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We model scenarios of the U.S. electric sector in which wind generation reaches 10% of end-use electricity
demand in 2020, 20% in 2030, and 35% in 2050. As shown in a companion paper, achieving these pene-
tration levels would have significant implications for the wind industry and the broader electric sector.
Compared to a baseline that assumes no new wind deployment, under the primary scenario modeled,
achieving these penetrations imposes an incremental cost to electricity consumers of less than 1%
through 2030. These cost implications, however, should be balanced against the variety of environmental

{;‘;ﬁljogiirgy and social implications of such a scenario. Relative to a baseline that assumes no new wind deployment,
Co-benefits our analysis shows that the high-penetration wind scenario yields potential greenhouse-gas benefits of
Greenhouse gases $85-$1,230 billion in present-value terms, with a central estimate of $400 billion. Air-pollution-related
Air pollution health benefits are estimated at $52-$272 billion, while annual electric-sector water withdrawals and
Water use consumption are lower by 15% and 23% in 2050, respectively. We also find that a high-wind-energy

future would have implications for the diversity and risk of energy supply, local economic development,
and land use and related local impacts on communities and ecosystems; however, these additional
impacts may not greatly affect aggregate social welfare owing to their nature, in part, as resource
transfers.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Wind energy’s role in global [1] and U.S. [2] electricity supply is
rising, driven by policy measures as well as technology advance-
ments and associated cost reductions [3]. The underlying policies
helping motivate growth in wind energy are often predicated on
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the stated benefits of wind energy relative to fossil energy sources,
including carbon and air-pollution emissions reductions, limited or
no water requirements, potential benefits from energy diversity
and risk reduction, and local economic-development activity.
These benefits, however, are not always evaluated quantitatively,
described fully, or qualified appropriately. Moreover, wind’s
benefits must be compared with the potential costs and risks intro-
duced by adding wind energy to the electric system—such as
changes in energy costs and increased planning and operating
reserve requirements—as well as the potential negative impacts
of wind on local ecosystems, local communities, and economic
development elsewhere in the economy.
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Table 1
Summary of co-benefits, co-costs, and co-impacts covered in analysis.

Category Brief description

Greenhouse-gas emissions

reductions (SCC)” estimates

Coverage and method: Quantifies life-cycle GHG emissions reductions, and values those reductions based on “social cost of carbon

Caveats and limitations: Considerable uncertainty exists on the SCC, so 4 trajectories spanning a wide range are applied; these reflect

global carbon damage estimates.

Air-pollution impacts
avoided health outcomes

Coverage and method: Estimates combustion-related criteria air pollution emissions reductions, and values those reductions based on

Caveats and limitations: Focuses on 3 combustion-related pollutants; given uncertainty, develops 3 benefit estimates; assumes

presence of MATS and CSAPR

Water use reduction
benefits qualitatively

Coverage and method: Estimates operational water withdrawal and consumption impacts, including on a regional basis, and discusses

Caveats and limitations: Does not quantify monetary value of water use reductions; makes assumptions about cooling-technology

requirements for new power plants

Energy diversity and risk

reduction (2) reduced natural gas prices

Coverage and method: Estimates impacts based on: (1) reduced sensitivity of future electric-system costs to uncertain fuel prices; and

Caveats and limitations: Generalized methods to value diversity and risk reduction are controversial; neither impact estimated here

represents a societal benefit

Workforce and economic
development
societal benefit claimed

Land use and local impacts
disturbed land within that

Coverage and method: Estimates gross wind-related employment needs, based on input-output model
Caveats and limitations: Develops 2 estimates based on range of manufacturing assumptions; does not consider net impacts, and no

Coverage and method: Estimates land requirements from wind deployment considering wind project boundaries and the amount of

Caveats and limitations: Does not consider net impacts given reduced land needs associated with displaced generation; qualitatively

discusses other local impacts

Transitioning to a future electricity system in which wind plays
a more prominent role will have direct and significant impacts on
the wind industry, cascading effects through the rest of the elec-
tricity system, and implications for local and global environments,
human health, and the broader economy. In this and a companion
paper [4], we evaluate these myriad potential impacts, costs, and
benefits within the context of a Wind Vision scenario in which wind
energy increases from its 2013 contribution of 4.5% of U.S. annual
electricity demand to 10% by 2020, 20% by 2030, and 35% by 2050.
As described in DOE [5], we view this modeled scenario as plausi-
ble but ambitious. We then compare this scenario with an alterna-
tive baseline scenario that assumes no new wind deployment.

The analysis described here assesses the potential implications
of achieving a high-wind future. Lantz et al. [4] and DOE [5] sum-
marize the electric-sector modeling approach and its advantages
and limitations, the scenario framework, and the key input
assumptions; the envisioned transitions to future power systems
based on scenario results; direct electric-sector costs and impacts
on electricity consumers; and transmission-expansion and
grid-integration needs. The current paper analyzes a subset of
the possible environmental and social co-benefits, co-costs, and
co-impacts of this high-wind scenario. Specifically, it covers
greenhouse-gas (GHG) emissions reductions, air-pollution impacts,
water-use reduction, energy diversity and risk reduction, work-
force and economic-development impacts, and land-use and local
impacts. Table 1 summarizes, in brief, the impacts covered, meth-
ods used, and key caveats that apply to our analysis.

Our research uses a scenario-analysis approach where the
10%/20%/35% Wind Vision “study” scenario is compared with a
“baseline” scenario in which no new wind is deployed post-2013.
Though somewhat unconventional, this framework enables us to
assess the costs, benefits, and impacts of all incremental wind
deployment beyond 2013. Whereas Lantz et al. [4] and DOE [5]
evaluate these scenarios (as well as more-traditional business-as-
usual scenarios) using the National Renewable Energy Laboratory’s
(NREL) ReEDS model under a range of future fossil and wind energy
costs, the present paper focuses on the central study assumptions.
For each benefit, impact, and cost category, we take the modeled
output from the ReEDS capacity-expansion model and then apply

additional tools to assess benefits, costs, and impacts in physical
and, where feasible, monetary terms. We qualify the study results
appropriately—highlighting areas of uncertainty—and objectively
address their policy implications. The U.S. Department of Energy’s
Wind Vision report provides further detail on the assumptions,
methods, and results [5], as does the companion paper by Lantz
et al. [4]. In particular, see Lantz et al. [4] for a summary of the
ReEDS model and why that model is well-suited for the present
analysis, and for more information on the remaining limitations
and uncertainties in both the modeling approach and assumptions.

The approach used in the present study contributes to and
builds on past literature. Previous work has found that the increas-
ing maturity of wind technology [6] and the size of the global
resource [7] could enable wind energy to play a significant future
role in electricity supply [8-12]. That role, however, is uncertain,
and is found to be affected by wind energy cost reductions, the
scale of greenhouse gas emissions mitigation efforts, and other fac-
tors [10-12]. Some of this research has focused specifically on
wind energy’s role in the U.S. electricity mix. MacDonald et al.
[13], for example, find significant potential for wind energy supply
in the U.S., as does an earlier report from the U.S. Department of
Energy [14].

Other past research has explored a subset of the potential ben-
efits and impacts of wind energy. For example, McCubbin and
Sovacool [15] compare the health and environmental impacts of
wind to natural gas, while Yang and Chen [16] provide a sustain-
ability evaluation of wind power systems. Siler-Evans et al. [17],
Buonocore et al. [18], and Cullen [19] explore these health and cli-
mate benefits on a regional basis, while Arent et al. [20] assess a
small subset of benefits associated with a high-penetration renew-
able energy scenario in the U.S. primarily in physical (not financial)
terms. Others have explored the impacts of renewable (and wind)
energy deployment on water use, on land use, on risk and diversity,
and on employment - with citations provided later in this paper.

The present work and that described in Lantz et al. [4] substan-
tially builds on these past efforts in several ways. First, and most
importantly, ours is a comprehensive assessment of important
impacts, costs, and benefits of a high-penetration wind energy
future. Rather than focusing on a small subset of important
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decision variables, as much of the previous literature has, we
instead seek to combine and apply myriad state-of-the-art
methods to fully describe the most-important effects — spanning
environmental, public health, economic, and consumer impacts -
of a high-penetration wind energy future (see Table 1 and Lantz
et al. [4]). Second, in conducting our analysis, we use recent
assumptions about wind and fossil energy costs, including a range
of assumptions for each, ensuring that our results are current and
reflect the underlying uncertainties involved. Third, we rely on an
electric sector model that contains the spatial and temporal detail
necessary to accurately assess high wind energy penetration
futures on not only a national but also a regional basis, and we uti-
lize state-of-the-art methods to assess the benefits and impacts
that derive from that future in physical and (where feasible)
economic terms. Finally, we carefully discuss the uncertainties
and limitations to the estimates from our analysis, enabling
decision-makers and analysts to understand fully the results
described.

Sections 2-5 of this paper describe the issues, analysis
approaches, and results associated with each benefit/cost/impact
category. We conclude in Section 6, contrasting the results pre-
sented in this paper with the possible costs described in Lantz
et al. [4] and highlighting the key implications and limitations of
the analysis in informing policy decisions.

2. Greenhouse-gas emissions reductions
2.1. Overview

Most scientists agree that significant changes will occur to
Earth’s climate due to anthropogenic GHG emissions. These
changes may include rising average temperatures, increased fre-
quency and intensity of some types of extreme weather, rising
sea levels due to both thermal expansion and ice melt, and ocean
acidification [21-25]. In part as a result, there is growing
agreement on the desirability of near-term actions to reduce
GHG emissions [10,26-28]. Wind power is one technology that
could reduce GHG emissions and thus decrease the likelihood
and severity of future climate-related damages and associated
costs [24,10]. Additionally, near-term action to limit GHGs may
reduce the longer-term cost of meeting future policies intended
to reduce GHGs [29]. Some U.S. states have already enacted carbon
policies [29]; the U.S. Congress has considered such policies in the
past [29]; and the U.S. Environmental Protection Agency (EPA) has
proposed emission limits for power plants [30]. As a result, many
utilities already regularly consider the possibility of future policies
to reduce GHGs in resource planning, and thereby treat wind and
other low-carbon technologies as options for reducing the possible
future costs of climate mitigation [31,32].

2.2. Methods

This section first estimates the potential GHG reductions associ-
ated with the Study Scenario compared to the no-new-wind Base-
line Scenario. It then quantifies the economic benefits of these GHG
reductions based on a range of social cost of carbon (SCC) esti-
mates. These methods are broadly consistent with those used by
US. regulatory agencies [33] and academic researchers
[19,34-36,15,37,17,38].

We use output from the ReEDS capacity-expansion model
to estimate combustion-related GHG emissions. However,
combustion-related estimates ignore full lifecycle considerations.
First, only CO, 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, a focus on combustion-only
emissions means GHG emissions from upstream fuel extraction
and processing, equipment manufacturing and construction,
operations and maintenance, and plant decommissioning are not
considered for wind or other power plants. Therefore, we adjust
these figures to estimate lifecycle impacts by combining ReEDS
combustion-related emissions with lifecycle, non-combustion
emission values for each generation technology. Non-combustion
lifecycle emission estimates were developed through a compre-
hensive literature assessment. For further details, see DOE [5]
and Mai et al. [39].!

We then estimate the economic benefits of wind due to limiting
climate-change damages using the SCC. The SCC reflects, among
other elements, monetary damages resulting from the impacts of
climate change on agricultural productivity, human health, prop-
erty damages, and ecosystem services [47,48]. Considerable
research tackles the challenge of estimating the magnitude and
timing of climate-change impacts, damages, and associated costs
[21,49,24,10,47,48,25,50]. Because of the uncertainties involved, a
number of widely ranging estimates of the SCC are available
[49,10,51]. Though this has led some to suggest possible improve-
ments to SCC estimates [52-55] or even to question the use of
these estimates [56], U.S. government regulatory bodies now regu-
larly use SCC estimates when formulating policy [33,57].

To support U.S. agencies, the U.S. Interagency Working Group
on the Social Cost of Carbon (IWG) has used three integrated
assessment models to estimate the SCC [47,48]. The IWG SCC esti-
mates reflect global damages from GHGs, as recommended by the
IWG for use in regulatory decisions. To reflect the inherent uncer-
tainties, IWG [48] includes four distinct SCC trajectories. Three are
based on the expected value of the SCC (estimated by averaging the
results of the three integrated assessment models) assuming dif-
ferent discount rates of 2.5%, 3%, and 5%. The fourth trajectory rep-
resents 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
with a much higher than expected impact. The four trajectories
cover a wide range, with the SCC in the lowest case increasing from
$12/metric tonne of CO, in 2012 to $29/metric tonne in 2050 and
in the highest case increasing from $108/metric tonne to
$246/metric tonne. In the IWG’s “central value” case (expected
value, 3% discount rate), the SCC increases from $38/metric tonne
to $79/metric tonne. These SCC estimates have been widely used
in regulatory impact analyses [33]. We present results based on
all four IWG SCC trajectories.

2.3. Results

Meeting the wind deployment levels of the Study Scenario will
reduce fossil energy use and carbon emissions. Fig. 1 highlights the
annual and cumulative lifecycle emissions for the Study Scenario
relative to the no-new-wind Baseline Scenario: 6% lower
electric-sector GHG emissions in 2020, 16% in 2030, and 23% in
2050, with cumulative GHG emissions reduced by 12.3 billion
metric tonnes of carbon dioxide equivalent (CO,e) from 2013 to
2050 (14%). These estimates suggest significant potential for
wind to reduce GHGs, which is consistent with previous literature
[14,6].

1 One possible limitation to our approach is that the GHG benefits of wind may be
eroded to a degree by the increased cycling, ramping, and part loading required of
natural gas and coal generators. Though our analysis does not capture these effects,
previous work has shown that this erosion is small in large electric systems [40,41].
Recent studies have found that the GHG benefits of wind are diminished by, at most,
less than 10% [42-45]. In the most sophisticated of these studies, Lew et al. [46] find
that the emissions impact is negligible (less than 1%).
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Fig. 1. Electric-sector lifecycle GHG emissions in the Study and Baseline Scenarios.

Fig. 2 applies the four IWG SCC trajectories to show the global
GHG-reduction benefits from 2013 to 2050 of the Study Scenario
compared to the no-new-wind Baseline Scenario. For the central
value case, estimated discounted, present-value benefits are
roughly $400 billion. Across the three expected-value cases, bene-
fits range from $85 billion to $640 billion. The fourth case, which
accounts for the smaller possibility of more-extreme effects,
results in a benefit estimate of $1230 billion. The central-value
estimate represents a levelized global benefit of wind energy of
3.2¢/kW h-wind.

3. Air-pollution impacts
3.1. Overview

Beyond GHG reductions, expanded use of wind energy could
produce health, environmental, and ecosystem impacts related to
air pollutants, water pollutants, land use and degradation, and
waste generation and disposal [58,3,59,60]. Of these, air pollution
is among the most important because of the significant costs to
society of these emissions [3].

On a lifecycle basis, air-pollutant emissions from wind are much
lower than from fossil-fuel-based generation [3,61]. Several major
studies have estimated the monetary damages associated with air
pollution from different electric-generation sources [62-65],
demonstrating that health-related externalities are much lower
for wind than for almost all other technologies. The National
Research Council [60] estimated U.S. damages due to particulate
matter (PM) [both coarse particles (PM;o) and fine particles
(PM; 5)], sulfur dioxide (SO,), and oxides of nitrogen (NOy). It found
that the monetized adverse effects from these emissions were pri-
marily due to human health but also included consequences from
decreased timber and agriculture yields, reduced visibility, acceler-
ated degradation of materials, and reductions in recreation ser-
vices. Coal power plants were found to be the dominant source
of damages. Various recent studies have shown even larger esti-
mated impacts [66,30,67-70,38,71].

3.2. Methods

This section first estimates the potential air-pollution reduc-
tions from the Study Scenario compared to the no-new-wind
Baseline. It then assesses the associated health and environmental
benefits, using two different methods and developing three
different monetary estimates. In all cases, only a subset of wind’s

potential air-pollution benefits are evaluated, focused on SO,,
NO,, and PM, 5. The basic methods applied here are broadly consis-
tent with those used in the broader literature [19,72,35,17,15,37].

We developed pollutant-emission estimates for the Study and
no-new-wind Baseline Scenarios on a regional basis. They are a
function of the product of ReEDS generation outputs (megawatt-
hours, by generation type and vintage) and assumed emission rates
(grams per megawatt-hour, by generation type and vintage). The
stringency of future air-pollution regulations impacts emissions
rates (and generation investment and dispatch decisions) and
therefore affects estimates of the benefits of wind energy. We esti-
mated emission rates for 2012 based on reported historical plant-
level emission rates, and we aggregated them to each type of
power plant in ReEDS and to each of the ReEDS regions. Emission
rates were then revised over time as plants retired and as the
Mercury and Air Toxics Standards (MATS) and Cross-States Air
Pollution Rule (CSAPR) are presumed to take effect.?

Translating emission reductions into monetized health-damage
reductions depends on the atmospheric dispersion and secondary
reaction of those pollutants, population exposure to primary and
secondary pollutants, the exposure-response relationship for
specific health outcomes, and the monetary quantification of those
outcomes. For these steps, we use two different approaches to esti-
mate benefits under three scenarios, capturing at least a subset of
the associated uncertainties.

First, we use methods applied by the U.S. Environmental Protec-
tion Agency (EPA), most recently for the Clean Power Plan [30]. EPA
[30] has established two different sets of estimates for the average
benefit per ton of reduced SO,, NOy, and PM; s emissions across
three broad U.S. regions, resulting in an “EPA-low” and an “EPA-
high” estimate of the Study Scenario benefits. The range between
EPA-low and EPA-high is entirely due to uncertainty in the epi-
demiology that connects pollution exposure to health conse-
quences. EPA-low is based on research summarized in Krewski
et al. [76] and Bell et al. [77], whereas EPA-high is based on
research presented in Lepeule et al. [78] and Levy et al. [79]. Sec-
ond, we use benefit-per-ton estimates from the Air Pollution Emis-
sion Experiments and Policy analysis model version 2 (AP2), also
for SO,, NO,, and PM,s. AP2 relies on epidemiology assumptions
consistent with EPA-low, but it applies different air-quality and
meteorological modeling techniques, which, in part, drive lower
benefit estimates. Unlike the EPA methods applied here—which
distinguish damage factors only among three large U.S. regions—
AP2 varies damage factors on a more refined, county-level basis.
An earlier version of this model was used by NRC [60], and Siler-
Evans et al. [17] to estimate the benefits of wind. Details of the dif-
ferences between this model and the EPA methods are highlighted
in Brown et al. [80], DOE [5], Fann et al. [68], and Machol and Rizk
[69], while further details on all our air-pollution benefit-
estimation methods can be found in DOE [5].

DOE [5] also discusses an alternate approach to quantifying air-
pollution benefits, which assumes the presence of binding cap-
and-trade programs that limit air pollution. Under strictly binding
cap-and-trade programs, increased wind energy may not reduce

2 Increased reliance on wind will require fossil plants to operate in a more flexible
manner, potentially creating an emissions penalty [73,36]. Though our analysis does
not fully capture these effects, results from recent research suggest that emissions are
reduced by wind energy, even after accounting for any emissions penalties [74,75,41].
In a recent and thorough analysis, Lew et al. [46] find that accounting for impacts
related to increased coal plant cycling slightly improves (by 1-2%) the avoided NOy
emissions of wind and solar relative to the avoided emissions based on an assumption
of a fully loaded plant, but that accounting for cycling impacts reduces the avoided
SO, emissions of wind and solar by 3-6%. A similarly detailed analysis of avoided NOx
and SO, emissions with wind and solar in the mid-Atlantic region reports more
substantial emissions penalties [74]. In both cases, however, the impacts are not large
enough to alter dramatically the basic results reported here.
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Fig. 2. Estimated benefits of the Study Scenario due to reduced global climate-change damages.
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Fig. 4. Estimated benefits of the Study Scenario due to reduced SO,, NOy, and PM, 5 emissions.

capped pollution emissions because the potential avoided emis-
sions from wind may be offset by increases in emissions elsewhere
as allowed under the cap [19,17]. In this instance, the benefits of
wind energy derive not from reduced health and environmental
damages but instead from reducing the cost of complying with
the air-pollution regulations. Though cap-and-trade programs cur-
rently exist in various U.S. regions for both SO, and NOy, those pro-
grams have not been fully binding in recent years [81,82].
Moreover, our assessment of the Study and Baseline Scenarios sug-
gests that the CSAPR caps are unlikely to be strongly binding in the
presence of MATS. We therefore do not estimate the benefits of the
Study Scenario from the perspective of reducing pollution regula-
tion compliance costs. Nonetheless, we mention this alternative
valuation approach because it is possible that future cap-and-
trade regulations applied either nationally or regionally could
impact the size and nature of the benefits from the Study Scenario.

3.3. Results

Achieving the Study Scenario reduces national SO,, NOy, and
PM, 5 emissions relative to the no-new-wind Baseline Scenario in
which no additional wind-capacity growth occurs (Fig. 3). Cumula-
tively, the Study Scenario has estimated emission reductions from
2013 to 2050 (relative to the Baseline Scenario) of 2.6 million met-
ric tonnes of SO,, 4.7 million metric tonnes of NOy, and 0.5 million
metric tonnes of PM, s.

Based on these reductions, Fig. 4 summarizes the estimated
air-pollution benefits of the Study Scenario (relative to the
no-new-wind Baseline) on a national basis. Discounted, present-
value benefits are estimated at $52 billion, $108 billion, and $272
billion under AP2, EPA-low, and EPA-high, respectively (3% dis-
count rate, 2013-2050), equivalent to an average levelized benefit
of 0.4¢/kW h-wind, 0.9¢/kW h-wind, and 2.2¢/kW h-wind.
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Table 2
Accumulated air pollution benefits over 2013-2050 for the Study Scenario relative to the Baseline Scenario.
SO, NOy PM, 5 Total

Wind Vision Emissions reductions

Reductions (millions metric tons) 2.6 4.7 0.5 -
Total monetized benefits (present value)

EPA benefits EPA low (Billions 2013$) 71 28 9 108
EPA High (Billions 2013$) 174 78 21 272

AP2 benefits AP2 (Billions 2013$) 24 19 8 52

EPA mortality benefits Total mortality reductions
EPA low 14,400 5,500 1,900 21,700
EPA high 29,100 15,200 4,300 48,700

EPA morbidity benefits Morbidity reductions from primary and secondary PM, s effects
Emergency department visits for asthma (all ages) 7000 2200 900 10,100
Acute bronchitis (age 8-12) 18,800 5500 2500 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
Asthma exacerbation (age 6-18) 858,800 104,300 47,700 1,010,800
Hospital admissions-respiratory (all ages) 5000 1400 600 7000
Hospital admissions-cardiovascular (age > 18) 5400 1800 700 7900
Non-fatal heart attacks 17,700 5400 2,300 25,300
Non-fatal heart attacks (pooled estimates — 4 studies) 2000 600 200 2800
Morbidity reductions from NOy — Ozone effects
Hospital admissions, respiratory (ages > 65) - 9200 - 9200
Hospital admissions, respiratory (ages < 2) - 2800 - 2800
Emergency room visits, respiratory (all ages) - 3800 - 3800
Acute respiratory symptoms (ages 18-65) - 5,882,000 - 5,882,000
School loss days - 2,459,600 - 2,459,600

Notes: 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 PM; s and secondary PM, 5 (from SO,, NOy emissions) as well as ozone exposure from
NOy emissions during the ozone season (May-September). Primary and secondary PM, s effects account for ~90% of the mortalities and monetized benefits in both the high
and low cases. AP2 benefits derive from mortality and morbidity estimates based on population exposure to direct emissions of PM, s, SO, and NOy, secondary PM, s (from
SO,, NOy emissions) as well as ozone exposure from NOy 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.

Table 2 provides additional detail on these estimates. Overall,
most of the monetary benefits derive from reduced levels of
premature mortality. Focusing on the EPA-low case, because it is
in the middle of the range of estimates presented here, the Study
Scenario results in nearly 22,000 fewer premature mortalities than
the Baseline Scenario over the 2013-2050 timeframe. While repre-
senting a smaller monetary benefit, a large number of additional
morbidity benefits are estimated, from fewer visits to the hospital
due to cardiovascular, respiratory, or asthma symptoms to fewer
lost work days. Under the EPA-low case, 66% of the benefits are
derived from reduced SO, emissions. SO, is transformed in the
atmosphere to sulfate PM, with significant health consequences.
Reduced NO, emissions account for 26% of the benefits in the
EPA-low case, primarily owing to the transformation of NOy in the
atmosphere to nitrate PM and, to a lesser extent, from the influence
of NOy in promoting ozone production. Reduced direct PM; 5 emis-
sions account for 8% of the benefits. A large majority (>95%) of the
health benefits concentrate in the eastern half of the United States,
especially where air pollution from coal plants predominates.

4. Water use reduction
4.1. Overview

Water use has two key metrics: withdrawal and consumption.
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. Consumption is the amount

of water evaporated, transpired, incorporated into products or
crops, or otherwise removed from the immediate water environ-
ment. The primary water demands for the electric sector—both
withdrawal and consumption—are for thermal-plant cooling.

The electric sector is the largest withdrawer of freshwater in the
United States. It accounted for 41% of all withdrawals in 2005 [83].
Freshwater consumption from the electric sector, meanwhile, rep-
resents a much smaller fraction of the national total (3%) but can
be regionally important [84,85]. As a result, the sector both
impacts and is highly dependent on water resources [86-90]. At
times power plants have been forced to curtail generation owing
to water-related restrictions [91,92]. Water availability may also
influence the future development of the electric sector, affecting
what types of power plants and cooling systems are built and
where those plants are sited [91]. These vulnerabilities may be
exacerbated by future changes in the climate [25,92].

Operational water use can vary greatly depending on the type of
fuel, power plant, and cooling system, and wind power requires the
lowest amount of water consumption and withdrawal among all
generation types [87]. Thus, wind energy could reduce water
impacts and water-related vulnerabilities, potentially providing
economic and environmental benefits.

4.2. Methods

This section evaluates the potential operational water
withdrawal and consumption reductions associated with the Study
Scenario compared to the no-new-wind Baseline on a national
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Fig. 5. Electric-sector water withdrawals (a) and consumption (b) for the Study and Baseline Scenarios.

level. Because water resources are managed locally and water is
not easily transferred across basins, the analysis also focuses on
18 defined watershed regions in the contiguous United States.
Finally, the potential economic and environmental benefits of
water-use reductions are explored.

In addition to water required for plant operations, water may
also be needed in the fuel cycle, equipment manufacturing, and
construction [93,94]. On a lifecycle basis, thermoelectric water
withdrawals and consumption during plant operations are orders
of magnitude greater than these other demands [94]; as such, this
section focuses on operational water requirements. However, as
discussed in Averyt et al. [91], the additional fuel-cycle water
demands can have important water-quality implications due to,
for example, water used in mining, coal washing, and hydraulic
fracturing. These negative water-use implications of fossil genera-
tion might also be partly avoided by increased use of wind energy.

We used ReEDS to compute, on a national and regional basis,
electric-sector water withdrawal and consumption in both the
Study and no-new-wind Baseline Scenarios. Water impacts were
aggregated from the ReEDS model regions to the 18 U.S. Geolog-
ical Survey Hydrologic Unit Code watershed regions [95]. Data
aggregation techniques follow those described in Macknick
et al. [96] and Sattler et al. [97]. ReEDS incorporates the cost, per-
formance, and water-use characteristics of different generation
fuel-technology and cooling-system combinations, and it consid-
ers water availability as a condition for new power-plant con-
struction. Cooling systems implemented in ReEDS fall into four
categories: once-through, pond, recirculating, and dry-cooling
systems. Power-plant fuel sources, cooling types, and locations
are endogenously determined within the model, considering
water-use costs and constraints.

Water use will be impacted by various changes in the electric
sector, such as coal-plant retirements, new combined-cycle natural
gas plant construction, and the increased use of dry cooling. These
changes, in turn, may be driven in part by future water policies,
and they could affect the estimated water savings under the Study
Scenario. Consistent with prior studies and proposed EPA regula-
tions, our analysis does not allow new power plants in ReEDS to
employ once-through cooling technologies [89,96].

4.3. Results

Meeting the wind-deployment levels of the Study Scenario
reduces national electric-sector water use, both compared with

recent use and compared with the no-new-wind Baseline Scenario
(Fig. 5). Withdrawals decline substantially over time under both
the Study and Baseline Scenarios. This is largely due to the retire-
ment and reduced operations of once-through-cooled facilities and
the assumed replacement of those plants with newer, less-water-
intensive generation and cooling technologies. Because of this, all
but one of the 18 major watershed regions experiences reductions
in withdrawals in the Baseline Scenario from 2012 to 2050, and all
regions experience reductions in the Study Scenario. The Study
Scenario drives greater reductions overall, however, with national
electric-sector water withdrawals declining by 1% in 2020, 4% in
2030, and 15% in 2050, relative to the Baseline.

Unlike withdrawals, national electric-sector water consumption
remains higher than 2012 consumption until after 2040 under the
Baseline Scenario, after which it declines. Water consumption
decreases sooner and more significantly in the Study Scenario.
The delayed decrease in water consumption in the Baseline Sce-
nario is caused by the assumed replacement of once-through-
cooled plants with those using recirculating cooling systems that
consume more water per unit of electricity production. Such cool-
ing system 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, 11% in 2030, and 23% in
2050 in the Study Scenario relative to the Baseline Scenario.

Water consumption declines by 2050 in all but two of the 18
watershed regions under the Study Scenario®; in 11 of 18 regions,
consumption reductions are greater than 30% (Fig. 6). In the no-
new-wind Baseline Scenario, five regions experience an increase in
consumption by 2050. Consumption increases in additional water-
shed regions covering parts of water-stressed states such as Texas,
Oklahoma, New Mexico, Nevada, Utah, and Colorado. Though the
electric sector is not a major water consumer nationally, the large
potential increases in electric-sector water consumption under the
Baseline Scenario in arid states—which, in many cases, already expe-
rience water-availability issues—could increase regional competition
for water resources.

3 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, and wind penetration is lower than in other regions.
In California, increases in consumption are largely a result of additional natural gas
plants with recirculating cooling.
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Fig. 6. Percentage change in water consumption in 2050 compared with 2012 for the Baseline (a) and Study (b) Scenarios.

The ability of wind energy to reduce water withdrawals and
consumption may offer societal benefits, especially where water
is scarce. Increased wind energy reduces the vulnerability of elec-
tricity supply to the availability or temperature of water, poten-
tially avoiding electric-sector reliability events and/or the effects
of reduced thermal plant efficiencies. These concerns might other-
wise grow as the climate changes [92]. Additionally, increased
wind deployment might help make water available, which could
then be used for other productive purposes (e.g., agricultural,
industrial, or municipal use) or to strengthen local ecosystems
(e.g., benefiting wildlife owing to greater water availability, lack
of temperature change, etc.). The lower lifecycle water require-
ments of wind energy, meanwhile, may help alleviate other
energy-sector impacts on water resource quality and quantity,
e.g., water otherwise used in mining, coal washing, and hydraulic
fracturing [91]. Finally, wind deployment might help reduce the
cost of future policies intended to limit water use.

The ReEDS model includes the characteristics of different cool-
ing technologies as well as the availability and cost of water supply
in its optimization. Quantifying any separable, additional benefit
from the water-use reductions is difficult, because no standardized
methodology exists to do so. One way to judge the potential eco-
nomic benefit of water savings is to consider wind deployment
as avoiding the possible need to 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. However, water could become scarcer in
the future, and/or water policy could become stricter, necessitating
additional investments. In such an instance, a possible upper limit
on the incremental cost of water associated with thermal
generation can be estimated by comparing the cost of traditional
wet cooling with the cost of dry cooling. The total cost increase
of dry cooling for coal generation has been estimated at
0.32-0.64¢/kW h [98]. For natural gas combined-cycle plants,
Maulbetsch and DiFilippo [99] estimate an “effective cost” of saved
water that corresponds to approximately 0.06-0.17¢/kW h. These
estimated incremental costs for dry cooling are relatively small,
and they likely set an upper limit on the water-related benefits
of wind energy or any other power technology intended, in part,
to reduce water use.

5. Other impacts: Energy diversity and risk reduction,
workforce and economic development, and land use and local
impacts

The Wind Vision report [5] also addresses impacts associated
with energy diversity and risk reduction, workforce and economic
development, and land-use and local impacts. Unlike the previ-
ously addressed environmental benefits (and the costs discussed

in DOE [5] and Lantz et al. [4]), however, we emphasize that these
additional considerations might best be termed “impacts.” This is
because they—to a degree—represent resource transfers, and we
do not attempt here to assess the “net” social welfare impact of
those transfers. Because of that, we highlight key results here with-
out fully describing them or the underlying methods; see DOE [5]
for further details.

5.1. Energy diversity and risk reduction

Though wind energy is not free of risk, it relies on a domestic
“fuel” stream not subject to significant resource exhaustion or
price uncertainty. Various methods have been used to assess the
benefits of these characteristics as well as the benefits of electricity
supply diversity more generally. These methods have included the
use of risk-adjusted discount rates [100], Monte Carlo and decision
analysis [101], mean variance-based portfolio theory [102,103],
market-based assessments of the cost of conventional fuel-price
hedges [104], various diversity indices [105,106], comparisons of
empirical wind contract prices to gas price forecasts [107], and
estimates of a generation portfolio’s sensitivity to high and low fuel
prices under high-renewable-penetration scenarios [108]. Many of
these methods have proven to be incomplete or even controversial,
thus a single, standard approach to benefit quantification has not
emerged.

While a full suite of standardized tools for quantifying the myr-
iad risks associated with different electricity-resource portfolios is
not available, wind energy can reduce certain risks. In particular,
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 sup-
ply, wind can directly offset the use of fuel streams with variable
and uncertain prices, thereby potentially reducing uncertainty in
future electric-system costs. Second, by reducing demand for fossil
fuels, wind can place downward pressure on fossil fuel prices, with
benefits to energy consumers both within and outside of the elec-
tricity sector.

As described more fully in DOE [5], we evaluate both effects and
find that the Study Scenario contributes to a reduction in both
long-term natural gas price risk and natural gas prices, compared
to the no-new-wind Baseline Scenario. Following Jenkin et al.
[108], we find that replacing coal and natural gas generation with
wind under the Study Scenario results in total electric-system costs
that are 20% less sensitive to long-term fluctuations in fossil fuel
prices than under the Baseline Scenario. Following Wiser and
Bolinger [109], we find that the Study Scenario reduces natural
gas demand, suppressing gas prices and potentially leading to
$280 billion in consumer savings (present value, 2013-2050)
outside the electric sector. To be clear, we make no claim of a
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Fig. 7. Wind-related gross employment estimates, including on-site, supply chain, and induced jobs.

net societal gain from these impacts: the reduced sensitivity of
electric-system costs to fluctuations in fossil prices is only a benefit
in the presence of risk-averse end-use customers, while the con-
sumer savings associated with reduced natural gas prices comes
at the expense of natural gas producers.

5.2. Workforce and economic development

The impacts of wind-related manufacturing and deployment on
jobs and other indicators of local economic development have
been analyzed previously using a variety of methods (e.g.,
[14,110-115]). To assess the potential gross wind-related employ-
ment and economic-development impacts of the Study Scenario,
we used NREL's Jobs and Economic Development Impacts (JEDI)
model. JEDI is an input-output-based model and has been used
extensively in national (e.g., [14,116,117]) and local (e.g.,
[113,118-121]) wind assessments. Because impacts will be
dictated, in part, by the degree to which wind equipment is man-
ufactured in the United States, a range of potential labor-force
needs is quantified: one with an assumed lower level of domestic
content and one with a higher level.

We find that the Study Scenario can support a U.S. wind indus-
try that grows from roughly 100,000 full-time-equivalent jobs
today (inclusive of onsite, supply-chain, and induced jobs) to
201,000-265,000 in 2020 and then to 526,000-670,000 in 2050
(Fig. 7). Wind additions are also found to support land-based lease
payments that grow to $1 billion in 2050, offshore-wind lease
payments that reach $440 million in 2050, and wind-project
property tax payments that increase to $3.2 billion in 2050.

This analysis focuses exclusively on the potential “gross”
wind-related labor-force and economic-development impacts of
the Study Scenario—and thereby has implications for local commu-
nities surrounding wind-manufacturing facilities or projects as
well as the labor-force needs of the wind industry as a whole.
Our analysis does not, however, include an assessment of “net”
economy-wide impacts. Increased wind generation will directly
displace demand for other sources of electric generation, impacting
job totals and economic development associated with those
sectors. Additionally, to the extent that increased wind impacts
the cost of energy, or has other macroeconomic effects, this too
may affect employment in the broader economy. Studies that have

evaluated the economy-wide net effects of renewable energy have
shown differing results (e.g., [98,122-134]). 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., [133]).
Moreover, even were net positive effects likely, questions remain
as to whether such effects serve as economic justification for gov-
ernment policy (e.g., [135-138]).

5.3. Land use and local impacts

In addition to economic development, wind projects can have
wide-ranging local impacts on the communities and ecosystems
that surround them, including those related to land and offshore
use, wildlife, aviation and radar, aesthetics and public acceptance,
and health and safety. While these impacts cannot all be readily
quantified, DOE [5] provides a robust discussion of the existing
literature and, where feasible, offers limited quantification.

With respect to land use, focusing on the area impacted by the
turbine footprint, roads, and associated infrastructure and assum-
ing a land-use value of 0.01 km?/MW [139,140], installed capacity
under the Study Scenario is estimated to require approximately
3200 km? by 2050 (Fig. 8); this area equates to less than one third
of the land area occupied by U.S. golf courses in 2013. This trans-
formed land is dispersed over a larger area that represents the
combined boundary of the wind projects. Assuming a land-use
value of 0.33 km?/MW [139], this larger area represents
106,000 km? by 2050; this area equates to almost 1.5% of the land
area in the contiguous United States by 2050 (Fig. 8). Most of this
larger area could also be used for other purposes, such as farming
or ranching, though an even larger area would be impacted visu-
ally. Assuming the same boundary use assumption, offshore wind
capacity in the Study Scenario covers approximately 29,000 km?
by 2050, only a small fraction of which would be physically trans-
formed (Fig. 8).

Given this land and ocean use and related impacts, continued
wind deployment will need to be executed with sensitivity to its
potential implications for avian, bat, and other wildlife
populations; the local environment; the landscape; and the nearby
communities, industries, infrastructure, and individuals. DOE [5]
provides a summary of these impacts and related mitigation
measures.
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While it is tempting to discuss these issues as “costs” of wind
development, it is important to recognize that there are offsetting
benefits to consider in that wind energy will displace other forms
of generation, which have their own set of lifecycle land-use
requirements and local impacts. The magnitude and nature of
these impacts are diverse, making comparisons among different
energy sources challenging. Nonetheless, these offsetting displace-
ment benefits may be significant. For example, Fthenakis and Kim
[141] find that the lifecycle land disturbance of wind is lower than
that of coal-fired generation.

6. Conclusions

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 of wind energy offset the potential benefits
and that managing non-dispatchable variable generation is a
challenging task. This paper and its companion [4] inform both
perspectives by providing a detailed accounting of various impacts
associated with wind deployment.

Specifically, we model scenarios of the U.S. electric sector with
sustained growth in wind power such that wind generation
reaches 10% of end-use electricity demand in 2020, 20% in 2030,
and 35% in 2050; we then compare those scenarios with others
in which no new wind power is deployed, in order to assess the full
costs, benefits, and impacts of all new wind deployment under the
high-penetration scenarios. As shown in DOE [5] and Lantz et al.
[4], achieving these penetration levels would have profound
implications for the wind industry and the broader electric sector.
Additionally, compared to the baseline that assumes no new wind
deployment post-2013—and under our central assumptions—
achieving these specified wind penetrations imposes a cost
increase (<1%) on electricity consumers in the 2020 and 2030 time-
frames, but longer-term savings after 2030 are possible. On a

present-value basis over the 2013 to 2050 period, Lantz et al. [4]
report potential incremental electricity-sector expenditures that
range from savings of $388 billion to a cost increase of $254 billion.

The possible impacts of such wind-deployment scenarios on
electric-sector costs should be balanced against the variety of com-
pensating environmental and social implications. In particular, our
analysis shows potential GHG benefits of $85-$1,230 billion, with
a central estimate of roughly $400 billion. Air-pollution-related
health benefits are estimated at $52-$272 billion, while annual
electric-sector water withdrawals and consumption are lower by
15% and 23% in 2050, respectively. We also find that a high-
wind-energy future would have implications for the diversity and
risk of energy supply, local economic development and jobs, and
land use and related local impacts. While these considerations
may inform decision makers, we treat them as “impacts,” not
“benefits” or ‘“costs,” because they—to a degree—represent
resource transfers and so may not greatly affect aggregate social
welfare.

In sum, this analysis, in concert with the analysis in Lantz et al.
[4], find that a future U.S. electricity system in which wind plays a
major role is plausible; could result in enduring benefits globally,
nationally, and locally; and could result in consumer and system
cost savings in the long term. At the same time, we find that
near- to medium-term cost barriers must be overcome along with
a host of local environmental and societal implications of wind-
project development.

In addition to formulating and applying state-of-the-art meth-
ods to evaluate the costs, benefits, and impacts of high wind pen-
etrations in the United States, there are two practical applications
of the methods and findings reported here. First, the results can
inform policy interventions intended to overcome the near- and
medium-term cost barriers noted above. In the United Stated, var-
ious policies have been used to support wind deployment—from
federal tax incentives and proposed carbon regulations, to state-
level renewables portfolio standards and other types of financial
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incentives [5]. The analysis presented here and in Lantz et al. [4]
suggests that some subset of these policies will continue to be
needed in the near- to medium-term in order to overcome cost
barriers and enable continued wind deployment growth, and that
those policies may be justified by the societal benefits associated
with wind deployment. Second, the comprehensive set of methods
assembled for the analysis presented here, with associated caveats,
might be usefully applied in other contexts and regions. In partic-
ular, similar tools might be applied at a local level to inform wind
deployment efforts, or in other countries to inform their wind
deployment efforts, or to other technologies beyond wind.

Finally, we note that while this analysis seeks to inform policy as
discussed above, it does not suggest any specific type of policy. The
specific costs and benefits of increased wind development will be
impacted by the nature of the policy and market levers used to
encourage that development; as such, the present work suggests
the general magnitude of these impacts only. Related research
has found that policies specifically designed to internalize external
costs and correct for market failures are likely to be more cost
effective than technology- or sector-specific policy incentives, in
part due to possible economy-wide rebound and spillover effects
and also because such policies more-directly target the achieve-
ment of public benefits [3,10,37,135,136,142-147]. Therefore,
while the present analysis may suggest a significantly positive role
for wind energy, achieving those benefits to the maximum and
most cost-effective degree is likely to require a policy framework
that moves away from direct support of wind to one that more
effectively and more broadly addresses key market failures and
unpriced externalities.
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