitschopf, B.; Nathani, C.; Resch, G. Review
of Approaches for Employment Impact Assessment
of Renewable Energy Deployment. Commissioned
by International Energy Association’s Implementing
Agreement on Renewable Energy Technology Deployment (IEA-RETD), November 2011.

[227] Rivers, N. “Renewable Energy and Unemployment: A General Equilibrium Analysis.” Resource
and Energy Economics (35:4), 2013; pp. 467–485.
Accessed Feb. 24, 2015: http://www.researchgate.
net/publication/259136501_Renewable_energy_and_
unemployment_A_general_equilibrium_analysis.

[220] Chien, T.; Hu, J.-L. “Renewable Energy: An
Efficient Mechanism to Improve GDP.” Energy Policy
(36:8), 2008; pp. 3045–3052. Accessed Dec. 29, 2014:
http://www.sciencedirect.com/science/article/pii/
S0301421508001894.

[228] Yi, H. “Clean Energy Policies and Green Jobs:
An Evaluation of Green Jobs in U.S. Metropolitan
Areas.” Energy Policy (56), May 2013; pp. 644–652.
Accessed Jan. 8, 2015: http://www.sciencedirect.com/
science/article/pii/S0301421513000414.

[221] Frondel, M.; Ritter, N.; Schmidt, C.M.; Vance, C.
“Economic Impacts from the Promotion of Renewable Energy Technologies: The German Experience.”
Energy Policy (38:8), 2010: pp. 4048–4056. Accessed
Feb. 22, 2015: https://inis.iaea.org/search/search.
aspx?orig_q=RN:41107106.

[229] Breitschopf, B.; Nathani, C.; Resch, G. Methodological Guidelines for Estimating the Employment
Impacts of Using Renewable Energies for Electricity
Generation. Commissioned by International Energy
Association’s Implementing Agreement on Renewable Energy Technology Deployment (IEA-RETD),
November 2012.

[222] Hillebrand, B.; Buttermann, H.G.; Behringer,
J.M.; Bleuel, M. “The Expansion of Renewable Energies
and Employment Effects in Germany.” Energy Policy
(34:18), 2006; pp. 3484–3494. Accessed Jan. 4, 2015:
http://www.sciencedirect.com/science/article/pii/
S0301421505001771.
[223] Lehr, U.; Lutz, C.; Edler, D. “Green Jobs? Economic Impacts of Renewable Energy in Germany.”
Energy Policy (47), August 2012; pp. 358–364.
Accessed Jan. 5, 2015: http://www.sciencedirect.com/
science/article/pii/S0301421512003928.
[224] Lehr, U.; Nitsch, J.; Kratzat, M.; Lutz, C.; Edler,
D. “Renewable Energy and Employment in Germany.”
Energy Policy (36:1), 2008; pp. 108–117. Accessed Jan.
5, 2015: http://www.sciencedirect.com/science/article/
pii/S0301421507003850.
[225] Marques, A.C.; Fuinhas, J.A. “Is Renewable
Energy Effective in Promoting Growth?” Energy Policy
(46), 2012; pp. 434–442. Accessed Feb. 24, 2015:
http://www.sciencedirect.com/science/article/pii/
S0301421512002911.
[226] Menegaki, A.N. 2011. “Growth and Renewable
Energy in Europe: A Random Effect Model with
Evidence for Neutrality Hypothesis.” Energy Economics (33:2), 2011; pp. 257–263. Accessed Jan. 6, 2015:
http://www.sciencedirect.com/science/article/pii/
S0140988310001829.

111

[230] Gillingham, K.; Sweeney, J. “Market Failure and
the Structure of Externalities.” In Harnessing Renewable Energy in Electric Power Systems, B. Moselle, A.J.
Padilla, and R. Schmalensee, eds. Washington, DC:
RFF Press, 2010. Accessed Jan. 3, 2015: http://www.rff.
org/Publications/Pages/PublicationsList.aspx.
[231] Morris, A.C.; Nivola, P.S.; Schultze, C.L. 2012.
“Clean Energy: Revisiting the Challenges of Industrial
Policy.” Energy Economics (34:s1), November 2012; pp.
S34–S42. Accessed Jan. 6, 2015: http://www.science
direct.com/science/article/pii/S0140988312002009.
[232] David, A.; Fravel, D. U.S. Wind Turbine Export
Opportunities in Canada and Latin America. Office of
Industries Working Paper ID-032. Washington, DC:
U.S. International Trade Commission, July 2012; 54 pp.
Accessed Feb. 24, 2015: http://tinyurl.com/pg54att.
[233] Orrell, A.; Rhoads-Weaver, H.E.; Flowers, L.T.;
Gagne, M.N.; Pro, B.H.; Foster, N. 2013 Distributed
Wind Market Report. PNNL-23484. Richland, WA:
Pacific Northwest National Laboratory, 2014.
Accessed Feb. 24, 2015: http://www.osti.gov/scitech/
biblio/1158500.
[234] Barua, P.; Tawney, L.; Weischer, L. Delivering
on the Clean Energy Economy: The Role of Policy
in Developing Successful Domestic Solar and Wind
Industries. Washington DC: World Resources Institute,
2012. Accessed Dec. 29, 2014: http://www.wri.org/
publication/delivering-clean-energy-economy.

Chapter 3 | References

[236] David, A. Impact of Wind Energy Installations
on Domestic Manufacturing and Trade. Office of
Industries Working Paper ID-25. Washington, DC: U.S.
International Trade Commission, July 2010; 32 pp.
Accessed Feb. 24, 2015: http://papers.ssrn.com/sol3/
papers.cfm?abstract_id=1650772.
[237] James, T.; Goodrich, A. “Supply Chain and Blade
Manufacturing Considerations in the Global Wind
Industry.” NREL/PR-6A20-60063. Golden, CO: National
Renewable Energy Laboratory, December 2013.
Accessed Feb. 22, 2015: http://tinyurl.com/lxpohbk.
[238] Kirkegaard, J.; Hanemann, T.; Weischer, L. It
Should Be a Breeze: Harnessing the Potential of Open
Trade and Investment Flows in the Wind Energy Industry. WP 09-14. Washington, DC: Peterson Institute for
International Economics, December 2009. Accessed
Jan. 5, 2015: http://www.iie.com/publications/
interstitial.cfm?ResearchID=1443.
[239] Lewis, J.I.; Wiser, R.H. “Fostering a Renewable
Energy Technology Industry: An International Comparison of Wind Industry Policy Support Mechanisms.”
Energy Policy (35:3), 2007; pp. 1844–1857. Accessed
Feb. 24, 2015: http://emp.lbl.gov/publications/
fostering-renewable-energy-technology-industryinternational-comparison-wind-industry-p.
[240] Platzer, M. U.S. Wind Turbine Manufacturing:
Federal Support for an Emerging Industry. Report
R42023. Washington, DC: Congressional Research
Service, 2012. Accessed Jan. 7, 2015: http://digital.
library.unt.edu/ark:/67531/metadc93909/.
[241] Offshore Wind Market and Economic Analysis:
Annual Market Assessment. DE-EE0005360. Prepared
by Navigant Consulting for the U.S. Department of
Energy. Boulder, CO: Navigant, 2013. Accessed Feb.
24, 2015: http://energy.gov/eere/downloads/2014-offshore-wind-market-and-economic-analysis.

[242] Steinberg, D.; Porro, G.; Goldberg, M. 2012.
Preliminary Analysis of the Jobs and Economic Impacts
of Renewable Energy Projects Supported by the §1603
Treasury Grant Program. NREL/TP-6A20-52739. Golden,
CO: National Renewable Energy Laboratory, 2012.
Accessed Feb. 24, 2015: http://tinyurl.com/mb4xslx.

Chapter 3 | References

[235] Cotrell, J.; Stehly, T.; Johnson, J.; Roberts, J.O.;
Parker, Z.; Scott, G.; Heimiller, D. Analysis of Trans
portation and Logistics Challenges Affecting the
Deployment of Larger Wind Turbines. NREL/TP-500061063. Golden, CO: National Renewable Energy Laboratory, 2014. Accessed Feb. 24, 2015: http://energy.
gov/eere/wind/downloads/analysis-transportationand-logistics-challenges-affecting-deployment-larger.

[243] Flores, F.; Keyser, D.; Tegen, S. “Potential
Economic Impacts from Offshore Wind in the Gulf of
Mexico Region (Fact Sheet).” DOE/GO-102014-3857.
Golden, CO: National Renewable Energy Laboratory,
2014. Accessed Jan. 3, 2015: www.osti.gov/scitech/
biblio/1114880.
[244] Keyser, D.; Tegen, S.; Flores, F.; Zammit, D.;
Kraemer, M.; Miles, J. “Potential Economic Impacts
from Offshore Wind in the Mid-Atlantic Region.” Fact
sheet prepared by National Renewable Energy Laboratory (NREL) for U.S. Department of Energy, Energy
Efficiency and Renewable Energy. DOE/GO-1020144359. Golden, CO: NREL, January 2014. Accessed Jan.
5, 2015: www.osti.gov/scitech/biblio/1114878.
[245] Loomis, D.; Carter, J. “Wind Development
Provides the Most Jobs of the Various Generation
Sources in Illinois.” Working Paper 11-02. Normal:
Center for Renewable Energy, Illinois State University,
March 2, 2011. Accessed Jan. 5, 2015: http://renewableenergy.illinoisstate.edu/wind/pubs.shtml.
[246] Slattery, M.C.; Lantz, E.; Johnson, B.L. “State
and Local Economic Impacts from Wind Energy Projects: Texas Case Study.” Energy Policy (39:12), 2011;
pp. 7930–7940. Accessed Jan. 7, 2015: http://www.sciencedirect.com/science/article/pii/S0301421511007361.
[247] Leventhal, M.; Tegen, S. A National Skills
Assessment of the U.S. Wind Industry in 2012. NREL/
TP-7A30-57512. Golden, CO: National Renewable
Energy Laboratory, 2013. Accessed Feb. 24, 2015:
http://energy.gov/eere/wind/downloads/nationalskills-assessment-us-wind-industry-2012.
[248] Lantz, E.; Tegen, S. “Economic Development
Impacts of Community Wind Projects: A Review and
Empirical Evaluation.” Preprint. Prepared for WINDPOWER 2009, May 4–7, 2009. NREL/CP-500-45555.
Golden, CO: National Renewable Energy Laboratory,
July 2008; 29 pp. Accessed Feb. 24, 2015: http://
tinyurl.com/nqqcaba.

Chapter 3 | References

112

Chapter 3 | References

[249] Fthenakis, V.; Hyung Chul, K. “Land use
and electricity generation: A life-cycle analysis.”
Renewable and Sustainable Energy Reviews (13:67), 2009: pp.1465-1474. Accessed Feb. 24, 2015:
http://www.sciencedirect.com/science/article/pii/
S1364032108001354.

[256] Denholm, P.; Margolis, R.M. “Land-Use
Requirements and the Per Capita Solar Footprint for
Photovoltaic Generation in the United States.” Energy
Policy (36:9), 2008; pp. 3531–3543. Accessed Dec. 30,
2014: http://www.sciencedirect.com/science/article/
pii/S0301421508002796.

[250] Diffendorfer, J.E.; Compton, R.W. “Land Cover
and Topography Affect the Land Transformation
Caused by Wind Facilities.” PLoS ONE (9:2), Feb. 18,
2014; e88914. Accessed Feb. 22, 2015: http://tinyurl.
com/kl6jbfq.

[257] Strickland, M.D.; Arnett, E.B.; Erickson, W.P.;
Johnson, D.H.; Johnson, G.D.; Morrison, M.L.; Shaffer,
J.A.; Warren-Hicks, W. Comprehensive Guide to
Studying Wind Energy/Wildlife Interactions. Washington, DC: National Wind Coordinating Collaborative
Wildlife Workgroup. 2011. Accessed Feb. 22, 2015:
http://nationalwind.org/research/publications/
comprehensive-guide/.

[251] Musial, W.; Elliott, D.; Fields, J.; Parker, Z.; Scott,
G. (2013a). Analysis of Offshore Wind Energy Leasing
Areas for the Rhode Island/Massachusetts Wind
Energy Area. NREL/TP-5000-58091. Golden, CO:
National Renewable Energy Laboratory, 2013; 27 pp.
Accessed Feb. 24, 2015: http://tinyurl.com/oxogq3p.
[252] Musial, W.; Elliott, D.; Fields, J.; Parker, Z.;
Scott, G.; Draxl, C. Assessment of Offshore Wind
Energy Leasing Areas for the BOEM New Jersey Wind
Energy Area. NREL/TP-5000-60403. Golden, CO:
National Renewable Energy Laboratory, 2013b; 58
pp. Accessed Feb. 22, 2015: http://www.nrel.gov/
publications.
[253] Musial, W.; Elliott, D.; Fields, J.; Parker, Z.;
Scott, G.; Draxl, C. (2013d). Assessment of Offshore
Wind Energy Leasing Areas for the BOEM Maryland
Wind Energy Area. NREL/TP-5000-58562. Golden,
CO: National Renewable Energy Laboratory, 2013d;
53 pp. Accessed Feb. 22, 2015: http://www.nrel.gov/
publications.
[254] Musial, W.; Parker, Z.; Fields, J.; Scott, G.;
Elliott, D.; Draxl, C. Assessment of Offshore Wind
Energy Leasing Areas for the BOEM Massachusetts
Wind Energy Area. NREL/TP-5000-60942. Golden,
CO: National Renewable Energy Laboratory, 2013c;
81 pp. Accessed Feb. 22, 2015: www.nrel.gov/
publications.
[255] Denholm, P.; Hand, M.; Jackson, M.; Ong, S.
Land-Use Requirements of Modern Wind Power Plants
in the United States. NREL/TP-6A2-45834. Golden, CO:
National Renewable Energy Laboratory, August 2009.
Accessed Feb. 22, 2015: www.nrel.gov/publications.

113

[258] Allison, T.D.; Jedrey, E.; Perkins, S. “Avian Issues
for Offshore Wind Development.” Marine Technology
Society Journal (42:2), 2008; pp. 28–38. Accessed
Feb. 22, 2015: https://wild.nrel.gov/node/463.
[259] Erickson, W.P.; Wolfe, M.M.; Bay, K.J.; Johnson,
D.H.; Gehring, J.L. “A Comprehensive Analysis of
Small-Passerine Fatalities from Collision with Turbines
at Wind Energy Facilities.” PLoS ONE (9:9), Sept.
15, 2014; e107491. Accessed Feb. 22, 2015: http://
journals.plos.org/plosone/article?id=10.1371/journal.
pone.0107491.
[260] Loss, S.R.; Will, T.; Loss, S.; Marra, P. “Bird–
building collisions in the United States: Estimates
of annual mortality and species vulnerability.” The
Condor (116:1), 2014; pp. 4050-4062. Accessed Feb.
24, 2015: http://dx.doi.org/10.1650/CONDOR-13-090.1.
[261] Smallwood, S. “Comparing Bird and Bat Fatality-Rate Estimates Among North American Wind-Energy Projects.” Wildlife Society Bulletin (37:1), 2013;
pp. 19–33. Accessed Jan. 7, 2015: http://onlinelibrary.
wiley.com/doi/10.1002/wsb.260/abstract.
[262] Langston, R. Offshore Wind Farms and Birds:
Round 3 Zones, Extensions to Round 1 and Round 2
Sites and Scottish Territorial Waters. Research Report
39. Bedfordshire, UK: Royal Society for the Protection
of Birds, February 2010; 42 pp. Accessed Jan. 5, 2015:
www.rspb.org.uk/ourwork/policy/windfarms/
publications.aspx.

Chapter 3 | References

[264] Kuvlesky, W.P.; Brennan, L.A.; Morrison, M.L.;
Boydston, K.K.; Ballard, B.M.; Bryant, F.C. “Wind
Energy Development and Wildlife Conservation:
Challenges and Opportunities.” Journal of Wildlife
Management (71:8), November 2007; pp. 2487–2498.
Accessed Jan. 5, 2015: http://onlinelibrary.wiley.com/
doi/10.2193/2007-248/abstract.
[265] Walters, K.; Kosciuch, K.; Jones, J. “Can the
effect of tall structures on birds be isolated from other
aspects of development?” Wildlife Society Bulletin
(38:2), 2014; pp. 250-256. http://onlinelibrary.wiley.
com/doi/10.1002/wsb.394/abstract.
[266] Blickley, J.L.; Blackwood, D.; Patricelli, G.L.
“Experimental Evidence for the Effects of Chronic
Anthropogenic Noise on Abundance of Greater SageGrouse at Leks.” Conservation Biology (26:3), 2012;
pp. 461–471. Accessed Dec. 29, 2014: http://online
library.wiley.com/doi/10.1111/cobi.2012.26.issue-3/
issuetoc.
[267] Slattery, M.; Johnson, B.; Swofford, J.;
Pasqualetti, M. “The Predominance of Economic
Development in the Support for Large-Scale Wind
Farms in the U.S. Great Plains.” Renewable and
Sustainable Energy Reviews (16:6), August 2012; pp.
3690–3701. Accessed Jan. 7, 2015: http://www.
sciencedirect.com/science/article/pii/S136403211
2001992.
[268] Hoen, B.; Wiser, R.H.; Cappers, P.; Thayer, M.;
Sethi, G. “The Impact of Wind Power Projects on
Residential Property Values in the United States: A
Multi-Site Hedonic Analysis.” Journal of Real Estate
Research (33:3), 2011; pp. 279–316. Accessed Feb. 22,
2015: http://pages.jh.edu/jrer/papers/abstract/past/
av33n03/vol33n03_01.htm.
[269] Hoen, B.; Wiser, R.H.; Cappers, P.; Thayer, M.
An Analysis of the Effects of Residential Photovoltaic
Energy Systems on Home Sales Prices in California.
LBNL-4476E. Berkeley, CA: Lawrence Berkeley
National Laboratory, 2011; 53 pp. Accessed Feb. 22,
2015: http://eetd.lbl.gov/node/49019.

[270] Hoen, B.; Brown, J.P.; Jackson, T.; Wiser, R.H.;
Thayer, M.; Cappers, P. A Spatial Hedonic Analysis of
the Effects of Wind Energy Facilities on Surrounding
Property Values in the United States. LBNL-6362E.
Berkeley, CA: Lawrence Berkeley National Laboratory,
August 2013; 58 pp. Accessed Feb. 22, 2015: http://
energy.gov/eere/wind/downloads/spatial-hedonicanalysis-effects-wind-energy-facilities-surroundingproperty.

Chapter 3 | References

[263] Kingsley, A.; Whittam, B. 2007. Wind Turbines
and Birds: A Background Review for Environmental
Assessment. Prepared by Bird Studies Canada for
Canadian Wildlife Service, Environment Canada.
Gatineau, QC: Environment Canada, 2007.

[271] Atkinson-Palombo, C.; Hoen, B. “Relationship
Between Wind Turbines and Residential Property
Values in Massachusetts.” LBNL/6371E. Berkeley, CA:
Lawrence Berkeley National Laboratory, 2014; 47 pp.
Accessed Dec. 28, 2014: http://emp.lbl.gov/
publications/relationship-between-wind-turbines-andresidential-property-values-massachusetts.
[272] Lantz, E.; Tegen, S. Jobs and Economic Development from New Transmission and Generation
in Wyoming. NREL/TP-6A20-50577. Golden, CO:
National Renewable Energy Laboratory, March 2011;
73 pp. Accessed Feb. 24, 2015: http://apps2.eere.
energy.gov/wind/windexchange/pdfs/economic_
development/2011/jedi_wyoming_transmission_
factsheet.pdf.
[273] Phadke, R., Besch, B.; Buchanan, A.; Camplair,
N. Western Massachusetts Wind Energy Symposium:
Workshop Report. St. Paul, MN: Macalester College,
Dec. 1, 2012. Accessed Jan. 7, 2015: http://www.
cbuilding.org/ideas/reports/western-massachusettswind-energy-symposium-workshop-report.
[274] Huber, S.; Horbaty, R. State-of-the-Art Report,
IEA Wind Task 28: Social Acceptance of Wind Energy.
Paris: International Energy Agency, August 2010.
[275] Ellenbogen, J.M; Grace, S.; Heiger-Bernays,
W.J.; Manwell, J.F.; Mills, D.A.; Sullivan, K.A.; Weisskoph, M.G. Wind Turbine Health Impact Study: Report
of Independent Expert Panel. Prepared for Massachusetts Department of Environmental Protection,
Massachusetts Department of Public Health. Boston:
Massachusetts Department of Energy and Environmental Affairs, January 2012. Accessed Feb. 24, 2015:
http://www.mass.gov/eea/.

Chapter 3 | References

114

Chapter 3 | References

[276] Colby, W.D.; Dobie, R.; Leventhall, G.; Lipscomb, D.M.; McCunney, R.J.; Seilo, M.T.; Sondergaard,
B. Wind Turbine Sound and Health Effects: An Expert
Panel Review. Prepared for American Wind Energy
Association and Canadian Wind Energy Association,
2009. Accessed Dec. 29, 2014: http://www.awea.org/
Resources/Content.aspx?ItemNumber=4627.
[277] Pralle S. Wind Turbine–Related Noise and
Community Response. Report 13-03b. Albany: New
York State Energy Research and Development
Authority, April 2013. Accessed Feb. 24, 2015: http://
tinyurl.com/lduzopj.
[278] Stanton, T. Wind Energy & Wind Park Siting
and Zoning Best Practices and Guidance for States.
12-03. Washington, D.C.: National Association of
Utility Regulatory Commissioners, January 2012.
Accessed Feb. 24, 2015: http://www.naruc.org/Grants/
default.cfm?page=10 .
[279] Update of UK Shadow Flicker Evidence Base.
Prepared by Parsons Brinckerhoff for the Department
of Energy and Climate Change. London: DECC, 2011.
Accessed Dec. 30, 2014: https://www.gov.uk/
government/news/update-of-uk-shadow-flickerevidence-base.
[280] Rynne, S.; Flowers, L.; Lantz, E.; Heller, E.
Planning for Wind Energy. Report No. 566. Chicago,
IL: American Planning Association, November 2011.
Accessed Feb. 24, 2015: https://www.planning.org/
research/wind/.
[281] Best Practices for Community Engagement
and Public Consultation. Ottawa, ON (Canada),
2011. Accessed Feb. 25, 2015: http://canwea.ca/
communities/best-practices/.
[282] Wind Energy Siting Handbook. Work performed by Tetra Tech EC, Inc., Morris Plains, NJ, and
Nixon Peabody LLP, Boston, MA. Washington, DC:
American Wind Energy Association, Feb. 2008.
Accessed Feb. 25, 2015: http://www.awea.org/Issues/
Content.aspx?ItemNumber=5726.
[283] Musial, W.; Ram, B. Large-Scale Offshore Wind
Power in the United States: Assessment of Opportunities and Barriers. NREL/TP-500-40745. Golden,
CO: National Renewable Energy Laboratory, 2010.
Accessed Jan. 6, 2015: http://www.nrel.gov/wind/
publications.html.

115

[284] NOAA’s State of the Coast: National Coastal
Population Report. Washington, DC: National Oceanic
and Atmospheric Administration, 2013. Accessed Feb.
25, 2015: http://stateofthecoast.noaa.gov/features/
reports.html.
[285] “State Strategies for Accelerating Transmission
Development for Renewable Energy.” Washington,
DC: National Governors Association, January 12, 2012.
Accessed Feb. 24, 2015: http://www.nga.org/cms/
home/nga-center-for-best-practices/centerpublications/page-eet-publications/col2-content/
main-content-list/state-strategies-for-acceleratin.html.
[286] Wald, M.L. “Debate on Clean Energy Leads to
Regional Divide.” New York Times, July 13, 2009.
Accessed Jan. 7, 2015: http://www.nytimes.com/2009/
07/14/science/earth/14grid.html?_r=0.
[287] Melnyk, M. “New Jersey Energy Link.” Presented at Energy Ocean on June 5, 2014. Accessed
Feb. 25, 2015: http://www.energyocean.com/
conference-program/.
[288] “Update to the Analysis of the Impact of Cape
Wind on Lowering New England Energy Prices.” CRA
Project No. D17583-00. Work performed for Cape
Wind Associates by Charles River Associates. Boston:
CRA, 2012.
[289] Bailey, B.; Wilson, W. “The Value Proposition
of Load Coincidence and Offshore Wind.” North
American Windpower, 2014; 5 pp. Accessed Dec. 28,
2014: http://www.nawindpower.com/issues/
NAW1401/FEAT_03_The-Value-Proposition-Of-LoadCoincidence-And-Offshore-Wind.html.
[290] The Effects of Integrating Wind Power on
Transmission System Planning, Reliability, and Operations. Prepared by GE Energy Consulting for New York
State Energy Research and Development Authority.
Schenectady, NY: General Electric International, 2005.
Accessed Jan. 3, 2015: https://www.nyserda.ny.gov/.
[291] Ocean Special Area Management Plan. Wakefield: Rhode Island Coastal Resources Management
Council, 2013. Accessed Jan. 7, 2015: http://www.crmc.
ri.gov/samp_ocean.html.

Chapter 3 | References

[293] “Facts and Figures to Support Governor
O’Malley’s Offshore Wind Development Announcement.” Maryland Energy Administration, Oct. 7, 2010,
press release. Accessed Feb. 24, 2015: http://energy.
maryland.gov/newmea/htdocs/index.html.
[294] “Governor Christie Signs Offshore Wind
Economic Development Act to Spur Economic Growth,
Encourage Energy as Industry.” State of New Jersey,
2010. Accessed Jan. 7, 2015: www.state.nj.us/governor/
news/news/552010/approved/20100819a.html.
[295] “USA: Offshore Wind Is Opportunity Worth
Pursuing, Says MA Governor Patrick.” offshoreWind.
biz, June 1, 2012. Accessed Jan. 7, 2015: http://www.
offshorewind.biz/2012/06/01/usa-offshore-wind-isopportunity-worth-pursuing-says-ma-governor-patrick/.
[296] “Governor Chafee: Rhode Island Leads the
Way.” Marine Technology Reporter, March 2013.
Accessed Jan. 5, 2015: http://magazines.marinelink.
com/Magazines/MarineTechnology/201303/content/
governor-chafee-island-211652.

[300] Orrell, A.; Rhoads-Weaver, H.E.; Gagne, M.N.;
Sahl, K.M.; Pro, B.H.; Baranowski, R.E.; Flowers, L.T.;
Jenkins, J.O. 2012 Market Report on U.S. Wind Technologies in Distributed Applications. PNNL-22537.
Richland, WA: Pacific Northwest National Laboratory,
2013. Accessed Dec. 19, 2014: http://energy.gov/eere/
wind/downloads/2012-market-report-us-windtechnologies-distributed-applications.

Chapter 3 | References

[292] White Paper - Natural Gas in the New England
Region: Implications for Offshore Wind and Fuel
Diversity. Boston, MA: U.S. Department of Energy,
Boston Regional Office, 2004. Accessed Feb. 24,
2015: https://www.yumpu.com/en/document/
view/33371145/commonwealth-of-massachusetts/53.

[301] Forsyth, T.; Baring-Gould, I. Distributed Wind
Market Applications. NREL/TP-500-39851. Golden,
CO: National Renewable Energy Laboratory, 2007.
Accessed Jan. 3, 2015: http://www.windadvisorsteam.
com/information/reports/.
[302] “Issues and Policy: Distribution.” Edison
Electric Institute, 2014. Accessed Dec. 30, 2014: http://
www.eei.org/issuesandpolicy/distribution/Pages/
default.aspx.
[303] “The State of the Electric Utility.” www.UtilityDive.com 2014 First Annual Report. Accessed Jan. 7,
2015: http://www.utilitydive.com/library/2014-stateof-the-electric-utility/.
[304] Smith, R. “Electric Utilities Get No Jolt from
Gadgets, Improving Economy.” Wall Street Journal,
July 28, 2014. Accessed Jan. 7, 2015: http://www.wsj.
com/articles/electric-utilities-get-no-jolt-fromgadgets-improving-economy-1406593548.

[297] “The European Offshore Wind Industry—Key
Trends and Statistics 2013.” Brussels: European
Wind Energy Association, January 2014. Accessed
Jan. 2, 2015: http://www.ewea.org/statistics/
offshore-statistics/.
[298] “State Activities.” U.S. Bureau of Ocean Energy
Management, 2014. Accessed Dec. 29, 2014: www.
boem.gov/Renewable-Energy-State-Activities/.
[299] 2010 U.S. Small Wind Turbine Market Report.
Washington, DC: American Wind Energy Association,
2011. Accessed Dec. 28, 2014: http://www.awea.org/
Issues/Content.aspx?ItemNumber=4643&navItem
Number=724.

Chapter 3 | References

116

Chapter 3

DOE/GO-102015-4557 • April 2015
Cover photos from iStock 30590690, 11765469

Wind Vision: A New Era for
DOE publication number
• November
2014
Wind
Power
in the United States
Cover photo by

118

