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The U.S. electric sector is experiencing rapid increases in renewable generation with an expectation of continued
growth. We examine the impacts of increased wind electricity on the U.S. economy using a hybrid model that
links a detailed electric sector model (the National Renewable Energy Laboratory's Regional Energy Deployment
System [ReEDS]) with a computable general equilibriummodel of the U.S. economy (theMassachusetts Institute
of Technology's U.S. Regional Energy Policy [USREP] model). Increasing wind capacity displaces fossil fuels for
electricity generation, which depresses fossil fuel prices and reduces economy-wide CO2 emissions. Competitive
wind deployment in the reference scenario achieves these outcomeswith lower electricity prices than a scenario
with wind capacity fixed at 2016 levels. Lower fossil fuel and electricity prices benefit low-income households,
but the dominant economic impacts are driven by increased electric sector investment and capital returns,
which primarily benefit those with higher incomes. Overall, cost-competitive wind provides benefits to the
U.S. economy that are initially low but rise beyond 2030 to achieve cumulative welfare and GDP improvements
of $110 and $111 billion through 2050.
Prescribing additionalwind deployment (meeting 35% of demand by 2050) increases post-2030 electricity prices
but not more so than keeping wind capacity fixed at 2016 levels. The negative effect of higher prices on welfare,
however, is outweighed by higher returns from the additional wind investment. While these changes favor
higher income classes, we find economy-wide benefits through 2040. These benefits diminish by 2050, but the
cumulative additional gains through 2050, beyond the reference case, are $192 billion inwelfare and $150 billion
in GDP.
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1. Introduction

Renewable energy has recently seen rapid growth in the electric sec-
tor, in the United States and throughout the world (EIA, 2017a; REN21
2016, 21). Most of this growth comprises wind and solar photovoltaic
(PV) technologies (Bolinger and Seel, 2016; Wiser and Bolinger,
2016). Wind and PV supplied 7% of U.S. electricity in 2016, and the po-
tential for much higher wind and PV penetration in the future has
sparked broad interest in understanding the implications of such an
electricity system (EIA, 2017b). The appetite for better understanding
these impacts has been made stronger by recent events where variable
renewable energy sources (primarilywind) have reached high shares of
the generation mix, such as 26% of generation in the Electric Reliability
Council of Texas system in March 2017 and 52% in the U.S. Southwest
Power Pool system on February 12, 2017 (Martin, 2017; ERCOT,
, Justin.Caron@hec.ca (J. Caron).
2017). These events suggest that the constraints on high penetration
systems are not likely to be technical and that a better understanding
of their economic impacts is worthwhile.

This article focuses on the economic impacts of high wind penetra-
tion using a scenario for the contiguous United States derived from
the U.S. Department of Energy (DOE)Wind Vision Central Study Scenario
(referenced throughout as the Study or Study Scenario) (DOE, 2015;
Lantz et al., 2016; Wiser et al., 2015; Wiser et al., 2016a). This scenario
is introduced in the DOE-led Wind Vision report, which explores a
range of electric sector scenarios with high wind penetration and de-
fines a long-term vision for the industry based on a thorough analysis
and stakeholder engagement process. The effect of high variable renew-
able penetration on electricity system operation, including grid reliabil-
ity and operating cost, has been analyzed extensively in a series of
integration studies at the National Renewable Energy Laboratory
(NREL) and others, but the economic component of these analyses is
limited to electric sector operating costs (Lew et al., 2013; Bloom
et al., 2016; Brinkman et al., 2016). TheWind Vision report goes beyond
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1 To eliminate the interactions between wind deployment and existing state-level re-
newable portfolio standards (RPS), this scenario also requires non-wind renewable
growth to meet or exceed capacity deployed in the Business-as-Usualwhile relaxing state
RPS constraints. Similarly, California Assembly Bill 32 (AB-32), which limits statewide CO2

emissions, is adjusted inNoNewWind by estimating the AB-32 CO2 reduction attributable
to wind generation and adding that quantity to the nominal AB-32 CO2 limits to produce
an adjustedAB-32 limit that reflects the inability to utilizewind generation for policy com-
pliance. These two policy-specific adjustments allow better use of No NewWind to under-
stand the impacts of wind deployment not driven by state RPS and AB-32 policies.
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electric sector operating costs to look at long-term cumulative capital
and operating costs in the electricity system, and it additionally con-
siders the economic value of greenhouse gas and air pollution reduc-
tions associated with wind growth (DOE, 2015). Direct and induced
jobs and workforce impacts resulting from wind capacity expansion
are also assessed for theWindVision scenarios, but these do not incorpo-
rate net impacts on other industries and sectors. Other analyses have
similarly looked at the impacts of growth in solar energy and
hydropower (DOE, 2016; Wiser et al., 2016b). While these analyses
use detailed bottom-up tools to examine economic impacts of the
electric sector for several decades into the future, they do not include
a full multi-sectoral economic analysis that captures the whole U.S.
economy. Thus, these analyses do not assess net economic impacts
that account for the response of other sectors to changes in the electric
sector.

Some studies have provided multisector analyses of the U.S. and
other economies under high variable renewables penetration, examin-
ing renewable energy policy incentives, employment effects, and wel-
fare impacts at the national level (Böhringer et al., 2013; Babiker and
Eckaus, 2007; Lehr et al., 2008; Rausch and Reilly, 2015; Lehr et al.,
2012). However, most have relied on top-down equilibrium or input-
outputmodels that do not consider technology-specific cost and perfor-
mance detail in energy producing or consuming sectors. Lacking
bottom-up electricity sector detail in addition to high spatial and tem-
poral resolution, these analyses are unable to account for the heteroge-
neity inherent in renewable resource quality and how renewables
interact with other generation and transmission resources in the sys-
tem. These characteristics are important for accurately modeling the
cost and energy production of renewable resources, which influence
market behavior of the electric sector and the economy as a whole.
For example, top-down models could be biased towards variable re-
newable technologies on a cost basis alone because they have difficulty
representing the effect of curtailments and capacity valuewhile consid-
ering how these characteristics vary with space, time, and deployment.
It is also difficult for top-down economic models to account for the dy-
namic nature of technology development and the resulting effect on
technology cost and performance over time, such as that experienced
in recent years by the wind and PV industries (Barbose et al., 2017;
Wiser and Bolinger, 2016).

The limitations of bottom-up electric sector and top-down economic
approaches can be partially overcome with a linked model integrating
the two approaches (Manne, 1977; Hourcade et al., 2006; Böhringer,
1998; Böhringer and Rutherford, 2005). The present work uses a linked
model that joins a top-downmodel of the U.S. economy (USREP) with a
bottom-up capacity expansion model of the electricity sector (ReEDS).
ReEDS, the Regional EnergyDeployment System, is a capacity expansion
model for the contiguous United States developed by NREL. USREP, the
U.S. Regional Energy Policy model, is a computable general equilibrium
(CGE)model of the U.S. economydeveloped by theMassachusetts Insti-
tute of Technology (MIT). In the linkedmodel, ReEDS results provide de-
tailed electric sector variables to USREP, and USREP provides economic
variables to the electric sector that ReEDS uses to maximize surplus in
the electric sector. The linked model iterates on this information in
each 2-year solution period until convergence in national electricity de-
mand is achieved, and this process continues throughout a 2010–2050
study period. When linked together, the models allow us to explore
the impact of alternative electricity sector scenarios across all sectors
of the U.S. economy while capturing detailed electric sector behavior
in ReEDS and sub-national and distributional economic impacts in
USREP.

These two models were first coupled for a 2014 study that explores
the economic impacts of clean and renewable electricity standards in
the United States (Rausch and Mowers, 2014). Building upon that
work, the present analysis links newer versions of both models to take
advantage of continued development of features and data in both
ReEDS and USREP. More recent projections for technology costs,
renewable and fossil resources, and economic growth have been in-
cluded using data sources such as the 2016 U.S. Energy Information Ad-
ministration (EIA) Annual Energy Outlook (AEO) and the 2016 NREL
Annual Technology Baseline (ATB) (EIA, 2016; Cole et al., 2016a). Cur-
rent policies such as renewable energy tax credits and portfolio stan-
dards are also included.

This work focuses specifically on the economic impacts of wind de-
ployment in the United States by comparing scenarios with (1) refer-
ence cost-competitive wind deployment, (2) no wind deployment
after 2016, and (3) high wind deployment. By integrating ReEDS into
the USREP CGE model, we study feedbacks between wind deployment,
markets for electricity and fossil fuels, and economic impacts on the
total U.S. economy. Relative to analyses that focus on detailed power
plant and electric grid responses to wind deployment, the integrated
model also allows assessments of impacts on household welfare as
well as regional impacts of wind investment.

1.1. The Wind Vision scenarios

This section describes key scenario characteristics, while the Meth-
odology section goes into greater detail on model and data specifics.
Three scenarios derived from the Wind Vision report are compared in
this analysis.

1) The Business-as-Usual Scenariousing all referencemodel assumptions.

2) The No New Wind Scenario prohibiting new wind deployment be-
yond 2016 capacity.

3) The Study Scenariowith high wind deployment as in theWind Vision
Central Study Scenario.

The Business-as-Usual Scenario includes all reference data and as-
sumptions for both ReEDS and USREP with no additional constraints
on the electric sector beyond those representing existing technology,
market, and policy considerations (details in Section 2). As is common
in the literature, we use the Business-as-Usual Scenario as a reference
point for comparison to other scenarios.

The No NewWind Scenario is modeled similarly to the Central Base-
line Scenario in the Wind Vision report. In this scenario, no new wind
generating capacity is permitted to be deployed beyond announced
builds through 2016. All other assumptions are identical to the Busi-
ness-as-Usual. This scenario is not intended to portray a probable elec-
tric sector outcome or a particular policy.1 While results in the main
text of this paper use the Business-as-Usual Scenario as a point of com-
parison, readers more interested in comparing outcomes relative to No
NewWind can refer to the Supplemental information containing all re-
sults figures reproduced with the No New Wind Scenario as a reference
point. This comparison isolates the impacts of all post-2016 wind de-
ployment and identifies policy-agnostic effects separately from other
market assumptions embedded in our Business-as-Usual Scenario.

The high wind penetration Study Scenario is defined consistently
with the Wind Vision report's Central Study Scenario. This scenario is
widely accepted by the wind industry as a representative future with
continued advancement and expansion of wind capacity in the United
States, making it a useful candidate for exploring the economy-wide im-
pacts of wind deployment. The Study Scenario prescribes wind deploy-
ment beyond that deployed in the least-cost framework of the
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Business-as-Usual, withwind required tomeet 10% of end-use electricity
demand by 2020, 20% by 2030, and 35% by 2050. To put these values in
context, wind generation comprised about 5.5% of total U.S. generation
in 2016 (EIA, 2017b). To assess growth in the offshore wind industry,
the share of offshore wind generation within total wind generation is
required to be 3% in 2020 (0.3% of end-use demand), 10% in 2030 (2%
of demand), and 20% in 2050 (7% of demand). Growth is prescribed
along a linear trajectory between these milestones. Offshore wind is
also required to be distributed across five offshore regions: North Atlan-
tic, South Atlantic, Gulf of Mexico, Pacific, and Great Lakes. Special con-
siderations aremade for offshorewind due to the conservative nature of
recent (2016) offshore wind cost and performance estimates relative to
their land-based counterparts,which are partly a function of the relative
immaturity of the U.S. and Global offshore wind industries and the
technology's associated risk profile. The prescribed wind deployment
is not accompanied by cost or performance improvements beyond the
Business-as-Usual Scenario, which further isolates the impacts of the de-
ployment itself rather than the coupled effects of wind deployment and
assumed technological change.

Wind deployment is the only scenario variable discussed in this
article. While the Wind Vision report also explored alternate fossil fuel
costs and wind technology costs, the present analysis focuses on
more comprehensively exploring the economic impacts from wind
deployment.
2. Methodology

2.1. The linked ReEDS-USREP model

In this section, ReEDS andUSREPmodel characteristics are described
independently before a detailed description of how the models are
coupled. The discussion is an update from Rausch and Mowers (2014)
with an emphasis on features relevant to the Wind Vision scenarios
(Rausch and Mowers, 2014).
Fig. 1. ReEDS balancing area andwind/CSP resource region boundaries, with the six USREP U.S.
the West are abbreviated as: South Central = SCen, North Central = NCen, Southeast = SEas,
2.1.1. Regional Energy Deployment System (ReEDS)

2.1.1.1. Model structure. ReEDS is a bottom-up electric sector capacity ex-
pansionmodel for the contiguous United States that finds the least-cost
construction and operation of generation and transmission assets in the
2010–2050 study period. It is formulated as a linear program that solves
in 2-year time steps sequentially throughout the study period. In
standalone operation, the model objective minimizes the 20-year net
present value of investments and operation in each time step. The se-
quential nature, combined with limited foresight, mean that solutions
can be path dependent and do not represent a true intertemporal opti-
mization for 2010–2050, but this construction allows for nonlinear cal-
culations and parameter updates between solve years that better reflect
true system operation. When linked with USREP, economic parameters
fromUSREP can also be updated between solve years. In each solve year,
ReEDS satisfies electricity demand and reserves requirementswith a full
suite of generation, storage, and transmission technologies while ac-
counting for constraints imposed by power systems, the transmission
network, resource availability, and policies.

ReEDS balances electricity supply and demand in 134 balancing area
(BAs), the same spatial resolution used to represent generating capacity
for all technologies except wind and CSP (Fig. 1). Wind and CSP re-
sources are further resolved into 356 resource regions. While the
model does not represent individual power plants or generating units,
high regional resolution along with technology differentiation by sub-
category, resource quality, and cost offers a high level of detail.

Within each 2-year solve, ReEDS implements a reduced-form elec-
tricity dispatch using 17 time slices, four for each season to represent
the average diurnal load variation in that season plus an additional
“superpeak” time slice comprised of the top 40 summer load hours
to better characterize reserves requirements. While not the time-
resolution of production-cost models that represent hourly or sub-
hourly dispatch, ReEDS time slices aim to represent electricity system
operating conditionswith sufficient detail to make sensible capacity ex-
pansion decisions over the course of a multi-decadal period of analysis.
sub-regions also labeled and denoted by thick black boundaries. USREP regions other than
East Central = ECen, Northeast = NEas.
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Amajor strength of the ReEDSmodel is its representation of variable
renewable electricity. The variability of wind, PV, and CSP without ther-
mal storage are characterized by three key parameters: (1) capacity
value (the amount of capacity assumed available at peak load), (2) in-
duced operating reserve requirements due to forecast error, and
(3) curtailed electricity. These parameters are calculated after each
solve year based on expected value, variance, and inter-regional corre-
lation of renewable energy production, making them a function of the
capacity expansion solution as it evolves over time. In addition, inter-
connection costs for variable renewables are included using supply
curves that consider the distance and cost of connecting variable renew-
ables to the local backbone transmission system.

Major existing electricity sector policies are incorporated into
ReEDS, including state RPS requirements, production and investment
tax credits (including phase-outs), and air pollution policies and regula-
tions (CSAPR, CAIR, MATS, AB-32, RGGI). The Clean Power Plan is not in-
cluded based on ongoing review and proposal to repeal.

The ReEDSmodel version used for this analysis is similar to that used
for the NREL 2016 Standard Scenarios report, which is documented in
detail in Eurek et al. (2016) (Cole et al., 2016b; Eurek et al., 2016).2

Key data and assumptions are described in the following section.

2.1.1.2. Data.Many key input data for ReEDS are derived fromAEO 2016,
the 2016 NREL Annual Technology Baseline (ATB16), and the ABB
Velocity Suite (EIA, 2016; Cole et al., 2016a; ABB, 2017).

Performance and nominal capital and OM costs for fossil and nuclear
technologies are taken from AEO 2016, while ATB16 Mid Case provides
performance and nominal cost information for renewables (EIA, 2016;
Cole et al., 2016a). Fig. 2 shows LCOE trajectories for three renewable
technologies. For land-based wind, these data imply a 19% reduction
in pre-tax credit levelized cost of electricity (LCOE) by 2050 from base
values of $46–224/MWh(in 2016) depending on thewind resource cat-
egory. Offshorewind LCOE is assumed to fall 35% in the same time frame
but fromhigher initial values of $159–219/MWh. ATB16Mid Case utility
PV costs fall 53% in 2016–2050, with representative 2016 LCOE values of
$77/MWh, $107/MWh, and $153/MWh for 28%, 20%, and 14% capacity
factors, respectively.

Unlike typical standalone ReEDS analysis, which uses AEO data for
electricity demand growth, coal prices, and natural gas prices, the linked
model determines these parameters endogenously as described below.
Uranium fuel prices are exogenously definedusingAEO2016 (EIA, 2016).

Capacity retirements are a key driver to electricity system needs.
ReEDS uses exogenously specified retirements from the ABB Velocity
Suite, which includes announced retirements and lifetime-based retire-
ments (ABB, 2017). Absent an announced retirement date, the database
assumes coal units under 100MWoperate for 65 years, coal units above
100 MW for 75 years, and natural gas-based units for 55 years. Nuclear
units without announced retirement dates are assumed to receive a sin-
gle service life extension approval and thus operate for 60 years. Life-
times are also specified as 24 years for wind capacity and 30 years for
solar. Existing and new hydropower is assumed to remain operating
through 2050. In addition to announced and lifetime retirements, coal
capacity is retired endogenously based on utilization rate. The required
utilization rate starts at 1% in 2020 and increases to a maximum of 50%
in 2040, which accelerates coal retirements by eliminating enough ca-
pacity in each year from least-to-most efficient for the remaining capac-
ity to have operated at the utilization rate threshold (Eurek et al., 2016).
2 Due to the development challenges inherent in linking the ReEDS and USREP models,
a slightly earlier ReEDS version is used for this work. Key differences include: (1) the up-
dated hydropower formulation developed for the Hydropower Vision (DOE, 2016) is not
incorporated, (2) an older representation of state RPS constraints is used, and (3) historical
calibration for 2010–2014 does not include improvements to bettermatch generation and
CO2 emissions data. These differences somewhat reduce accuracy of the electric sector so-
lution relative to the Standard Scenarios report (Cole et al., 2016b), particularly in the near
term, but they should not substantially influence comparisons across scenarios and the
broader economic implications that are the primary focus of this work.
This construct is a proxy for retirement decisions based on long-term
fixed and variable operating cost considerations.

A complete description of the ReEDSmodel and data can be found in
model documentation and the ATB (Eurek et al., 2016; Cole et al.,
2016a).

2.1.2. U.S. Regional Energy Policy (USREP) model

2.1.2.1. Model structure. USREP is a top-down CGE model characterizing
six regions within the United States (see Fig. 1) and fifteen internation-
ally, along with multiple sectors, production factors, and household in-
come classes (Table 1). International regions represent either single
countries or multi-country regions.

Five energy sectors and six non-energy composite sectors are identi-
fied in USREP. This sectoral representation does not explicitly differenti-
ate the wind industry outside of its technology representation within
theReEDS electricity sectormodel.While doing so could beuseful to un-
derstand non-electricity impacts and characteristics specific to thewind
industry, the current representation still allows a rich discussion of elec-
tric sector and economy-wide effects. Defining additional sectors in
USREP for thewind and solar industries remains the subject of potential
future work.

Demand is distinguished between households, the government, and
corporate entities. Primary production factors are separated into capital,
labor, and several resource factors. Firms are assumed to maximize
profits and sell goods at prices equal tomarginal costs in perfectly com-
petitive markets. Substitution possibilities in production are character-
ized using nested constant elasticity of substitution (CES) functions.

U.S. households are differentiated using 9 income classes distin-
guished by expenditure patterns and income sources, allowing for dis-
tributional impacts to be examined in detail. Each household type
maximizes utility with preferences represented by a CES utility function
that combines consumer goods, investment, and leisure under a con-
straint that consumption must equal income. Labor supply is endoge-
nously determined by the household choice between leisure and labor
and is calibrated to generate a specific supply elasticity of labor. Labor
is perfectly mobile between sectors within regions, but immobile across
regions.

While capital ownership is differentiated across income classes, new
malleable capital is assumed to be perfectly mobile across U.S. sectors
and regions, meaning that capital ownership is not geographically cor-
related with the location of capital returns. This assumption is relevant
to potential capital investment in wind energy production capacity,
which must be located in regions with favorable wind resources but is
not limited by regional investment capacity. Returns to this investment
(as well as other rents from the electricity sector) are pooled nationally
and redistributed to households according to existing capital ownership
patterns across regions and income classes. The implication is that re-
gional economic impacts are not necessarily correlated with regional
wind deployment as will be discussed in greater detail in Section 3.5.
In each region, a single government entity represents local, state, and
federal government activities. The government purchases goods and
services, transfers incomes, and raises revenue through taxes. The
model explicitly tracks the bilateral trade of both intermediate and
final goods across all sub-national and international regions. For non-
U.S. regions, there is a static representation of policy; thus, no explicit
environmental policies and emissions reductions goals are modeled.
The implications of this assumption are discussed below.

With the exception of crude oil, which ismodeled as a homogeneous
commodity, goods are assumed to be differentiated following the
Armington assumption. The model differentiates goods by local
(within-domestic region), domestic (within the U.S.), and international
origin in a three-level nesting structure, which is calibrated to replicate
a domestic border effect in which goods from within the United States
are assumed to be closer substitutes to each other than goods from an
international origin.
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USREP model characteristics.
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Fig. 2. Base values for levelized cost of electricity for wind and utility PV technologies in ReEDS before any endogenous capital or labor price-driven changes from USREP. CF = capacity
factor, and TRG= techno-resource group, which arewind resource categories characterized bywind speed and turbine design considerations for that wind speed. There are 10 TRGs each
for land-based and offshore wind in ReEDS, with those shown providing the range of LCOE values (Cole et al., 2016a).3,4
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Like ReEDS, USREP solves sequentially in 2-year solve intervals,
though its base year of 2006 means that it is run independently before
linked operation begins in 2010. This recursive-dynamic approach im-
plies myopic decisions without foresight. Between each time period,
capital is depreciated, and a fraction of previously installed malleable
capital becomes non-malleable capital. This characteristic limits the ca-
pacity of the model to re-assign capital from one sector to another due
to policy or technology shocks. These adjustment costs generate path-
dependency such that the recursive-dynamic equilibrium is not neces-
sarily inter-temporally optimal.

Within periods, malleable capital is supplied with a positive elastic-
ity that is based on the household decision to invest in market or resi-
dential capital. Energy resources are also assumed to be depleted over
time, which produces a monotonic rise in production costs. Though
commodity markets often do not exhibit smooth behavior due to tech-
nological change and geopolitical factors, these real-world influences
are not easily incorporated into a CGE framework. Technological change
3 Land-based TRG10 is not generally considered practical for economic deployment but
is shown to demonstrate the range of input data.

4 Offshore wind is subdivided such that TRG1–4 are shallow depth monopole turbines
(0–30m), TRG5–7 aremid-depth jacket designs (31–60m), and TRG8–10 are deepwater
floating platforms (61–700 m). Capital and operating costs are identical within subcate-
gories and in ascending order with depth subcategory. However, capacity factor is in de-
scending order only across TRGs within a subcategory, so low capacity factors result in
TRG4 having the highest LCOE.
is however included through a rate of autonomous energy efficiency im-
provement (AEEI), which represents non-price induced improvements
in energy efficiency.

2.1.2.2. Data. The USREPmodel is calibrated to a comprehensive energy-
economy dataset created from a number of sources. The social account-
ing matrix (SAM) is based on data from four sources:

1. The Global Trade Analysis Project (GTAP): production and input-
output tables for international regions, international trade, and
trade elasticities (Badri and Walmsley, 2008),

2. The Impact Analysis for Planning (IMPLAN) data set: production and
input-output tables for US states, and capital demand and transfer
data (IMPLAN, 2008),

3. The U.S. Census Bureau: employment data as well as trade between
US regions and international regions (US Census Bureau, 2010), and

4. The EIA: energy demand, production, and trade in U.S. regions from
the State Energy Data System (USEIA, 2009).

U.S. GDP growth, energy demand, CO2 emissions, coal prices, and
natural gas prices are calibrated to closely match the AEO16 Reference
Case forecasts in the linkedmodel by adjusting reference input assump-
tions in both models. This calibration is performed by making adjust-
ments to available energy reserves (for fossil fuel prices), AEEI (for
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10−6 between iterations.
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emissions and energy demand), and productivity (for GDP growth).
Population growth is exogenously defined using data from the United
Nations and U.S. Census Bureau.

2.1.3. Linked model operation
Linked operation begins with an initial benchmarking step during

the first year of model iteration, 2010. As described in Rausch and
Mowers (2014), this calibration step ensures that the price and quantity
of electricity sector inputs and outputs in ReEDS are consistent with the
electricity sector in the SAM underlying USREP. USREP is first run
independently for 2010, then the resulting electricity demand, elec-
tricity price, and fossil fuel prices are imposed on ReEDS with its
default input cost data. The subsequent ReEDS solution then supplies ex-
penditures for electric sector capital, labor, and fuel that can be compared
with the previous USREP solution. Differences between the ReEDS and
USREP solutions then establish static calibration parameters used to
translate between ReEDS and USREP results throughout the simulation.
These offset parameters do not fully rebalance the SAM based on
ReEDS results, but they approximate doing so in a way that enables
ReEDS results to be used consistently with the USREP data and model
structure. After benchmarking establishes parameter conversions be-
tween models, subsequent parameter exchange is defined as indices
such that growth rates in prices and quantities are required to converge.

A major difference between models is that ReEDS simulates busbar
generation and load (at the substation level), where USREP represents
end-use electricity consumption. Thus, the lack of a transmission and
distribution representation in ReEDS beyond the inter-BA transmission
system requires electric sector parameters to be converted between
busbar and end-use to enable model communication. For electricity
quantities, this conversion is done simply using the standard ReEDS as-
sumption for distribution losses—5.3%. Converting electricity prices re-
quires an estimate of the price component attributable to intra-BA
transmission and distribution. In reality, such prices can change over
time and space with the makeup of the generation and transmission
system, and characterizing this dynamism is not possible within the
existing modeling framework. As an approximation, the region-
specific difference between ReEDS and USREP electricity prices in the
2010 benchmarking iteration is used to estimate the intra-BA transmis-
sion and distribution price component, and these quantities are used to
convert between ReEDS and USREP electricity prices for the remainder
of the simulation.

After the initial benchmarking procedure, USREP and ReEDS iterate
until convergence is achieved before continuing to the next solve year.
As in Rausch and Mowers (2014), total U.S. electricity demand is used
as the convergence parameter. We verify ex-post that convergence in
other variables such as input prices is also achieved. Given the relatively
small size of the electricity sector within the whole economy in USREP,
convergence is usually reached after a small number of iterations (a
result already documented by other top-down bottom-up coupling
exercises). The procedure is as follows.

1. Solve USREP.
2. PassUSREP equilibriumoutcomes to ReEDS, including price indices for

capital;wage and service price indices forOMcosts; fuel prices for coal
and gas; and the electricity price, quantity, and the local slope of the
electricity demand curve around the equilibrium outcome.

3. Define ReEDS parameters using USREP outcomes.
a. Scale capital and OM costs using capital and OM price indices.
b. Use USREP coal and gas price indices to scale coal and gas costs.
c. Use USREP electric sector parameters to construct a piecewise lin-

ear electricity demand curve used in ReEDS constraints and
objective.

4. Solve ReEDS.
5. Pass ReEDS outcomes to USREP, including capital and OM expendi-

tures, electric sector investment demand, fuel use and expenditures,
and electricity demand.
6. Define USREP parameters using ReEDS outcomes.
a. Use ReEDS electricity demand as the new exogenous equilibrium

electricity production in USREP.
b. Use ReEDS fuel, capital, and OM costs to define electric sector in-

vestment demand and commodity and factor usage in USREP.
7. Check convergence of U.S. electricity demand and return to Step 1 if

convergence is not achieved.5

The piecewise linear electricity demand curve generated for ReEDS
using USREP electricity market results is substituted in ReEDS con-
straints in place of demand that would be exogenously applied when
running standalone ReEDS. Affected constraints include the supply-
demand balance and planning reserve requirements. The demand
curve is also incorporated into the ReEDSobjective function to represent
consumer surplus. The electric sector costs represent producer surplus,
allowing the ReEDS objective to be converted from a cost minimization
to a surplus maximization so that ReEDS can approximate equilibrium
electricity demand and price. While sectors in USREP are assumed to
be perfectly competitivewith zero profits, ReEDS has no such restriction
so effectively allows pricemarkups in the electricity sector. Correspond-
ing profits are combined with other returns to electricity capital and al-
located to households in USREP based on observed economy-wide
patterns of capital ownership (both regionally and across income
classes).

2.2. Key output metrics

The character of electric sector capacity and generation expansion are
similar to the scenarios discussed in the Wind Vision report, but
incorporating elastic demand and multisectoral impacts on commodity
prices warrants a re-exploration of national electric sector output
from ReEDS. The influence of other sectors on the electricity system can
also yield differences in environmental outcomes such as CO2 emissions.

The ability to study behavior of the broader U.S. economy, however, is
the strength of this modeling approach. We use GDP and equivalent var-
iation as measures of overall economic performance, and we report in-
vestment, capital and labor returns, and wages to describe how
production sectors and households interact. As USREP also tracks out-
comes by household income class and region, it allows an exploration
of distributional and regional differences in economic performance.

3. Results

3.1. Electric sector supply, demand, and prices

Generation by technology over time is shown in Fig. 3, and Fig. 4
highlights the differences in both generation and capacity between
theNo NewWind and Study Scenarios relative to Business-as-Usual. Elec-
tric sector evolution is largely similar to the corresponding scenarios in
the Wind Vision report, though differences in model structure and up-
dated data cause modest deviations.

In the No New Wind Scenario, wind capacity is fixed at 2016 levels
by design. Energy and capacity needs arising from growing demand and
retiring coal and nuclear facilities are thus met primarily by growth in
natural gas combined cycle plants (NG-CC) and solar photovoltaics (PV).

The Business-as-Usual Scenario is nearly identical to No New Wind
through 2030, with little incremental increase in wind deployment in
that time. However, 2050 wind capacity in Business-as-Usual is 179
GW greater than No New Wind (for a total of 257 GW) and provides
24% of end-use electricity demand as compared to 9% for No New
Wind. Only land-based wind is built in the Business-as-Usual. Additional
wind energy generation largely displaces NG-CC and PV along with
some coal-based electricity. NG-CC and PV capacity is also displaced by
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land-based wind, and additional natural gas combustion turbine (NG-
CT) capacity is also built in the Business-as-Usual to provide reserve
services.

Wind deployment is prescribed throughout the solve period in the
Study Scenario, resulting in far greater wind energy and capacity than
both other scenarios in the near and long term. The Study Scenario
reaches 217 GW total wind capacity by 2030 and 382 GW by 2050,
with 80 GW of 2050 wind capacity from offshore wind construction
(which is also by design).6 As a result, Study has the least generation
from NG-CC, PV, and coal and the most additional NG-CT capacity to
provide reserves.
6 The Study Scenariowind deployment differs from the 404GWreported in theWindVi-
sion report due to ReEDSmodel updates and themultisectoral interactions represented in
ReEDS-USREP. Major differences include lower PV technology costs and lower fossil fuel
prices, particularly for natural gas.
The linked model represents fuel supply and demand across all eco-
nomic sectors, so changes in the electricity generationmix can influence
overall fuel markets, notably those for coal and natural gas. Fig. 5 dis-
plays electric sector coal and natural gas usage alongwith national aver-
age prices of those commodities weighted by regional usage. Relative to
Business-as-Usual, lower coal or gas usage by the electric sector in the
Study Scenario corresponds to lower coal and gas prices, while the oppo-
site is true for No New Wind. Underlying assumptions regarding fossil
fuel resource supply are the same for all scenarios, so reducing fossil
fuel demand by the electric sector tends to reduce price because the
electric sector is an important consumer of these fuels. These price
trends are not negated by rebound effects or fuel use in other sectors,
which underscores the importance of the electric sector to fossil fuel
markets.

Relative to Business-as-Usual, 2050 electric sector coal usage is 18%
lower in the Study Scenario, producing prices that are 5% lower. In the
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No New Wind scenario, coal usage is 9% higher and prices 2% higher.
Electric sector gas usage relative to Business-as-Usual in 2050 is 15%
higher in No New Wind and 3% lower in the Study Scenario, resulting in
prices that are respectively 11% higher and 6% lower. Coal prices are rel-
atively less affected by changes in demand from the electric sector than
gas prices because total coal sector output continues to grow after 2016,
largely due to growth in coal exports. Total gas sector output, on the
other hand, trends closely with gas usage in the electric sector.

ReEDS-USREP represents price-responsive electricity demand,
which is not the case in the standalone version of ReEDS employed for
the Wind Vision report, in which demand is exogenously prescribed.
As a result, the linked model allows us to explore how the Wind Vision
scenarios affect electricity markets themselves. In particular, endoge-
nous demand means that higher costs or prices are moderated by
lower demand. Fig. 6 demonstrates these effects, plotting national elec-
tricity demand and the national average electricity price for each sce-
nario. In the coal and natural gas markets, additional wind generation
reduces demand for these commodities by the electric sector, with re-
duced demand leading to lower prices. In the electricity market, how-
ever, exogenous changes in wind deployment act as a supply-side
increase in costs, so equilibrium electricity demand falls while price
rises. This effect is true both for the scenario with additional wind pre-
scriptions and for the scenario preventing wind penetration: prescrib-
ing deployment of otherwise non-competitive wind capacity results in
higher-cost generation and prohibiting otherwise competitive wind ca-
pacity growth in No New Wind necessitates higher-cost generation
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Fig. 6. Scenario differences in electricity market behavior a
technologies. In both cases, increases in electricity prices thus also sup-
press electricity demand in a similar fashion.

All three scenarios exhibit nearly-identical electricity demand and
price pathways through 2030. Growth is strong initially but flattens
and even falls slightly before and around 2030 before recovering in
later years. This behavior is attributed to the relativelymodest construc-
tion of new capacity in the first half of the study period, followed by a
shift in sectoral needs towards new capacity in the latter decades. Ini-
tially, the modeled electricity system has excess capacity, allowing de-
mand growth to be sustained as relatively inexpensive fuel switching
to natural gas and renewables occurs in response to coal retirements
and renewable incentive policies. Under this regime, electricity system
energy and reserves requirements are met with relatively little capital
investment. However, capacity retirements after 2030 create a stronger
need for new capital investment to satisfy capacity reserves constraints,
and electric sector consumers must adjust to price impacts of this need
before resuming demand growth. During this adjustment period, esca-
lating electricity prices cause demand to temporarily stagnate.

Beyond 2030, the ability to deploy wind in Business-as-Usual allows
for lower electricity prices and stronger demand growth. Prescribing
wind growth beyond Business-as-Usual leads to slightly higher prices
and lower electricity demand than No NewWind in much of the 2030s
and some of the 2040s, but electricity market behavior converges with
No New Wind in 2050. By 2050, electricity prices in the Business-as-
Usual are 5–6% lower than the other scenarios, while electricity demand
is approximately 3% higher. Differences between the Study and No
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Fig. 7.National CO2 emissions in the electric sector (dashed lines) and all sectors combined
(solid lines) reflect differences in electric sector expansion.
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New Wind are b1% even though the underlying electricity mix is very
different.

3.2. CO2 emissions

Fig. 7 plots CO2 emissions in the electric sector as well as economy-
wide U.S. CO2 emissions. As stated in Section 2.1.1, no U.S. CO2 mitiga-
tion policies are assumed in ReEDS beyond currently enacted local CO2

limits, renewable energy tax credits, and RPS requirements, and no
CO2mitigation policies outside of the electricity sector are implemented
in USREP. Thus, CO2 emissions in the electric sector are driven by
changes in the electricity generationmix, with higher wind deployment
corresponding to lower CO2. Scenario assumptions do not differ beyond
those in the electric sector, so total U.S. CO2 emissions broadly follow the
same trend as electric sector CO2 emissions. Despite the lack of new CO2

mitigation policies in any scenario, emissions still fall over time as coal-
based capacity retires and demand growth, which is moderated by as-
sumed energy efficiency improvements, is increasingly met by NG-CC,
wind, and PV.

Fig. 8 plots the absolute difference in electric sector and total emis-
sions in the No New Wind and Study Scenarios relative to Business-as-
Usual. With no new wind deployment, emissions are approximately
160million tCO2 higher in 2050, an increase of 12% in the electric sector
and 3% in total. The change in total CO2 and electric sector CO2 is nearly
identical, suggesting that the CO2 reductions from wind deployed
in Business-as-Usual occur with minimal emissions leakage to other
sectors.

Additional wind constructed in the Study Scenario yields substantial
reductions in total U.S. emissions relative to Business-as-Usual, reaching
nearly 400 million tCO2 in the 2030s. By 2050, the Study Scenario emits
11% less CO2 in the electric sector and 3% less across the U.S. economy.
CO2 emissions reductions in Study are somewhat greater in the electric
sector than the overall economy, but emissions leakage remains rela-
tively low at 7–9% over the 2030–2050 period. Overall, the potential
emissions reductions afforded by wind deployment are robust across
the rest of the economy.

3.3. Impacts on the U.S. economy

We use total equivalent variation (EV) as a measure of household
welfare. EV relative to Business-as-Usual is plotted in Fig. 9 along with
per capita gross domestic product (GDP).7 By these measures, wind de-
ployment is largely beneficial. Welfare and GDP in No New Wind are
nearly the same as Business-as-Usual through 2030 when Business-as-
Usual wind deployment is minimal, but No New Wind values are
7 GDP is calculated as the sum of consumption, government expenditures, investment,
and net exports.
considerably lower after Business-as-Usualwind investment accelerates,
reaching a relative difference of 0.10–0.11% by 2050. Additional wind
deployment in the Study Scenario achieves additional welfare and GDP
benefits throughout most of the study period: welfare and GDP are
higher than Business-as-Usual by the late 2020s through the 2030s and
2040s, though relative improvements stagnate and fall slightly below
Business-as-Usual by the late 2040s. The relative change in per capita
GDP is similar to EV for both scenarios, but the EV increase outpaces
GDP in the Study Scenario beginning in the mid-2030s, as the returns
to capital, which lead to more consumption by households, eventually
outpace investment as a determinant of GDP. Given the relatively
small share of the electricity sector within total GDP andwelfare, differ-
ences in wind deployment lead to small relative changes in economy-
wide outcomes. Nevertheless, in absolute terms, the 0.06% increase in
2030 EV in the Study Scenario equates to approximately $14 billion in
that year ($38 per capita), and the observed 0.06% increase in 2050
GDP in Study equates to $17 billion ($48 per capita). In 2050, single-
year reductions in EV and GDP amount to $6 billion and $19 billion for
Study but are much higher at $39 billion and $43 billion with No New
Wind.

The improvements in welfare and GDP with higher wind deploy-
ment arise from two main drivers: (1) a reduction in the price of con-
sumption, and (2) increased returns to electric sector capital raising
household incomes. Cost-effective wind deployment can reduce elec-
tricity prices, which leads to reductions in the price of goods that are
electricity-intensive in production, which in turn increases welfare by
increasing household purchasing power. Electric sector investment re-
lated to additional wind deployment can increase the demand for
both capital and labor, which can improve the welfare of households
that provide these production factors but can also have a negative effect
by reducing capital and labor available to other sectors. GDP andwelfare
in Study are below that of Business-as-Usual in the 2040s because prices
Fig. 9. Change relative to Business-as-Usual of equivalent variation and per capita GDP
reveal economic benefits for both scenarios.
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of consumption are higher, offsetting the effect of higher electric sector
capital returns.

Investment, capital and labor returns, and wage effects are reflected
in Figs. 10, 11, and 12. Investment (Fig. 10) and returns on capital in-
vestment (Fig. 11) are shown relative to Business-as-Usual for the elec-
tricity sector only, all non-electricity sectors combined, and in total.
Note that the scales for the electric sector are much larger because sce-
nario differences are largest in the electric sector, and the combination
of all other sectors make up a much larger portion of the economy.

No NewWind electric sector investment is slightly lower than Busi-
ness-as-Usual in some years before 2030, but these differences translate
to little overall change in total investment in that time frame. The wind
deployed in theBusiness-as-Usual scenario causes a slight shift in invest-
ment towards the electric sector, which leads to a slight increase in total
capital returns despite reductions in non-electric sector capital returns.
Beyond 2030, lower GDP in No New Wind is attributed to both higher
electricity prices (Fig. 6) and reduced investment, with the diminished
returns to this investment also reducing incomes and thus welfare.
Lower electric sector investment results in lower total investment be-
yond themid-2030s, which decreases capital returns alongwithwelfare
and GDP.

Reduced investment inNoNewWind also drives lowerwages beyond
the mid-2030s (Fig. 12), but total returns to labor (also Fig. 12) are not
substantially different from Business-as-Usual. Wind penetration in Busi-
ness-as-Usual could lead to a greater increase in labor returns, and lower
returns to capital, if we differentiated labor markets within the wind
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Fig. 11. Change relative to Business-as-Usual of returns to electricity sector capital (left), non-e
explain economic outcomes. Represented here are returns to capital (rate of return × quantity
industry and assumedwind to bemore labor-intensive than fossil gener-
ating sources, which has been suggested by some of the literature
(IRENA, 2017; Duscha et al., 2014, 2016). The relationship between tech-
nology choice and the relative demand for labor versus capital is com-
plex. The labor requirements of each generation technology vary over
its life cycle. Some of these differences are captured by our model;
some are not. The ReEDS model explicitly captures technology-specific
differences in OM costs, which include the OM contribution towards
total labor costs. USREP captures differences in the upstream labor inten-
sity of other inputs, including the labor required to produce fossil fuels. It
also captures the labor market impacts of increased investment. How-
ever, labor-investment impacts are not differentiated by sector or elec-
tricity generation technology. If the manufacturing and installation of
wind turbines is significantly more labor-intensive than other technolo-
gies, we might be underestimating impacts of wind deployment on the
labor market. However, attributing a higher labor-intensity to wind is
unlikely to substantially affect our estimates of overall economic impacts
as it wouldmostly drive a re-allocation from capital to labor returns. Fur-
ther exploration of technology-specific labor intensity is a worthwhile
topic for future work.

In the Study Scenario, electricity prices are also higher than in Busi-
ness-as-Usual, putting downward pressure on welfare. The main
driver of welfare changes, however, is the additional investment
and ensuing returns to capital. Total investment is up to 0.11% higher
in the Study scenario than in Business-as-Usual for all years beyond
2016, which amounts to a maximum of $4.6 billion per year. Wind
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lectricity sector capital (middle), and economy-wide returns to capital (right). These help
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capacity deployment leads to 60–230% higher electric sector invest-
ment than Business-as-Usual in the 2020s and 20% more on average
in 2030–2050. Though investment and capital returns in other sectors
fall, the net effect drives an increase in total capital returns through-
out most of the study period, leading to GDP and welfare improve-
ments until the 2040s. Subsequently, GDP and welfare fall slightly
below Business-as-Usual as the prescribed wind deployment in Study
becomes more expensive and thus less beneficial to the economy
on the whole.

As with No New Wind, returns to labor in Study are similar to Busi-
ness-as-Usual, though again this result might differ if labor-intensity dif-
ferences between generating technologies were considered. Wage
impacts follow trends in electricity prices relative Business-as-Usual,
with wages being slightly lower in both the Study and No New Wind
Scenarios; however, changes are all within +0.03/−0.09%.

The long-term value of each economic metric is summarized in
Fig. 13, which shows net present value (NPV) of each metric relative
to Business-as-Usual for 2017–2030 and 2017–2050 using a 3% social
discount rate consistent with U.S. Office of Management and Budget
guidelines for long-term cost-benefit analyses. The Business-as-Usual
and No New Wind are very similar through 2030, so differences are
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Fig. 13. Change in 2017–2030 and 2017–2050 net present value of economicmetrics for theNoN
change relative to Business-as-Usual also shown.
small, though slight deviations in investment lead to lower net present
value under No New Wind for capital returns (0.02%) investment
(0.01%), and EV (0.01%). Additional pre-2030 wind deployment in
Study, on the other hand, yields a $88 billion (0.03%) increase in GDP fa-
cilitated by higher capital returns, EV, and investment.

Over the 34-year period between 2017 and 2050, differences be-
tween scenarios become more apparent. The economic disbenefits
from prohibiting wind expansion under No New Wind occur in later
years, so they are discounted more heavily than the nearer-term im-
provements in the Study Scenario, leading to reductions in GDP ($111
billion) and EV ($110 billion) that are smaller than improvements in
the Study Scenario. Changes inNo NewWind are caused by lower invest-
ment ($32 billion, 0.04%) and returns to capital ($90 billion, 0.05%).
Though wage impacts are important to welfare trends, wages fall pri-
marily in the 2040s, so discounting makes these changes appear small
compared to other metrics.

Persistent investment in wind technologies in the Study Scenario
over 2017–2050 achieves a notable increase in GDP ($150 billion,
0.02%) and EV ($192 billion, 0.04%) which is largely attributed to
changes in investment ($54 billion, 0.06%) and capital returns from in-
creased investment ($398 billion, 0.22%) relative to the Business-as-
Usual Scenario. These results demonstrate the potential economic
benefits achievable by stimulating wind investment beyond the Busi-
ness-as-Usual, even under reference technology cost and performance
assumptions.

Our results thus indicate that greater electric sector investment in
wind generating capacity can be beneficial to the national economy.
However, lack of technology differentiation outside of the electricity
sector prevents us from concluding that wind capacity deployment
would impact the economy differently from other technologies. Beyond
that, several underlying assumptions warrant discussion.

First, generation technology capital and operating costs are exoge-
nously defined in ReEDS using market projections from the EIA and
NREL; thus, they do not incorporate learning effects and are not affected
by modeled deployment (Cole et al., 2016a; EIA, 2016). If additional
wind technology cost reductions were induced by the prescribed wind
deployment in the Study Scenario, reduced capital needs could negate
some welfare gains attributed to higher capital returns. This outcome
would be offset by lower electricity costs, but the net effect is uncertain.
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The value of wind will also depend on the implementation of CO2

mitigation policies in the United States, which could enhance the posi-
tive economic impacts ofwinddeployment by reducing the cost ofwind
relative to other technologies. While adding scenarios around technol-
ogy cost and policies would be interesting future work, we chose to
maintain a simple scenario design that better isolates the economic ef-
fects of wind capacity growth. Furthermore, the static representation of
international environmental policy ignores decarbonization efforts
outlined in the Paris Climate Agreement and other stated objectives. If
these goals were considered, global market interactions could reduce
fossil fuel prices and possibly affect wind technology costs and electric
sector capital markets in ways that materially affect results. Additional
data and model development is necessary to better characterize these
interactions, and international decarbonization policy is an active re-
search topic that could be explored by ReEDS-USREP in the future
(Böhringer et al., 2017; Böhringer and Rutherford, 2017).

The robustness of our results is also limited by the inability of the
coupled model to optimize the solution intertemporally across the full
2010–2050 time period. Given that the Study Scenario prescribes wind
deployment that might otherwise not be part of the least-cost genera-
tion mix, an intertemporal model might find that the Study Scenario
has lower welfare than shown here because prescribed wind deploy-
ment constrains the electric sector beyond reference conditions.
Whether an intertemporally optimized model would be a better ap-
proximation of reality than the approach herein, given the well-
documented myopic behavior of actual economic agents, is an open
question. Real-world economic drivers not represented in the CGE
framework could produce different outcomes in response to these fu-
ture electricity-economy trajectories both in magnitude and direction.
An important extension of this point is the observation that national
economic outcomes do not change drastically despite the substantial
electric sector shift towards wind in the Study Scenario, suggesting
that the electric sector and economy as a whole is robust to potentially
large influxes of renewable electricity.
8 However, when comparing Study toNoNewWind (see Supplemental Information), all
income classes above 15k see a welfare improvement for the whole study period.
3.4. Distributional economic impacts

While competitive wind deployment in the Business-as-Usual and
additional wind deployment in the Study Scenario can lead to higher
overall economicwelfare (measured by EV), the impacts are not distrib-
uted evenly across income classes. Fig. 14 plots EV relative to Business-
as-Usual for households in each of the nine income classes represented
in USREP. Distributional differences between No New Wind and Busi-
ness-as-Usual are minimal until the 2040s. After that we see that the
EV reduction in No New Wind harms households at different income
levels differently: while each household type sees its welfare decrease,
reductions are much greater for income classes above 15k than for the
lowest two income classes. Thus, the wind penetration in Business-as-
Usual, while benefiting all households, is least beneficial for low-
income households. The Study Scenario is also regressive, with high-
income households experiencing larger gains (or smaller losses) than
low-income households. While most income classes see positive wel-
fare impacts throughout most of the study period, the lowest income
classes (below 15k) actually see a notable welfare reduction relative
to Business-as-Usual beginning in the mid-2030s; by 2050, their EV is
0.07% lower. Other income classes also have lower EV in Study relative
to Business-as-Usual in the 2040s.8 These distributional differences
arise from the same drivers as the aggregate results discussed in the
previous section: changes in the price of goods—including electricity,
and changes in household income.

Changes in the prices of goods affect household purchasing power
differently depending on their consumption patterns. For instance,
households that spend a larger share of their budget on electricity will
benefit relatively more from a reduction in the price of electricity. In
Fig. 15, we isolate the distributional differences caused by changes in
the price of goods by plotting the average price index experienced by
households in each income class (relative to Business-as-Usual). These
are calculated by computing the average changes in the price of the
goods each income class consumes, weighting by Business-as-Usual ex-
penditure shares by household income class. Note that the model only
predicts changes in relative prices, so the overall change in the price
index aggregated across households is zero. This measure is thus only
useful in describing differential impacts between household types. A
positive number in Fig. 15 means that the average price of the goods
purchased by households in that income class is lower than the national
price index, benefiting that household type.

In the No New Wind scenario, electricity prices are very similar to
Business-as-Usual through the late 2030s, and we see no notable differ-
ences in price impacts across income classes. After that, electricity prices
rise relative to Business-as-Usual, leading to regressive impacts: low-
income households that spend more on electricity are harmed by the
higher prices caused by excluding cost-effective wind generation from
the generation mix. The prices of most goods other than electricity are
only marginally affected. The main exceptions are slightly higher coal
prices and a more notable increase in natural gas prices. The increase
in natural gas prices is the samemagnitude as the increase in electricity
prices, so this outcome also harms low income households that spend a
higher portion of their income on natural gas.

In the Study Scenario, electricity prices are briefly lower than Business-
as-Usual in the 2020s but become higher after 2030. At that point,
changes in purchasing power also become regressive, with all income
classes but those earning N75k doing worse than average. By 2050, this
distributional effect is weaker than with No NewWind, however.

Beyond their impact on consumption prices, differences in wind
penetration also affect household welfare through the returns to
the factors they own. Households at different income levels derive
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their income from different sources, which leads to heterogeneous dis-
tributional impacts. Income-driven welfare benefits in both the Busi-
ness-as-Usual and Study Scenarios are driven primarily by increased
investment and capital returns from the electricity sector (which out-
weighs smaller reductions in capital returns from other sectors). In-
creased capital returns disproportionately benefit higher income
classes, which own a larger share of capital.

While Fig. 15 has allowed us to identify price effects, comparing it
with Fig. 14 demonstrates that income effects dominate price effects
in determining distributional impacts. Indeed, the lack of wind con-
struction in No New Wind yields differences in purchasing power that
are 0.045% lower for the lowest income class than for the highest by
2050 (i.e., are regressive), while overall changes in EV, which include
both purchasing power and income effects, are 0.11% higher (i.e., are
progressive). In the Study Scenario, both effects are regressive, but pur-
chasingpower effects are also smaller inmagnitude than incomeeffects.
While differentiating the labor-intensity of wind compared to other
electricity sources could weaken the impact on capital returns relative
to the impact on labor returns, we expect regressive behavior to be ro-
bust because low-income households derive large portions of their in-
come from government transfers and profit little from changes in
factor returns. Indeed, other analyses using ReEDS-USREP have found
that benefits to labor markets in the form of tax rate reductions are—
like benefits to capital markets—also regressive (Caron et al., 2018).

3.5. Regional wind generation and investment

Regional differences in the economic impacts of wind deployment
can arise from many factors. The local income distribution plays a
role; as wind capacity is capital intensive, regions with a greater share
of high-income households would disproportionally benefit from capi-
tal returns, regardless of where investments are made and wind capac-
ity is deployed. Regional variations in electricity prices can affect local
economic outcomes, and the electricity price response to wind genera-
tion can depend on the local electricity market structure, the character-
istics of newwind capacity, and the composition of the generating fleet
providing electricity to the area. There are also local economic benefits
to any land owners leasing property for wind turbine construction and
operation, and local labor can benefit from jobs created by wind capac-
ity construction and operation.

While USREP represents regional income distributions, investment,
labor markets, and electricity prices, it does not capture the detailed
business relationships and market structures that influence the local
economic impact of wind deployment. In addition, capital markets are
assumed to be national so do not reflect region-specific investment.
These limitations make it difficult to contextualize the relationship be-
tween regional wind deployment and regional welfare as measured
by EV. As a result, this section focuses solely on where wind is deployed
and the resulting local electric sector investment.
Fig. 16 shows the difference between wind generation in Business-
as-Usual and wind generation in the No New Wind and Study Scenarios
in 2030 and 2050 for each USREP region. There is little to no difference
in wind generation in 2030 for No NewWind, but the Study Scenario has
notably more wind in the Central andWest regions. In 2050, additional
Business-as-Usualwind deployment entails large negative values for No
NewWind, particularly in the North Central region but also in the South
Central andWest regions. The Study Scenario hasmorewind generation
throughout the United States, but incremental deployment beyond
Business-as-Usual is most notable in the East Central and West where
there is substantial offshore wind deployment.

The corresponding change from Business-as-Usual in the net pres-
ent value of regional electric sector investment appears in Fig. 17
(the top panel showing the 2017–2030 NPV and the bottom panel
the 2017–2050 NPV). Trends mirror those of regional generation dif-
ferences to a large extent but are influenced by investments in solar
photovoltaics and natural gas-fired capacity along with wind invest-
ments. For example, higher 2017–2050 electric sector investment in
the Southeast in No New Wind can be attributed to greater solar in-
vestment, while wind investment is minimal in Business-as-Usual
because the Southeast generally has lower quality wind resources
than other regions. Regions having a larger difference in NPV be-
tween Study and Business-as-Usual than the difference in 2050 gen-
eration have earlier wind deployment. The North Central region is
a prime example, where the generation difference between Busi-
ness-as-Usual and Study narrows from 2030 to 2050 while the differ-
ence in investment does not. Similar behavior in the South Central
and West result in relatively large NPV increases relative to the
change in wind generation. In the No New Wind Scenario, all but
the Southeast region has lower electric sector investment value
through 2050, with the North Central region experiencing a $73 bil-
lion reduction. The Study Scenario, however, achieves at least $35 bil-
lion greater electric sector investment value than Business-as-Usual
in all regions but the Southeast. The North Central region, which in-
cludes the Dakotas and a large fraction of the Midwest, achieves $91
billion in increased investment value over 2017–2030, and that net
increase persists over the whole study period (2017–2050).
4. Conclusions

We have examined how high wind penetration in the U.S. electric
sector can affect the U.S. economy using a linked model that pairs the
detailed electric sector representation of ReEDS with the general equi-
librium economic perspective of USREP. This analysis can provide
insights relevant to a wide range of stakeholders interested in interac-
tions between renewable energy deployment, fossil fuel markets, elec-
tricity markets, and economic welfare with the broader goal of
improving the understanding of renewable energy economic impacts.
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Fig. 16. The change in 2030 and 2050 wind generation relative to the Business-as-Usual Scenario for each region.
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Within the electric sector, deploying cost-competitive wind (as in
our Business-as-Usual Scenario) reduces electricity prices and promotes
electricity demand growth relative to a No New Wind Scenario where
wind capacity remains stagnant at 2016 levels. High levels of wind ca-
pacity deployment consistent with the Wind Vision Study Scenario
(N380 GW in 2050) leads to a modest increase in electricity prices
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Fig. 17. Changes relative to Business-as-Usual of electric sector investmen
relative to the Business-as-Usual case, but the change is no greater
than in the case of No NewWind.

Additional wind electricity displaces fossil fuels for electricity gener-
ation, and these reductions in fossil fuel demand depress fossil fuel
prices. Natural gas prices appear more sensitive to changes in demand
from the electric sector than coal prices, as coal exports can help
tudy NNW Study NNW Study NNW Study
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t by region largely follow similar trends as regional wind generation.
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mitigate the impact of reduced electric sector use. Increased wind gen-
eration beyond No New Wind reduces CO2 emissions in the electricity
sector and overall. Wind growth in the high-deployment Study Scenario
reduces 2050 electric sector CO2 by N20% and 2050 economy-wide CO2

by 6% relative toNoNewWind, with reductions of 11% and 3% relative to
Business-as-Usual. Some CO2 leakage to other sectors occurs when
deploying less competitive resources, but observed leakage is b10%.

The emissions reductions with higher wind deployment are
achieved alongside higher U.S. GDP and economic welfare relative to
the No New Wind Scenario where wind capacity stagnates. Though the
high-deployment Study Scenario has slightly lower GDP and welfare
than Business-as-Usual in 2050, the present value for 2017–2050 is
0.02% higher for GDP and 0.04% higher for welfare due to annual im-
provements through the early 2040s that exceed 0.05% in the 2030s.
These relative changes are small in the context of the total economy
but still equate to tens of billions of dollars annually and have a cumula-
tive net present value of $150 billion GDP and $192 billion in welfare.
Welfare improvements are driven primarily by higher capital returns
generated by increased electric sector investment along with lower
electricity prices (when cost-competitive wind is deployed) and lower
fossil fuel prices. Overall our results suggest that investment inwind ca-
pacity does not hinder economic growth and in fact could provide ben-
efits to the U.S. economy, even in the case of high deployment. We
acknowledge, however, that while wind primarily displaces PV in
terms of capacity and a combination of PV, gas, and coal in terms of gen-
eration, our analysis does not systematically compare the economy-
wide benefits of wind deployment to alternative scenarios presuming
the increased deployment of any other specific generation technology.

These welfare gains are however not distributed equally across in-
come classes. Investment effects dominate purchasing power effects,
so high-incomehouseholds benefit themost fromwinddeployment be-
cause they own a larger share of capital despite any progressive pur-
chasing power effect of lower electricity and fossil fuel prices. Despite
this generally regressive behavior, economic gains occur for all income
classes in Business-as-Usual (relative to No New Wind). In the high-
deployment Study Scenario, all but the lowest-income households ben-
efit through 2030. After that, gains relative to Business-as-Usual tapper
off, and many income classes become worse off. Lowest-income house-
holds do not profit from capital investments, and price effects harm
them disproportionally in this scenario. These negative impacts, how-
ever, could potentially be mitigated by lower electricity prices if wind
technology cost reductions were attained. Local wind deployment
spurs regional investment, but amore detailed assessment of local elec-
tricity markets would be necessary to better assess regional differences
in economic performance.

In summary, wind deployment can reduce fossil fuel dependence
and CO2 emissions while having minimal or even positive impacts on
the U.S. economy.

Acknowledgements

This work was authored in part by Alliance for Sustainable Energy,
LLC, the manager and operator of the National Renewable Energy Labo-
ratory for the U.S. Department of Energy (DOE) under Contract No. DE-
AC36-08GO28308. Funding provided by the DOE Office of Energy Effi-
ciency and Renewable Energy's Wind Energy Technologies Office
(WETO). The views expressed in the article do not necessarily represent
the views of the DOE or the U.S. Government. The U.S. Government re-
tains and the publisher, by accepting the article for publication, ac-
knowledges that the U.S. Government retains a nonexclusive, paid-up,
irrevocable, worldwide license to publish or reproduce the published
form of this work, or allow others to do so, for U.S. Government
purposes.

The authors also gratefully acknowledge funding from the U.S. Envi-
ronmental Protection Agency's Climate Change Division and the MIT
Joint Program on the Science and Policy of Global Change for support
through a consortium of industrial sponsors and Federal grants as listed
at https://globalchange.mit.edu/sponsors. The authors would also like
to thank Trieu Mai (NREL), Eric Lantz (NREL), Maxwell Brown (NREL),
Richard Tusing (Allegheny Science and Technologies), and Patrick
Gilman (DOE-WETO) for their guidance and support of this work.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.eneco.2018.10.023.
References

ABB, 2017. “ABB velocity suite.” 2017. http://new.abb.com/enterprise-software/energy-
portfolio-management/market-intelligence-services/velocity-suite.

Babiker, Mustafa H., Eckaus, Richard S., 2007. Unemployment effects of climate policy.
Environ. Sci. Pol. 10 (7), 600–609. https://doi.org/10.1016/j.envsci.2007.05.002.

Badri, Narayanan G., Walmsley, Terrie L., 2008. Global Trade, Assistance, and Production:
The GTAP 7 Data Base. Center for Global Trade Analysis, Purdue University.

Barbose, Galen, Darghouth, Naïm, Millstein, Dev, LaCommare, Kristina, DiSanti, Nicholas,
Widiss, Rebecca, 2017. Tracking the Sun 10: The Installed Price of Residential and
Non-Residential Photovoltaic Systems in the United States. 2017.

Bloom, Aaron, Townsend, Aaron, Palchak, David, Novacheck, Joshua, King, Jack, Barrows,
Clayton, Ibanez, Eduardo, et al., 2016. Eastern renewable generation integration
study. NREL/TP-6A20-64472. National Renewable Energy Laboratory, RePPAE LLC,
GE, Golden, CO http://www.nrel.gov/docs/fy16osti/64472.pdf.

Böhringer, Christoph, 1998. The synthesis of bottom-up and top-down in energy policy
modeling. Energy Econ. 20 (3), 233–248. https://doi.org/10.1016/S0140-9883(97)
00015-7.

Böhringer, Christoph, Rutherford, Thomas F., 2005. Integrating bottom-up into top-down:
a mixed complementarity approach. ZEW Discussion Paper 05–28. ZEW - Zentrum
für Europäische Wirtschaftsforschung/Center for European Economic Research
https://ideas.repec.org/p/zbw/zewdip/4271.html.

Böhringer, Christoph, Rutherford, Thomas F., 2017. Paris after Trump: an inconvenient in-
sight. CESifo Working Paper Series 6531. CESifo Group Munich. https://ideas.repec.
org/p/ces/ceswps/_6531.html.

Böhringer, Christoph, Keller, Andreas, van der Werf, Edwin, 2013. Are green
hopes too rosy? Employment and welfare impacts of renewable energy promo-
tion. Energy Econ. 36 (Supplement C), 277–285. https://doi.org/10.1016/j.
eneco.2012.08.029.

Böhringer, Christoph, Carbone, Jared C., Rutherford, Thomas F., 2017. Embodied carbon
tariffs. Scand. J. Econ. 120 (1), 183–210. https://doi.org/10.1111/sjoe.12211.

Bolinger, Mark, Seel, Joachim, 2016. Utility-scale solar 2015: an empirical analysis of pro-
ject cost, performance, and pricing trends in the United States. https://emp.lbl.gov/
publications/utility-scale-solar-2015-empirical.

Brinkman, Gregory, Jorgenson, Jennie, Ehlen, Ali, Caldwell, James, 2016. Low carbon grid
study: analysis of a 50% emission reduction in California. NREL/TP-6A20–64884.
National Renewable Energy Laboratory, Golden, CO http://www.nrel.gov/docs/
fy16osti/64884.pdf.

Caron, Justin, Cohen, Stuart M., Brown, Maxwell, Reilly, John M., 2018. Exploring the im-
pacts of a National U.S. Co2 tax and revenue recycling options with a coupled
electricity-economy model. Clim. Change Econ. 09 (01), 1840015. https://doi.org/
10.1142/S2010007818400158.

Cole, Wesley, Kurup, Parthiv, Hand, Maureen, Feldman, David, Sigrin, Benjamin, Lantz,
Eric, Stehly, Tyler, et al., 2016a. 2016 annual technology baseline. NREL/PR-6A20-
66944. National Renewable Energy Laboratory, Golden, CO http://www.nrel.gov/
analysis/data_tech_baseline.html.

Cole, Wesley, Mai, Trieu, Logan, Jeffrey, Steinberg, Daniel, McCall, James, Richards, James,
Sigrin, Benjamin, Porro, Gian, 2016b. 2016 standard scenarios report: a U.S. electricity
sector outlook. NREL/TP-6A20-66939. National Renewable Energy Laboratory,
Golden, CO http://www.nrel.gov/docs/fy17osti/66939.pdf.

DOE, 2015. Wind vision: a new era for wind power in the United States. Technical Report
DOE/GO-102015-4557. U. S. Department of Energy, Washington, D.C. http://energy.
gov/sites/prod/files/2015/03/f20/wv_full_report.pdf.

DOE, 2016. Hydropower vision: a new chapter for America's 1st renewable electricity
source. Technical Report DOE/GO-102016-4869. U. S. Department of Energy,
Washington, D.C. http://energy.gov/eere/water/articles/hydropower-vision-new-
chapter-america-s-1st-renewable-electricity-source.

Duscha, Vicki, Ragwitz, Mario, Breitschopf, Barbara, Schade, Wolfgang, Walz, Rainer, Pfaff,
Matthias, de Visser, Erika, et al., 2014. Employment and Growth Effects of Sustainable
Energies in the European Union. Fraunhofer ISI, Karlsruhe, Germany https://ec.eu-
ropa.eu/energy/sites/ener/files/documents/EmployRES-II%20final%20report_0.pdf.

Duscha, Vicki, Fougeyrollas, Arnaud, Nathani, Carsten, Pfaff, Matthias, Ragwitz, Mario,
Resch, Gustav, Schade, Wolfgang, Breitschopf, Barbara, Walz, Rainer, 2016. Renew-
able energy deployment in Europe up to 2030 and the aim of a triple dividend.
Energy Policy 95 (August), 314–323. https://doi.org/10.1016/j.enpol.2016.05.011.

EIA, 2016. Annual energy outlook 2016. DOE/EIA-0383(2016). U.S. DOE Energy Informa-
tion Administration, Washington, D.C.

EIA, 2017a. Annual Energy Outlook 2017. U.S. DOE Energy Information Administration,
Washington, D.C.

EIA, 2017b. Electric Power Monthly. U.S. Energy Information Administration, Washington
D.C.

https://globalchange.mit.edu/sponsors
https://doi.org/10.1016/j.eneco.2018.10.023
https://doi.org/10.1016/j.eneco.2018.10.023
http://new.abb.com/enterprise-software/energy-portfolio-management/market-intelligence-services/velocity-suite
http://new.abb.com/enterprise-software/energy-portfolio-management/market-intelligence-services/velocity-suite
https://doi.org/10.1016/j.envsci.2007.05.002
http://refhub.elsevier.com/S0140-9883(18)30425-0/rf0015
http://refhub.elsevier.com/S0140-9883(18)30425-0/rf0015
http://refhub.elsevier.com/S0140-9883(18)30425-0/rf0020
http://refhub.elsevier.com/S0140-9883(18)30425-0/rf0020
http://www.nrel.gov/docs/fy16osti/64472.pdf
https://doi.org/10.1016/S0140-9883(97)00015-7
https://doi.org/10.1016/S0140-9883(97)00015-7
https://ideas.repec.org/p/zbw/zewdip/4271.html
https://ideas.repec.org/p/ces/ceswps/_6531.html
https://ideas.repec.org/p/ces/ceswps/_6531.html
https://doi.org/10.1016/j.eneco.2012.08.029
https://doi.org/10.1016/j.eneco.2012.08.029
https://doi.org/10.1111/sjoe.12211
https://emp.lbl.gov/publications/utility-scale-solar-2015-empirical
https://emp.lbl.gov/publications/utility-scale-solar-2015-empirical
http://www.nrel.gov/docs/fy16osti/64884.pdf
http://www.nrel.gov/docs/fy16osti/64884.pdf
https://doi.org/10.1142/S2010007818400158
https://doi.org/10.1142/S2010007818400158
http://www.nrel.gov/analysis/data_tech_baseline.html
http://www.nrel.gov/analysis/data_tech_baseline.html
http://www.nrel.gov/docs/fy17osti/66939.pdf
http://energy.gov/sites/prod/files/2015/03/f20/wv_full_report.pdf
http://energy.gov/sites/prod/files/2015/03/f20/wv_full_report.pdf
http://energy.gov/eere/water/articles/hydropower-vision-new-chapter-america-s-1st-renewable-electricity-source
http://energy.gov/eere/water/articles/hydropower-vision-new-chapter-america-s-1st-renewable-electricity-source
https://ec.europa.eu/energy/sites/ener/files/documents/EmployRES-II%20final%20report_0.pdf
https://ec.europa.eu/energy/sites/ener/files/documents/EmployRES-II%20final%20report_0.pdf
https://doi.org/10.1016/j.enpol.2016.05.011
http://refhub.elsevier.com/S0140-9883(18)30425-0/rf0100
http://refhub.elsevier.com/S0140-9883(18)30425-0/rf0100
http://refhub.elsevier.com/S0140-9883(18)30425-0/rf0105
http://refhub.elsevier.com/S0140-9883(18)30425-0/rf0105
http://refhub.elsevier.com/S0140-9883(18)30425-0/rf0110
http://refhub.elsevier.com/S0140-9883(18)30425-0/rf0110


573S.M. Cohen, J. Caron / Energy Economics 76 (2018) 558–573
ERCOT, 2017. 2017 demand and energy report. http://ercot.com/content/wcm/lists/
114740/DemandandEnergy2017.xlsx.

Eurek, Kelly, Cole, Wesley, Bielen, David A., Blair, Nate, Cohen, Stuart, Frew, Bethany, Ho,
Jonathan, Krishnan, Venkat, Mai, Trieu, Steinberg, Daniel, 2016. Regional energy de-
ployment system (ReEDS) model documentation: version 2016. NREL/TP-6A20–
67067. National Renewable Energy Laboratory, Golden, CO http://www.nrel.gov/
docs/fy17osti/67067.pdf.

Hourcade, Jean-Charles, Jaccard, Mark, Bataille, Chris, Ghersi, Frédéric, 2006. Hybrid
modeling: new answers to old challenges introduction to the special issue of ‘The En-
ergy Journal’. Energy J. 27, 1–11.

IMPLAN, 2008. State-Level US Data for 2006. Minnesota IMPLAN Group. Minnesota
IMPLAN Group, Stillwater, MN.

IRENA, 2017. Renewable Energy and Jobs – Annual Review 2017. International Renewable
Energy Agency, Abu Dhabi (/publications/2017/May/Renewable-Energy-and-Jobs–
Annual-Review-2017).

Lantz, Eric, Mai, Trieu, Wiser, Ryan H., Krishnan, Venkat, 2016. Long-term implications of
sustained wind power growth in the United States: direct electric system impacts
and costs. Appl. Energy 179 (October), 832–846. https://doi.org/10.1016/j.
apenergy.2016.07.023.

Lehr, Ulrike, Nitsch, Joachim, Kratzat, Marlene, Lutz, Christian, Edler, Dietmar, 2008. Re-
newable energy and employment in Germany. Energy Policy 36 (1), 108–117.
https://doi.org/10.1016/j.enpol.2007.09.004.

Lehr, Ulrike, Lutz, Christian, Edler, Dietmar, 2012. Green jobs? Economic impacts of re-
newable energy in Germany. Energy Policy 47 (August), 358–364. https://doi.org/
10.1016/j.enpol.2012.04.076.

Lew, D., Brinkman, G., Ibanez, E., Florita, A., Heaney, M., Hodge, B.-M., Hummon, M., Stark,
G., King, J., Lefton, S.A., 2013. The western wind and solar integration study phase 2.
NREL/TP-5500-55588. National Renewable Energy Laboratory, Golden, CO http://
www.osti.gov/scitech/servlets/purl/1095399.

Manne, Alan S., 1977. ETA-MACRO: A Model of Energy-Economy Interactions. EA-592.
Electric Power Research Institute, Palo Alto, CA.
Martin, Chris, 2017. For the first time, wind on the plains suppliedmore than half region's
power. Bloomberg https://www.bloomberg.com/news/articles/2017-02-13/wind-
on-the-plains-supplied-more-than-half-region-s-power-needs (February 13, 2017).

Rausch, Sebastian, Mowers, Matthew, 2014. Distributional and efficiency impacts of clean
and renewable energy standards for electricity. Resour. Energy Econ. 36 (2),
556–585. https://doi.org/10.1016/j.reseneeco.2013.09.001.

Rausch, Sebastian, Reilly, John, 2015. Carbon taxes, deficits, and energy policy interac-
tions. Natl. Tax J. 68 (1), 157–178.

REN21, 2016. Renewables 2016 Global Status Report. 978-3-9818107-0-7 http://www.
ren21.net/wp-content/uploads/2016/06/GSR_2016_Full_Report.pdf.

US Census Bureau, 2010. Foreign trade statistics state data series: origin of movement and
state of destination data series. http://www.census.gov/foreign-trade/aip/elom.
htmlUS (2010).

USEIA, 2009. State Energy Data System.
Wiser, Ryan, Bolinger, Mark, 2016. “2015 wind technologies market report.” Department

of Energy. https://emp.lbl.gov/sites/all/files/2015-windtechreport.final_.pdf.
Wiser, Ryan, Lantz, Eric, Mai, Trieu, Zayas, Jose, DeMeo, Edgar, Eugeni, Ed, Lin-Powers,

Jessica, Tusing, Richard, 2015. Wind vision: a new era for wind power in the United
States. Electr. J. 28 (9), 120–132. https://doi.org/10.1016/j.tej.2015.09.016.

Wiser, Ryan, Bolinger, Mark, Heath, Garvin, Keyser, David, Lantz, Eric, Macknick, Jordan,
Mai, Trieu, Millstein, Dev, 2016a. Long-term implications of sustained wind power
growth in the United States: potential benefits and secondary impacts. Appl. Energy
179 (October), 146–158. https://doi.org/10.1016/j.apenergy.2016.06.123.

Wiser, Ryan, Mai, Trieu, Millstein, Dev, Macknick, Jordan, Carpenter, Alberta, Cohen,
Stuart, Cole, Wesley, Frew, Bethany, Heath, Garvin, 2016b. On the path to sunshot.
The environmental and public health benefits of achieving high solar penetrations
in the United States. Technical Report NREL/TP-6A20-65628. National Renewable
Energy Laboratory, Golden, CO http://www.nrel.gov/docs/fy16osti/65628.pdf.

http://ercot.com/content/wcm/lists/114740/DemandandEnergy2017.xlsx
http://ercot.com/content/wcm/lists/114740/DemandandEnergy2017.xlsx
http://www.nrel.gov/docs/fy17osti/67067.pdf
http://www.nrel.gov/docs/fy17osti/67067.pdf
http://refhub.elsevier.com/S0140-9883(18)30425-0/rf0125
http://refhub.elsevier.com/S0140-9883(18)30425-0/rf0125
http://refhub.elsevier.com/S0140-9883(18)30425-0/rf0125
http://refhub.elsevier.com/S0140-9883(18)30425-0/rf0130
http://refhub.elsevier.com/S0140-9883(18)30425-0/rf0130
http://refhub.elsevier.com/S0140-9883(18)30425-0/rf0135
http://refhub.elsevier.com/S0140-9883(18)30425-0/rf0135
http://refhub.elsevier.com/S0140-9883(18)30425-0/rf0135
https://doi.org/10.1016/j.apenergy.2016.07.023
https://doi.org/10.1016/j.apenergy.2016.07.023
https://doi.org/10.1016/j.enpol.2007.09.004
https://doi.org/10.1016/j.enpol.2012.04.076
https://doi.org/10.1016/j.enpol.2012.04.076
http://www.osti.gov/scitech/servlets/purl/1095399
http://www.osti.gov/scitech/servlets/purl/1095399
http://refhub.elsevier.com/S0140-9883(18)30425-0/rf0160
http://refhub.elsevier.com/S0140-9883(18)30425-0/rf0160
https://www.bloomberg.com/news/articles/2017-02-13/wind-on-the-plains-supplied-more-than-half-region-s-power-needs
https://www.bloomberg.com/news/articles/2017-02-13/wind-on-the-plains-supplied-more-than-half-region-s-power-needs
https://doi.org/10.1016/j.reseneeco.2013.09.001
http://refhub.elsevier.com/S0140-9883(18)30425-0/rf0175
http://refhub.elsevier.com/S0140-9883(18)30425-0/rf0175
http://www.ren21.net/wp-content/uploads/2016/06/GSR_2016_Full_Report.pdf
http://www.ren21.net/wp-content/uploads/2016/06/GSR_2016_Full_Report.pdf
http://www.census.gov/foreign-trade/aip/elom.htmlUS
http://www.census.gov/foreign-trade/aip/elom.htmlUS
http://refhub.elsevier.com/S0140-9883(18)30425-0/rf0190
https://emp.lbl.gov/sites/all/files/2015-windtechreport.final_.pdf
https://doi.org/10.1016/j.tej.2015.09.016
https://doi.org/10.1016/j.apenergy.2016.06.123
http://www.nrel.gov/docs/fy16osti/65628.pdf

	The economic impacts of high wind penetration scenarios in the United States
	1. Introduction
	1.1. The Wind Vision scenarios

	2. Methodology
	2.1. The linked ReEDS-USREP model
	2.1.1. Regional Energy Deployment System (ReEDS)
	2.1.1.1. Model structure
	2.1.1.2. Data

	2.1.2. U.S. Regional Energy Policy (USREP) model
	2.1.2.1. Model structure
	2.1.2.2. Data

	2.1.3. Linked model operation

	2.2. Key output metrics

	3. Results
	3.1. Electric sector supply, demand, and prices
	3.2. CO2 emissions
	3.3. Impacts on the U.S. economy
	3.4. Distributional economic impacts
	3.5. Regional wind generation and investment

	4. Conclusions
	Acknowledgements
	Appendix A. Supplementary data
	References


