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Preface

The U.S. Department of Energy launched the SunShot Initiative in 2011 with the goal of making
solar electricity cost-competitive with conventionally generated electricity by 2020. At the time
this meant reducing photovoltaic and concentrating solar power prices by approximately 75%—
relative to 2010 costs—across the residential, commercial, and utility-scale sectors. To examine
the implications of this ambitious goal, the Department of Energy’s Solar Energy Technologies
Office (SETO) published the SunShot Vision Study in 2012. The study projected that achieving
the SunShot price-reduction targets could result in solar meeting roughly 14% of U.S. electricity
demand by 2030 and 27% by 2050—while reducing fossil fuel use, cutting emissions of
greenhouse gases and other pollutants, creating solar-related jobs, and lowering consumer
electricity bills.
The SunShot Vision Study also acknowledged, however, that realizing the solar price and
deployment targets would face a number of challenges. Both evolutionary and revolutionary
technological changes would be required to hit the cost targets, as well as the capacity to
manufacture these improved technologies at scale in the U.S. Additionally, operating the U.S.
transmission and distribution grids with increasing quantities of solar energy would require
advances in grid-integration technologies and techniques. Serious consideration would also have
to be given to solar siting, regulation, and water use. Finally, substantial new financial resources
and strategies would need to be directed toward solar deployment of this magnitude in a
relatively short period of time. Still the study suggested that the resources required to overcome
these challenges were well within the capabilities of the public and private sectors. SunShot-level
price reductions, the study concluded, could accelerate the evolution toward a cleaner, more costeffective and more secure U.S. energy system.
That was the assessment in 2012. Today, at the halfway mark to the SunShot Initiative’s 2020
target date, it is a good time to take stock: How much progress has been made? What have we
learned? What barriers and opportunities must still be addressed to ensure that solar technologies
achieve cost parity in 2020 and realize their full potential in the decades beyond?
To answer these questions, SETO launched the On the Path to SunShot series in early 2015 in
collaboration with the National Renewable Energy Laboratory (NREL) and with contributions
from Lawrence Berkeley National Laboratory (LBNL), Sandia National Laboratories (SNL), and
Argonne National Laboratory (ANL). The series of technical reports focuses on the areas of grid
integration, technology improvements, finance and policy evolution, and environment impacts
and benefits. The resulting reports examine key topics that must be addressed to achieve the
SunShot Initiative’s price-reduction and deployment goals. The On the Path to SunShot series
includes the following reports:
•

Emerging Issues and Challenges with Integrating High Levels of Solar into the Electrical
Generation and Transmission Systems (Denholm et al. 2016)

•

Emerging Issues and Challenges with Integrating High Levels of Solar into the Distribution
System (Palmintier et al. 2016)

•

Emerging Opportunities and Challenges in Financing Solar (Feldman and Bolinger 2016)
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•

On the Path to SunShot: Utility Regulatory and Business Model Reforms for Addressing the
Financial Impacts of Distributed Solar on Utilities (Barbose et al. 2016)

•

The Role of Advancements in Photovoltaic Efficiency, Reliability, and Costs (Woodhouse et
al. 2016)

•

Advancing Concentrating Solar Power Technology, Performance, and Dispatchability
(Mehos et al. 2016)

•

Emerging Opportunities and Challenges in U.S. Solar Manufacturing (Chung et al. 2016)

•

The Environmental and Public Health Benefits of Achieving High Penetrations of Solar
Energy in the United States (Wiser et al. 2016).

Solar technology, solar markets, and the solar industry have changed dramatically over the past
five years. Cumulative U.S. solar deployment has increased more than tenfold, while solar’s
levelized cost of energy (LCOE) has dropped by as much as 65%. New challenges and
opportunities have emerged as solar has become much more affordable, and we have learned
much as solar technologies have been deployed at increasing scale both in the U.S. and abroad.
The reports included in this series, explore the remaining challenges to realizing widely
available, cost-competitive solar in the United States. In conjunction with key stakeholders,
SETO will use the results from the On the Path to SunShot series to aid the development of
its solar price reduction and deployment strategies for the second half of the SunShot period
and beyond.
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Executive Summary

The U.S. Department of Energy’s SunShot Initiative (SunShot) seeks to motivate swift
reductions in the cost of solar energy in order to strengthen the role of solar as a low-cost energy
source. The SunShot Vision Study (DOE 2012) evaluated the profound implications of such cost
reductions for the solar industry, the electricity sector as a whole, and end-use electricity
consumers, finding that achieving the SunShot cost targets could result in overall solar electricity
penetrations of 14% of annual U.S. electricity demand by 2030 and 27% by 2050. Analyzed
solar technologies included photovoltaics (PV) and concentrating solar power (CSP). That study,
however, did not comprehensively quantify and value the potential environmental and health
benefits associated with achieving these levels of solar penetration.
Our analysis fills that gap by thoroughly assessing three key potential environmental and health
benefits of achieving the solar penetrations envisioned in the SunShot Vision Study: greenhousegas (GHG) emissions reductions, air-pollution health and environmental impacts, and water-use
reductions. Specifically, we use a scenario-analysis approach in which the 14%-by-2030 and
27%-by-2050 “SunShot Vision” scenario is compared with a ”No New Solar (NNS) baseline”
scenario in which no new solar is deployed after 2014. This framework allows us to assess the
potential benefits of all incremental solar deployment. We employ the National Renewable
Energy Laboratory’s Regional Energy Deployment System (ReEDS) electric sector capacityexpansion model to conduct our analysis, updating the analysis conducted in the SunShot Vision
Study. For each of the three benefit categories, we take the modeled output from ReEDS and then
apply additional tools—as necessary—to assess potential benefits in physical and, where
feasible, monetary terms. We qualify the study results where appropriate, and highlight areas of
uncertainty not otherwise explicitly addressed in our analysis.
The United States is already benefiting from an existing fleet of solar power projects. Evaluating
the potential environmental and health benefits of that existing solar generation helps provide
context for the future scenario analysis. To this end, we briefly assess the recent benefits of the
2014 U.S. solar fleet. In this case, we use the Environmental Protection Agency (EPA)’s
Avoided Emissions and geneRation Tool (AVERT) to estimate the characteristics and location of
fossil generation sources displaced by the 20 gigawatts (GW) of year-end 2014 solar capacity.
As with the forward-looking analysis of the SunShot Vision scenario, we assess the potential
benefits in physical and monetary terms using appropriate additional tools.
As summarized below and in Figures ES-1 (SunShot Vision), ES-2 (solar fleet at end of 2014),
and ES-3 (regional results associated with solar fleet at end of 2014), our analysis finds that a
future U.S. electricity system in which solar plays a major role would result in enduring
environmental and health benefits; that the existing fleet of solar power plants is already offering
a down-payment towards those benefits; and that there are sizable regional differences in the
magnitude of the benefits.
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Greenhouse Gas Emissions
• SunShot Vision: Achieving the SunShot Vision scenario reduces life-cycle GHG emissions
from the power sector by 13% in 2030 and 18% in 2050, relative to the NNS baseline
scenario. Cumulative GHG savings from 2015 to 2050 equal 10% of life-cycle emissions
from the power sector. i These reductions produce global benefits of $259 billion in the form
of lower future climate change damages when applying a central value for the social cost of
carbon (SCC), which is equivalent to a levelized benefit of solar of 2.2¢/kWh-solar. ii If,
instead, solar is viewed as a way to meet future legal requirements to reduce carbon
emissions—and therefore offsets the cost of complying with those regulations—then, under a
medium trajectory for the cost of those future regulations, the SunShot Vision scenario yields
$238 billion in savings, which is equivalent to a levelized benefit of 2.0¢/kWh-solar. iii
•

Solar Fleet at End of 2014: These potential future benefits build on the 17 million metric
tons of CO2 savings realized annually from the 2014 solar fleet, which is equivalent to an
annual global benefit of $700 million (2.1¢/kWh-solar) when applying a central value for the
social cost of carbon.

Air-Pollution Emissions
• SunShot Vision: Achieving the SunShot Vision scenario reduces emissions of sulfur dioxide
(SO2), nitrogen oxides (NOx), and fine particulate matter (PM2.5) in the power sector by 14%,
14%, and 13% in 2030 and 15%, 18%, and 13% in 2050, relative to the NNS baseline
scenario. Cumulative emissions savings from 2015 to 2050 equal 9%, 11%, and 8% of
power-sector SO2, NOx, and PM2.5 emissions, respectively. These reductions produce benefits
of $167 billion in the form of lower future health and environmental damages based on
central estimates which is equivalent to a levelized benefit of 1.4¢/kWh-solar. iv The benefits
derive, in large measure, from a reduction in premature mortality from sulfate particles from
SO2 emissions—achieving the SunShot Vision scenario reduces premature mortalities by
25,000–59,000 based on methods developed by the U.S. Environmental Protection Agency.
•

Solar Fleet at End of 2014: These potential future benefits build on annual reductions of
10,000, 10,300, and 1,200 metric tons of SO2, NOx, and PM2.5, respectively, from the 2014
solar fleet, which provide annual domestic air quality benefits of $890 million (2.7¢/kWhsolar) based on central estimates.

Water-Use Reductions
• SunShot Vision: Achieving the SunShot Vision scenario reduces power-sector water
withdrawals by 8% in 2030 and 5% in 2050, relative to the NNS baseline scenario, while
power-sector water consumption is reduced by 10% in 2030 and 16% in 2050. v Cumulative
water impacts from 2015 to 2050 equal 46 trillion gallons of avoided withdrawal (4% of total
power-sector withdrawals) and 5 trillion gallons of avoided water consumption (9% of total
power-sector consumption). By 2050, water withdrawals in the continental United States are
lower than the NNS baseline scenario in 35 of 48 states, and water consumption is lower in
36 of 48 states. Importantly, drought-prone and arid states are among those with the largest
reductions in water use. These results assume dry cooling for CSP plants; greater use of wet
or hybrid cooling reduces modestly the national water savings (e.g., water consumption
savings drop from 16% in 2050 to 12% in 2050).
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•

Solar Fleet at End of 2014: These potential future savings build on the water-use reductions
from the 2014 solar fleet, including annual withdrawal and consumption savings of 294
billion gallons (0.8% of power sector total) and 7.6 billion gallons (0.5% or power sector
total), respectively, with much of those savings located in drought-impacted California.

The total monetary value of the GHG and criteria air pollution benefits of the SunShot Vision
scenario exceed $400 billion in present-value terms under our central estimates, which is
equivalent to roughly 3.5¢/kWh-solar. Focusing on the existing end-of-2014 fleet of solar power
projects, recent annual benefits equal more than $1.5 billion under our central estimates, which is
equivalent to 4.8¢/kWh-solar. These are central estimates, with a sizable range of uncertainty.
The figures exclude the value of reduced water use—for which monetary quantification was not
feasible—as well as other non-quantified environmental considerations.
It is important to recognize that the environmental and health benefits of solar are strongly
dependent on not only the amount of solar deployment but also the location of that
deployment—solar that displaces higher-emitting coal generation has substantially larger
benefits than solar that displaces lower-emitting gas-fired (or even wind) generation. Focusing
on recent benefits from the end-of-2014 solar power fleet, Figure ES-3 illustrates the sizable
regional variations in both the absolute magnitude of the GHG and air quality benefits and how
those benefits translate on a normalized ¢/kWh-solar basis. About two-thirds of total end-of2014 solar generation is delivered to California, and California accounts for roughly half of the
recent total global GHG benefits. On a normalized ¢/kWh-solar basis, recent GHG-reduction
benefits range from 1.9 to 3.2¢/kWh-solar depending on the region, when a central value for the
social cost of carbon is applied. Normalized health-related air quality benefits are especially
sensitive to regional attributes, with recent benefits ranging from 0.6 to 19¢/kWh-solar, driven in
significant measure by the degree to which higher-emitting coal-fired generation is displaced by
solar.
Decision makers will naturally wish to compare these potential environmental and health
benefits with, among other things, the potential costs and risks introduced by adding solar to the
electric system as well as the potential impacts of solar on local ecosystems and communities.
Although not addressed in this report, the SunShot Vision Study (DOE 2012) provides a thorough
initial assessment of electric-system costs and impacts, while other papers in the On the Path to
SunShot Study series help inform such comparisons.
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10% reduction in powersector life-cycle greenhouse
gas emissions: 2015–2050

9% (SO2), 11% (NOx), and 8%
(PM2.5) reduction in powersector emissions: 2015–2050
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in present-value benefits of
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$238 billion
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avoided premature
mortalities: 2015-2050

4% reduction in powersector water withdrawals
and 9% reduction in water
consumption: 2015–2050
Withdrawals fall in 35
states in 2050; consumption
falls in 36 states; notably
including many droughtprone and arid states
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Figure ES-1. Environmental and health benefits of achieving the SunShot Vision Scenario (14% of
U.S. electricity demand by 2030 and 27% by 2050)
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Figure ES-2. Annual environmental and health benefits of the 20 GW of solar power installed by
the end of 2014
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a) CO2 benefits by state (central value SCC;
million $2015)

b) Normalized CO2 benefits by AVERT electricity region
(central value SCC; ¢/kWh)

c) Air quality benefits by state (average COBRA;
million $2015)

d) Normalized air quality benefits by AVERT electricity
region (average COBRA; ¢/kWh)

Figure ES-3. Annual GHG and air quality benefits of the 20 GW of solar power installed by the end
of 2014 by region or state

Finally, although the present work might inform policy decisions, it does not intend to suggest
any specific type of policy. The costs and benefits of increased solar deployment will be
impacted by the policy and market mechanisms used to effect that development; therefore, this
analysis quantifies the general magnitude of environmental and health benefits only. Moreover,
while the analysis presented in this report suggests a significant possible role for solar energy in
delivering environmental and health benefits, previous research shows that achieving those
benefits in the most cost-effective way might be best supported by a policy framework that
directly addresses key market failures and unpriced externalities rather than solely using
technology- or sector-specific incentives.
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1 Introduction

The contribution of solar energy to global (EPIA 2014) and U.S. (GTM/SEIA 2015) electricity
supply is modest but is growing rapidly—a consequence of steep reductions in the cost of solar
energy (Barbose et al. 2015; Bolinger and Seel 2015) and a wide array of policy measures
(Sarzynski et al. 2012; Shrimali and Jenner 2013). The U.S. Department of Energy’s SunShot
Initiative seeks to further these cost reductions in order to strengthen the role of solar as a lowcost energy source and to motivate dramatically higher levels of solar electricity supply in the
near, medium, and longer term. vi
Achieving the cost reductions envisioned by the U.S. Department of Energy (DOE) would have
profound implications for the solar industry, the electricity sector as a whole, end-use electricity
consumers, and the environment. The SunShot Vision Study (DOE 2012) evaluated many of
these implications for the United States, finding that achieving the SunShot cost targets could
result in overall solar electricity penetrations—considering photovoltaics (PV) and concentrating
solar power (CSP)—of 14% of annual U.S. electricity demand by 2030 and 27% by 2050. That
study, however, did not comprehensively quantify the potential environmental and health
benefits associated with achieving these levels of solar penetration.
Our analysis fills that gap by thoroughly assessing an important subset of the potential
environmental and health benefits of achieving the solar penetrations envisioned by DOE (2012).
Specifically, it covers greenhouse-gas (GHG) emissions reductions, air-pollution health and
environmental impacts, and water-use reductions. Our research uses a scenario-analysis approach
where the 14%-by-2030 and 27%-by-2050 “SunShot Vision” scenario is compared with a “No
New Solar (NNS) baseline” scenario in which no new solar is deployed after 2014. This
framework allows us to assess the potential benefits of all incremental solar deployment. We
employ the National Renewable Energy Laboratory (NREL) Regional Energy Deployment
System (ReEDS) electric sector capacity-expansion model to conduct our analysis, updating the
analysis conducted in DOE (2012). For each of the three benefit categories, we take the modeled
output from ReEDS and then apply additional tools—as necessary—to assess potential benefits
in physical and, where feasible, monetary terms. We also briefly assess the recent environmental
and health benefits of the 2014 U.S. solar fleet. In this case, we use the U.S. Environmental
Protection Agency (EPA)’s Avoided Emissions and geneRation Tool (AVERT) to estimate the
characteristics and location of fossil generation sources displaced by year-end 2014 solar
capacity. We qualify the study results where appropriate, and we highlight areas of uncertainty
not otherwise explicitly addressed in our analysis.
The focus of this analysis is narrow. We do not assess the full array of possible environmental
and health benefits, instead choosing to emphasize what are—arguably—the three most notable
benefits (Sinha et al. 2013). Moreover, decision makers will wish to compare these potential
benefits with, among other things, the potential costs and risks introduced by adding solar to the
electric system as well as the potential negative impacts of solar on local ecosystems and
communities. Though we do not address electric-system costs or impacts in this analysis, DOE
(2012) provides a thorough initial assessment of them. Moreover, other papers in the On the Path
to SunShot Study series help inform such comparisons: Hartmann et al. (forthcoming) review
experience with siting large-scale solar plants and identify best practices aimed at minimizing
environmental and human impacts; Denholm et al. (2016) and Palmintier et al. (2016) assess
1
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electric-system integration challenges; and Chung et al. (2016) highlight the potential impacts of
the solar industry on domestic manufacturing and jobs.
The remainder of the paper is organized as follows. Section 2 provides an overview of the
SunShot Vision Study, on which the present analysis is based. Section 3 describes the analytical
framework for the present analysis, highlights key features of the ReEDS model, and
summarizes the assumptions and results of our re-analysis of the SunShot Vision highpenetration solar scenario. Sections 4 through 6 cover the methods and results of our analysis of
the SunShot Vision scenario for each potential benefit category, in turn: GHGs, air pollution, and
water use. Building on the methods applied in Sections 4 through 6, we summarize the potential
benefits of the existing solar fleet in a text box between Sections 6 and 7. And, Section 7
summarizes the results and offers concluding remarks, highlighting both the key implications
and limitations of the analysis in informing decisions.
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2 The SunShot Vision Study
2.1 SunShot Vision Overview

The U.S. Department of Energy launched the SunShot Initiative in 2011 with the aim of
lowering the installed cost of solar by 75% between 2010 and 2020. As shown in other papers in
the On the Path to SunShot Study series, substantial progress has already been made in meeting
the SunShot cost goal, though additional effort is required to ensure success by 2020. Achieving
this goal was expected to make the unsubsidized cost of solar energy competitive with other
electricity options, thereby potentially leading to widespread deployment of solar energy
systems. Widespread solar deployment could, in turn, help realize the many benefits associated
with solar. A natural question arises: assuming the SunShot price-reduction targets are achieved,
how will this affect solar deployment in the continental United States over the next 20–40 years?
Published in 2012, the SunShot Vision Study (DOE 2012) provided initial answers to this
question and assessed some of the impacts associated with the projected solar deployment.
Using a scenario-analysis approach, the SunShot Vision Study assessed the potential impact of
achieving the SunShot cost targets on solar deployment. Under that “SunShot Vision” scenario,
solar was found to serve 14% of U.S. electricity demand in 2030, growing to 27% in 2050.
Figure 1 shows the overall solar penetration levels (“Solar Target”) estimated in the SunShot
Vision Study as well as the breakdown among different market segments: CSP, rooftop
distributed generation from PV (DGPV), and ground-mounted utility PV (UPV). vii To achieve
these penetration levels, the SunShot Vision Study estimates that 329 GW of solar capacity would
be needed by 2030 and 715 GW by 2050. The estimated geographic distribution of that solar
capacity, the transmission infrastructure requirements, the displaced generation and capacity, and
the electric-sector costs associated with that modeled scenario are also reported in the SunShot
Vision report (DOE 2012). viii

Figure 1. SunShot Vision Study (DOE 2012) estimates of the proportion of continental U.S.
electricity demand met by solar if SunShot cost targets are achieved
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2.2 Limitations in the SunShot Vision Study’s Benefits Assessment

In addition to the electric-sector scenario analysis, the SunShot Vision Study (DOE 2012) reports
a select number of secondary impacts associated with high solar futures, including estimates of
the avoided carbon dioxide (CO2) emissions associated with the SunShot Vision scenario and
discussions of other potential social, health, and environmental benefits. However, the study’s
analysis of benefits related to GHG reductions, reductions of other (non-GHG) air pollutants, and
electric-sector water-use reductions is limited.
Specifically, the GHG analysis quantifies direct combustion-related CO2 emissions but lacks
GHG accounting associated with a full life-cycle assessment (LCA), including emissions related
to upstream equipment construction and fuel extraction and delivery, downstream plant
decommissioning, and other non-combustion-related activities. In addition, although the SunShot
Vision Study reports the SunShot Vision scenario’s combustion-related emissions benefits in
physical units (tons of CO2), it does not quantify these benefits in monetary terms. Similarly, it
provides no quantitative assessments—in physical or monetary terms—of the non-GHG air
pollution and water impacts. In some cases, these limitations were primarily due to a lack of
credible tools or data available at the time. New tools and methods have subsequently been
developed (DOE 2015) and are applied in the present analysis.
Developing an up-to-date assessment of SunShot Vision scenario benefits is also important
because of the market changes that have occurred since the SunShot Vision analysis was
conducted in 2010 and 2011. These changes include lower projected natural gas prices, greater
expected coal-fired plant retirements, lower demand growth, new energy and environmental
regulations, and advances in energy technologies. These changes could affect the conventional
generation and capacity avoided due to increasing solar deployment and the resulting
environmental and health benefits associated with the SunShot Vision scenario.
Finally, although the SunShot Vision Study includes a reference scenario with limited new solar
deployment, that scenario does not offer the appropriate counterfactual for analyzing the
environmental and health benefits associated with all new solar deployment. ix Using the 2012
reference scenario would, instead, only capture the benefits associated with a subset of the new
solar deployment estimated in the SunShot Vision scenario.
In our analysis, we address these limitations of the SunShot Vision Study. At the same time, we
acknowledge the significant uncertainties and limitations of any analysis that spans multiple
decades into the future as well as the limitations intrinsic to the tools and parameters applied.
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3 Electric-System Modeling

3.1 Scenario Framework: Re-analysis of the SunShot Vision

Our assessment of the potential environmental and health benefits of the SunShot Vision
scenario begins with electric-sector modeling. Specifically, we build directly on the SunShot
Vision Study (DOE 2012) by developing two scenarios of continental U.S. electricity systems out
to 2050: (1) a SunShot Vision scenario that replicates the solar deployment trends of the SunShot
Vision Study scenario (DOE 2012) and (2) a No-New-Solar (NNS) baseline scenario to serve as
the relevant point of comparison.
With minor exceptions, our SunShot Vision scenario is consistent with the solar penetration
levels in the SunShot Vision Study. We prescribe the same overall solar penetration levels (e.g.,
14% by 2030 and 27% by 2050) and proportions of CSP and PV penetration (3% CSP and 11%
PV in 2030, 8% CSP and 19% PV in 2050), as shown in Figure 1. Within the PV share, we
update UPV deployment for the current assessment, but we rely on the same DGPV capacity
deployment trajectory and locations as in the SunShot Vision Study: 121 GW of combined
commercial and residential rooftop PV systems by 2030 and 240 GW by 2050. We include
updated recent (2010–2014) and anticipated modeled near-term solar deployment, which exceed
the historical and near-term projections in the original SunShot Vision Study scenario. x As a
result, pre-2022 solar penetration (“Solar Result” in Figure 1) slightly exceeds the “SunShot
Target” and is captured in the new SunShot Vision scenario.
Although our solar penetration targets essentially mirror those in the SunShot Vision Study (DOE
2012), detailed deployment results associated with the capacity (MW), total generation (MWh),
and geographic distribution of utility-scale solar are endogenous decisions—subject to the
prescribed penetration levels—made by the model and somewhat differ from those in the
original study. Similarly, results for non-solar technologies, and the associated emissions and
water use, are also model decisions subject to the economics and constraints considered in the
current analysis. xi
The NNS baseline scenario serves as the counterfactual that allows us to estimate the full
potential environmental and health benefits of the solar deployed in the SunShot Vision
scenario. xii In the NNS baseline scenario, installed solar capacity is artificially kept at year-end
2014 levels (19 GW) xiii for all future years. Thus the SunShot Vision scenario benefits calculated
in comparison with the NNS baseline scenario reflect the impacts of all new solar deployment
over the study period (2015–2050). The NNS baseline and SunShot Vision scenarios are both
designed for the benefits assessment reported herein, and neither reflects a forecast or prediction.

3.2 Regional Energy Deployment System (ReEDS) Model

As in the SunShot Vision Study (DOE 2012), the electric-sector analysis for the present
assessment relies primarily on NREL’s ReEDS model. xiv ReEDS is an electric sector capacityexpansion model for the continental United States that relies on an optimization algorithm to
estimate the type and location of new fossil, nuclear, renewable, and storage capacity and
generation; transmission-expansion requirements; and fuel needed to satisfy regional demand
requirements and maintain resource adequacy, all at least cost. ReEDS represents technological,
physical, and policy constraints in its scenario development through 2050. It considers the
5
This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.

characteristics of renewable energy technologies in estimating future electric-system investments
by using high spatial resolution and statistical methods that account for the impacts of renewable
variability, uncertainty, and resource distribution and quality. ReEDS endogenously estimates
transmission-expansion needs, potential increases in ancillary-service requirements due to
renewable energy forecast errors, renewable curtailments, and the changing capacity credit of
renewable energy technologies, and it considers these estimates in its investment decisions.
ReEDS has been used in multiple recent analyses, including the original SunShot Vision Study
(DOE 2012) and SunShot sensitivity analysis (Eurek et al. 2013), other renewable technology
visions (DOE 2008; DOE 2015; Mai et al. 2014; NREL 2012), solar technology-specific
assessments (Denholm et al. 2012; Sigrin et al. 2014; Cole et al. 2015), and policy analysis (Bird
et al. 2011; Lantz et al. 2014; Logan et al. 2013; Mignone et al. 2012; Sullivan et al. 2014).
Model documentation can be found in Short et al. (2011), although the model has been
developed further since that documentation was published. xv

3.3 Key Data Assumptions

The scenario modeling in the present analysis builds on the SunShot Vision Study (DOE 2012)
and relies on input data assumptions recently developed and used for the NREL Standard
Scenarios Annual Report (Sullivan et al. 2015) and the Wind Vision study (DOE 2015). These
include cost and performance assumptions for non-solar renewable technologies. In particular,
we model wind technologies using the “central” wind cost case from the Wind Vision study
(DOE 2015). For non-renewable technology assumptions—including fossil and nuclear capital
costs, operations and maintenance costs, and heat rates—we rely on data from the Energy
Information Administration’s Annual Energy Outlook (AEO) 2015 Reference scenario (EIA
2015a). AEO 2015 Reference scenario demand growth results and fuel—natural gas, coal, and
uranium—costs are also used in the present analysis. xvi Solar technology costs are closely
aligned with those used in the SunShot Vision Study; new CSP is presumed to include thermal
energy storage. xvii That said, because the modeled scenarios have prescribed solar-penetration
levels, different solar technology assumptions will not yield significant differences in
deployment.
The modeling includes existing (as of early 2015) policies and regulations only. In particular,
state renewables portfolio standards, including those with solar-specific targets, and California’s
carbon cap are modeled in ReEDS. Although we recognize the ongoing uncertainties associated
with federal air regulations, we include estimated retirement, retrofit, and dispatch impacts of the
Cross State Air Pollution Rule (CSAPR) and the Mercury Air Toxics Standard (MATS) in our
scenario modeling. Section 5 details the implications of this assumption on estimated airpollution benefits. Importantly, we do not explicitly model the U.S. Environmental Protection
Agency (EPA) Clean Power Plan (CPP) regulation on power plant emissions; however, we do
estimate the possible benefits of solar in meeting CPP compliance obligations in Section 4.
Lastly, we include the 30% solar investment tax credit (ITC) through 2016, as legislated as of
early 2015; we assume no solar ITC exists after 2016 as consistent with the SunShot Vision Study
and despite current legislation. xviii Other technology tax incentives are modeled as currently
legislated.
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3.4 Scenario Results

The SunShot Vision scenario demonstrates rapid and sustained increases in the deployment of all
solar electricity technologies. Figure 2 shows that the estimated installed solar capacity reaches
319 GW xix in 2030 and grows to 708 GW xx in 2050. This future solar capacity meets the 14%
and 27% penetration targets in 2030 and 2050, respectively, and requires 603 TWh of solar
energy be produced in 2030 and 1,327 TWh in 2050. Utility-scale PV is the largest contributor to
this solar energy supply, with significant but lower levels of DGPV and CSP. xxi

Figure 2. Solar installed capacity (left) and annual generation (right) under the
SunShot Vision Scenario

The geographic distribution of solar capacity influences estimated benefits, including avoided
emissions and water use. Figure 3 shows the 2050 state distribution of combined DGPV and
UPV (top) and CSP (bottom) capacity under the SunShot Vision scenario. PV capacity is widely
distributed across all 48 states modeled, although the amount of PV is higher in states with a
combination of high resource quality, high electricity demand, and concentrated population
densities. In contrast, CSP is restricted to eight states primarily located in the Southwest because
of CSP’s solar-resource requirements. xxii Nevertheless, generation from both CSP and PV meets
electricity demands throughout the entire continental United States.
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Figure 3. Geographic distribution of 2050 installed PV (top) and CSP (bottom) under the
SunShot Vision Scenario

The relative nationwide shares of CSP and PV are determined entirely by the prescriptive
scenario design that replicates the penetration levels in the SunShot Vision Study (DOE 2012).
Deviations from these shares would yield different results in terms of location and amount of
solar capacity deployed and associated environmental and health impacts. xxiii
Avoided capacity and generation are particularly important for assessing the potential
environmental and health benefits associated with new solar deployment. In the scenario
construct used here, avoided values refer to differences between the NNS baseline and SunShot
Vision scenarios. Figure 4 shows avoided capacity and generation results for 2030 and 2050 over
the entire continental U.S. footprint. In 2030, new solar in the SunShot Vision scenario is
estimated to avoid 87 GW of total capacity, of which natural gas-fired capacity constitutes the
majority (54 GW). Avoided 2030 generation also mostly comprises fossil sources (75% fossil),
nearly evenly split between coal-based and natural-gas-based generation. The remaining smaller
shares of 2030 avoided capacity and generation are predominantly from wind power
technologies.
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As also shown in Figure 4, the amount of avoided fossil capacity and generation grows between
2030 and 2050; however, avoided values from non-fossil—predominantly wind—sources grow
at an especially rapid pace. As a result, of the 277 GW of avoided capacity in 2050, 159 GW
comes from wind and 102 GW from natural gas. Similarly, wind constitutes 50% of 2050
avoided generation compared with 46% from fossil sources and the small remainder from
nuclear and non-wind renewables. This increase in avoided wind stems directly from the
modeled robust growth in wind energy, especially after 2030, and the fact that increased solar
deployment places downward pressure on that growth. This result also impacts our subsequent
analysis, lowering the estimated environmental and health benefits of solar in comparison to a
scenario is which solar is presumed to displace more fossil generation and less wind power
generation.

Figure 4. Differences in installed capacity and annual generation between the NNS Baseline and
SunShot Vision Scenarios for 2030 and 2050

Significant uncertainties exist around the future amount and nature of avoided capacity,
generation, and emissions driven by SunShot-level solar penetration. Nonetheless, the present
analysis applies an electric-sector modeling approach to generate these estimates selfconsistently using the assumptions noted. Any differences in avoided values would yield
potential benefits different from those presented in the following sections. Finally, it deserves
note that our analysis extends through 2050: as such, any GHG and air pollutant emissions
reductions or water use savings that accrue after 2050 are not assessed in the present analysis.
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4 Greenhouse Gas Emissions
Summary: Achieving the SunShot Vision scenario reduces life-cycle GHG emissions from the
power sector by 13% in 2030 and 18% in 2050, relative to the NNS baseline scenario.
Cumulative GHG savings from 2015 to 2050 equal 8 billion metric tons of CO2 equivalent
(CO2e), which is more than 10% of total life-cycle emissions from the power sector. These
reductions could produce $259 billion of global benefits in the form of lower future climate
change damages when applying a “central value” for the social cost of carbon (SCC), which is
equivalent to a levelized benefit of solar of 2.2¢/kWh-solar. Across a range of SCC estimates,
total benefits span from $56 billion (0.5¢/kWh-solar) to $789 billion (6.8¢/kWh-solar). If,
alternatively, solar is viewed as a way to meet future carbon-reduction requirements, for
example under EPA’s Clean Power Plan and any subsequent legal obligations, then the benefits
of achieving the SunShot Vision scenario range from $60 billion (0.5¢/kWh-solar) to $347
billion (3.0¢/kWh-solar).

4.1 Introduction

Scientists predict significant changes to Earth’s climate due to past and future GHG emissions,
including higher average temperatures, increased frequency and intensity of some types of
extreme weather, rising sea levels, and ocean acidification (IPCC 2013; IPCC 2014a). As
highlighted in Melillo et al. (2014), these changes are expected to impose a wide range of
damages globally and in the United States: threatening human health and wellbeing through
more-extreme weather and wildfires as well as decreased air quality; putting infrastructure at
risk; jeopardizing water quality and supply; disrupting agricultural production; and negatively
affecting ecosystems and biodiversity.
EPA (2015a) finds that efforts to limit climate change damages through reductions in GHGs can
offer many benefits, and there is growing recognition of the desirability of near-term actions to
limit emissions (IPCC 2014b; Luderer et al. 2013; Nordhaus 2013). Responding to this
challenge, EPA has established GHG emission limits for—among other things—existing and
new power plants (EPA 2015b; EPA 2015c).
Solar energy technologies—both PV and CSP—have low GHG emissions in comparison to
fossil energy sources even when considering all life-cycle stages from upstream materials
requirements to operations and decommissioning (see Figure 5, which summarizes an NREL
systematic review of the available life-cycle literature; see also www.nrel.gov/harmonization).
Achieving the SunShot Vision scenario, therefore, promises to reduce GHG emissions. In this
section, we estimate those potential GHG reductions and then quantify their monetary value in
(1) mitigating the severity of climate-related damages and (2) meeting future legal requirements
to reduce GHG emissions.
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Figure 5. Summary of life-cycle GHG emissions from electricity-generation technologies
DOE 2015

4.2 Methods

To value the potential GHG benefits of achieving the
SunShot Vision scenario, we estimate the life-cycle
GHG reductions from solar from 2015 to 2050 in the
SunShot Vision scenario relative to the NNS baseline
scenario and then quantify the monetary value of
those reductions based on both a range of social cost
of carbon (SCC) estimates and a range of carbonreduction compliance-cost estimates (Figure 6).
These methods are broadly similar to those used in
the recent Wind Vision report (DOE 2015) as well as
those used by U.S. regulatory agencies (GAO 2014)
and academic researchers (Buonocore et al. 2015;
Callaway et al. 2015; Cullen 2013; Graff Zivin et al.
2014; Johnson et al. 2013; Kaffine et al. 2013;
McCubbin and Sovacool 2013; Novan 2014; SilerEvans et al. 2013; Shindell 2015).

Estimate combustion-related CO2 emissions
reductions (ReEDS)

Estimate net GHG emissions from other lifecycle stages

Value reductions based on (a) range of SCC
estimates, and (b) range of carbon-reduction
compliance-cost estimates

Figure 6. Overview of Methods:
Greenhouse Gas Emissions

We start with ReEDS-estimated, power-sector combustion-related CO2 emissions in the SunShot
Vision and NNS baseline scenarios. xxiv We adjust these figures to account for life-cycle impacts
by combining ReEDS combustion-related emissions with life-cycle, non-combustion emission
values for each generation technology based on results developed in NREL’s LCA
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Harmonization study (www.nrel.gov/harmonization). The additional life-cycle stages that we
consider include: (1) ongoing fuel-cycle emissions from the production and transport of fuels and
from other aspects of power plant operations (e.g., operation of maintenance vehicles, auxiliary
heating, etc.); (2) construction-related emissions (e.g., from materials, equipment, and
construction); and (3) emissions from end-of-life decommissioning (e.g., from removal of
equipment). xxv By applying these life-cycle adjustments, we capture avoided fuel-cycle,
construction, and decommissioning emissions from displaced fossil generation and capacity,
while also accounting for increased fuel-cycle, construction, and decommissioning emissions
from the solar generation and capacity.
We then estimate the monetary benefits of these GHG reductions in the form of reduced climatechange damages using SCC estimates. xxvi The SCC reflects, among other elements, monetary
damages from the impacts of climate change on agricultural productivity, human health, property
damages, and ecosystem services (IWG 2010; IWG 2015). U.S. government regulatory bodies
regularly use the SCC when formulating policy (GAO 2014; Kopp and Mignone 2012),
supported by estimates provided by the U.S. Interagency Working Group on the Social Cost of
Carbon, or IWG (IWG 2010; IWG 2015). The IWG SCC estimates represent global future
damages from CO2 emitted in a particular year. Reflecting the uncertainties involved, the IWG
(2015) provides four SCC trajectories: a “low” case, a “central value” case, a “high” case, and a
“higher-than-expected” case intended to account for a much less likely outcome with a moreextreme impact (Figure 7). For our purpose and as recommended by the IWG, the monetary
value of achieving the SunShot Vision scenario is estimated based on all four IWG trajectories.
As an alternative to valuing GHG reductions based on the SCC, we also value those reductions
based on the possible cost of complying with legal requirements to reduce GHG emissions.
Some U.S. states and regions have already enacted carbon-reduction policies, the U.S. Congress
has considered such policies in the past, and EPA has established regulations that may limit
emissions from existing and new power plants through the Clean Power Plan (EPA 2015b; EPA
2015c; Luckow et al. 2015). xxvii Especially when binding cap-and-trade programs are used to
limit GHG emissions, as envisioned—in part—by the Clean Power Plan (CPP), the climatechange benefits of solar energy might best be valued based on the cost of complying with legal
requirements to reduce carbon emissions (Cullen 2013; Siler-Evans et al. 2013). xxviii In this case,
the GHG co-benefits of solar energy come in the form of solar helping to meet the carbonreduction target and thereby offsetting some of the “marginal” costs of complying with the
policy.
More specifically, we value the GHG reductions based on two sets of estimates for this
compliance cost. First, we use EPA estimates of the average national cost of complying with the
CPP under both mass-based and rate-base application (EPA 2015b). xxix Those estimates are
provided by EPA for 2020, 2025, and 2030: we interpolate between these years to estimate costs
in intervening periods. We also assume that the 2030 compliance cost estimates remain constant
through 2050. Second, we use Synapse estimates of carbon costs under “low,” “medium,” and
“high” trajectories (Luckow et al. 2015). Synapse considers the possibility of more-stringent
long-term carbon-reduction goals than envisioned by the CPP and so estimates higher costs than
those from EPA (2015b). Figure 7 summarizes both sets of resulting carbon costs.
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Figure 7. Estimates of the SCC (left) and carbon-reduction compliance costs (right)

Several additional aspects of the methodology, and possible related limitations, deserve note:
•

Our GHG emissions-reduction estimates are inherently uncertain, in part owing to the impact
of uncertain policy and market factors on those reductions. Moreover, life-cycle emissions
adjustments are based on median (and static, not affected by future decarbonization trends)
literature estimates.

•

We do not consider the possible erosion of the GHG benefits due to the increased cycling,
ramping, and part loading required of fossil generators in electric systems with higher
penetrations of variable renewable generation. This omission, however, will not
meaningfully bias our results, because the available literature clearly demonstrates that this
impact is small. xxx

•

Although IWG SCC estimates span a large range, an even wider range exists in the literature.
Also, as recommended by the IWG and others (IWG 2015; Pizer et al. 2014), we rely on
global SCC estimates: this means that the results are reflective of future global benefits
(discounted to the present), only a portion of which would directly benefit the United States
and the majority of which would accrue in years after the GHG emissions reductions occur.

•

Estimates of the cost of complying with uncertain future carbon-reduction policies are
similarly uncertain (Luckow et al. 2015), and a wide range of estimates is therefore applied.

•

We apply the IWG SCC estimates to the estimated life-cycle GHG emissions savings (in
CO2e), whereas we apply compliance cost estimates only to combustion-related power-sector
emissions (only CO2). xxxi
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4.3 Results

Achieving the SunShot Vision scenario reduces life-cycle GHG emissions from the power sector
by 13% in 2030 and 18% in 2050, relative to the NNS baseline scenario (Figure 8). Cumulative
GHG savings from 2015 to 2050 equal 8 billion metric tons of CO2e, which is more than 10% of
total life-cycle emissions from the power sector over that same time period. In total, this
represents a sizable contribution to EPA’s recently released CPP power-sector emissions targets.

Figure 8. Power-sector life-cycle GHG emissions impacts of SunShot Vision Scenario

Emissions reductions from avoided fossil-fuel combustion are estimated with ReEDS at 8.3
billion metric tons of CO2. As shown in Figure 9 (top), these combustion-related CO2 savings are
somewhat concentrated in California, Texas, and the Southeast, driven both by the amount of
solar deployment in these regions (see Section 3) and by the degree to which high-carbonemitting coal plants (and, to a lesser extent, natural gas-fired generation) are displaced. On a
percentage basis (Figure 9, bottom), relative to total statewide power-sector emissions,
reductions are spread somewhat more broadly, but with some concentration in the Southwest,
South, and Southeast as well as some states in the Northeast. xxxii
Factoring in the full life cycle, total emissions reductions are somewhat lower (8.0 billion metric
tons) than when only considering combustion (8.3 billion metric tons). This is largely because
the sizable solar capacity additions under the SunShot Vision scenario result in higher
construction-related emissions than under the NNS baseline. The non-combustion, life-cycle
impacts are not assigned to regions (and so are not included in Figure 9) because of the
challenges of estimating the location of upstream and downstream emissions.
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Figure 9. Cumulative 2015–2050 absolute (top) and percent (bottom) combustion-related CO2
reductions of the SunShot Vision Scenario relative to the NNS Baseline Scenario

Estimates of the monetary value of these GHG emissions reductions are sizable but span a large
range (Figure 10). Using the IWG’s “central” trajectory for the SCC, discounted, present-value
global climate damage reductions from the SunShot Vision scenario equal $259 billion. This is
equivalent to a levelized benefit of solar of 2.2¢/kWh-solar. Across the full range of SCC
estimates, total benefits span $56 billion (0.5¢/kWh-solar) to $789 billion (6.8¢/kWh-solar), a
sizable range but significant even in the lower case. If, alternatively, solar is viewed as a way to
meet future carbon-reduction requirements, then the present-value benefits of achieving the
SunShot Vision scenario range from $60 billion to $92 billion (0.5–0.8¢/kWh-solar) when only
considering EPA CPP estimates, and from $142 billion to $347 billion (1.2–3.0¢/kWh-solar)
when considering longer-term carbon-reduction policy possibilities. Under Synapse’s “medium”
trajectory for the cost of carbon, the SunShot Vision scenario yields $238 billion in savings,
which is equivalent to a levelized benefit of solar of 2.0¢/kWh-solar. In all cases, valuation
estimates are based on emissions reductions that occur from 2015 through 2050: any emissions
reductions after 2050 are not considered in our analysis.
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Figure 10. Estimated value of SunShot Vision Scenario GHG-reduction benefits
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5 Air-Pollution Emissions
Summary: Achieving the SunShot Vision scenario reduces emissions of sulfur dioxide
(SO2), nitrogen oxides (NOx), and fine particulate matter (PM2.5) in the power sector by
14%, 14%, and 13% in 2030 and 15%, 18%, and 13% in 2050, relative to the NNS baseline
scenario. Cumulative emissions savings from 2015 to 2050 equal 9%, 11%, and 8% of total
power-sector SO2, NOx, and PM2.5 emissions, respectively. These reductions could produce
$167 billion of benefits to the United States in the form of lower future health and
environmental damages based on central estimates, which is equivalent to a levelized benefit
of solar of 1.4¢/kWh-solar. Across the full set of methods considered, total monetary
benefits span $77 billion (0.7¢/kWh-solar) to $298 billion (2.6¢/kWh-solar). These benefits
derive, in large measure, from a reduction in premature mortality from sulfate particles from
SO2 emissions—achieving the SunShot Vision scenario reduces premature mortalities by
25,000–59,000 based on methods developed at EPA.

5.1 Introduction

Combusting fuels to generate electricity produces air pollutants that harm human health and
cause environmental damage (NRC 2010). Epidemiological studies have shown a causal
association between increased mortality and morbidity and chronic exposure to air pollution,
specifically exposure to PM2.5 (for examples of the association with mortality, see Dockery et al.
1993, Krewski et al. 2009, and Lepeule et al. 2012). Chronic exposure to elevated ozone levels is
also associated with increased mortality and morbidity (for examples of the association with
mortality, see Bell et al. 2004 and Levy et al. 2005). Combustion-based electricity generation can
contribute to elevated PM2.5 levels through two pathways: through direct emissions of PM2.5 and
through emissions of gases that undergo chemical reactions in the atmosphere and transform to
PM2.5, including SO2 and NOx. SO2 is transformed to sulfate particles in the atmosphere and
NOx can undergo transformation to particulate nitrate under certain conditions. Power plants
also contribute to ground-level ozone through emissions of NOx, which, in combination with
volatile organic compounds (VOC), can contribute to ozone formation.
Outdoor air pollution has a large impact both globally and in the United States. Lim et al. (2012),
for example, report that more than 3 million premature deaths occur globally, each year, from
outdoor particulate air pollution, and that outdoor particulate air pollution is the 14th leading
modifiable risk factor for deaths in North America. In the United States, recent studies have
evaluated the potential air-quality and public-health benefits of reducing combustion-based
electricity generation. For example, Driscoll et al. (2015) found that policies aimed at reducing
power-sector CO2 emissions would also reduce PM2.5 and ozone, preventing as many as 3,500
premature mortalities in 2020. Siler-Evans et al. (2013) value the health and environmental
benefits of displaced conventional generation from new solar and wind power at 1¢/kWh to
10¢/kWh, with the range largely reflecting locational differences; Buonocore et al. (2015) build
on this work by further exploring how benefits vary by location and technology. EPA has
estimated that its CPP would provide $14–$34 billion of monetized health co-benefits in 2030,
mostly based on reducing premature mortality (EPA 2015d).
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Although all energy sources have environmental impacts, most renewable energy sources—
including PV and CSP—have no direct and also low life-cycle air-pollution emissions (IPCC
2011; Ricci 2010; Turconi et al. 2013). Achieving the SunShot Vision scenario, therefore,
promises to reduce air-pollution emissions. In this section, we calculate those potential emissions
reductions and present the associated public health and environmental benefits both in the form
of health indicators and in monetary terms.

5.2 Methods

To value the potential air-quality benefits of achieving the SunShot Vision scenario, we estimate
the reductions in emissions of SO2, NOx, and PM2.5 from 2015 to 2050 in the SunShot Vision
scenario relative to the NNS baseline scenario. We then quantify the public-health and
environmental benefits of those changes in emissions in the form of reduced mortality and
morbidity, and we translate them into monetary terms (Figure 11). Given uncertainty in pollutant
transport, transformation, and exposure as well as uncertainty in the human response to ambient
PM2.5 and ozone, we use multiple established methods to quantify the health and environmental
outcomes and monetary benefits of the emissions changes. Our overall approach is similar to that
used in the Wind Vision report (DOE 2015), and it is
Estimate combustion-related SO2 and NOx
broadly consistent with methods used in Buonocore et
emissions reductions (ReEDS)
al. (2015), Cullen (2013), Driscoll et al. (2015), EPA
(2015d), Fann et al. (2012), Johnson et al. (2013),
Novan (2014), NRC (2010), McCubbin and Sovacool
Estimate combustion-related PM2.5 emission
(2013), and Siler-Evans et al. (2013).
We start with ReEDS-estimated, power-sector
combustion-related SO2 and NOx emissions in the
SunShot Vision and NNS baseline scenarios. We then
estimate power-sector PM2.5 emissions as a function of
ReEDS generation by power plant type and location. xxxiii
Incorporated in these estimates are assumptions about
power-sector regulations that apply to emissions of SO2,
NOx and/or PM2.5, such as MATS and CSAPR.xxxiv

reductions (post-processing of ReEDS
generation outputs)

Calculate impacts and monetized benefits of
emission reductions with multiple methods
(AP2, EPA)

Figure 11. Overview of Methods:
Air Pollution Emissions

We then calculate a range of health and environmental benefits (including reduced morbidity and
mortality outcomes and total monetary value) from these emissions changes based on two
different peer-reviewed approaches. Each approach accounts for pollutant transport and chemical
transformation as well as population exposure and response: (1) the Air Pollution Emission
Experiments and Policy analysis model (AP2, formerly APEEP; created by and described in
Muller et al. 2011) and (2) EPA’s benefit-per-ton methodology developed for the CPP (EPA
2015b; EPA 2015d). xxxv The EPA CPP approach includes two estimates of the health impacts in
order to span the uncertainty in the underlying epidemiological studies. xxxvi Henceforth we refer
to the two outputs from the EPA CPP approach as “EPA Low” and “EPA High.” The “high” and
“low” classification corresponds to differences only between the underlying health impact
functions employed by EPA, and EPA does not favor either of its estimates over the other. We
take the simple average of all three benefit estimates as the “central” value. One important
assumption across all methods used is the monetary value of preventing a premature mortality
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(or the Value of Statistical Life, VSL). Consistent with the broader literature, all use a VSL of
approximately $6 million (in 2000$). xxxvii
Several additional aspects of the methodology, and possible related limitations, deserve note:
•

Our focus is on a subset of air emissions impacts: SO2, NOx, and PM2.5. Environmental
impacts that we do not evaluate include heavy metal releases, radiological releases, waste
products, and land-use impacts associated with power and upstream fuel production as well
as noise, aesthetics, and others. We only consider emissions from power plant operations,
and so do not assess upstream and downstream life-cycle impacts.

•

Our air emissions reduction estimates are inherently uncertain, in part owing to the impact of
uncertain policy and market factors on those reductions.

•

We do not consider the possible erosion of the air-quality benefits due to the increased
cycling, ramping, and part loading required of fossil generators in electric systems with
higher penetrations of variable renewable generation. Literature suggests that this omission
will not alter dramatically the basic results reported here. xxxviii

•

Our methodology presumes that MATS is maintained or replaced with a similar regulation
such that SO2 and NOx cap-and-trade programs, such as CSAPR, are essentially non-binding
over time: otherwise, the benefits of achieving the SunShot Vision scenario should arguably
be valued at allowance prices to reflect savings in the cost of complying with the cap (SilerEvans et al. 2013). xxxix

•

Estimates of the health and environmental benefits associated with emissions reductions are
inherently uncertain. We reflect some—but not all—of those uncertainties by calculating
benefits using two approaches (AP2, EPA) leading to three different estimates (AP2, EPA
Low and High).

5.3 Results

The Achieving the SunShot Vision scenario reduces national power sector emissions of SO2,
NOx, and PM2.5 by 14%, 14%, and 13% in 2030 and by 15%, 18%, and 13% in 2050, relative to
the NNS baseline scenario (Figure 12). Cumulative emission savings from 2015 to 2050 equal
3.8, 5.1, and 0.6 million metric tons, or 9%, 11%, and 8% of total power-sector emissions for
SO2, NOx, and PM2.5, respectively.
As shown in Figure 13, the emissions savings are spread widely across the United States but with
some concentration in Texas, Oklahoma, Louisiana, Arkansas, and the broader Southeastern
region. These results are driven both by the amount of solar deployment in each states (see
Section 3) and by the regions in which high-emitting coal generation is displaced.
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Figure 12. Power-sector SO2, NOx, and PM2.5 emissions impacts of SunShot Vision Scenario
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(a) SO2 reductions (3,800,000 metric tons total)

(b) NOx reductions (5,100,000 metric tons total)

(c) PM2.5 reductions (600,000 metric tons total)

Figure 13. Cumulative 2015–2050 emissions reductions of SO2 (a), NOx (b), and PM2.5 (c) in the
SunShot Vision Scenario relative to the NNS Baseline Scenario
All units in thousands of metric tons; note smaller scale for PM2.5.
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These emissions reductions lead to improved air quality and health outcomes across the
continental United States. Specifically, total U.S. health and environmental benefits from the
SunShot Vision scenario fall in the range of $77–$298 billion on a discounted, present-value
basis, depending on the method used to quantify those benefits. The average “central” estimate is
$167 billion, which is equivalent to a levelized benefit of solar of 1.4¢/kWh-solar; the total range
is 0.7–2.6 ¢/kWh-solar (Figure 14). The range of benefits estimates reflects uncertainties in how
to value emissions reductions, but the benefits are sizable even under the lowest AP2 estimate.
All of the valuation estimates are based on emissions reductions that occur from 2015 through
2050: any emissions reductions after 2050 are not considered in our analysis.

Figure 14. Estimated value of SunShot Vision Scenario SO2, NOx, and PM2.5 benefits

Reduction of SO2 and the subsequent reduction of particulate sulfate concentrations account for
most of the monetized benefits. For example, reduced SO2 emissions accounted for 61%, 73%,
and 68% of the AP2, EPA Low, and EPA High benefit estimates, respectively. The benefits of
reduced tropospheric ozone (due to reduced NOx emissions) were relatively small, accounting
for 7% and 14% of the EPA Low and High benefit estimates, respectively. xl Clearly, exposure to
particulates (directly or indirectly from emissions of SO2, NOx and PM2.5) is the primary driver
of health outcomes.
Most of the health benefits come from avoided premature mortality, again primarily associated
with reduced chronic exposure to ambient PM2.5 (largely derived from the transformation of SO2
to sulfate and NOx to nitrate particles). Based on the EPA approach, achieving the SunShot
Vision scenario prevents 25,000–59,000 premature mortalities in total from 2015 to 2050.
Achieving the SunShot Vision scenario also would result in numerous forms of avoided
morbidity outcomes (Table 1), including 30,800 hospital admissions for respiratory and
cardiovascular symptoms, 2.5 million lost work days, and 2.5 million missed school days.
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Table 1. Emissions Reductions, Monetized Benefits, and Mortality and Morbidity Benefits over 2015–2050 for the
SunShot Vision Scenario Relative to the NNS Baseline Scenario
Impacts

SO2

NOx

PM2.5

Total

3.8

5.1

0.6

---

EPA Low benefits (billions 2015$)

92

21

13

125

EPA High benefits (billions 2015$)

202

67

28

298

AP2 benefits (billions 2015$)

47

20

10

77

EPA Low mortality reductions (count)

18,000

4,000

3,000

25,000

EPA High mortality reductions (count)

41,000

12,000

6,000

59,000

Emissions Reductions: 2015–2050
SunShot Vision scenario air-pollution reductions
(millions metric tons)
Total Monetized Benefits (Present Value, 2015–2050)

EPA Total Mortality Reductions: 2015–2050

EPA Morbidity Reductions from Primary and Secondary PM2.5 Impacts: 2015–2050
Emergency department visits for asthma (all ages)

4,200

600

800

5,600

Acute bronchitis (age 8–12)

24,400

3,400

3,500

31,300

Lower respiratory symptoms (age 7–14)

312,800

42,200

44,400

399,400

Upper respiratory symptoms (asthmatics age 9–11)

486,700

61,200

63,800

611,700

Minor restricted-activity days (age 18–65)

11,995,300

1,593,800

1,657,700

15,246,800

Lost work days (age 18–65)

1,959,600

257,300

272,000

2,488,900

Asthma exacerbation (age 6–18)

1,083,800

153,400

151,800

1,389,000

Hospital admissions-respiratory (all ages)

5,600

700

800

7,100

Hospital admissions-cardiovascular (age > 18)

7,300

900

1,000

9,200

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

21,600

2,800

3,100

27,500

Non-fatal heart attacks (Pooled estimates, 4 studies)

2,400

300

300

3,000

EPA Morbidity Reductions from NOx --> Ozone Impacts: 2015–2050
Hospital admissions, respiratory (ages > 65)

---

10,500

---

10,500

Hospital admissions, respiratory (ages < 2)

---

4,000

---

4,000

Emergency room visits, respiratory (all ages)

---

4,400

---

4,400

Acute respiratory symptoms (ages 18–65)

---

7,673,600

---

7,673,600

School loss days

---

2,459,100

---

2,459,100

Monetized benefits are discounted at 3% (real), but emissions reductions and mortality and morbidity values are simply summed over
the 2015–2050 period. EPA benefits derive from mortality and morbidity estimates based on population exposure to direct emissions of
PM2.5 and secondary PM2.5 (from SO2 and NOX emissions) as well as ozone exposure from NOX emissions during the ozone season
(May–September). AP2 benefits are derived from mortality and morbidity estimates based on population exposure to direct emissions
of PM2.5, SO2, and NOX and secondary PM2.5 (from SO2 and NOX emissions) as well as ozone exposure from NOX emissions during the
ozone season (May–September). AP2 benefits also include consequences from decreased timber and agriculture yields, reduced
visibility, accelerated degradation of materials, and reductions in recreation services.
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6 Water Use Reductions
Summary: Achieving the SunShot Vision scenario reduces power-sector water withdrawals
by 8% in 2030 and 5% in 2050, relative to the NNS baseline scenario; water consumption
is reduced by 10% in 2030 and 16% in 2050. Water consumption savings in 2050 alone
could supply the annual water demands of more than 1.3 million U.S. households.
Cumulative water impacts from 2015 to 2050 equal 46 trillion gallons of avoided
withdrawals (4% of total power-sector withdrawals) and 5 trillion gallons of avoided
consumption (9% of total power-sector consumption). By 2050, water withdrawals in the
continental United States are lower than the NNS baseline scenario in 35 of 48 states, and
water consumption is lower in 36 of 48 states. Importantly, drought-prone and arid states
are among those with the largest reductions in water use. These results assume dry cooling
for CSP plants. Even under SunShot Vision scenarios in which wet-cooled and hybridcooled CSP systems are deployed, however, 2050 national water withdrawal and
consumption reductions equal 5% and 12%, respectively, relative to the NNS baseline
scenario. State-level water impacts vary when including wet- and hybrid-cooled CSP
systems.

6.1 Introduction

The electric sector relies on readily available supplies of water for reliable operations. Most
water requirements are for thermal plant cooling, but all life-cycle stages of energy production
require water. Although energy supply can also affect water resources through changes in water
quality and temperature, water use is typically categorized into two metrics: withdrawal and
consumption. Withdrawals are defined as the amount of water removed or diverted from a water
source for use, while consumption is the amount of water evaporated, transpired, incorporated
into products or crops, or otherwise removed from the immediate water environment (Kenny et
al. 2009). The U.S. power sector is the largest withdrawer of water in the nation, at 38% of total
withdrawals (Maupin et al. 2014). Its share of consumption is much lower, around 3% nationally,
but can be regionally important (Solley et al. 1998). Water availability can impact the electric
system in multiple ways, including influencing new capacity decisions (Averyt et al. 2011;
Macknick et al. 2015) and power plant operations and reliability (DOE 2013; Rogers et al. 2013).
In turn, water availability and quality for other competing uses are impacted by the power sector.
Moreover, future uncertainties around water availability and temperature, including those
associated with climate change may exacerbate vulnerabilities and water-related costs in the
power sector (Cohen et al. 2014; DOE 2013; Melillo et al. 2014).
Prior studies have evaluated the impact of a range of U.S. electric sector futures on water
demands (Arent et al. 2014; Chandel et al. 2011; Clemmer et al. 2013; DOE 2015; Macknick et
al. 2012b; Roy et al. 2012; Tidwell et al. 2013; van Vliet et al. 2012). Many renewable energy
technologies have low operational (see Methods discussion below) and life-cycle (see Macknick
et al. 2012a; Meldrum et al. 2013) water use compared to fossil and nuclear technologies. As a
result, prior work generally finds that future scenarios designed to meet carbon-reduction goals
also result in water savings, particularly when renewable-based pathways are envisioned
(Clemmer et al. 2013; Macknick et al. 2012b).
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Given the relatively low water-use intensity of PV and dry-cooled CSP technologies, achieving
the SunShot Vision scenario promises to reduce power-sector water use, potentially providing
economic and environmental benefits. Some states have already proposed measures to reduce the
water intensity of the electricity produced in their states, and EPA has invoked the Clean Water
Act to propose various measures to limit the impacts of thermal power plant cooling on aquatic
habitats (EPA 2011). To the extent that solar deployment can reduce power-sector water
demands, it might also reduce the cost of meeting future policies intended to manage water use.
In this section, we calculate the potential water withdrawal and consumption impacts of
achieving the SunShot Vision scenario, both nationally and regionally, and discuss the possible
benefits of the resulting reduced water demands.

6.2 Methods

This section evaluates the potential operational water
withdrawal and consumption impacts associated with
achieving the SunShot Vision scenario compared to the
NNS baseline scenario (Figure 15). Results are presented
on a national and state basis—regional impacts are
essential because water resources are managed locally,
and water is not easily transferred across basins.
Consistent with the SunShot Vision Study (DOE 2012),
we assume new capacity builds of CSP technologies use
dry cooling under the core SunShot Vision scenario;
however, we present an alternative scenario that includes
wet and hybrid cooling as well. Finally, the benefits of
water use reductions are described qualitatively, given
limitations to monetary quantification.

Estimate operational water withdrawal
and consumption (ReEDS)

Quantify national and regional net water
use changes

Assess alternative CSP cooling scenario
and discuss benefits of water use
reductions qualitatively

Figure 15. Overview of Methods:
ReEDS was used to compute power-sector water
Water Use Reductions
withdrawal and consumption in the SunShot Vision and
NNS baseline scenarios. ReEDS incorporates the cost, performance, and water-use
characteristics of different generation technology and cooling-system combinations, and it
considers water availability as a limiting condition for new power plant construction (Macknick
et al. 2015). Cooling systems for thermal power plants implemented in ReEDS fall into four
categories: once-through, pond, recirculating, and dry cooling. xli Consistent with prior studies
and proposed EPA regulations, our analysis does not allow new power plants in ReEDS to
employ once-through cooling technologies (Macknick et al. 2012b; Tidwell et al. 2013). The
basic approach used here has been applied in multiple studies evaluating the national and
regional water impacts of the U.S. electricity sector (Clemmer et al. 2013; DOE 2015; Macknick
et al. 2012b; Macknick et al. 2015; Rogers et al. 2013).

Our analysis focuses exclusively on operational water-use requirements. These requirements can
vary greatly depending on fuel type, power plant type, and cooling system, and many renewable
energy technologies have relatively low operational water withdrawal and consumption
intensities (Figure 16). Thermal power plants using once-through cooling withdraw far more
water for every megawatt-hour of electricity generated than do plants using recirculating cooling
systems. For water consumption, however, once-through cooling has lower demands than
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recirculating systems. Dry cooling can be used to reduce both water withdrawal and consumption
for thermal plants, but at a cost and efficiency penalty (EPA 2009). Non-thermal renewable
energy technologies, such as PV and wind, do not require water for cooling and thus have very
low operational water-use intensities. Some PV facilities use a relatively small amount of water
for washing panels, but not every PV facility washes panels. CSP facilities can use dry-cooling
systems to minimize water use; wet and hybrid cooling impose greater water demands.

Figure 16. Operational water withdrawal and consumption requirements by generation technology
and cooling system
Averyt et al. 2011

Although the core SunShot Vision scenario assumes all new CSP capacity uses dry cooling, we
performed a sensitivity analysis to analyze variations in water use resulting from different CSP
cooling systems. xlii In this sensitivity analysis, new CSP capacity is built assuming an equal
distribution (one third each) of dry cooling, wet cooling using a recirculating cooling system, and
hybrid wet-dry-cooling. Wet-cooled CSP systems can withdraw and consume water at 10 times
the rate of dry cooling, with hybrid-cooled CSP systems falling in between (Turchi et al. 2010;
Macknick et al. 2012b). Wet- and hybrid-cooled CSP systems generally have lower costs and
higher efficiencies than dry-cooled CSP systems; these benefits and tradeoffs are not included in
the sensitivity analysis, because we focus exclusively on environmental outcomes.
Several additional aspects of the methodology, and possible related limitations, deserve note.
•

This analysis does not estimate full life-cycle water uses, including upstream processes such
as construction, manufacturing, and fuel supply. Including these requirements would likely
increase the water savings from the SunShot Vision scenario, but associating upstream water
uses to regions is challenging. Moreover, although life-cycle water demands for solar
technologies can sometimes impose challenges (e.g., construction-related water requirements
in arid regions), prior work has demonstrated that thermoelectric water withdrawals and
consumption during plant operations are orders of magnitude greater than the demands from
other life-cycle stages (Meldrum et al. 2013).
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•

Power-sector water use will be impacted by various possible 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,
uncertain water policies, and they could affect the estimated water savings under the SunShot
Vision scenario.

•

Although water resource impacts are described regionally at the state level, there can be
considerable variation in water resource availability and impacts within a given state;
evaluating water impacts on a smaller watershed level could partially address this limitation.
The benefits of water-use reductions are not quantified in monetary terms owing to
challenges associated with quantifying the value of water resource services (DOE 2015).

6.3 Results

Achieving the SunShot Vision scenario reduces national power-sector water withdrawal and
consumption, both compared with recent use and compared with the NNS baseline scenario.
Figure 17 shows the decline in annual power-sector water withdrawals for the SunShot Vision
and NNS baseline scenarios, in total and by fuel type. On a national level, withdrawals decline
substantially over time under both scenarios, largely owing to the retirement and reduced
operations of once-through-cooled thermal facilities and the assumed replacement of those plants
with newer, less water-intensive generation and cooling technologies. In the NNS baseline
scenario, once-through-cooled plants are largely replaced by new thermal plants using
recirculating cooling and wind power capacity. In the SunShot Vision scenario, water-intensive
plants are also replaced by solar energy. As a result, national power-sector withdrawals are 8%
lower in 2030 (3.0 trillion gallons) and 5% lower in 2050 (0.7 trillion gallons) in the SunShot
Vision scenario than in the NNS baseline scenario. Cumulative water withdrawal savings from
2015 to 2050 total 46 trillion gallons, or 4% of total power-sector withdrawals over that time
period. In comparison to 2015 values, SunShot Vision scenario water withdrawals are 68% lower
in 2050.

NGCC = natural-gas combined cycle; Cofire: biomass-fossil cofiring

Figure 17. Power-sector water withdrawal impacts of SunShot Vision Scenario from 2015 to
2050 (left) and by Fuel Type in 2015, 2030, and 2050 (right)
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Figure 18 shows the change in annual power-sector water consumption for the SunShot Vision
and NNS baseline scenarios, in total and by fuel type. National power-sector water consumption
declines over time in both scenarios, but to a lesser extent than water withdrawals. Consumption
decreases sooner and more significantly in the SunShot Vision scenario. The delayed decrease in
water consumption in the NNS baseline scenario is caused by the assumed replacement of oncethrough-cooled plants with those using recirculating cooling systems (because recirculating
cooling has higher water consumption). Such cooling-system changes also occur in the SunShot
Vision scenario, but the greater penetration of solar energy reduces water consumption for the
sector as a whole. Overall, national power-sector consumption is 10% lower in 2030 (160 billion
gallons) and 16% lower in 2050 (200 billion gallons) in the SunShot Vision scenario than in the
NNS baseline scenario. The estimated 2050 water consumption savings roughly equate to the
annual water use of approximately 1.3 million U.S. households. Cumulative water consumption
savings from 2015 to 2050 total 5 trillion gallons, or 9% of total power-sector consumption over
that time period. In comparison to 2015 values, SunShot Vision scenario consumption is 28%
lower in 2050.

NGCC = natural-gas combined cycle; Cofire: biomass-fossil cofiring

Figure 18. Power-sector water consumption impacts of the SunShot Vision Scenario from 2015 to
2050 (left) and by fuel type in 2015, 2030, and 2050 (right)

Water withdrawal and consumption impacts under the SunShot Vision scenario are not uniform
throughout the continental United States (Figure 19). Focusing first on withdrawal, by 2050, 35
of 48 states have lower withdrawals in the SunShot Vision scenario than in the NNS baseline
scenario, a reflection of where solar capacity is deployed and where the most water-intensive
thermal plants are offset. The largest water withdrawal reductions are seen in Texas, Louisiana,
Florida, and California, with substantial reductions seen in the Southwest, Southeast, Central,
and Mid-Atlantic regions. For water consumption, by 2050, 36 of 48 states have lower
consumption in the SunShot Vision scenario than in the NNS baseline scenario. States with the
largest consumption savings include California, Texas, Arkansas, and Florida, with substantial
reductions seen in the Southwest, Southeast, and Mid-Atlantic regions. Many states with
increases in water withdrawals also see slight increases in consumption. xliii
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(a) 2050 Avoided Water Withdrawal (~700 billion gallons)

(b) 2050 Avoided Water Consumption (~200 billion gallons)

Figure 19. Changes in water withdrawals (top) and water consumption (bottom) in the SunShot
Vision Scenario Relative to the NNS Baseline Scenario

The water consumption and withdrawal savings described above assume that all new CSP plants
are deployed with dry-cooling technologies. To evaluate the robustness of these impacts to
different assumptions about CSP cooling, we considered a scenario in which new CSP capacity
is built with equal shares of dry cooling, wet cooling, and hybrid wet-dry cooling systems.
Because wet-cooled CSP systems are assumed to use recirculating cooling, whether wet, dry, or
hybrid cooling is used has a larger impact on consumption than on withdrawals; we therefore
focus on consumption impacts. As shown in Figure 20, of the eight states with CSP deployment,
six still show lower levels of water consumption in 2050 under the SunShot cooling-sensitivity
scenario than under the NNS baseline scenario—California and New Mexico are the exceptions,
although New Mexico’s water consumption under the sensitivity scenario is still lower than its
consumption in 2015. California’s increased consumption is largely due to its relatively low
levels of consumption in 2015 and the transition of once-through-cooled thermal generators on
the coast to inland-based generation using freshwater. xliv Relatively high levels of modeled CSP
deployment in California indicate that CSP cooling system decisions can affect state-level
power-sector water use. That said, on a national basis, 2050 water withdrawals remain 5% lower
in the SunShot cooling-sensitivity scenario than in the NNS baseline scenario, and 2050 water
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consumption is 12% lower, demonstrating that significant national water-use reductions are
anticipated even if dry cooling is not deployed in all cases.

Figure 20. Water consumption by state in 2015 and 2050 in the SunShot Vision (Dry-Cooled
New CSP Only), NNS Baseline, and the SunShot Vision Sensitivity (Dry, Wet, and
Hybrid Cooling) Scenarios

The ability of solar energy to reduce water withdrawals and consumption offers economic and
environmental benefits, especially in regions where water is scarce. By reducing electric-sector
water use, solar energy reduces the vulnerability of electricity supply to the availability or
temperature of water, potentially avoiding electric-sector reliability events and/or the effects of
reduced thermal plant efficiencies—concerns that might otherwise grow as the climate changes
(DOE 2013). Additionally, increased solar deployment can free up water 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 life-cycle water requirements of solar energy technologies, meanwhile, can help alleviate
other energy-sector impacts on water resource quality and quantity that occur during upstream
fuel production for other technologies (Averyt et al. 2011). Finally, solar deployment might help
reduce the cost of future national or state policies intended to limit electric-sector water use.
Quantifying in monetary terms the societal value of these water-use reductions is difficult,
however, because no standardized methodology for doing this exists in the literature. One
potential approach is to consider solar deployment as avoiding the possible need to otherwise
employ thermal power plants with lower water use or to site power plants where water is
available and less costly. ReEDS already includes the cost and performance characteristics of
different cooling technologies as well as the availability and cost of water supply in its
optimization; these costs and considerations are embedded in the ReEDS decision-making and
resultant deployment impacts presented in Section 3. However, if water becomes scarcer in the
future and/or if water policy becomes stricter, then additional costs might be incurred. In such an
instance, a possible upper limit of the incremental cost of water-use reductions associated with
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conventional thermal generation can be estimated by comparing the cost of traditional wet
cooling with the cost of dry cooling. Dry cooling adds capital expense to thermal plants and
reduces plant efficiencies. The total cost increase of dry cooling for coal generation has been
estimated at 0.32–0.64¢/kWh (Zhai and Rubin 2010). For natural gas combined cycle plants,
Maulbetsch and DiFilippo (2006) estimate an “effective cost” of saved water at $3.8–$6.8 per
1,000 gallons, corresponding to approximately 0.06–0.17¢/kWh (DOE 2015). These estimated
incremental costs for dry cooling are relatively small, and they likely set an upper limit on the
water-related cost-savings of solar energy or any other power technology intended, in part, to
reduce water use. xlv
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Environmental and Health Benefits of the 2014 Existing Solar Fleet
At the end of 2014, there were 8.6 and 9.7 GWdc of distributed and utility PV capacity, respectively, and
an additional 1.7 GWac of CSP capacity in the United States. xlvi EPA's AVERT model xlvii, EPA’s COBRA
model xlviii, and other analysis methods described in this report were used to estimate the GHG, air
pollution, and water use impacts of the existing solar fleet over the course of a full year.
Table TB-1. Total Annual Benefits of Solar Power Installed by the End of 2014: Central Estimates
Greenhouse Gas Emissions

Air Pollution Emissions

Water Use Reduction

$700 million
(2.1¢/kWh-solar)

$890 million
(2.7¢/kWh-solar)

294 billion (withdrawal)
7.6 billion (consumption)

Greenhouse gas emissions: The 2014 solar fleet is estimated to reduce power-sector CO2 emissions by
17 million metric tons per year.xlix This reduction produces $700 million of annual global benefits in the
form of lower future climate change damages when applying a central value for the SCC. Annual benefit
estimates span $210 million to $2,000 million across the full range of SCC values considered here. These
global benefits are equivalent to 2.1¢/kWh-solar in the central value case, and 0.6 to 6.2¢/kWh-solar
across the full range. About two-thirds of total solar generation is delivered to California, and California
accounts for roughly half of the total global GHG benefits (see Figure TB-1a). On a normalized ¢/kWhsolar basis, the GHG-reduction benefits of solar are greater in regions in which solar displaces more coal
(and less gas) fired generation, with benefits ranging from 1.9 to 3.2¢/kWh-solar depending on the region,
when applying a central value for the SCC (see Figure TB-1b). l
Air pollution emissions: The 2014 solar fleet is estimated to reduce power-sector emissions of SO2, NOx,
and PM2.5 by 10,000, 10,300 and 1,200 metric tons per year, respectively. li These reductions produce
$890 million of annual benefits across the United States in the form of reduced health and environmental
damages based on central (i.e., averaged across the various methods) estimates. Across the full set of
methods considered, annual benefits span $420 million to $1,590 million. These benefits are equivalent to
2.7¢/kWh-solar in the central value case, and 1.3 to 4.8¢/kWh-solar across the full range of valuation
approaches. The benefits derive, in large measure, from a reduction to premature mortality associated
with reduced ambient particulate matter concentrations, primarily from reductions in SO2. The benefits
accrue across the country, driven by where solar has been deployed, where high-emitting fossil plants are
located, and the degree of human exposure to pollution emissions: the 10 states realizing the greatest
benefits were found to be New York, Pennsylvania, Ohio, California, New Jersey, Virginia, Michigan,
Maryland, North Carolina, and Illinois (based on average COBRA valuations focusing only on fine
particular exposure; see Figure TB-1c). lii On a normalized ¢/kWh-solar basis, the air-pollution-reduction
benefits are highly dependent on the location of displacement. In particular, in regions with higher
population densities and greater power-sector emissions, the normalized (¢/kWh-solar) value of solar
generation can be especially high: solar generated in the Great-Lakes-Mid-Atlantic (EMW) region, for
example, provided 19¢/kWh-solar of air quality benefits to that and downwind regions, based on average
COBRA valuations for exposure to particulates (see Figure TB-1d). In contrast, solar generated in
California provided 0.6¢/kWh-solar of benefits, due largely to the low air pollution emissions rates of
fossil units in the state. liii
Water use reductions: The 2014 solar fleet is estimated to reduce power-sector net water withdrawals
and consumption by 294 billion (0.8% of power sector total) and 7.6 billion (0.5%) gallons per year,
respectively. liv These annual reductions are concentrated in drought-impacted California, with withdrawal
savings of 192 billion gallons and consumption savings of 3.4 billion gallons (FiguresTB-1e,f).
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a) CO2 benefits by state (central value SCC; million $2015)

b) Normalized CO2 benefits by AVERT electricity region
(central value SCC; ¢/kWh)

c) Air quality benefits by state (average COBRA; million
$2015)

d) Normalized air quality benefits by AVERT electricity
region (average COBRA; ¢/kWh)

e) Avoided water withdrawals by state (million gallons)

f) Avoided water consumption by state (million gallons)

Figure TB-1. Annual environmental and health benefits of solar power installed by the end of 2014
by region or state (note varying scales)
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7 Conclusions

The U.S. Department of Energy’s SunShot Initiative seeks to motivate swift reductions in the
cost of solar energy in order to strengthen the role of solar as a low-cost energy source. The
SunShot Vision Study (DOE 2012) evaluated the profound implications of such cost reductions
for the solar industry, the electricity sector as a whole, and end-use electricity consumers, finding
that achieving the SunShot cost targets could result in solar electricity penetrations of 14% of
U.S. electricity demand by 2030 and 27% by 2050. That study, however, did not
comprehensively quantify and value the potential environmental and health benefits associated
with achieving these levels of solar penetration.
Our analysis fills that gap by assessing three key potential environmental and health benefits of
achieving the solar penetrations envisioned by DOE (2012). Specifically, we use a scenarioanalysis approach in which the 14%-by-2030 and 27%-by-2050 “SunShot Vision” scenario is
compared with a “NNS baseline” scenario (which deploys no new solar after 2014) over the
2015–2050 period. We also evaluate today’s benefits based on cumulative U.S. solar capacity
installed by the end of 2014. As summarized below and in Figures 21 and 22, our analysis shows
that the United States is already gaining environmental and health benefits from solar and that a
future U.S. electricity system in which solar plays a major role would result in enduring
environmental and health benefits globally, nationally, and locally.
•

Greenhouse Gas Emissions: We find potential global, present-value GHG benefits of $259
billion in the form of lower future climate change damages when applying a “central value”
for the social cost of carbon, which is equivalent to a levelized benefit of solar of 2.2¢/kWhsolar. Across a range of social cost of carbon estimates, total benefits span $56 billion
(0.5¢/kWh-solar) to $789 billion (6.8¢/kWh-solar). If, alternatively, solar is viewed as a way
to meet future carbon-reduction requirements—and therefore offsets the cost of complying
with those regulations—the benefits of achieving the SunShot Vision scenario range from
$60 billion to $92 billion (0.5–0.8¢/kWh-solar) when only considering EPA Clean Power
Plan estimates and from $142 billion to $347 billion (1.2–3.0¢/kWh-solar) when considering
longer-term carbon-reduction policy possibilities. Under a “medium” trajectory for the cost
of future regulations, the SunShot Vision scenario yields $238 billion in savings, which is
equivalent to a levelized benefit of solar of 2.0¢/kWh-solar. These potential future benefits
build on the 17 million metric tons of CO2 savings realized annually from the 2014 solar
fleet, which is equivalent to an annual global benefit of $700 million (2.1¢/kWh-solar) when
a central value for the social cost of carbon is applied; across a range of social cost of
carbon estimates, annual benefits of the existing solar fleet span $210 million (0.6¢/kWhsolar) to $2,000 million (6.2¢/kWh-solar).

•

Air-Pollution Emissions: We find potential present-value air-pollution benefits of $167
billion in the form of lower future health and environmental damages based on central
estimates, which is equivalent to a levelized benefit of solar of 1.4¢/kWh-solar. Across the
full set of methods considered, total monetary benefits span $77 billion (0.7¢/kWh-solar) to
$298 billion (2.6¢/kWh-solar). These benefits derive, in large measure, from a reduction in
premature mortality from sulfate particles from SO2 emissions—achieving the SunShot
Vision scenario reduces premature mortalities by 25,000–59,000 based on methods
developed at EPA. These potential future benefits build on annual reductions of 10,000,
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10,300, and 1,200 metric tons of SO2, NOx, and PM2.5, respectively, from the 2014 solar fleet,
which provide annual domestic air quality benefits of $890 million (2.7¢/kWh-solar) based
on central estimates; across the full set of methods considered, annual benefits of the existing
solar fleet span $420 million (1.3¢/kWh-solar) to $1,590 million (4.8¢/kWh-solar).
•

Water-Use Reductions: We find potential power-sector water-use savings from 2015 to
2050 of 46 trillion gallons of avoided withdrawal (4% of total power-sector withdrawals) and
5 trillion gallons of avoided water consumption (9% of total power-sector consumption). By
2050, water withdrawals in the continental United States are lower than the NNS baseline
scenario in 35 of 48 states, and water consumption is lower in 36 of 48 states. Importantly,
drought-prone and arid states are among those with the largest reductions in water use.
National water consumption savings in 2050 alone could supply the annual water demands of
more than 1.3 million U.S. households. These results assume dry cooling for CSP plants;
greater use of wet or hybrid cooling reduces modestly the national water savings (e.g., water
consumption savings drop from 16% in 2050 to 12% in 2050). These potential future savings
build on the water-use reductions from the 2014 solar fleet, including annual withdrawal and
consumption savings of 294 billion gallons (0.8% of power sector total) and 7.6 billion
gallons (0.5% of power sector total), respectively, with much of those savings located in
drought-impacted California.

The total monetary value of the GHG and criteria air pollution benefits of the SunShot Vision
scenario exceed $400 billion in present-value terms under our central estimates, which is
equivalent to roughly 3.5¢/kWh-solar. Focusing on just the existing end-of-2014 fleet of solar
power projects, recent annual benefits equal more than $1.5 billion under our central estimates,
which is equivalent to 4.8¢/kWh-solar. These are central estimates, with a sizable range of
uncertainty. The figures exclude the value of reduced water use—for which monetary
quantification was not feasible—as well as other non-quantified environmental considerations.
Additionally, it is important to recognize that the environmental and health benefits of solar are
strongly dependent on not only the amount of solar deployment but also the location of that
deployment—solar that displaces higher-emitting coal generation has substantially larger
benefits than solar that displaces lower-emitting gas-fired (or even wind) generation. Moreover,
decision makers will naturally wish to compare these potential environmental and health benefits
with, among other things, the potential costs and risks introduced by adding solar to the electric
system as well as the potential impacts of solar on local ecosystems and communities. Though
we do not address electric-system costs or impacts in this analysis, DOE (2012) provides a
thorough initial assessment of them, while other papers in the On the Path to SunShot Study
series help inform such comparisons.
Finally, although the present work might inform policy decisions, it is not intended to suggest
any specific type of policy. The costs and benefits of increased solar deployment will be
impacted by the policy and market mechanisms used to effect that deployment—this analysis
quantifies the general magnitude of potential environmental and health benefits only. Moreover,
economic research has found that policies directly targeting the internalization of external costs
and correction of market failures are likely to be more cost effective than technology- or sectorspecific policy incentives, in part due to possible economy-wide rebound and spillover effects
and also because such policies directly target the achievement of public benefits (Borenstein
2012; Edenhofer et al. 2013; Fischer and Newell 2008; Fell and Linn 2013; IPCC 2011; IPCC
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2014b; Kalkuhl et al. 2013; McKibbin et al. 2014; Novan 2014; Rausch and Karplus 2014;
Tuladhar et al. 2014). As a result, although the analysis presented in this report suggests a
significant possible role for solar energy in delivering environmental and health benefits,
achieving those benefits in the most cost-effective way might be best supported by a policy
framework that directly addresses key market failures and unpriced externalities.

10% reduction in powersector life-cycle greenhouse
gas emissions: 2015–2050

9% (SO2), 11% (NOx), and 8%
(PM2.5) reduction in powersector emissions: 2015–2050

$259 billion

$167 billion

in present-value benefits of
avoided global damages
range: $56-$789 billion

in present-value health and
environmental benefits
range: $77-$298 billion

$238 billion

Equivalent to:

in present-value benefits of
compliance cost offsets
range: $60-$347 billion
Equivalent to:

~2¢/kWh-solar

~1.4¢/kWh-solar
for central estimates

25,000-59,000

avoided premature
mortalities: 2015-2050

4% reduction in powersector water withdrawals
and 9% reduction in water
consumption: 2015–2050
Withdrawals fall in 35
states in 2050; consumption
falls in 36 states; notably
including many droughtprone and arid states
Consumption savings in
2050 = water demands of:

1.3 million
households

for central estimates

Figure 21. Environmental and health benefits of achieving the SunShot Vision Scenario
(14% of U.S. electricity demand by 2030 and 27% by 2050)
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Figure 22. Annual environmental and health benefits of the 20 GW of solar power installed by the
end of 2014
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Endnotes
Cumulative reductions are lower—in percentage terms—than reductions in 2030 and 2050 because solar
deployment is assumed to increase over time, with lower penetration levels from 2015 to 2030. Additionally, 2050
emissions reductions (18%) are lower than the 27% solar penetration level in that year because solar displaces a
relatively high amount of both natural gas and wind generation and a relatively lower amount of coal.
ii
Across a range of social cost of carbon estimates, total benefits span $56 billion (0.5¢/kWh-solar) to $789 billion
(6.8¢/kWh-solar). Benefits are estimated in real 2015$, on a discounted basis.
iii
The benefits of achieving the SunShot Vision scenario range from $60 billion to $92 billion (0.5–0.8¢/kWh-solar)
when only considering the U.S. Environmental Protection Agency’s Clean Power Plan estimates and from $142
billion to $347 billion (1.2–3.0¢/kWh-solar) when considering longer-term carbon-reduction policy possibilities.
iv
Across the full set of methods considered, total monetary health and environmental benefits from air-pollution
reductions range from $77 billion (0.7¢/kWh-solar) to $298 billion (2.6¢/kWh-solar).
v
Withdrawals are defined as the amount of water removed or diverted from a water source for use, while
consumption refers to the amount of water that is evaporated, transpired, incorporated into products or crops, or is
otherwise removed from the immediate water environment.
vi
For more about the SunShot Initiative, see energy.gov/eere/sunshot/sunshot-initiative.
vii
In this analysis, penetration levels are defined as solar generation divided by bus-bar demand. Solar generation in
the numerator is estimated after any required curtailment. Bus-bar demand is greater than end-use demand in that it
reflects the amount of electricity needed to cover losses in distribution networks.
viii
The SunShot Vision report also includes a limited number of sensitivity scenarios resulting in different solar
penetration estimates. Follow-on reports include more complete sensitivity analyses with respect to rooftop PV
adoption (Drury et al. 2013) and utility-scale solar deployment (Eurek et al. 2013).
ix
The 2012 reference scenario assumes more-limited price reductions for solar energy systems compared to the
SunShot scenario.
x
The target solar penetration levels were applied as a lower-bound constraint and therefore can be exceeded. As
described in the text, only slight exceedance occurs.
xi
With few exceptions, we make no attempt to replicate the non-solar results from the SunShot Vision Study
(DOE 2012). This enables a more accurate assessment of the dispatch and capacity-expansion impacts of high solar
penetrations based on current market conditions.
xii
The SunShot Vision Study (DOE 2012) did not include a no-new-solar scenario.
xiii
Year-end 2014 solar capacity is based on data from Ventyx (now ABB) Velocity Suite and GTM/SEIA (2015).
xiv
The Solar Deployment System (SolarDS) rooftop PV consumer-adoption model (Denholm et al. 2009) was used
to generate the DGPV trajectory in the SunShot Vision Study (DOE 2012), which is applied for the present analysis.
xv
We use ReEDS model version 2015.2, which is most closely linked to the versions used in the Wind Vision study
(DOE 2015) and in the NREL Standard Scenarios Annual Report (Sullivan et al. 2015).
xvi
ReEDS includes regional supply curves to treat the elastic interactions between electric-sector natural gas demand
and price. The AEO 2015 Reference scenario is used to inform these supply curves.
xvii
Specifically, cost and performance assumptions for CSP are identical to those developed for the SunShot Vision
Study and reflect dry-cooled systems. As previously described, we do not develop new DGPV scenarios for the
present analysis; therefore, technology assumptions are not needed for rooftop PV. We apply minor updates for
UPV, including updating the 2020 SunShot price target of $1/WDC to be in 2015 dollars (as opposed to 2010 dollars
in the SunShot Vision Study), adjusting current capital costs to align better with other market estimates, and updating
capacity factors and output profiles. We use $2.07/WDC (in 2015$) for overnight installed costs in 2014 and linearly
ramp these costs down to the SunShot $1/WDC target level. As consistent with the SunShot Vision Study (DOE
2012), we keep UPV prices at $1/WDC for all years beyond 2020. PVWatts 5 and its default parameters are used to
estimate regional PV performance.
xviii
This assumption is consistent with the SunShot Initiative goal of cost-competitive solar without subsidies.
xix
28 GW CSP, 121 GW DGPV, and 171 GW UPV.
xx
80 GW CSP, 240 GW DGPV, and 388 GW UPV.
xxi
ReEDS builds CSP systems with thermal energy storage.
xxii
CSP technologies require direct normal irradiance, whereas PV can rely on more diffuse solar radiation.
xxiii
Differences between CSP and PV arise from technological differences (which influence water demands),
geographic differences in resources (where CSP is primarily constrained to the southwestern states and PV
deployment can be more broadly distributed), and output-profile differences (particularly when thermal energy
i
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storage is used with CSP). These technical, spatial, and temporal differences would lead to differences in avoided
generation and capacity as well as associated emissions and water benefits (Jorgenson et al. 2014). For example,
avoided generation from CSP may—to a greater extent than PV—derive from lower-emission technologies in the
West (compared with PV, which may also offset higher-emission generation in the East). At the same time, PV may
displace higher-cost, but lower-emitting natural gas-fired generation during the afternoon compared with potentially
greater avoided coal generation from CSP production in the evenings and overnight. In addition, CSP—especially
with wet cooling—has significantly greater water requirements than PV and generally will be deployed in waterstressed regions; however, relative net water impacts will ultimately depend on the displaced generation as well as
water requirements for solar technologies. These complex interactions and how they might change under different
solar penetration levels have not been studied comprehensively. Further research is needed to assess the direction
and magnitude of changes to estimated environmental and health benefits under different CSP and PV market shares
compared to those evaluated herein. However, we expect that estimated benefits of different solar portfolios will
likely be similar—or at least within the same order of magnitude—as those reported in the current report.
xxiv
Combustion-related emissions estimates consider CO2 from combustion of fuels during plant operations. They
do not consider two other important sets of emissions attributable to electricity generation: GHG emissions from
other life-cycle stages and GHG emissions from non-CO2 gases. These omissions that may be particularly important
for methane released in coal mining, oil production, and natural gas production and transport. A focus on
combustion-only emissions also ignores GHG emissions from upstream materials supply, equipment manufacturing
and construction, operations and maintenance, and plant decommissioning. Our adjustments account for all of these
various additional life-cycle impacts.
xxv
An extensive review and analysis of previously published LCAs on electricity-generation technologies was
conducted through NREL’s LCA Harmonization project (see http://www.nrel.gov/harmonization). Based on that
literature, we developed median life-cycle, non-combustion GHG emission values for each generation technology
and for the fuel cycle, construction, and decommissioning phases. To estimate non-combustion GHG emissions
from the fuel cycle, we use the electricity-production estimates (in MWh) provided by ReEDS for all generation
technologies and apply the median, literature-derived estimates of technology-specific, non-combustion fuel-cycle
GHG emissions. We assume that biomass combustion emissions are entirely offset by carbon absorption to produce
the biomass feedstocks. This is a potentially aggressive assumption given the wide range in estimates of indirect,
land-use-related biomass emissions (IPCC 2011), but it has little effect on our results because biomass deployment
is not sizable in either scenario evaluated here. To estimate GHG emissions from construction, we use the capacity
estimates (in MW) provided by ReEDS over the 2015 to 2050 timeframe and apply the median, literature-derived
estimates of technology-specific, construction-related GHG emissions. Finally, to estimate GHG emissions from
decommissioning, we use decommissioning capacity estimates (in MW) provided by ReEDS over the 2015 to 2050
timeframe and apply the median, literature-derived estimates of technology-specific, decommissioning-related GHG
emissions. This approach was used in DOE (2015), where the methods are described in greater detail.
xxvi
Research has sought to estimate the magnitude and timing of climate-change impacts, damages, and associated
costs (IPCC 2014a; IPCC 2014b; IWG 2010; IWG 2015; Melillo et al. 2014; Weitzman 2012). Because of the
uncertainties involved, estimates of the SCC span a wide range (IPCC 2014b; Tol 2011; Weyant 2014), leading
some to suggest possible improvements to SCC estimates and procedures (Ackerman and Stanton 2012; Arrow et al.
2013; Johnson and Hope 2012; Kopp et al. 2012; Pizer et al. 2014; Weyant 2014) or even to question the use of
these estimates (Pindyck 2013).
xxvii
As a result, many utilities already regularly consider the possibility of future policies to reduce GHGs in
resource planning and thereby treat renewable energy sources as options for reducing the possible future costs of
climate mitigation (Barbose et al. 2008; Bokenkamp et al. 2005; Luckow et al. 2015).
xxviii
This is because, under strictly binding caps, renewable energy does not reduce emissions per se, but instead
alleviates the need to reduce emissions elsewhere in order to achieve the cap.
xxix
In addition to national average cost estimates, EPA has also estimated state-level marginal carbon-abatement
costs. We prefer to use national average estimates for two reasons. First, states have considerable flexibility in
achieving the CPP, so any state-level estimate is inherently more uncertain than a national estimate. Second, the
level of carbon reductions envisioned in the SunShot Vision scenario represent a sizable contribution to CPP
compliance, in which case marginal cost estimates may not be as appropriate as average ones.
xxx
Studies have found that the GHG benefits of variable renewables are diminished by, at most, less than 10%
(Göransson and Johnsson 2009; Gross et al. 2006; Pehnt et al. 2008; Perez-Arriaga and Batlle 2012), with far lower
levels anticipated at smaller penetrations of renewable energy in large electric systems (Fripp 2011; Valentino et al.
2012). In the most sophisticated of the studies, Lew et al. (2013) find the impact to be negligible (less than 1%).
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The application of IWG’s SCC estimates to life-cycle CO2e creates some inaccuracy in that the IWG is clear that
its values may not be appropriate for pollutants other than CO2, even when translated into CO2e based on global
warming potential (IWG 2010). The level of inaccuracy is unclear, but given the scale of non-CO2 gases in total lifecycle emissions, this inaccuracy is likely considerably smaller than the range in SCC estimates applied in the present
analysis. IWG intends, in the future, to develop methods to value non-CO2 greenhouse gases. EPA’s CPP,
meanwhile, covers the U.S. power sector, so combustion-related power-sector emissions are more relevant than lifecycle emissions (because some of the life-cycle emissions occur outside of the power sector and, to a degree, outside
of the United States).
xxxii
We estimate that cumulative (2015–2050) emissions in four states—Delaware, Maine, Washington, and West
Virginia—are higher under the SunShot Vision scenario compared with the NNS baseline scenario. Among these
states, Maine experiences the largest relative increase (10%), while emissions increases for the other three states
total only 1%.
xxxiii
PM2.5 emission estimates are developed for both scenarios as the product of ReEDS generation outputs (MWh,
by generation type and vintage) and average emission rates (grams/MWh, by generation type). Average PM2.5
emissions rates (reported by Argonne National Laboratory: Cai et al. 2012; Cai et al. 2013) are differentiated by
generation type (coal, gas, or oil) and U.S. state. Additionally, PM2.5 emission factors are adjusted over time to
comply with scheduled PM2.5 MATS limits for existing plants (for more details see Appendix L of the Wind Vision
report, DOE 2015).
xxxiv
Although CSAPR is represented in ReEDS, it is essentially non-binding owing to the SO2 reductions required
for MATS and the long-term substitution of natural gas and other generation sources for coal power generation.
Although MATS and CSAPR are both under some legal uncertainty, we assume that MATS or something like
MATS will remain as an active regulation. Supporting this assumption to a significant degree, the effect of MATS
has already been seen through actual and announced coal plant retirements. Absent one or both of these regulations,
future absolute air pollution emissions would likely be higher than those estimated by ReEDS; however, it is
uncertain how the absence of one or both of these regulations might impact estimated avoided emissions. For
example, without both MATS and CSAPR, solar might displace higher-polluting generation, thereby increasing the
estimated benefits of the SunShot Vision scenario. However, absent only MATS, the CSAPR pollution caps would
likely be binding, and solar might therefore have little physical benefit in avoiding SO2 or NOx emissions (but would
have benefits in reducing compliance costs). Despite the uncertainties associated with these two particular air quality
regulations, it is reasonable to expect that over multiple decades similar or even more-stringent regulations are likely
to be in place. Historical trends support a general move towards increasingly stringent air quality and environmental
regulations over time.
xxxv
Benefits calculated by AP2 and EPA CPP differ in a number of respects. For example, the AP2 model accounts
for not only mortality and morbidity, but also air pollution-induced reductions in timber and agriculture yields,
visibility reductions, accelerated materials degradation, and reductions in recreation services; the benefits calculated
with the EPA CPP benefit-per-ton approach only include mortality and morbidity. Both the EPA CPP benefit-perton approach and the AP2 model include the benefits from primary and secondary particulate reductions and from
ozone reductions; however, the exact pollutants considered in terms of primary particulate exposure varies.
xxxvi
EPA Low is based on research summarized in Krewski et al. (2009) and Bell et al. (2004), whereas EPA High is
based on research presented in Lepeule et al. (2012) and Levy et al. (2005). Both sets of epidemiology research have
different strengths and weakness, and EPA does not favor one result over the other.
xxxvii
The AP2 model contains monetized benefit-per-ton estimates based on emissions in the year 2008, so damages
from AP2 are scaled over time based on Census population projections (U.S. Census Bureau 2012) and per capita
income growth projections used by EIA (2014), using an elasticity of the VSL to income growth consistent with
NRC (2010). EPA benefit-per-ton values are developed for each year within each of three large regions by linearly
extrapolating EPA’s provided benefit-per-ton values. In this manner, there is implicit representation of the
population and income growth assumptions incorporated in EPA's analysis. The 2015–2025 benefit-per-ton values
are based on the linear trend established by EPA's 2020 and 2025 values. The 2026–2050 benefit-per-ton values are
based on the linear trend established by EPA's 2025 and 2030 values. The same process is used for EPA's health
incidence-per-ton (mortality and morbidity outcomes) estimates.
xxxviii
Though our analysis does not capture these effects, results from recent research suggest that emissions are
reduced by variable renewables, even after accounting for any emissions penalties (Oates and Jaramillo 2013;
Valentino et al. 2012). Lew et al. (2013) find that accounting for impacts related to increased coal-plant cycling
slightly improves (by 1%–2%) the avoided NOx emissions of wind and solar relative to the avoided emissions based
on an assumption of a fully loaded plant, but that accounting for cycling impacts reduces the avoided SO2 emissions
xxxi
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of wind and solar by 3%–6%. A similarly detailed analysis in the mid-Atlantic region reports more substantial
emissions penalties (GE Energy Consulting 2014). In both cases, however, the impacts are not large enough to alter
dramatically the basic results reported here.
xxxix
This is because, under strictly binding caps, renewable energy does not reduce emissions per se, but instead
alleviates the need to reduce emissions elsewhere in order to achieve the cap. In this instance, the benefits of solar
energy derive not from reduced health and environmental damages but instead from reducing the cost of complying
with the air-pollution regulations. As mentioned above, ReEDS simulations indicate CSAPR SO2 and NOx caps are
largely non-binding over time owing to the presumed existence of MATS. This also follows recent historical
experience, because the largest regional SO2 and NOx cap-and-trade program (CAIR) was non-binding in 2013
(EPA 2013; Schmalensee and Stavins 2013). We therefore do not estimate the benefits of the SunShot Vision
scenario from the perspective of reducing pollution-regulation 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 SunShot Vision scenario. It is also possible that
our emissions treatment may not incorporate some more-localized existing binding cap-and-trade programs;
however, the geographic extent of these programs is limited, so they will not substantially bias our results.
xl
An estimate of ozone benefits, separate from the total benefits, corresponding to the AP2 valuation was not
available within the model.
xli
Cooling systems for the existing fleet are assigned to ReEDS balancing-area generating capacity based on an
analysis of individual electric-generating units aggregated at the ReEDS balancing-authority level, as described
elsewhere (Averyt et al. 2013; UCS 2012).
xlii
CSP performance inputs used in ReEDS relied on dry-cooling assumptions. Similarly, we used capital and O&M
costs for CSP from the SunShot Vision Study (DOE 2012), which also reflects dry-cooled technologies.
xliii
Some states see slight increases in water withdrawals and/or consumption in the SunShot Vision scenario relative
to the NNS baseline scenario. These are a result of ReEDS’ electric-sector capacity additions and operations
simulations. Regions where these increases are modeled to occur are historically not as drought prone as the states
that are estimated to have decreases in withdrawals and/or consumption. In addition, these slight increases are likely
to be within the range of uncertainties associated with future electric sector water use.
xliv
Ocean water resource impacts are not modeled in this analysis.
xlv
The actual benefits, in terms of cost savings, would be lower than these figures for a few reasons. First, many
regions of the country are not facing water scarcity, so the economic benefits of reduced water use are
geographically limited. Second, to the extent that solar offsets more electricity supply (kilowatt-hours) than
electricity capacity (kilowatts), it may not be able to offset the full capital and operating cost of less water-intensive
cooling technologies. Third, to date few plants have been required or chosen to implement dry cooling; alternative,
lower-cost means of obtaining and/or reducing water have predominated, including simply locating plants where
water is available. Alternative water resources, such as municipal wastewater or shallow brackish groundwater,
could also be more cost effective than dry cooling in some regions (Tidwell et al. 2014). These lower-cost methods
of reducing water use are likely to dominate for the foreseeable future. Because of these complicating factors, a
separable monetary benefit of the SunShot Vision scenario in terms of reduced water use is not estimated.
xlvi
Distributed PV includes the sum of commercial and residential PV.
xlvii
EPA’s Avoided Emissions and geneRation Tool (AVERT) was used to estimate the characteristics and location
of fossil generation sources displaced by end-of-2014 solar capacity. As described in EPA (2014a), this model uses
historical data to estimate changes in generation and emissions within each of 10 AVERT regions resulting from an
increase in renewable electricity (or energy efficiency). As with any model, AVERT has its limitations, as described
in the user guide (EPA 2014a). In our analysis, we used AVERT regional data files for the year 2014—implying that
the results shown in the text box are tuned to the recent impacts of end-of-2014 solar capacity. Note that we modeled
all solar capacity installed by the end of 2014; this somewhat overestimates the impact of solar in 2014 as
incremental solar capacity became operational throughout the year. Because the statistical relationships in the
AVERT files already reflect the effects of solar plants operating in 2014, we modeled the impact of those resources
by “removing” them (i.e., treating them as negative generation sources) rather than by adding them in as additional
renewable resources, beyond what was already in operation in 2014. Furthermore, solar generation quantities were
input into AVERT as hourly profiles. This required translating the end-of-2014 installed capacity into aggregate
hourly generation profiles for each region, using default solar rooftop and utility scale PV profiles built into
AVERT. Hourly profiles for CSP were developed differently than profiles for PV. Capacity factors from the
Bolinger and Seel (2015) dataset for all U.S. CSP plants were applied to find the annual total energy generated by
each plant. Hourly profiles were then created for all the plants without storage based on the utility PV profiles built
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into AVERT. A custom hourly profile was used to model CSP plants with storage. CSP capacity represented
roughly 10% of total solar capacity at the end of 2014, so the national results have little sensitivity to the CSP
representation. Using the database from Bolinger and Seel (2015), we identified solar plants that transferred
electricity to a neighboring AVERT region (e.g., plants operating in Nevada that transferred their output to
California), and we accounted for these transfers within AVERT by transferring the energy profile of each plant to
the region in which the electricity is delivered. Distributed (residential and commercial) PV capacity totals were
available by state, however, a number of states contain multiple AVERT regions. Utilities, on the other hand, are
wholly contained within individual AVERT regions, and we used total customers by utility (EIA 2015b) as a proxy
to assign state-wide PV installations to AVERT regions within states represented by multiple AVERT regions.
Installed distributed PV capacity in a number of states were grouped into an “other” category in GTM/SEIA (2015);
we used state-level capacity data from 2013 (Sherwood 2014) to weight capacity in the ‘other’ category to the
remainder of the states. To assign utility PV state total capacity to AVERT regions, we first assigned each plant in
the dataset that underlies Bolinger and Seel (2015) to an AVERT region; for any utility-scale capacity not included
in this dataset, we used the relative weightings from the Bolinger and Seel (2015) dataset allocate capacity to
AVERT regions.
xlviii
The health and monetary impacts of SO2, NOx, and PM2.5 emission reductions were calculated using the AP2
and the EPA CPP approaches described in Section 5, and also with an additional method suitable for present day
analysis: EPA ‘s COBRA model (EPA 2014b). Following the EPA CPP approach, COBRA reports two sets of
health impacts, ‘high’ and ‘low’, based on the same underlying epidemiology relationships used in the CPP
approach. COBRA uses a different air quality modeling approach than is employed in the CPP approach, however,
and also covers different impact pathways (e.g., COBRA only considered particular matter exposure, and not
ozone). COBRA was not used earlier because it is not suitable for analyzing impacts in the distant future; it’s
advantages are in analyzing the present day and in being able to assign health burdens and benefits to the specific
regions where those benefits are felt by human populations (the other tools used here identify the locations from
which the benefits are derived by virtue of emissions reductions).
xlix
CO2 reductions were calculated using AVERT, as described above. Note that unlike in Section 4, the GHG
reductions reported here are combustion-only CO2, and do not account for lifecycle impacts. We apply the IWG
SCC values for the year 2015 to best approximate the recent impacts of end-of-2014 solar capacity.
l
CO2 emission reduction benefits shown by region and state are based on the location of the emission reductions: for
the AVERT regions, emission reductions and solar generation/delivery are aligned, but at the state level, solar
generation can offset fossil generation within a neighboring state within the same AVERT region. The benefits of
reducing CO2 emissions are based on the global SCC, and so are not contained within the state or region in which
the emission reduction occurred.
li
SO2 and NOx reductions were calculated using AVERT, as described above. PM2.5 was calculated as a function of
generation reduction (MWh) by plant type and state (as calculated by AVERT) and state-level PM2.5 emission
factors (g/MWh) described in Section 5.
lii
In this case, total air quality benefits are based on the average of COBRA high and low and are presented based on
where the air quality and health benefits occur, not based on where the emissions are reduced.
liii
The normalized air quality benefits are the average of COBRA high and low. COBRA was run separately for each
AVERT region based on the emissions reductions in those regions, so benefits are able to be attributed to the region
in which the solar energy was generated or delivered even though some of the air quality benefits will be gained
outside the region of origin.
liv
The impacts to water withdrawal and water consumption were calculated based on the displaced generation of
each power plant (as found from AVERT), as well as any operational water demands from the solar generators.
AVERT data, however, do not define the cooling system of each unit. To match AVERT generators with cooling
system characteristics, we make an initial assignment based on the Office of Regulatory Information Systems Plant
Location (ORISPL) Plant ID number, which is provided by AVERT, as well as the UCS EW3 Energy-Water
Database (UCS 2012), along with updates from Ventyx (2013). From this preliminary matching of power plants, we
assign prime mover technology, cooling system technology, and water type (freshwater or saline water) to individual
AVERT generators at the power plant based on matches of nameplate capacity. Additional details can be found in
Averyt et al. (2013). For cases in which there is no obvious match, prime mover types and cooling systems are
assigned based on similar generators within the same power plant or via internet research.
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