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Chapter III

This chapter explores the essential elements of a clean electricity system and 
identifies the policy, market, and technology innovations needed to improve 
its environmental performance. The United States has made substantial 
progress in reducing the environmental impact of the electricity system, but 
much work remains. The chapter first explores the greenhouse gas emissions 
from the power sector and the availability of low- and zero-carbon electricity 
sources, including nuclear, natural gas, solar, wind, hydropower, biomass, and 
geothermal sources. The next sections detail the interaction between clean 
electricity systems and key options and features, such as energy efficiency, 
demand response, flexibility, and storage. The chapter also includes a discussion 
of how the interplay of technology, markets, and policy can lead to a cleaner 
electric system, and how a cleaner electric system can support economy-wide 
decarbonization through the further electrification of other end-use sectors.

BUILDING A CLEAN 
ELECTRICITY FUTURE
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FINDINGS IN BRIEF:
Building a Clean Electricity Future

• A clean electricity system reduces air and water pollution, lowers greenhouse gas (GHG) emissions, minimizes waste, 
and limits the impact to the ecosystem in areas such as water and land use.

• Deep decarbonization of the electricity system is essential for meeting climate goals; this has multiple economic 
benefits beyond those of environmental responsibility. 

• The United States is the largest producer and consumer of environmental technologies. In 2015, the U.S. 
environmental technology and services industry employed 1.6 million people, had revenues of $320 billion, and 
exported goods and services worth $51 billion. 

• Though the U.S. population and economy have grown, between 1970 and 2014, aggregate emissions of common 
air pollutants from the electric power sector dropped 74 percent, even as electricity generation grew by 167 percent.

• U.S. carbon dioxide (CO2) emissions from the power sector have substantially declined. Between 2006 and 2014, 61 
percent of the reductions in CO2 intensity were attributed to switching from coal- to gas-fired power generation, and 
39 percent were attributed to increases in zero-emissions generation. 

• The increasing penetration of zero-carbon variable energy resources and deployment of clean distributed energy 
resources (including energy efficiency) are critical components of a U.S. decarbonization strategy. 

• It is beneficial to a clean electricity system to have many options available, as many of the characteristics of clean 
electricity technologies complement each other.

• Currently, 29 states and Washington, D.C., have a renewable portfolio standard, and 23 states have active and 
binding energy efficiency resource standards for electricity. States that have actively created and implemented such 
electricity resource standards and other supporting regulatory policies have seen the greatest growth in renewables 
and efficiency. 

• The integration of variable renewables increases the need for system flexibility as the grid transitions from 
controllable generation and variable load to more variable generation and the need and potential for controllable 
load. There are a number of flexibility options, such as demand response (DR), fast-ramping natural gas generation, 
and storage.

• Energy efficiency is a cost-effective component of a clean electricity sector. The average levelized cost of saved 
electricity from energy efficiency programs in the United States is estimated at $46 per megawatt-hour (MWh), 
versus the levelized cost of electricity for natural gas combined-cycle generation, with its sensitivity to fuel prices, at 
$52–$78/MWh.

• Electricity will likely play a significant role in the decarbonization of other sectors of the U.S. economy as 
electrification of transportation, heating, cooling, and industrial applications continues. In the context of the second 
installment of the Quadrennial Energy Review, electrification includes both direct use of electricity in end-use 
applications and indirect use, whereby electricity is used to make intermediate fuels such as hydrogen. 

• Realizing GHG emissions reductions and other environmental improvements from the electricity system to achieve 
national goals will require additional policies combined with accelerating technology innovation.



Transforming the Nation’s Electricity System: The Second Installment of the QER  |  January 2017         3-3

FINDINGS IN BRIEF:
Building a Clean Electricity Future (continued)

• Improved understanding of the electricity system and its dynamics through enhancements in data, modeling, and 
analysis is needed to provide information to help meet clean objectives most cost effectively.

• Decades of Federal, state, and industry innovation investments have significantly contributed to recent cost 
reductions in renewable energy and energy efficiency technologies.

• Innovation in generation, distribution, efficiency, and DR technologies is essential to a low-carbon future. Innovation 
combined with supportive policies can provide the signal needed to accelerate deployment of clean energy 
technologies, providing a policy pull to complement technology push. 

• Nuclear power currently provides 60 percent of U.S. zero-carbon electricity, but existing nuclear merchant plants 
are having difficulty competing in restructured electricity markets due to low natural gas prices and flat or declining 
electricity demand. Since 2013, 6 nuclear power reactors have shut down earlier than their licensed lifetime, and 10 
others have announced plans to close in the next decade. In 2016, two states, Illinois and New York, put policies in 
place to incentivize the continued operation of existing nuclear plants, and these policies may prevent 6 of the 10 
announced closures.

• Enhanced oil recovery operations in the United States are commercially demonstrated geologic storage and could 
provide a market pull for the deployment of carbon capture, utilization, and storage (CCUS). 

• Federal laws currently limit the ability of regulated utilities to utilize Federal tax credits in the same manner as private 
and unregulated developers. Publicly owned clean energy projects cannot benefit from the clean energy tax credits 
because tax equity investors cannot partner directly with tax-exempt entities to monetize tax credits.

• Low-income and minority communities are disproportionately exposed to air quality and water quality issues 
associated with electric power generation. Compared to the U.S. population overall, there is a greater concentration 
of minorities living within a 3-mile radius of coal- and oil-fired power plants. In these same areas, the percentage of 
the population below the poverty line is also higher than the national average. 

• Some energy technologies that reduce GHG emissions, such as CCUS, concentrated solar power, and geothermal 
generation, have the potential to increase energy’s water intensity; others, such as wind and photovoltaic solar 
power, can lower it. Dry cooling can reduce water intensity but may increase overall GHG emissions by decreasing 
generation efficiency. Though there can be a strong link between energy and water efficiency in energy technologies, 
many research, development, demonstration, and deployment funding criteria do not incorporate water-use or 
water-performance metrics. Designing technologies and optimizing operations for improved water performance can 
have both energy and water benefits.

• There is currently no centralized permanent-disposal facility for used nuclear fuel in the United States, so this 
radioactive material is stored at reactor sites in 35 states awaiting development of consolidated storage facilities 
and/or geologic repositories.

• Coal combustion residuals, such as coal ash and scrubber slurry, are the second most abundant waste materials in 
the United States, after household waste.

• There is a range of decommissioning needs for different types of power generation facilities. 
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Building a Clean Electricity Future
A recent poll noted that “73% of voters support a national energy policy that ensures a secure supply of 
abundant, affordable, and available energy for the American people in an environmentally responsible 
manner.”1 The views of the respondents in this poll suggest that the American people do not view 
environmental and other goals to be in conflict; the United States has consistently been able to manage 
environmental pollution while also maintaining electric reliability, growing the economy, and supporting 
millions of jobs.

While electricity is the workhorse of our modern economy, it is also responsible for more than 30 percent of 
U.S. greenhouse gas (GHG) emissions.2 Reducing GHG emissions is a key imperative for the power sector. 
When considering the scale of this challenge, it is important to recognize that the reduction of adverse public 
health and environmental impacts from electricity generation has been one of the major U.S. environmental 
success stories of the 20th century. Since 1970, emissions of common air pollutants from the electric power 
sector have decreased by more than half.3 In the near term, carbon dioxide (CO2) emissions from the energy 
sector fell by 10 percent from 2008 to 2015, while the economy grew by more than 10 percent over this same 
period.4 This success is even more notable because it occurred in conjunction with increased electricity 
generation and significant, sustained economic growth.

Enabling a clean, flexible, reliable electricity system will require continuous cost reductions and improved 
environmental performance of energy technologies. There are multiple avenues for improving the 
environmental performance of the electricity system by building on past successes. A cleaner electricity 
generation system can be achieved through a combination of technological innovation and incentives, national 
environmental policy, innovative state policy, and financial mechanisms. These findings are supported by 
detailed modeling of scenarios for the electricity system, which demonstrates the role of innovation and 
effective policy in improving environmental outcomes. The chapter also examines approaches to further 
reducing the environmental impacts of electricity on air and water, as well as mitigating relevant land-use 
challenges and environmental justice issues affecting local communities.

There are, however, ongoing environmental impacts associated with electricity systems that merit sustained 
policy and regulatory focus and support. These include climate change; water use for power generation; land-
use impacts of power generation, transmission, and distribution; environmental justice issues associated with 
electricity; and decommissioning of generation assets. Today, the United States has an opportunity to build 
on its substantial experience of joint environmental and economic success to address the central challenge 
of climate change mitigation, along with environmental challenges associated with electricity generation, 
distribution, transmission, and consumption. 

CO2 Emissions and the Electricity System
The growth in U.S. electricity consumption has gradually slowed from 9.8 percent per year in the 1950s to 0.5 
percent per year over the past decade, due in part to “slowing population growth, market saturation of major 
electricity-using appliances, efficiency improvements in appliances, and a shift in the economy toward a larger 
share of consumption in less energy-intensive industries.”5, 6 In 2014, electricity accounted for 39 percent of 
total primary energy consumption.a The residential and commercial sectors each consumed about the same 
share of total electricity—37 percent and 36 percent, respectively—with the industrial sector accounting for 26 
percent of electricity demand. Electricity use in the transportation sector was minimal, constituting less than 

a 38.4 quadrillion British thermal units (quads) were used to generate 3,900 terawatt-hours (TWh) of electricity. Total energy 
consumption in 2014 was 98.3 quads. 
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1 percent of total U.S. electricity consumption.7 Electricity use is projected to grow slowly, and its share of total 
delivered U.S. energy consumption is expected to increase only slightly by 2040.b, c, 8 

Electric power generation is one of the largest sources of CO2 emissions in the United States.9 Over 99 percent 
of the GHG emissions attributed to the power sector are the result of the combustion of fossil fuels for power 
generation. In 2014, CO2 from coal combustion accounted for over three-quarters of U.S. power sector GHG 
emissions, while CO2 from the combustion of natural gas contributed approximately 21 percent of U.S. power 
sector GHG emissions.10, 11 The emission rate—the amount of CO2 emitted per unit of electricity generated—is 
a key indicator of the climate impact of electricity generation and varies significantly by fuel and technology. 
The current average emission rate of natural gas combined-cycle (NGCC) plants in the United States is 60 
percent less than that of average coal-fired plants.12, 13 Nuclear power and renewable electricity generation have 
no direct emissions associated with electricity generation. 

Electric power generation provides service to end-use economic sectors. When attributing current U.S. power 
sector GHG emissions to end-use economic sectors, the industrial sector is responsible for approximately 
26 percent of electricity-related emissions, and the remainder is split evenly between the residential and 
commercial sectors, at 36 percent and 35 percent, respectively.d, 14 This sectoral attribution highlights a 
dual pathway for reducing total carbon emissions: (1) decarbonization of the electricity sector itself and (2) 
electricity efficiency improvements within end-use economic sectors.

Decarbonization of the Electricity System
After a gradual decline from 1970 to 2005, in 2015, the CO2 emission rate (kilograms of CO2 per megawatt-
hour [MWh]) of electricity generation fell to 20.9 percent below 2005 levels.15 

b According to the Office of Energy Policy and Systems Analysis (EPSA) Base Case, which incorporates all existing U.S. policies but 
assumes no new policies, electricity use is projected to grow at an annual rate of 0.65 percent between 2014 and 2040. In terms of 
delivered energy, the electricity sector’s share is projected to increase from 18 percent in 2014 to 19 percent in 2040, and overall 
electricity demand is projected to increase from 12.76 to approximately 15 quads. 

c In terms of total primary (or source) energy, the electricity sector’s share is projected to increase from 13 percent in 2014 to 14 
percent in 2040, according to the EPSA Base Case, which incorporates all existing U.S. policies but assumes no new policies.

d The remaining electricity-related emissions are from other sectors that account for minor amounts of electricity-related emissions in 
the United States, including agriculture (3 percent) and transportation (0.2 percent). 
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Figure 3-1. Recent Trends in CO2 Emissions Drivers, 2005–201516, 17, 18

The population growth, per capita gross domestic product (GDP), and electricity intensity of the economy all factor into total U.S. electricity demand. 
While growth in population and per capita GDP has placed upward pressure on power sector demand, this growth has been partially offset by a 
decline in the electricity intensity of the economy. 

Slow growth in per capita electricity consumption, greater electricity productivity (measured in dollars of 
gross domestic product [GDP] per kilowatt-hour [kWh] of electricity), and a decline in the CO2 emission 
rate from electricity generation have already helped decouple economic growth from electricity consumption 
(and, consequently, electricity generation–related CO2 emissions).19 U.S. power sector CO2 emissions have 
declined even while the population and the economy have grown. As shown in Figure 3-1, between 2005 and 
2015, the U.S. GDP grew by 14.8 percent, and the amount of electricity consumed per dollar of GDP declined 
by 12 percent due to greater economic productivity per kWh of electricity consumed. As shown in Figure 3-2, 
energy-related CO2 emissions reductions in recent history have occurred in the electric power sector, largely 
because of the decreased use of coal and the increased use of natural gas for electricity generation.
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Figure 3-2. U.S. Energy-Related CO2 Emissions, 2005–2015 (top), and Change in U.S. Energy-Related CO2 Emissions by 
Sector, 2005–2015 (bottom)20, 21
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After increasing in 2013 and in 2014, energy-related CO2 emissions fell in 2015. In 2015, U.S. energy-related CO2 emissions were 12 percent below 
the 2005 levels, mostly because of changes in the electric power sector.
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In addition to these market and technology trends, a wide array of policies and measures developed and 
implemented at the Federal, state, and local levels have helped to mitigate GHG emissions from the U.S. power 
sector. These include performance-based regulations and standards, economic instruments, information 
programs, and diffusion of key technologies from robust research, development, and demonstration (RD&D) 
investments. Many policy approaches cross these categories. Federal and state emissions trading programs, for 
example, combine performance-based regulation with trading of marketable credits or allowances, the latter of 
which are economic instruments.

Upgrading and investing in the transmission system is one critical measure that could have far-reaching 
impacts for the environment, could increase system flexibility and resilience, and could save electricity 
consumers as much as $47 billion annually.22 A modernized and expanded transmission system has the 
potential to interconnect clean generation (for both connecting over short distances and connecting remote 
clean generation sources to population centers) while also enhancing a national electricity market in which all 
energy assets can fairly compete. State clean electricity goals are also facilitated through transmission upgrades; 
one example is the New York Independent System Operator (ISO), which is looking to make more effective use 
of rurally located wind and hydropower resources by connecting them with high electricity demand centers 
like New York City.23 

It can be challenging to evaluate whether transmission policies and regulations are simultaneously (1) 
achieving their intended reliability benefits in the face of unprecedented physical change and (2) providing 
adequate capacity to cost-effectively address environmental requirements. Such evaluation requires new 
analyses, but for those analyses to be valid, data with greater scope, frequency, and resolution must be made 
available. Expanded transmission data resources will facilitate the development of effective Federal and 
state policies and regulations that will affect reliability and environmental goals, give those that invest in the 
transmission system insights into potential business opportunities, and provide a broad range of stakeholders 
with a greater understanding of the fairness of operations in providing non-discriminatory access. The Federal 
Energy Regulatory Commission (FERC) has recognized the importance of electricity transmission in a clean 
energy future and has worked to expedite the contribution of transmission through FERC Order Nos. 890 
and 1000. Order No. 890 (2007) required that transmission planning be open to stakeholders. Order No. 1000 
(2011) added interregional coordination, competition among transmission owners, and cost allocation reform. 
Order No. 1000 also enables transmission projects that support public policy goals, such as moving renewable 
energy from distant sources to load centers. 

Equitable cost allocation among customer beneficiaries, especially for larger and interregional transmission 
investments, is a significant challenge in the implementation of the FERC Order No. 1000 regional planning 
process. Differing regional approaches to meeting FERC Order No. 1000 principles for cost allocation—
particularly the definition of “beneficiary”—have made the implementation of Order No. 1000 complex. The 
implementation of FERC Order No. 1000 regional cost allocation principles is relatively new, so it is hard to 
assess the effectiveness of the process to date in achieving public policy goals. Going forward, more systematic 
monitoring of activities and systematic data collection will be needed to assess whether Order Nos. 890 and 
1000 are achieving their goals.

Low- and Zero-Carbon Power Generation
A consistent theme from a vast body of climate science research suggests that deeper decarbonization is 
necessary to reduce emissions sufficiently to minimize the most serious impacts of climate change.24 This will 
require, in part, an enhanced portfolio of lower- and zero-carbon generation technologies, such as renewables, 
nuclear power, and fossil generation with carbon capture, utilization, and storage (CCUS).
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The national and regional generation mix has changed over the past few decades (Table 3-1), and additional 
changes are projected for 2040. In 2005, the top six generation sources in descending order were coal, nuclear, 
gas, hydro, petroleum, and non-hydro renewables. Natural gas and non-hydro renewables, especially wind 
and solar, have become much more prominent in the fuel mix, largely due to low-cost, abundant natural gas 
supplies, lower-cost wind and solar generation technologies, and a range of Federal and state policies that 
provide incentives for a range of clean generation technologies. Comparing the costs of different electric 
generating technologies is challenging, particularly as the costs of many technologies and fuels vary due to 
the interplay of innovation, policy, markets, and future uncertainty. One common approach is to compare 
technologies using the levelized cost of electricity (LCOE).25 There are limitations to using LCOE, particularly 
for capital-intensive technologies, as this metric is sensitive to assumptions about the cost of capital, among 
other factors.e

Table 3-1. Change in Generation from Major Fuel Type, 2009–201426

In recent years, the electricity generation mix in the western United States has shifted from fossil fuels and nuclear power to non-hydro renewables. 
In the eastern part of the United States, generation has shifted primarily from coal to natural gas. Texas has seen a growth in generation from both 
coal and non-hydro renewables. Acronyms: terawatt-hours (TWh), Western Electricity Coordinating Council (WECC), SERC Reliability Corporation 
(SERC), ReliabilityFirst Corporation (RFC), Northeast Power Coordinating Council (NPCC), Southwest Power Pool (SPP), Midwest Reliability 
Organization (MRO), Florida Reliability Coordinating Council (FRCC), Texas Reliability Entity (TRE).

e For a discussion of the limitations of LCOE, see Energy Information Administration (EIA), Levelized Cost and Levelized Avoided Cost 
of New Generation Resources in the Annual Energy Outlook 2016 (Washington, DC: EIA, 2016), 1, http://www.eia.gov/outlooks/aeo/
pdf/electricity_generation.pdf.

Coal Natural Gas Nuclear
Non-Hydro 
Renewable

Total

Absolute 
Change 
(TWh)

Percent 
Change

Absolute 
Change 
(TWh)

Percent 
Change

Absolute 
Change 
(TWh)

Percent 
Change

Absolute 
Change 
(TWh)

Percent 
Change

Absolute 
Change 
(TWh)

Percent 
Change

U.S. -171.3 -10 204.6 22 -1.7 0 130.8 85 132 3

WECC -13.8 -6 -4.3 -2 -10.3 -15 43.4 92 11.9 2

SERC -53.9 -11 94.8 51 3.8 1 12.7 52 49.8 5

RFC -83 -15 65.1 85 12.1 5 17.5 102 13.5 1

NPCC -17.4 -62 11.8 12 0.2 0 14.5 148 -6.4 -2

SPP -0.8 -1 -5.7 -10 -0.2 -2 4 29 3.4 2

MRO -9.6 -6 2.7 31 -3.9 -11 19.2 105 12.2 6

FRCC -4.1 -7 30.6 29 -1.2 -4 0 -1 9.7 4

TRE 11.4 10 9.7 6 -2.2 -5 19.4 105 37.8 12

Alaska -0.1 -11 -0.3 -8 0 0 0.2 1,484 -0.7 -10

Hawaii 0 1 0 0 0 0 0.5 74 -1.3 -12

http://www.eia.gov/outlooks/aeo/pdf/electricity_generation.pdf
http://www.eia.gov/outlooks/aeo/pdf/electricity_generation.pdf
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Wind and Solar: Zero-Carbon Variable Energy Resources (VER)
Cumulative wind capacity has grown from 25 gigawatts (GW) in 2008 to 74.4 GW in 2015.29 In 2015, wind 
accounted for 41 percent of new electric generation capacity in the United States and provided 4.7 percent of 
total electricity generation.30, 31, 32 Similarly, utility-scale solar generation capacity has grown from less than 0.1 
GW in 2008 to 11.9 GW in 2015, a factor of over 168.33 There are now over 1 million installed photovoltaic 
(PV) systems across the United States.34, 35 The Energy Information Administration estimates that total U.S. 
solar net generation (PV and thermal) was 4.7 million MWh in October 2016, with 33.94% of that total 
coming from distributed solar PV.36

Figure 3-3. Utility-Scale PV Installed Capacity, Top 10 States, August 201637
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Utility-scale PV installed capacity is distributed unevenly across the United States. California comprises almost half of the installed utility-scale 
PV capacity in the country, followed by North Carolina, and the Southwest of the United States with Arizona, Nevada, and Utah. MWAC denotes 
alternating-current megawatts.

The price of installed residential- and utility-scale solar PV is projected to fall below $2 per WDC (direct-
current wattage) and $1.15/WDC, respectively, in the next 10 years. Solar PV electricity generation is projected 
to grow by a factor of 17 from 2015 to 2040 and reach an installed capacity of over 100 GW.38 The Department 
of Energy’s (DOE’s) SunShot program has a goal of achieving an LCOE of 6 cents/kWh) for utility-scale PV in 
2020 and 3 cents/kWh by 2030.39 Despite the rapid growth of distributed- and utility-scale PV, these resources 
contribute generation equivalent to about 0.4 percent and 0.6 percent of U.S. demand, respectively.40, 41 In 
 the United States, California dominates solar PV with about 50 percent of the Nation’s installed capacity  
(Figure 3-3), due in large part to legacy statewide incentive programs, such as the California Solar Initiative, as 
well as the state’s high retail electricity rates and solar resource potential.
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Figure 3-4. Relationship between the Production Tax Credit and Annual Wind Capacity Additions42
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The Production Tax Credit (PTC) has accelerated wind project deployment significantly—between 2000 and 2013, cumulative wind capacity grew 
from under 5 GW to over 60 GW—though capacity additions noticeably track the PTC expiration and extension schedule.

Technology improvements in wind turbines—including taller turbines, longer blades, and advanced turbine 
designs—have enabled substantial cost reductions for wind power. Power purchase agreements for wind have fallen 
from rates as high as 7 cents/kWh in 2009 to around 2 cents/kWh inclusive of the Production Tax Credit (PTC) in 
2015, driven by wind deployment in excellent resource locations in the interior regions of the country.43 It is also 
projected that these technology improvements will enable an expansion of the geographic distribution of wind 
power’s technical potential to new regions of the United States.44

Declining costs for wind and solar have been spurred by industry innovation as well as a variety of Federal and state 
policies that accelerate deployment. Major policies include the renewable energy tax credits at the Federal level and 
the renewable portfolio standards (RPS) at the state level. At the Federal level, the Investment Tax Credit (ITC) and 
PTC established under the Energy Policy Act of 1992 are two key Federal tax incentives that have been instrumental 
in accelerating the construction of renewable electricity projects. Both of these incentives are designed for use by 
entities that pay Federal taxes and are subject to strict treatment under both the Internal Revenue Code and generally 
accepted accounting principles. These attributes have major implications for who utilizes the incentives and how 
projects are developed. Because they do not pay Federal income taxes, entities like municipal utilities and cooperative 
utilities cannot currently monetize these tax credits. For regulated utilities, the Internal Revenue Service requires 
that any ITC benefits be normalizedf for ratemaking purposes. The net result of these nuances is that independent 
developers have played an outsized role in the deployment of wind and solar relative to previous technologies. 

f Normalization requires that a tax credit be realized across the life of an asset, instead of immediately.
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In December 2015, the ITC and PTC were both extended by 5 years through 2021 and 2019, respectively,  
with each tax credit on a different declining schedule. Solar system owners have primarily claimed the ITC, while 
wind power, which has higher capacity factors and lower capital costs, has benefitted from the PTC  
(Figure 3-4). A recent National Renewable Energy Laboratory (NREL) study estimates that the December 2015 
extension of the ITC and PTC could result in an additional 53 GW of renewable electricity capacity by 2020 
as compared to a case with no tax credit extensions, corresponding to 540 million metric tons of avoided CO2 
cumulatively by 2030, again compared to the no extension case.45 

State RPS policies are also key drivers of renewable energy growth. Twenty-nine states have renewable or alternative 
energy portfolio standards that require utilities or other electricity providers to meet a minimum portion of load 
with qualifying forms of renewable energy (Figure 3-5)46 Of the 230 terawatt-hours (TWh) of total non-hydro 
renewable electricity generation growth since 2000, over half (or 130 TWh) was to meet RPS mandates.47 

Figure 3-5. State RPS Policies, August 201648 
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DE: 25% x 2026*
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DC: 20% x 2020

PR: 20% x 2035

NMI: 20% x 2016

U.S. Territories

Guam: 25% x 2035

USVI: 30% x 2025

VT: 75% 
x 2032

MA: 15% x 2020
(new resources)
6.03% x 2016

(existing resources)

PA: 18%
x 2021*†
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x 2025†
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x 2021 (IOUs)
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HI: 100% x 2045
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Twenty-nine states and the District of Columbia have an RPS, and an additional eight states have a renewable portfolio goal; some include extra 
credit for solar or customer-sited renewables or include nonrenewable alternative resources. The RPS or renewable portfolio goals are key drivers of 
renewable energy growth.

Acronym: IOU – investor-owned utility
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RPS rules vary from state to state, each with different targets, timeframes, and sometimes specific carve outs 
for solar or distributed generation (DG). Almost half of the mandated renewable energy capacity (under 
existing RPS) is located in California, “reflecting the rapid and recent build-out of renewable capacity to meet 
2020 RPS targets, including the completion of a number of large utility-scale PV projects.”49 

In addition to state-level RPS, some states have instituted electricity resource standards that set requirements 
for “clean” or “alternative” energy, which include not only renewables, but also certain nonrenewable 
technologies, such as nuclear power and coal with CCUS. These are sometimes referred to as Clean Energy 
Standards (CESs). States that have implemented these include Colorado, Michigan, Illinois, New York, Ohio, 
Pennsylvania, and Utah.g There have been proposals for a Federal CES introduced in previous Congresses. 

Renewable Energy Certificates (RECs) are tradeable certificates used to demonstrate and verify the use 
of renewable electricity in the United States, usually to meet state RPS and sometimes to meet voluntary 
renewable goals. While generated concurrently with renewable electricity, RECs can be traded separately from 
the underlying electricity. While requirements for eligible resources vary from state to state, one REC is issued 
for each MWh of electricity generated from an eligible renewable energy resource. By obtaining and retiring 
(i.e., preventing further trading of) an REC, a utility or customer can claim it for compliance with an RPS or 
for voluntary purposes. REC tracking systems, available throughout the country, ensure that no claims on this 
renewable energy are counted twice. In 2015, over 210 million RECs were projected to be generated to meet 
state RPS requirements.50 An additional 78 million voluntary RECs were generated and retired for voluntary 
purposes by residential and commercial customers.51 

Analysis indicates that new renewable electricity resources that were used to meet all state RPS obligations 
totaled 5,600 megawatts (MW) of capacity additions, as well as 98 TWh of generation in 2013.52 One life-cycle 
GHG emissions analysis indicates that this new renewable electricity generation helped to avoid 59 million 
metric tons of CO2 equivalent in 2013.53 These policies are commonly highlighted by states as having strong 
potential to create jobs.54 A 2016 study estimated that RPS created 200,000 gross domestic renewable energy 
jobs in 2013.55 

In order to fully realize the potential emission reduction benefits of high levels of zero-carbon VER, these 
VER must be integrated into the grid and provide grid services. Currently, wind and solar plants are only 
required to provide grid services in certain regions.h Smart power converters for wind resources and smart 
inverters for solar resources could provide several services to assist in their integration into the grid.56, 57, 58, 59, 

60, 61, 62 California ISO, Midcontinent ISO, PJM Interconnection, ISO-New England, and New York ISO are all 
making efforts to integrate zero-carbon VER, for example, by developing or improving mechanisms to provide 
and support (1) flexible ramping (i.e., the integration of flexible ramping products into their markets) or (2) 
incentives for reliable capacity.63

g In 2016, two states, Illinois and New York, put policies in place to incentivize the continued operation of existing nuclear plants.
h In November 2015, the North American Electric Reliability Corporation issued five general recommendations as part of its “Essential 

Reliability Services Task Force Measures Framework Report,” which focus on the incorporation of these services into the design of 
variable generating resources in the future. Shortly thereafter, on February 18, 2016, FERC issued a Notice of Inquiry, Docket RM16-
6-000, seeking comment on the need to reform its regulations for the provision and compensation of primary frequency response. 
Source: North American Electric Reliability Corporation (NERC), Essential Reliability Services Task Force Measures Framework Report 
(Atlanta, GA: NERC, November 2015), http://www.nerc.com/comm/Other/essntlrlbltysrvcstskfrcDL/ERSTF%20Framework%20
Report%20-%20Final.pdf; Federal Energy Regulatory Commission (FERC), Docket No. RM16-6-000, Essential Reliability Services and 
the Evolving Bulk-Power System—Primary Frequency Response (Washington, DC: FERC, February 16, 2016), https://www.ferc.gov/
whats-new/comm-meet/2016/021816/E-2.pdf. 

http://www.nerc.com/comm/Other/essntlrlbltysrvcstskfrcDL/ERSTF Framework Report - Final.pdf
http://www.nerc.com/comm/Other/essntlrlbltysrvcstskfrcDL/ERSTF Framework Report - Final.pdf
https://www.ferc.gov/whats-new/comm-meet/2016/021816/E-2.pdf
https://www.ferc.gov/whats-new/comm-meet/2016/021816/E-2.pdf
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Natural Gas Generation: Lower-Carbon Flexible Baseload 
Natural gas generation is projected to become the largest source of U.S. electricity in 2016, overtaking coal 
for the first time on an annual basis.64 In 2015, natural gas–fired generation accounted for approximately 33 
percent of total U.S. generation (Figure 3-6).65 The availability of low-cost, domestic fuel; low capital costs; 
existing infrastructure; and relative generation flexibility have contributed to this increase. The shift towards 
natural gas generation resulted in 1,254 million metric tons of avoided CO2 emissions from 2005 to 2014, or 
about 61 percent of total avoided emissions over that time period.66 On a life-cycle basis, a new NGCC plant 
emits roughly 50 to 60 percent less CO2 than a typical existing coal-fired power plant.i, 67

Figure 3-6. U.S. Natural Gas Generation, 1950–201568

Natural gas–fired generation has grown nearly continuously since the late 1980s

NGCC generators are very efficient, have unused capacity, and have significantly higher capacity factors than 
natural gas combustion turbines (CTs), which contribute primarily to peak load and may only operate for a 
few hours a year (Figure 3-7). Until recently, most NGCC units were utilized for intermediate and peak loads, 
rather than baseload. Because natural gas prices have been low for a sustained period, and because NGCC 

i Life-cycle GHG emissions from natural gas–fired electricity generation are significantly lower than from coal-fired units. This is true 
even when accounting for methane emissions from natural gas and coal, a wide range of variability in the performance of equipment 
and operations, and the timing of impact to radiative forcing in the atmosphere. Furthermore, there are a number of ongoing policy 
efforts—including those outlined in the first installment of the Quadrennial Energy Review (QER 1.1), Chapter VII (Addressing 
Environmental Aspects of TS&D Infrastructure)—that are contributing to further reducing methane emissions from natural gas, 
making natural gas's relative advantage even greater. These include recently finalized regulations by the Environmental Protection 
Agency (EPA), the Department of the Interior, EPA’s voluntary Methane Challenge Program, and several new programs at DOE to 
help improve quantification of methane emissions and expand related research and development (R&D).

1,400

1,200

1,600

1,000

800

600

400

200

0
1955 1980 20152005 2010200019951990198519751970197019651960

TWh



Transforming the Nation’s Electricity System: The Second Installment of the QER  |  January 2017         3-15

plants retain some of the flexible characteristics of CTs and operate at a higher efficiency and lower cost, these 
units are now often used for baseload power. 

A CT’s short startup times and fast ramp rates makes it essential for maintaining grid reliability, absent 
affordable grid-scale storage. Capacity factors for CTs are quite low (generally below 10 percent), but when 
operating, they can be significant contributors to conventional air pollutants.69 Single-cycle gas turbines can 
go from cold startup to 100 percent output in 7–11 minutes; in contrast, coal-fired units ramp on the order of 
hours, and doing so incurs increased operations and maintenance costs.70 NGCC ramp rates fall somewhere in 
between, and some NGCC units can ramp to full rated power in less than 30 minutes.71 This flexibility makes 
CTs useful in complementing variable generation, especially for solar, because this flexibility complements 
the high peaks associated with solar generation and allows for load following. Some states rely on CTs more 
regularly than other locations; most notably, Texas, Louisiana, Wyoming, New Hampshire, Maine, and Rhode 
Island all have CT capacity factors greater than 20 percent.72 

Figure 3-7. NGCC Capacity Factors by State, 201473, 74
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Capacity factors of NGCC plants all generally increased across the United States between 2010 and 2014, and many states have constructed or 
are planning to construct new NGCC plants after 2014. Significant potential exists to further increase generation from NGCCs in most states. In the 
figure, “0%” represents states with no NGCC capacity.
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A recent study of the value of fast-ramping gas for supporting variable renewables noted that, “…to date 
FRF [fast ramping fossil] technologies have enabled RE [renewable energy] diffusion by providing reliable 
and dispatchable back-up capacity to hedge against variability of supply...renewables and fast-reacting fossil 
technologies appear as highly complementary and…should be jointly installed to meet the goals of cutting 
emissions and ensuring a stable supply.”75 

It is also important to note that the changing generation mix and growing reliance on natural gas generation 
is also increasing the need for and value of demand response (DR). ISO-New England has, for example, 
developed a Winter Reliability Program to incentivize DR, among other things, in order to protect natural gas 
customers during extreme cold weather events. Another example: New York ISO can activate DR programs in 
the winter to increase reliability and decrease winter demand.76 DR is discussed in greater detail in Chapter IV 
(Ensuring Electricity System Reliability, Security, and Resilience).

Coal, Natural Gas, and Biomass Generation with CCUS: Low-Carbon Baseload
Though there is international consensus that CCUS for coal, natural gas, and biomass generation will likely be 
required to realize the emission cuts needed to limit global warming,77 investment in and deployment of CCUS 
technology lags behind other clean energy technologies, primarily due to cost.78 The United States is a global 
leader in enhanced oil recovery (EOR), with the largest CO2 pipeline network in the world. CO2 used for EOR 
has provided important revenue streams for CCUS projects but has been insufficient to support substantial 
deployment. Stronger CCUS deployment policies would help to provide the market certainty and financing 
needed for deployment and to develop supply chains, infrastructure, and ultimately, expanded private-sector 
investment in CCUS technologies. Continued RD&D is also critical to improving performance and driving 
down the costs of CCUS technologies.

Hydropower: Zero-Carbon Baseload and Flexibility Resourcej 
In 2014, there were 79.6 GW of installed hydropower capacity from conventional facilities in the United States 
and 21.6 GW from pumped storage hydropower.79 The average capacity factor of conventional hydroelectric 
generators was 40 percent. In 2016, the technical resource potential for new hydropower developments was 
calculated to be 65.5 GW, focused largely in the Pacific Northwest and Rocky Mountain West (Figure 3-8).80 

The technical resource potential for powering currently nonpowered dams is 12 GW, an increase of 15 percent 
over the existing fleet. This potential is focused mainly on the Mississippi River and its major tributaries, such 
as the Ohio and Red Rivers.81 Upgrades and optimization for existing hydropower facilities could provide an 
additional 5.6 GW by 2030, or an 8 to 10 percent increase, of increased generation capacity through turbine 
efficiency improvements and facility optimization.82 As of 2015, hydropower comprises approximately 20 
percent of U.S. zero-carbon generation.83

About half the U.S. hydroelectric fleet is over 50 years old since many large dams were built between the 1940s 
and 1960s (Figure 3-9).84 However, with routine maintenance and refurbishment of turbines and electrical 
equipment, the expected life of a hydropower facility is likely to be 100 years or more. 

j Renewable energy sources that have zero emissions from generation can result in marginal emissions when evaluated through a 
life-cycle analysis; for example, see Department of Energy (DOE), Hydropower Vision: A New Chapter for America’s First Renewable 
Electricity Source (Oak Ridge, TN: DOE, 2016), https://energy.gov/sites/prod/files/2016/10/f33/Hydropower-Vision-10262016_0.pdf. 
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Figure 3-9. Age Profile of U.S. Hydropower Generation Fleet, 201486
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About half the U.S. hydroelectric fleet is over 50 years old. Many large dams were built between the 1940s and 1960s.

There has been a renewed interest in the flexibility benefits that many hydropower projects can offer the grid, 
given the growth in variable renewable sources, especially wind. A recent report notes that about half of all 
installed hydropower capacity (39 GW) has high flexibility potential and could play an important role in low-
cost integration of variable renewable generators.87 Pumped hydropower storage can be used in peaking and 
balancing applications to maintain grid reliability and can play a balancing role in areas with high penetrations 
of VER.

Large-scale hydropower projects are often difficult to finance due to high capital costs, lengthy permitting 
periods, and environmental concerns. While the prospects for building very large, new dams are low, there 
are other opportunities for hydropower to expand in the U.S. generation portfolio. Upgrading equipment at 
existing sites to expand capacity is likely to continue, and projects at currently nonpowered dam sites could 
continue to advance. Modern low-impact, environmentally sustainable technologies, such as water-efficient 
and “fish-friendly” turbines, or run-of-river approaches have the potential to increase hydropower generation. 
Such upgrades and optimization for existing hydropower facilities could provide an additional 5.6 GW 
nationally, although individual facilities have seen generation increases of 35 percent with investment payback 
periods under 2 years.88 Still, the amount of new hydropower capacity that is expected to come online over the 
near to mid-term is relatively modest when compared to wind and solar.
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Over the next 10 years, existing FERC licenses will expire for nearly 250 hydropower projects. These expiring 
facilities total more than 16,000 MW, or nearly 20 percent of the existing installed capacity. It takes an average 
of 5 to 8 years to relicense an existing hydro project, with at least 3 years of pre-filing activity and then at 
least another 2 years after the application is filed. Only 2,198 dams are currently used for hydroelectricity—3 
percent of the Nation’s total dams. (Other uses for dams include navigation, flood control, irrigation, and 
recreation.) Adding hydroelectricity to these preexisting dams would increase hydro generation by 15 percent, 
and these preexisting dams may not face as many siting constraints because some of the environmental 
impacts from dam construction have already been incurred. Such additions, combined with the ability to 
leverage and upgrade existing infrastructure at nonpowered dams, which would increase hydro generation by 
8 to 10 percent, provide significant opportunities to increase hydropower generation while reducing costs and 
environmental impacts.89 

Biomass: Net-Zero Carbon Renewable Baseload and Flexibility Resource
Biomass fuels include a broad range of sources, including wood and wood-derived fuels, black liquor 
(primarily pulp residuals in the paper production process), municipal solid wastes, landfill gas, and others. If 
the emissions from combusting biomass are fully offset by the sequestration of CO2 as the biomass is grown, 
when accounting for the carbon flows in production and processing of the biomass, biomass electricity 
can be a low-carbon resource. Biopower plants are typically fully dispatchable and are generally dispatched 
as baseload generation if variable and fuel costs are low enough. Biomass sources can either be directly 
combusted, gasified to produce a synthetic fuel, or co-fired at a small amount (typically up to 10 percent heat 
content) with a conventional fuel such as coal.90 In 2015, electricity generation from biomass across all sectors 
accounted for 11.3 percent of renewable electricity generation and 1.6 percent of total electricity generation 
in the United States. A significant number of biomass facilities are small enough that they can be located near 
their fuel sources. As such, nearly half of the electricity generated from biomass in 2015 was at industrial 
facilities outside of the electric power sector, such as pulp and paper mills. Generation from biomass across all 
sectors grew from 56 TWh in 2010 to 64 TWh in 2015, driven primarily from new capacity in southern states, 
such as Virginia, Florida, and Georgia.91

Geothermal Generation: Zero-Carbon Baseload and Flexibility Resource
Geothermal generators are baseload plants capable of providing valuable services to the grid, such as 
generation flexibility. Prior to 1980, geothermal generation remained below 5 TWh annually. Between 1980 
and 1989, generation tripled to 15 TWh as new facilities came online. Much of the early growth in geothermal 
power was driven by Public Utility Regulatory Policies Act incentives, although this driver has declined 
over time as the avoided costs of utility generation have fallen. As of 2015, geothermal power continues to 
generate roughly 15 TWh of electricity annually, or roughly 0.4 percent of total U.S. electricity generation.92, 

93 Challenges in exploring new “blind” hydrothermal resources and long drilling times for production wells 
have led to increased uncertainty for investors in large geothermal projects. Additionally, tax credits that are 
only extended for short periods of time do not take into account the long lead time of geothermal project 
development, scarcity of power purchase agreement opportunities, or need for transmission infrastructure. 
Current ancillary service compensation models in areas with the most geothermal development do not provide 
sufficient revenue to warrant the increased operational and control retrofitting expenses. If appropriately 
valued, the services a geothermal plant can provide include regulation, load following, spinning reserves, non-
spinning reserve, and replacement or supplemental reserve.94
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Nuclear Generation: Zero-Carbon Baseload 
Nuclear generation comprises 60 percent of the Nation’s current zero-carbon generation.95 The current 
operating nuclear power fleet consists of approximately 54 GW of generating capacity in regulated markets 
and 45 GW in restructured electricity markets.96 Of the 99 operating nuclear reactors in the United States, so 
far, 80 have been approved to (and plan to) operate for 60 years, while another 9 currently have applications 
under review by the Nuclear Regulatory Commission (NRC).k, 97 The timeline for these units to reach the end 
of their 60-year license is as follows: 6 units between 2029 and 2030; 27 units between 2031 and 2035; 15 units 
between 2036 and 2040; 20 units between 2041 and 2045; and 12 units between 2046 and 2050.98 Forty-eight 
units will reach the end of their licensed lifetime by 2040, the timeframe covered by the second installment 
of the Quadrennial Energy Review (QER 1.2) (Figure 3-10).l, 99 Without renewals to 80 years, there will be a 
significant loss of zero-carbon generation starting in the 2030s. Also, if these plants were to all request a license 
renewal to 80 years, it would represent a significant additional workload for NRC staff and commissioners. 
Two plants, Surry Power Station and Peach Bottom Nuclear Generating Station, have announced intentions to 
seek subsequent license renewals, and others are also expected to do so.

k Diablo Canyon 1 and 2 are under review, but Pacific Gas & Electric Company has announced it will withdraw the application
l These are the end dates with first license renewal.
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Figure 3-10. Current and Projected Nuclear Capacity Assuming No Subsequent License Renewals100, 101 
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The top map in the figure shows U.S. nuclear power capacity (in MW) by state in 2016 (as of December 15, 2016). The bottom map shows what the 
U.S. nuclear power capacity by state would be in 2040 (December 31, 2040), assuming that all reactors, except those that have already specified 
closure dates, shut down at the expiration of their currently approved licenses.
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While estimates of the total amount of at-risk capacity vary, one recent analysis suggests that the capacity of 
retired or at-risk nuclear power plants by 2030 is about 28 GW, a little over one-quarter of U.S nuclear plant 
capacity; at-risk plant capacity varies by region, with the East North Central most affected (Figure 3-11).102 
Several nuclear power plants, particularly those with single units, face large recurring fixed costs. Some of 
these costs are due to post-Fukushima requirements, but many are simply the costs of operation, such as 
security, salaries, etc. Several plants have also needed large capital expenditures; faced with these significant 
costs, plant operators/owners have chosen to shut them down. Since 2012, when 104 reactors were operating, 
six units totaling 4.7 GW have shut down earlier than their licensed lifetime. Two retirements, San Onofre 
and Crystal River, have been driven by mechanical failures that were deemed too costly to repair; the others 
were market decisions. As of December 2016, 10 other units totaling 8.6 GW of capacity have announced 
plans to close in the next decade (though 6 of these units may not close because of recent state actions); 8 of 
those closures, with the exception of 2 units at Diablo Canyon, would occur prior to the expiration of the unit’s 
existing licenses. Seven of the announced retirements, all those except Oyster Creek and Diablo Canyon, were 
attributed to market conditions. 

In addition to plants with high recurring fixed costs, post-Fukushima, market structures have had significant 
impacts on the economics of nuclear generation. In states with restructured electricity markets, nuclear 
operators have found it to be increasingly difficult to compete under today’s market conditions where 
electricity demand is flat or declining, natural gas prices and capital costs for new generation are low, wind 
and solar costs are declining, and state policies favor renewable generation. There are, however, new nuclear 
reactors under construction in vertically integrated markets. Watts Bar 2 entered service in Tennessee in 2016, 
and four additional reactors are under construction in Georgia and South Carolina that are projected to enter 
commercial operation in the 2019–2020 timeframe.

In 2016, two states, Illinois and New York, put policies in place to incentivize the continued operation of 
nuclear plants. The New York Public Service Commission finalized its CES on August 1, 2016, which contains 
a 50 percent renewable target by 2030, along with zero-emission credits (ZECs) for nuclear plants. The goal of 
the ZEC policy is to provide revenue support for three plants that had been at risk for premature retirement: 
Ginna, Nine Mile, and FitzPatrick. According to analysis from UBS, the ZEC policy would essentially 
guarantee revenue-positive operations for the three plants through a stable level of compensation.103 Illinois 
enacted a similar policy as part of comprehensive energy legislation in December 2016. 

The Secretary of Energy Advisory Board Task Force on the Future of Nuclear Power issued a report describing 
initiatives that would lead to a significant deployment of nuclear power in the 2030–2050 timeframe. It 
outlines programs and efforts for both new and existing nuclear power and also advanced reactor technologies 
that are not based on traditional light-water reactor designs.104 
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Figure 3-11. Nuclear Units at Risk or Recently Retired by Census Region105
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Across the country, over 28 GW of nuclear generating capacity is at risk or recently retired, most of which is in the East North Central region.

It is important to weigh the costs of nuclear generation compared to other zero-carbon generation and to 
low-carbon natural gas generation to determine the relative value of at-risk nuclear generation units. A recent 
analysis estimated the “revenue gap”—the cost of incentives for keeping certain nuclear units running—for a 
discrete but representative set of nuclear power generating units.106 DOE then analyzed the carbon emissions 
benefits of keeping this set of plants open by using a social cost of carbon of $41/metric ton. Assuming that 
all generation from retiring nuclear plants in this discrete set would otherwise be replaced with natural gas 
generation, keeping all but one of the nuclear units open would have higher benefits than costs. DOE’s analysis 
only looked at the carbon benefits of at-risk generators; there are other, non-carbon benefits of retaining 
existing nuclear power, including jobs, reliability, and economic development benefits. Nuclear plants generally 
only shut down for maintenance activities, and forced outages are very rare.
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The carbon intensity of the replacement generation for retiring nuclear plants is a key unknown. If the 
replacement generation is less carbon intensive than natural gas, fewer plants would pass this cost-benefit 
test. If the replacement generation is more carbon intensive, more plants would pass this cost-benefit test. It 
is possible that some coal may replace nuclear generation in specific regions. When analyzing the impacts of 
premature nuclear retirements on power generation in the state, a state of Illinois report considered a scenario 
in which 80 percent of the replacement generation was coal.107 Other analysis concludes that roughly 75 
percent of the at-risk nuclear generation nationwide would be replaced with fossil generation, largely powered 
with natural gas.108

Sufficiently favorable revenue, technology performance, policy, and market conditions enable financing for 
clean electricity systems. To accelerate the deployment of clean systems, Federal policies can address the barriers 
discussed in this section, which may create the conditions under which more clean resources can obtain 
financing. These policies include mechanisms that increase the financial return on clean energy projects, improve 
the financial profile of entities that participate in clean energy, or allow greater access to capital.

Decarbonization via Distributed Energy Resources 
Distributed energy resources (DER) represent a wide range of generating or load-reducing technologies and 
programs that reside on a utility’s distribution system or on the premises of an end-use consumer. DER can 
help reduce carbon emissions by providing electricity from low- or zero-carbon emitting technologies and 
by reducing demand. In addition, DER can also impact how much, and when, electricity is demanded from 
the grid, thereby supporting improved grid flexibility and load balancing. DER provide system reliability 
challenges and opportunities that are discussed in detail in Chapter IV (Ensuring Electricity System Reliability, 
Security, and Resilience). DER also provide business and consumer challenges and opportunities that are 
discussed in detail in Chapter II (Maximizing Economic Value and Consumer Equity).

Technical definitions of DER vary, but for the purposes of QER 1.2, DER are defined as DG, distributed 
storage, and demand-side management, including energy efficiency and DR. All DER can reduce carbon and 
other environmental impacts, but they do so in different ways. Energy efficiency provides environmental 
benefits by avoiding generation, transmission, and distribution and their associated environmental impacts. 
Clean DG provides environmental benefits by displacing higher-emitting generation. DR and distributed 
storage enable a cleaner grid by providing grid services with lower environmental impacts than other options 
for providing such services. The infrastructure needed to enable DER includes technologies that enable DR 
and improved demand control (e.g., smart meters, building automation systems, smart appliances, and direct 
load control technologies); highly efficient equipment and envelopes; DG systems (e.g., natural gas– and 
biomass-fired combined heat and power [CHP], waste heat recovery, backup generation, rooftop solar PV, 
small-scale wind power, geothermal); and distributed storage systems (e.g., vehicle to grid,m batteries, thermal, 
flywheels).n 

Some DER, such as distributed solar PV and energy-efficient equipment, can have a significant impact on 
system load, but may not be under the direct control of grid operators. Other technologies, such as residential 
hot water heaters, have the potential to serve as DER as DR measures, but technologies enabling this resource 
have low penetration or are still nascent. Also, opportunities to improve energy efficiency and usage of DER 

m Vehicle-to-grid configurations enable electricity to flow from the battery of a plug-in electric vehicle (PEV) to the grid and back to 
the vehicle.

n Not all DER are connected to a utility electric grid or can be controlled by grid operators. For example, resources deployed on some 
microgrids and CHP systems are still DER, despite lacking a grid connection. Note that the Energy Information Administration 
considers DER that are not connected to the grid as “dispersed generation” rather than “distributed generation.” See Energy 
Information Administration (EIA), Modeling Distributed Generation in the Buildings Sectors (Washington, DC: EIA, August 2013), 
https://www.eia.gov/forecasts/aeo/nems/2013/buildings/.

https://www.eia.gov/forecasts/aeo/nems/2013/buildings/
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vary by climate and household demographics, so tailoring programs to local needs is important. The West 
and South census regions, for example, where average household electricity consumption is higher than other 
regions,o are both experiencing high population growth rates. 

Developments in DER and information and communications technologies (ICTs) can support an electric 
grid capable of much greater flexibility in managing both supply and demand. This can offer multiple value 
streams (e.g., energy, capacity, reactive power, frequency support, deferred utility capital expenditures, energy 
security, and avoided emissions). Smart grid technologies can also enable improved demand-side management 
and reduce carbon emissions. Analysis that sought to quantify the CO2 benefits of 100 percent penetration 
of smart grid technologies by 2030 using nine different mechanisms suggests a possible 12 percent direct 
reduction in emissions (through implementation of the smart grid technologies that directly affect electricity 
and CO2 emissions) and a 6 percent indirect reduction in emissions (translating the estimated cost savings in 
energy and/or capacity into their energy and carbon equivalents through purchase of additional cost-effective 
energy efficiency).109 Transactive energy controls, smart charging of plug-in electric vehicles (PEVs), and 
other approaches to controlling load in response to grid conditions can contribute to both direct and indirect 
reductions in emissions. Table 3-2 shows the value of the various mechanisms analyzed.

Table 3-2. Potential Reductions in Electricity Sector Energy and CO2 Emissions Attributable to Smart Grid  
Technologies, 2030110 

The combined impact of nine smart grid mechanisms, assuming 100 percent penetration of smart grid technologies by 2030, is a 12 percent 
reduction in annual U.S. electricity-related CO2 emissions from direct effects, as well as a 6 percent reduction from indirect effects.p 

o Electricity use for space heating is particularly high in the South census region. The South and (to a lesser extent) the West census 
regions also have high cooling loads. 

p The direct reductions are calculated for the mechanisms that affected electricity and CO2 emissions directly through implementation 
of the smart grid technologies. Indirect reductions are derived by translating the estimated cost savings in energy and/or capacity 
into their energy and carbon equivalents through purchase of additional cost-effective energy efficiency. This can represent a policy 
decision to reinvest the savings to purchase additional, more-cost-effective energy efficiency and renewable resources.

Mechanism

Reductions in Electricity Sector
Energy and CO2 Emissions

Direct (%) Indirect (%)

Conversion effect of consumer information and feedback systems 3 -

Joint marketing of energy efficiency and demand response programs - 0

Deployment of diagnostics in residential and small/medium commercial buidings 3 -

Measurement & verification (M&V) for energy efficiency programs 1 0.5

Shifting load to more efficient generation <0.1 -

Support for additional electric vehicles and plug-in hybrid electric vehicles 3 -

Conversion voltage reduction and advanced voltage control 2 -

Support for penetration of renewable wind and solar generation  
(25% RPS)

<0.1 5

Total Reduction 12 6
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ICTs are enabling greater energy efficiency and its concomitant environmental benefits in two important 
ways. First, they automate energy efficiency—for example, by shutting off lights, devices, and appliances 
when they are not needed or by adjusting heating, ventilation, and air conditioning depending on the time 
of day. Second, they enable more advanced evaluation, measurement, and verification (EM&V, sometimes 
referred to as EM&V 2.0) of energy efficiency programs and incentives, improving their effectiveness and 
quantification, and enabling efficiency providers to be accurately compensated for providing energy efficiency 
benefits, including environmental benefits. ICTs enable networks that connect the electric grid from end to 
end, facilitating communications throughout the system. Example applications include advanced sensors and 
controls in buildings to detect and eliminate energy waste and advanced metering infrastructure (AMI) that 
enables automated response to electricity prices via settings (e.g., for thermostats) set by consumers. These 
technologies can improve the environmental performance, reliability, resilience, flexibility, and efficiency of the 
electricity system through real-time monitoring and control of grid systems. 

Energy Efficiency: Environmental Benefits and Consumer Savings 
End-use energy efficiency comprises a range of measures that provide end users the same services (such as 
light and air conditioning) with less energy. Energy efficiency has multiple benefits. All electric generation, 
transmission, and distribution has some impact on the environment. Energy efficiency avoids all of these 
environmental impacts. It emits no GHGs or air or water pollution. It has no impact on land use. It requires 
no siting, permitting, or decommissioning. Energy efficiency also saves consumers money, making it the most 
cost-effective decarbonization option. Energy efficiency programs and savings are discussed further in Chapter 
II (Maximizing Economic Value and Consumer Equity). 

DOE’s Appliance and Equipment Standards Program111 has served as one of the Nation’s most effective 
policies for improving energy efficiency. The program implements minimum energy conservation standards 
for more than 60 products that consume about 90 percent of home energy use, 60 percent of commercial 
building energy use, and 30 percent of industrial energy use.112 Since 2009, the United States has issued 40 
new or updated standards to make appliances, buildings, and equipment more efficient. These standards are 
projected to reduce carbon emissions between 2009 and 2030 by over 2.5 billion metric tons, save consumers 
$557 billion on utility bills, and reduce primary energy consumption by 42 quadrillion British thermal units 
(quads).q, 113 

This number is expected to grow to 3 billion metric tons with standards published through January 2017.114 
For example, in January 2016 DOE finalized efficiency standards for commercial air conditioning and heating 
equipment, which is projected to avoid 77 million metric tons of CO2 by 2030.115 Today, a typical household 
saves about $319 per year off its energy bills as a result of these standards, and as people replace their 
appliances with newer models, they can expect to save over $460 annually by 2030.116 In addition to minimum 
efficiency standards for appliances, the Environmental Protection Agency (EPA) leads ENERGY STAR, a 
voluntary labeling program designed to help businesses and individuals save money and avoid pollution with 
energy-efficient products. ENERGY STAR labels appear on major appliances, office equipment, lighting, home 
electronics, new homes, and commercial and industrial buildings and plants. The ENERGY STAR program 
saved American consumers an estimated $24 billion in energy costs in 2012 alone.117

Buildings, which last for decades, account for 76 percent of electricity consumption and 40 percent of GHG 
emissions in the United States.118 Recent analysis shows that in states consistently adopting the most recent 
versions of the model building energy codes, homeowners, building owners, and tenants are projected to 
save $126 billion on energy bills and reduce carbon emissions by over 841 million metric tons cumulatively 

q These savings numbers are as of December 2016. Appliance and equipment standards continue to be issued and updated. Refer to 
the Appliance and Equipment Standards Program website for updated information: http://energy.gov/eere/buildings/appliance-and-
equipment-standards-program. 

http://energy.gov/eere/buildings/appliance-and-equipment-standards-program
http://energy.gov/eere/buildings/appliance-and-equipment-standards-program
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between 2010 and 2040 if energy codes continue to be strengthened.119 Many of the high-efficiency 
technologies, building envelope designs, and energy management practices that enable significant energy 
savings and GHG reductions beyond today’s building codes have been demonstrated and are commercially 
available. While continued developments in building design and technology improvements in key building 
components and systems have led to large efficiency gains, there remains a large gap between the efficiency 
of the existing building stock and what is possible using technologies available today.120 Policies or programs 
could help overcome market and behavioral barriers that are limiting deployment. Using existing technologies 
and building design and construction practices, builders are able to design homes that are up to 50 percent 
more efficient than typical new homes,121, 122 and these can provide consumers with monthly energy savings up 
to $100.r, 123, 124 The National Institute for Standards and Technology has completed a demonstration at its Net 
Zero Energy Residential Test Facility; total present value energy costs for a net-zero energy home were more 
than $40,000 lower than a new home built to the comparable minimum code.125 Recent studies demonstrate 
that construction costs for net-zero energy buildings in the commercial sector are capable of falling within 
the same range as conventional new construction projects.126, 127 It is worth noting that, when attempting 
to calculate the incremental construction cost of a net-zero energy buildings compared to a conventional 
building, additional factors, such as continued operational savings, increased occupant comfort, and increased 
building value, should also be considered.

The industrial sector is responsible for approximately 26 percent of electricity-related CO2 emissions.128 
Electricity productivity in the industrial sector (measured in kWh per dollar of output produced) has 
improved rapidly over the last 15 years,t and continued improvement will depend on persistent attention to 
efficiency. In regions where the emissions intensity of central electric generation is high, switching to CHP will 
have the biggest emissions impact. DOE estimates that there is technical potential for roughly 241 GW of CHP 
capacity in the United States, including industrial and commercial CHP as well as waste heat to power.129 Since 
most of industrial CHP is fueled by natural gas,130 however, either fuel-switching to decarbonized fuels or a 
transition away from CHP would be needed in the long term to more fully decarbonize the industrial sector.

Distributed Generation, Distributed Storage, and Demand Response
In recent years, there has been significant growth in DG, particularly rooftop solar PV, which has been fostered 
by lower installation and hardware costs and supportive policies, such as net metering and self-generation 
tariffs and RPS with set-asides or multipliers for DG. However, some states and utilities are adjusting their 
net metering policies as the distributed PV market grows. Net metering is a relatively simple policy, and as 
the distributed PV market has grown dramatically, many states are updating their incentive structures for 
distributed PV to more carefully account for changing electric system needs, transfers between ratepayer 
classes, and various benefit and cost streams. This is discussed in depth in Chapter II (Maximizing Economic 
Value and Consumer Equity). 

Small-scale distributed electricity storage is becoming more widely available and can contribute to a clean 
electricity system by facilitating increased penetration of variable wind and solar resources. It can also reduce 
peak load, improve electrical stability, and reduce power quality disturbances. Distributed storage is also 
covered in greater detail in Chapter II (Maximizing Economic Value and Consumer Equity). 

r EPA’s ENERGY STAR Certified Homes are typically 15 percent to 30 percent more efficient than the average new home, yet they can 
provide monthly energy cost savings of about $27–$93 to consumers. DOE’s Zero Energy Ready Homes are at least 40 percent to 50 
percent more efficient than typical new homes, yet they can provide consumers with monthly energy savings of about $30–$100. See 
citations in the main text for details regarding these estimates (endnotes 124–125). 

s Zero-energy buildings are high-performance commercial and residential buildings that are so energy efficient, a renewable energy 
system can offset most or all their annual energy consumption.

t Electricity productivity, measured as dollars of GDP produced per kWh, nearly doubled between 1990 and 2014, while industrial 
electricity sales were flat. 
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Like distributed storage, DR enables a cleaner grid by providing grid services with lower environmental 
impacts than other options for providing such services. If appropriately designed and resourced, DR enables 
utilities, grid operators, or other intermediaries to call for specific reductions in demand when needed; this 
could provide benefits in reducing peak load and supplying essential reliability services when increased 
VER are on the grid. At higher penetration levels of wind and solar (variable) energy resources, policies and 
regulations that enable greater penetration of DR in grid services markets are likely to become increasingly 
important to enable a cleaner grid.131 AMI enables time-based rates and facilitates the integration of DG 
systems (e.g., solar), among other capabilities. More automated DR capabilities will enable greater flexibility 
of demand-side resources, improved integration of variable renewable energy resources, and easier valuation 
of their carbon emissions benefits, in addition to enhancing system integrity through greater area-wide 
knowledge. The most viable DR end uses for VER integration are electric water heaters and furnaces, air 
conditioners and lighting with advanced controls, agricultural irrigation, and motor/compressor drives with 
variable frequencies.132

Increased Electrification Is Essential for Decarbonization 
Analyses that explore high levels of long-term GHG emissions reductions suggest that the increased 
electrificationu of key end uses in transportation, buildings, and industry is one of three fundamental areas 
(in addition to decarbonizing electricity generation and adopting highly-efficient end uses) needed to achieve 
deep decarbonization.133, 134  Multiple sectors of the economy have already begun to exhibit trends towards 
electrification. A continuing shift toward both decarbonization of the electric power system and electrification 
of end uses would help reduce GHG emissions economy-wide and provide a significant opportunity to avoid 
the GHG emissions associated with the direct use of fossil fuels without CCUS.135 The level of GHG emissions 
reductions that can be achieved via electrification depends on a variety of factors, such as the carbon intensity 
of the electricity system; the efficiency of electricity generation, transmission, and distribution; energy 
efficiency improvements in end-use sectors; and the potential for fuel switching, which could include the use 
of hydrogen produced via electrolysis. Policies are needed to incentivize early technology adoption and to 
increase penetration of electrification in specific sectors, applications, and regions. 

Electrification of Buildings
Analysis demonstrates that increasing electrification of building end uses could help the United States reach 
deep, economy-wide decarbonization.136, 137, 138, 139, 140 The largest non-electric end uses for residential and 
commercial buildings are space heating and water heating. Electricity usage for space heating is currently 
increasing, and natural gas and other direct fuel usage are trending downward.141 Advances in heat pump 
technology for both space heating and water heating have made heat pumps an economical and efficient 
choice. Heat pumps can be twice as efficient as electric resistance space heating. Currently, electrification of 
some end uses saves consumers money and/or saves energy in many parts of the country.142, 143 Improving 
single-family detached homes with a package of fuel-switching efficiency upgradesv has the technical potential 
to save 450 trillion British thermal units (Btu) per year of primary energy nationally, or about 3 percent of 

u In the context of the QER, electrification includes both using electricity itself to power end-use applications as well as using electricity 
to make intermediate fuels, such as hydrogen.

v Upgrades considered in this package include (1) ductless heat pump replaces gas boiler (100% displacement); (2) ductless heat pump 
replaces oil boiler (100% displacement); (3) ductless heat pump replaces propane boiler (100% displacement); (4) variable speed heat 
pump replaces air conditioner and gas furnace; (5) variable speed heat pump replaces air conditioner and oil furnace; (6) variable 
speed heat pump replaces air conditioner and propane furnace; (7) heat pump water heater (80 gallon) replaces oil water heater; (8) 
heat pump water heater (80 gallon) replaces propane water heater. 
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total primary energy used for electricity in the residential sector in 2015.w, x, 144 This energy savings and the 
corresponding emissions reduction potential varies widely by state and region as a result of fuel choice, 
technology, and climate differences. With current technologies, assuming a 50 percent and a 90 percent cleaner 
grid than today,145 the technical potential of the same set of upgrades for carbon emission reductions is 80 
million metric tons and 120 million metric tons of CO2 per year, respectively.146 The emissions savings would 
not be as significant with the current generation mix of the U.S. power sector. As technologies continue to 
improve and to come down in price, both the economic and technical potential will increase.

Electrification of Industry 
The industrial sector, perhaps more than any other, is a sector in which technological innovation is needed 
for decarbonization; in addition, systematic economic electrification for shifting from direct fuel use is 
often technically more difficult and expensive for industry than for the residential and commercial sectors. 
Electrification is likely to be only partially viable for the industrial sector due to physical and economic 
reasons;147 this would likely make the sector a high-value area for CCUS,y hydrogen, and biofuels to reduce 
carbon intensity.z Conventional boiler use and process heating are two industrial end uses with meaningful 
technical potential for electrification. Fuel-fired boilers can be replaced with electric boilers, and, depending 
on the industry, different electro-technologies are best suited to provide process heat. For example, electrolytic 
reduction, induction heating, resistance heating and melting, direct arc melting, and industrial process heat 
pumps can be used for process heating in the nonferrous metals (non-aluminum),148 metal fabrication,149 
glass,150 iron and steel,151 food,152 chemical,153 and pulp and paper154 industries, respectively.

Electrification of Transportation 
Many studies conclude that significant CO2 emissions reductions are needed from the transportation sector 
for deep decarbonization; this will require widespread electrification of, or use of another non-emitting fuel 
by, the U.S. vehicle fleet.155, 156, 157 In recent years, there has been a sharp increase in electric light-duty vehicle 
sales and electric vehicle miles traveled, but total PEV sales account for less than 1 percent of all light-duty 
vehicle sales.158 Projections for future adoption of these vehicles vary and may be influenced positively by 
smart mobility trends, such as connected and automated vehicles and ride sharing. Electrification technologies 
are also being introduced into other segments of the transportation sector, such as larger vehicle classes and 
ground operations at ports and airports. 

When buying a new vehicle, however, one of the most important criteria for purchasers is the upfront vehicle 
price;159 future fuel savings tend to be under-valued.160, 161 Currently, the average price of new gasoline-powered 
cars is similar to that of comparable new PEVs with incentives.162 In fact, with incentives, for some purchasers, 
the total cost of ownership over the lifetime of a vehicle can actually be lower for PEVs.163, 164, 165 Incentives 
are still, however, important for deployment of PEVs. While battery costs have come down and are projected 
to continue to decrease with continued RD&D,166 scaling up production alone will not be sufficient to lower 
the cost of PEVs to make them comparable to internal combustion engines without incentives and further 
technology cost reductions.167 

w The current economic potential (net present value >0) to save primary energy with this package of measures is lower, but it is still 
significant at 252 trillion Btu per year.

x This accounts for the conversion losses of electricity generation and the transmission and distribution (T&D) line losses compared to 
direct fuel usage (e.g., natural gas, oil, and propane).

y Many industrial processes produce relatively pure streams of CO2, making CCUS an attractive method for decarbonizing portions of 
the industrial sector. Industrial facilities represent a low-cost pathway for stimulating CCUS deployment, as capture from high-purity 
sources provides valuable early permitting, infrastructure deployment, and market opportunities; this, in turn, will lower the cost of 
capturing CO2 from future industrial and power sector projects. 

z A significant fraction of energy consumption in industry goes to feedstock use and cannot be decarbonized through electrification. 
Several industrial processes have the potential to substitute materials for lower GHG options. 
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A related issue: A recent study found that the current Federal tax credits for plug-in and alternative motor 
vehicles are being disproportionately utilized by vehicle owners in higher income brackets, as 90 percent of 
the Qualified Plug-In Electric Drive Motor Vehicle Credits went to buyers in the top income quintile (Figure 
3-12).168 The state of California recently decided to increase the amount of the state’s clean vehicle rebate for 
lower income purchasers and at the same time implement an upper income cap on eligibility.169 Analysis of the 
California rebate, prior to the recent change, found that a progressive rebate system with an income cap would 
be less expensive but result in approximately the same number of PEVs sold.170 

Figure 3-12. Qualified Plug-In Electric Drive Motor Vehicle Credit, 2009–2012171
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The relationship between average credit per tax return per adjusted gross income category demonstrates that, historically, high earners are the group 
that derives the most financial benefits from the Qualified Plug-In Electric Drive Motor Vehicle Credit.

In the medium- and heavy-duty vehicle market, there are some commercially available PEVs, including battery 
electric transit, school, and shuttle buses, as well as other medium-duty vehicles, primarily delivery vehicles.172 
Although medium- and heavy-duty PEV purchase costs are higher than conventional vehicles, these PEVs 
have reduced operating and maintenance costs,173 which may make them attractive to fleet operators if they 
can finance the initial purchase of the vehicle. 

The availability and type of electric vehicle charging stations is another issue. Chargers vary dramatically in 
price and the amount of time it takes to charge a vehicle.aa, 174 The United States currently has more than 40,000 
publicly accessible outlets at more than 14,000 charging stations (excluding private stations),175 but continued 

aa  For example, Level 1 chargers take at least 33 hours to charge 200 miles and typically $300–$1,500 dollars to install. Direct current 
(DC) fast chargers take about 2 hours to charge 200 miles and cost $45,000, plus $23,000 on average for installation.
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increases in charging availability—especially deployment of advanced fast-charging stations—would support 
and incentivize widespread PEV adoption.176 Research shows that available public fast charging reduces range 
anxiety and increases electric vehicle miles traveled.177 Developing a network of chargers along highways to 
include direct current (DC) fast chargers, and perhaps even 350-kW extreme fast charging, could enable PEV 
owners to use these vehicles for distance driving, as they might otherwise use a conventional vehicle.178 Also, 
when workplace charging is available, employees are six times more likely to own a PEV, and those employees 
charge their vehicles at work.179, 180 

There is a range of incentives and programs to expand PEV infrastructure. More than 20 state and Federal 
policies exist to incentivize the installation of PEV charging infrastructure (Figure 3-13 shows PEV 
registrations by state).181 Also, in November 2016, the Federal Highway Administration announced 55 routes 
that will serve as a basis for a national network of alternative fuel and electric charging corridors spanning 35 
states and nearly 85,000 miles.182 Those corridors are designated as “sign-ready,” meaning that routes where 
alternative fuel and charging stations are currently in operation will be eligible to feature new signs alerting 
drivers where they can find these stations.183

Figure 3-13. PEV Registrations per 1,000 People by State, 2015184
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The concentration of PEV registrations varies by state, with the highest concentrations in California, Washington, Georgia, and Oregon.
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In addition, California has unique authority under the Clean Air Act (CAA) to issue vehicle emission 
standards that are stricter than those issued by the Federal Government, and other states can adopt California’s 
standards in their entirety. The California Air Resources Board adopted a zero-emission vehicle (ZEV) rule as 
part of the state’s 1990 Low Emission Vehicle Program. Nine additional states have chosen to adopt California’s 
ZEV rule to date: Connecticut, Maine, Maryland, Massachusetts, New Jersey, New York, Oregon, Rhode 
Island, and Vermont. It is difficult to predict the future ZEV market penetration, but about 15.4 percent of new 
vehicles sold in participating states will be required to be ZEVs by 2025. By 2025, California needs to reach an 
estimated 265,000 ZEV sales per year—an increase of 250 percent over the next decade.185

Transit incentives are also available. For example, through the Low or No Emission Vehicle Deployment 
Program, the Federal Transit Administration provides funding to state and local governments for the purchase 
or lease of qualifying low- or no-emissions buses, including all-electric buses and related equipment and 
upgrades to facilities to accommodate new buses.186 Qualifying airports can also seek Federal Government 
support for electrification of equipment and vehicles. The Federal Aviation Administration’s Voluntary Airport 
Low Emissions and Zero Emission Vehicle Programs provide financial support for the purchase of electric 
equipment and vehicles.187, 188

Analytical Tools: Converting Data to Information Is Key to a Cleaner 
Electricity System 
Real-time data at fine granularity and a suite of analytical tools and models will constitute the backbone of a 
modern, cleaner electricity system that integrates variable renewables and energy-saving technology. Other 
data and analysis tools will also be needed to inform decision making as governments, utilities, and consumers 
search for ways to maximize the benefits of new clean electricity technologies. There are several concerns 
related to the proliferation of real-time and other data. Of paramount importance are data privacy and 
security. Ensuring the completeness, quality, harmonization, and accessibility of data to decision makers is also 
very important.

Data needs and opportunities are particularly strong in electricity end-use consumption and energy efficiency. 
First, end-use surveys have gaps, such as a lack of water sector data, and the end-use surveys have not kept up 
with shifting demand coming from the proliferation of new electronic appliances. Second, planners will need 
more granular data on energy consumption and energy efficiency to address grid operation needs due to new 
variable resources and increasing consumer energy management. Third, the increased ability to measure and 
monitor end-use data at finer scales brought by AMI and ICTs provides an opportunity to target the specific 
energy efficiency measures most capable of reducing peak demand for a given location and season.

Updates to measurement and verification protocols, which vary by technology, can help drive the transition to 
a cleaner electricity system. The wealth of data being generated by AMI is enabling “evaluation, measurement, 
and verification 2.0,” as discussed in Chapter II (Maximizing Economic Value and Consumer Equity).ab In 
California, some consumers now receive data on what type of generators are currently providing the electricity 
at their home or business. Based on the generation mix, the consumer can decide how much electricity to use 
in real time using a smart device. Established forms for DR, such as direct load control, have well-understood 
and accepted methods for measuring the amount of DR available and deployed and for verifying that the 

ab Updates to measurement and verification protocols, which vary by technology, can help drive the transition to a cleaner electricity 
system. The wealth of data being generated by AMI, along with improved analytical tools, are enabling advanced evaluation, 
measurement, and verification methods commonly referred to as “EM&V 2.0.” See EPSA Analysis: Lisa C. Schwartz, Max Wei, 
William Morrow, Jeff Deason, Steven R. Schiller, Greg Leventis, Sarah Smith, et al., Electricity End Uses, Energy Efficiency, and 
Distributed Energy Resources Baseline (Berkeley, CA: Lawrence Berkeley National Laboratory, January 2017), https://energy.gov/epsa/
downloads/electricity-end-uses-energy-efficiency-and-distributed-energy-resources-baseline.

https://energy.gov/epsa/downloads/electricity-end-uses-energy-efficiency-and-distributed-energy-resources-baseline
https://energy.gov/epsa/downloads/electricity-end-uses-energy-efficiency-and-distributed-energy-resources-baseline
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intended and actual amount deployed are the same.ac Emerging forms of DR, such as aggregating reductions 
from residential critical peak pricing programs, are areas where continually improving measurement and 
verification will assist in the transition to a cleaner electricity system.

Improving data and analysis tools can help decision makers utilize energy efficiency measures for minimizing 
costs and ensuring reliability, including providing technical assistance on tools that enable the full 
consideration of energy efficiency as a resource. Analysis is needed at the appropriate level of granularity to 
inform understanding of system dynamics and behavior, including the effects of changing environmental 
conditions and resource availability, environmental impacts, and interactions between multiple infrastructures, 
such as electricity and water. For example, further analytical tools are needed at multiple spatial and temporal 
scales to better frame system-level tradeoffs related to resilience, economics, environmental impacts, and other 
factors that can inform design and policy decisions, such as those related to the integration of electricity and 
water systems.

For both national policy formulation and state integrated resource planning, there is often a need to make a 
determination on the level of savings that is cost effective from energy efficiency and other DER (i.e., DR and 
DG). Currently, there is an incomplete patchwork of different energy efficiency potential studies (as well as 
studies that analyze the possible savings for other distributed resources) at the utility or state level that use a 
variety of different methodologies. These studies, which typically consider only energy efficiency, do not take 
into account the opportunity to integrate energy efficiency investments with other consumer options, such 
as DR, DG, and onsite storage—technologies to which consumers have growing access. A national demand-
side resources potential assessment with sufficient geographical resolution could be used to more effectively 
integrate DER into state and national energy policy. Due to the increasing availability of multiple demand-side 
resources, any potential assessment that considers only one of these resources will overestimate the savings 
from one approach while underestimating the impacts of an integrated approach. For example, a customer 
considering energy efficiency investments will have a different bill savings if they are already participating in a 
utility DR program for a given end use, like water heating or air conditioning. 

In addition, enhancements to existing electricity sector models will be required as climate change and other 
challenges affect the electricity system. The history of computer models in the electricity sector is extensive. 
The sector is highly dependent on modeling for planning, investment, regulation, and system operations. 
Energy efficiency supply curves are not commonly used in electricity sector modeling because there are not 
sufficiently robust and granular (location- and technology-specific) data on the potential of energy efficiency 
measures for the entire Nation—something a national potential assessment could provide. For example, 
capacity expansion models, such as the National Energy Modeling System (NEMS), are widely used for policy 
formulation and resource planning. NEMS would particularly benefit from improvements in characterizing 
electricity end use, energy efficiency, DG, and storage. 

Finally, enhanced models examining environmental impacts, resource base, and competing uses would be 
valuable in informing siting, permitting, and operational practices for generation. It would be useful for 
hydropower project models to illuminate environmental and land-use impacts and co-benefits. For geothermal 
energy, it would be valuable to characterize a substantial portion of the geothermal resource base, which 
could help to reduce siting and prospecting costs.189 For CCUS projects, models can improve standardized site 
characterization that informs the determination of areas with the appropriate storage geology.

ac A separate issue is verifying that the amount of DR that a utility or third party commits to provide is actually provided when called 
upon.
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Electricity System Assets, Operations, and Planning
There are many technical, market, and policy challenges related to how electricity sector investment decisions 
and operations, Federal and state policy and regulations, and system and policy planning interact with efforts 
to shift to a low-carbon electricity system. To realize a cleaner electricity system, stakeholders will need to 
consider all aspects and integration of an end-to-end supply chain, from generation to end use.

Electricity infrastructure owners’ choices on resilience, expansion, and modernization will have implications 
for achieving the Nation’s environmental goals, and vice versa. Chapter IV (Ensuring Electricity System 
Reliability, Security, and Resilience) discusses the need for and interaction between improvements in the 
electricity system’s clean, resilient, and flexible characteristics. The same chapter adds that probabilistic 
planning is a robust method of assessing what infrastructure, including renewable generation, should be built 
for reliability purposes.

Integrating Energy and Capacity Markets with Clean Policies

In the summer of 2016, the New England Power Pool (NEPOOL) began a stakeholder process designed to explore 
whether the various environmental policies across member states could be integrated into the regional energy and 
capacity markets operated by Independent System Operator–New England. Known as the Integrating Markets and 
Public Policy initiative, it has the potential to set an important precedent for how clean policies can be integrated 
into existing regional markets.

“Our goal at NEPOOL and for the region is to create a competitive market signal to get the states what they need 
so they don’t have to act on their own. If we’re successful, the markets on their own will find the most cost-effec-
tive means in meeting those state objectives.” 

– NEPOOL Chairman Joel S. Gordonad

Following the release of an initial problem statement and guidelines in May 2016, stakeholders were invited to 
propose ideas at the group’s first meeting in August. Proposals offered a wide range of solutions: from a carbon 
price adder, to a separate “clean-only” auction process called a “Forward Clean Energy Market,” to strengthening 
the Regional Greenhouse Gas Initiative. Some proposals recommended price adjustments in the energy markets, 
while others offered modifications to the capacity markets.

ad  William Opalka, "Q&A: NEPOOL Chair on Redesigning Market Rules for Low-Carbon Future," RTO Insider, September 5, 2016, 9,  
https://www.rtoinsider.com/nepool-market-rules-low-carbon-future-31249/. 

Grid architecture alternatives are also important to consider for achieving a clean electricity future. Chapter 
IV (Ensuring Electricity System Reliability, Security, and Resilience) discusses architectural and operational 
alternatives to increase resilience. All of those alternatives, which decrease system response times and increase 
flexibility, would have important co-benefits in integrating renewable generation.

Efforts to improve near-term forecasting and granular grid visualization are already underway and have 
clear benefits for clean generation, as are efforts to enhance situational awareness and operational visibility for 
reliability, security, and resilience reasons. All of these methods would also lower the economic cost of renewable 
integration and are discussed in detail in Chapter IV (Ensuring Electricity System Reliability, Security, and 
Resilience). 

https://www.rtoinsider.com/nepool-market-rules-low-carbon-future-31249/
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Power market dynamics also affect clean power goals, and vice versa. Lower energy prices, which are partly 
due to low-cost natural gas and incentivized zero-marginal-cost resources, are reducing the economic viability 
of other desired clean resources, including nuclear energy. 

Many of the planning-related challenges jurisdictional authorities face arise from the recent trend in 
technology advancement—and, specifically, the increase in new technologies and mechanisms focused at the 
end-use sector—behind the meter. This trend has caused a shift in the underlying assumptions upon which 
most planning requirements are established. There are many areas where Federal policy could facilitate the 
full consideration of the cost and benefits of energy efficiency, other demand-side management resources, and 
clean energy in planning processes, including improving data, advancing tools and representation in models, 
and providing technical assistance on tools that enable the full consideration of these clean resources in 
planning. The Federal Government is providing expanded technical assistance on methods of fully accounting 
for energy efficiency, other demand-side management resources, and clean energy in resource planning 
conducted by governments and utilities that could help break down institutional barriers to considering 
energy efficiency as a resource.

Other planning drivers exist as well. For example, evolving environmental requirements at the Federal level 
(e.g., the recently promulgated “Clean Power Plan” [CPP]) and clean energy goals at the state level (e.g., RPS) 
encourage jurisdictional authorities at the state level and across states to coordinate to ensure requirements are 
met at low cost. 

As discussed in Chapter II (Maximizing Economic Value and Consumer Equity), ratemakingae is one of the 
public policy instruments that states use to incentivize and regulate the electricity sector. It is important 
that the environmental benefits of clean electricity are appropriately valued. To realize the full potential of 
increased DER, clean energy generation, and more sophisticated grid technologies (such as smart meters and 
supervisory control and data acquisition systems), regulators “will need to utilize more advanced rate designs 
than they have in the past.”190 As DER become more prevalent in the United States, for example, the traditional 
ratemaking models may no longer provide utilities with adequate means to properly recover the true costs 
of electricity generation, transmission, and distribution.191 Public utility commissions have already begun to 
address this challenge in a wide variety of ways, reflecting states’ different policy objectives and generation 
portfolios. Many states have instituted decoupling or lost-revenue adjustment mechanisms, which break 
the link between the amount of energy a utility sells and the revenue that it collects, increasing the utility’s 
acceptance of energy efficiency programs. More recently, states have also begun to examine how to value 
the costs and benefits of DER. “Value of solar” tariffs, for example, intend to “associate a quantifiable benefit 
with each kWh of distributed solar exported to the grid”192 and translate this benefit into a dollar per kWh 
rate, giving utilities and regulators a pricing tool that reflects the value of this electricity better than retail or 
wholesale rates. As the role of clean energy in ratemaking continues to evolve, the Federal Government and 
states can cooperate to estimate the value attributed to electricity products and services, facilitate data and 
information exchange to guide ratemaking and rate design, and share lessons learned. 

Multiple Paths Forward for CO2 Emissions Reductions from the 
Electricity System 
As noted, the CO2 intensity of the electricity system is expected to continue to decrease due to several factors, 
including fuel switching, technology innovation, and clean energy policies. The Federal Government has 
set economy-wide emissions reduction targets of 17 percent below the 2005 level by 2020, and 26 to 28 
percent below the 2005 level by 2025.193 These 2020 and 2025 targets were formally submitted to the United 
Nations Framework Convention on Climate Change in January 2010 and March 2015, respectively, and 

ae  For a description of the rate design process, see the Appendix (Electricity System Overview).
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they are consistent with a straight-line emission reduction pathway from 2020 to economy-wide emission 
reductions of 80 percent or more by 2050.194 An 80 percent economy-wide reduction in the United States, 
given commensurate reductions elsewhere, could help limit the increase in global mean surface temperature 
to 2 degrees Celsius above preindustrial levels and mitigate the worst impacts of climate change.195 In order 
to achieve such deep levels of emissions reductions, it is likely that the electricity sector will need to provide 
greater and more immediate GHG emissions reductions than other sectors because it includes the most cost-
effective options for reducing GHG emissions.

The President’s “Climate Action Plan,”196 the current U.S. strategy for addressing climate change, was 
formulated to mitigate global climate change and reduce U.S. GHG emissions. The CPP, which was finalized by 
EPA in August 2015, is an example of a policy that, when implemented, will further the goals of the President’s 
“Climate Action Plan” by continuing the trend of decreasing CO2 intensity.af Under Section 111(d) of the CAA, 
the CPP regulates carbon emissions from existing power plants and requires states to adopt plans to limit 
emissions from existing fossil fuel–fired power plants. EPA projects that, by 2030, the CPP will help cut carbon 
emissions from the power sector by 32 percent from 2005 levels.197 

Tax credits for clean energy have also contributed to reduced CO2 emissions and are projected to continue 
to help reduce electricity sector emissions in the future.198 NREL analysis projects a 50-GW increase in 
cumulative installed renewable energy capacity by 2020 due to the Federal tax credit extensions.199

A Record of Environmental Policy Successes
The successes of existing environmental policy are instructive for meeting future national environmental 
goals and objectives. The modern framework for improving air quality in the United States was established in 
1970 with the creation of EPA and the passage of the 1970 CAA, which was subsequently amended in 1977 
and 1990. While the electricity system has historically been a major source of air pollution, since the passage 
of the CAA, emissions of air pollutants (including sulfur dioxide [SO2] and nitrogen oxides [NOx]) have 
fallen dramatically below 1970 emissions levels. Between 1970 and 2014, aggregate emissions of common 
air pollutants from the electric power sector dropped 74 percent, even as electricity generation grew by 167 
percent and the U.S. GDP grew by 238 percent.200, 201, 202

The health benefits of reducing emissions of air pollutants from power plants and other sources include 
avoided premature deaths, avoided heart attacks, fewer cases of respiratory problems (such as acute bronchitis 
and asthma attacks), and avoided hospital admissions.203, 204, 205 Air-quality improvements from the Acid Rain 
Program, part of the CAA amendments of 1990, were estimated to yield health benefits of around $50 billion 
annually in 2010, compared to compliance costs that are on the order of $0.5 billion.206, 207, 208, 209, 210 More 
recently, the 2012 Mercury and Air Toxics Standards, which established emissions limits for power plants for 
mercury, acid gases, and heavy metals, are projected to prevent up to 11,000 premature deaths, 4,700 heart 
attacks, and 130,000 asthma attacks every year.211 

The economic benefits of clean air policies are also well-documented. A study looked at the impacts of the  
CAA amendments of 1990 and showed that—looking forward to 2020 in cumulative, net-present-value  
terms—there will be $2 trillion in benefits compared to $65 billion in costs, a benefit-cost ratio of over 30 to 1.212 

af On February 9, 2016, the Supreme Court stayed implementation of the CPP pending judicial review. The Court’s decision was not 
on the merits of the rule. EPA firmly believes the CPP will be upheld when the merits are considered because the rule rests on strong 
scientific and legal foundations. EPA will continue to provide tools and support for the states that choose to continue to work to cut 
carbon pollution from power plants and seek the Agency’s guidance and assistance.
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In addition, the United States is the world’s largest producer and consumer of environmental technologies.ag In 
2015, the U.S. environmental technologies and services industry employed 1.6 million people, had revenues of 
$320.4 billion, and exported $51.2 billion worth of goods and services.213, 214 U.S. industry revenues for air-
pollution control alone totaled $19.6 billion, including equipment, instruments, and attendant services, while 
U.S. revenues for air-quality monitoring instruments and information systems totaled $1.3 billion.215 This 
experience shows that the United States has consistently been able to manage environmental pollution with 
benefits far outweighing the costs, all while continuing to grow the economy and support millions of jobs.

A Record of Clean Energy Technology Successes
The United States has historically been a global innovation leader, and the U.S. Government is one of the 
largest funders of electricity sector RD&D in the world. The Federal Government’s long-standing electricity 
sector RD&D investments, in concert with supporting policies, have made significant impacts on the Nation’s 
electric infrastructure for decades through the present day.

ag Environmental technologies are devices that reduce the environmental impact of natural resources. Examples of environmental 
technologies that have contributed to the United States’ success in reducing air pollution include activated carbon injection, flue-gas 
desulfurization, selective catalytic reduction, and dry-sorbent injection.
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Shale Gas Research, Development, and Demonstration (RD&D) and Time-Limited 
Tax Credit

Early Federal shale gas RD&D funding, primarily for basin characterization and key drilling technologies, combined 
with a public-private partnership and a time-limited Federal Production Tax Credit, resulted in a sharp increase of 
shale gas in the mid-2000s (Figure 3-14). Today, shale gas is around 60 percent of total U.S. natural gas production. 
The interplay of early Department of Energy funding, industry-matched Gas Research Institute applied RD&D, and 
synergistic policy incentives enabled production from shales previously considered uneconomic. The switch from coal 
and petroleum power generation to less-carbon-intensive and more efficient combined-cycle natural gas generation 
resulted in over 1.2 billion metric tons of carbon dioxide emissions reductions from 2005 to 2014.ah

ah  Massachusetts Institute of Technology, The Future of Natural Gas (Cambridge, MA: Massachusetts Institute of Technology, 2011), 29, 163.

Figure 3-14. Steady RD&D Funding and Time-Limited Tax Credit Led to Increase in U.S. Shale Gas Production,  
1976–2009.216
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Light-Emitting Diodes (LEDs) Research, Development, and Demonstration (RD&D)  
and Lighting Efficiency Standards

Federal and private-sector RD&D investments directly brought down LED costs, improved efficiency and performance, 
and fostered domestic manufacturing of LED lighting components and products.ai Since the Department of Energy 
(DOE) began funding solid-state lighting research projects in 2000, large and small businesses, universities, and 
National Laboratories that received DOE funds have applied for more than 260 patents and developed more than 220 
commercially available products in this technology area, including lighting products, power supplies, materials, and 
manufacturing tools.aj, ak In 2007, Federal legislation set minimum operating life and energy efficiency standards for 
a majority of light sources used by the public and relied heavily on technology innovation for manufacturers to meet 
those standards. The same legislation also mandated an efficient lighting competition, the “L Prize,” that provided 
cash prizes and Federal Government purchase contracts for winning products. The combination of national lighting 
standards and lighting technology innovation investments and incentives has contributed to a rapid decline in LED 
product costs and a corresponding increase in LED sales (Figure 3-15).

ai Department of Energy (DOE), Revolution Now: The Future Arrives  for Five Clean Energy Technologies – 2016 Update (Washington, DC: 
DOE, 2016), 8, https://energy.gov/sites/prod/files/2016/09/f33/Revolutiona%CC%82%E2%82%ACNow%202016%20Report_2.pdf.

aj Department of Energy (DOE), Solid-State Lighting Patents Resulting from DOE-Funded Projects (DOE, Building Technologies Office, January 
2016), DOE/EE-1325, 1, https://energy.gov/sites/prod/files/2016/01/f28/patents_factsheet_jan2016.pdf.

ak Department of Energy (DOE), Solid-State Lighting Commercial Product Development Resulting from DOE-Funded Projects (DOE, Building 
Technologies Office, June 2015), DOE/EE-1234, 1–4, https://energy.gov/sites/prod/files/2015/07/f24/comm-product-factsheet_jun2015.pdf.

Figure 3-15. LED Costs and Installations, 2008–2015217
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Light-emitting diode (LED) bulbs now account for 6 percent of all installed A-type bulbs, which are common in household applications. This growth 
has been enabled by a 94 percent reduction in cost since 2008. In 1 year, total installations of common home LED bulbs more than doubled from 77 
million to 202 million—a particularly rapid growth considering there used to be fewer than 400,000 installations as recently as 2009. Across all LED 
product types, LED installations prevented 13.8 million metric tons of CO2 emissions and saved $2.8 billion in energy costs in 2015 alone.

https://energy.gov/sites/prod/files/2016/09/f33/Revolutiona%CC%82%E2%82%ACNow 2016 Report_2.pdf
https://energy.gov/sites/prod/files/2016/01/f28/patents_factsheet_jan2016.pdf
https://energy.gov/sites/prod/files/2015/07/f24/comm-product-factsheet_jun2015.pdf
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Solar PVs (Figure 3-16), light-emitting diodes (LEDs), and shale gas development are among many other 
electricity-related technologies that demonstrate the instrumental role of Federal investment in early-stage 
research and development (R&D). As technologies mature, these case studies also show the need for both 
innovation and policy, and illustrate the synergistic interactions among complementary innovation and policy 
efforts. For example, innovation investments reduce the cost of policies and incentives and allow decision 
makers in both government and the private sector to consider options that would otherwise not be available. 
Increased deployment levels due to policies and incentives also increase economies of scale and further reduce 
manufacturing costs and technical risks.

Figure 3-16. Long-Term Solar PV Cost Decline and Global Deployment Growth, 1976–2015218, 219, 220, 221, 222
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This experience curve displays the relationship, in logarithmic form, between the average selling price (ASP) of a PV module and the cumulative 
global shipments of PV modules. Average module prices have dropped by about a factor of 100 since 1976 to under $1/watt (W), while cumulative 
module shipments have increased from less than 1 MW to over 200 GW. For every doubling of cumulative PV shipments, there is, on average, a 
corresponding reduction of about 20 percent in PV module price. 

Market-Based Carbon Policies
A transparent, market-based policy to price carbon emissions has been documented as the most cost-effective 
way to reduce GHG emissions.223 Market-based incentives such as a carbon charge or price encourage actors 
in the economy, including consumers and utilities, to internalize the costs to society of emitting GHGs. In 
addition, a transparent, market-based policy to price carbon emissions drives the most cost-effective emissions 
reductions first, which achieves the goal of reducing CO2 emissions at the lowest cost. Long-term carbon 
pricing policies also reduce uncertainty and send clear market signals that encourage innovators to develop 
new and improved clean energy technologies. 

Ten U.S. states are currently implementing market-based carbon pricing policies. For example, nine states in 
the Northeast and Mid-Atlantic are implementing the Regional Greenhouse Gas Initiative, which is a multi-
state GHG cap-and-trade program.224 Investments spurred by the Regional Greenhouse Gas Initiative are 
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estimated “to save 76.1 million Btu of fossil fuels and 20.6 million MWh of electricity” over the lifetime of 
these investments.225 California is implementing Assembly Bill 32, the California Global Warming Solutions 
Act, which was enacted in 2006. Assembly Bill 32 requires the reduction of statewide GHG emissions to 
1990 levels by 2020. One component of California’s program is a statewide GHG cap-and-trade program.226 
California’s program is linked to Quebec’s program, allowing for cross-border GHG emissions trading. 
Carbon emissions are falling faster than anticipated, and the demand for emission allowances has been 
decreasing.227, 228 Although the United States does have a Federal cap-and-trade program for SO2 emissions, 
there is no market-based policy for GHGs at the Federal level.al 

Addressing Climate Change, Growing the Economy through Innovation 
Climate change is one of the world’s major challenges. The 17 warmest years on record have occurred in the 
last 18 years.229 2015 was the warmest year on record, and based on the latest data, 2016 is expected to set a 
new record.230, 231 Global temperatures have already warmed 0.85 degrees Celsius from preindustrial times.232

The successes of the CAA offer lessons about our ability to simultaneously address environmental concerns 
and grow the economy. Mitigating climate change is, however, intrinsically more complicated because it is a 
global problem that affects all sectors of the economy.

Figure 3-17. Global CO2 Emissions (left) and Probabilistic Temperature Outcomes (right) of United Nations Frame-
work Convention on Climate Change’s 21st Session of the Conference of the Parties in Paris in December 2015, 
1990–2100233

Implementing the 21st Conference of Parties pledges could significantly reduce the chances of a level of warming greater than 4 degrees Celsius 
by 2100 (as seen under the Paris-Continued Ambition scenario). However, to decrease the likelihood of projected warming above 2 degrees Celsius, 
additional actions are required (as seen under the Paris-Increased Ambition scenario). Emissions are measured in gigatonnes (Gt) of CO2.

al The CPP provides states with flexibility to choose different pathways (some of which are market-based) to comply. If all states choose 
a market-based policy under the CPP, a Federal market is not necessarily created.
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The Paris Agreement, adopted in December 2015, explicitly acknowledged that climate change warranted a 
global response, with more than 190 countries agreeing to make national commitments to substantially reduce 
their GHG emissions.234 In an effort to reduce the risks and effects of climate change, the Paris Agreement 
sets a goal to keep global average temperature rise to no more than 2 degrees Celsius above preindustrial 
levels and to pursue efforts to limit the temperature increase to 1.5 degrees Celsius.235 Reports issued by the 
Intergovernmental Panel on Climate Change suggest that in order to limit warming to 2 degrees Celsius to 
mitigate the worst impacts of climate change, developed countries must achieve deep decarbonization by 
reducing their emissions by 80 to 95 percent relative to a 1990 baseline.236, 237 Pursuant to the Paris Agreement, 
all countries must commit to submitting successive nationally determined contributions (NDCs) every 5 years 
that “represent a progression” beyond their current NDC and which outline what each country plans to do to 
address climate change.238 The emissions under the current NDCs (the orange line in Figure 3-17) are too high 
to limit warming to 2 degrees Celsius. Additional actions to reduce emissions are needed.

The U.S. commitment in Paris affirmed that the United States is prepared to pursue further reductions beyond 
the previously announced “economy-wide target of reducing its GHG emissions by 26 percent to 28 percent 
below its 2005 level in 2025 and to make best efforts to reduce its emissions by 28 percent.”239 The United States 
formally joined the Paris Agreement on September 3, 2016,240 and is strongly committed to taking action and 
global leadership to address climate change.241 

Projecting out to the mid-century and beyond, the literature suggests that the rate of emissions reductions will 
need to significantly speed up to stay on track to meet the 2 degrees Celsius warming target and reduce the risk 
of the most severe projected impacts of climate change.242

Realizing Future GHG Reductions: DOE Integrated Modeling Assessment
A disparate set of technologies and Federal and state policies are in place that have reduced and can further 
reduce emissions from the power sector. An integrated assessment of the roles these varying solutions might 
play as they compete with and/or complement one another can further inform both policy and technology 
pathways to achieve the deep decarbonization needed to meet the goals established by more than 190 countries 
in Paris. 

Consumers make their own decisions about how much electricity to use based on their needs as well as 
electricity prices. The projections described below will provide insight about what could happen to GHG 
emissions in the future and help inform power companies, regulators, policymakers, and consumers as they 
make decisions about electricity supply, the performance and cost of technology options, and the appropriate 
regulatory, market, investment, and incentive structures. 

To explore how the electric power sector can contribute to U.S. efforts to address climate change, DOE 
constructed several illustrative scenarios as part of the analysis conducted for the QER. The scenarios 
presented here are not intended to be forecasts. Rather, they reveal possible implications for electricity supply, 
demand, and GHG emissions for a reasonable range of economic and technology assumptions. This analysis 
used EPSA-NEMSam (where EPSA stands for the Office of Energy Policy and Systems Analysis), an integrated 
energy system model, to explore how electricity demand may evolve and also the potential future composition 
of the electric power sector, both from the perspective of electricity generation and installed capacity. A 
summary of the analysis cases is found in Table 3-3.

am The version of NEMS used for the EPSA Base Case has been run by OnLocation, Inc., with input assumptions determined by 
DOE’s EPSA. This analysis was commissioned by EPSA and uses a version of NEMS that differs from the one used by the Energy 
Information Administration. The model is referred to as EPSA-NEMS. 
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Table 3-3. Summary of DOE QER Analysis Cases using EPSA-NEMS243, 244

Case Description

Base Case

Based on the “Annual Energy Outlook 2015” High Oil and Gas Resource Case, with (1) updated cost 
and performance estimates for CCUS, solar, and wind, and (2) adjustments to incorporate all existing 
U.S. policies that were final at the time of this analysis, the most recent of which were the CPP and the 
December 2015 extension of the Federal Renewable PTC and ITC.an 

CCUS Incentives Analysis

A variation of the Base Case where the DOE research, development, demonstration, and deployment 
(RDD&D) program goals for CCUS technologies are achieved. Two potential CCUS incentives are 
considered:

• CCUS incentives in the Administration’s fiscal year 2017 budget proposal, including a refund-
able sequestration tax credit of $10/metric ton CO2 for EOR storage and $50/metric ton CO2 for 
saline storage, and a refundable 30 percent ITC for carbon capture and storage equipment and 
infrastructure

• A hypothetical revision of the Section 45Q sequestration tax creditsao to provide a credit of $35/
metric ton CO2 for EOR storage and $50/metric ton CO2 for saline storage.

Advanced Technology 
Current DOE energy program goals (including cost, performance, and deployment goals) overlaid on 
top of the Base Case.

Stretch Technology 
More ambitious RDD&D program goals (including cost and performance goals) overlaid on top of the 
Advanced Technology Case, based on an assumption of additional RDD&D, such as what could be 
enabled by Mission Innovation (which will be discussed later in this chapter).

Carbon Price
As a proxy for additional policy action, an initial carbon price of $10/metric ton of CO2, starting in 
2017 and rising at 5 percent per year in real dollars, was overlaid on top of the Base Case, Advanced 
Technology Case, and Stretch Technology Case.

Side Cases

The Base, Advanced Technology, and Carbon Price (CP 10) Cases were also modeled using the “Annual 
Energy Outlook 2015” Reference case assumptions instead of the High Oil and Gas Resource assump-
tions—the “Annual Energy Outlook” Reference case has lower resources (higher natural gas and oil 
prices). All other inputs explained above stayed the same.

Table 3-3 summarizes the technology and policy assumptions underlying several illustrative analysis cases that DOE constructed to explore how the 
electric power sector can contribute to U.S. mitigation efforts for climate change.

The resulting range in the projected electricity generation mix for a selected set of cases is shown in Table 3-4. 
These projections reflect only one possible future for the generation mix. The full range of technologies that 
could be deployed in a future generation portfolio is still unknown. However, both the Advanced Technology 
and Stretch Technology Cases see an increase in the market share of many low- and zero-carbon generation 
sources, particularly when additional policies, such as a carbon price, are applied (Figure 3-18).

an The Consolidated Appropriations Act of 2016, signed into law in December 2015, extended the Federal PTC for wind facilities that 
commence construction before 2020, although the value of the PTC will be phased down for wind projects commencing construction 
after December 31, 2016. The PTC for all other technologies expired at the end of 2016. The Consolidated Appropriations Act of 
2016 also extended the full Federal ITC for solar facilities that commence construction before 2020, after which the value of the ITC 
will be phased down to 10 percent in 2022 and all years thereafter. The full ITC was also available for large wind facilities through 
2016, after which the value was phased down for projects commencing construction before December 31, 2019. The ITC for all 
other technologies expired at the end of 2016, with the exception of geothermal electric facilities, which receive a 10-percent ITC 
indefinitely. 

ao 26 U.S.C. § 45Q provides a credit for CO2 sequestration.
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Figure 3-18a. U.S. Energy CO2 Emissions, 2005–2040245
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Projections of energy CO2 emissions are shown for several cases along with the corresponding percent decrease in CO2 emissions relative to a 2005 
baseline. These results indicate that successful clean energy research, development, demonstration, and deployment (RDD&D) can drive significant 
emissions reductions beyond those projected under the EPSA Base Case (which incorporates all existing policies but assumes no new policies). 
Current levels of RDD&D investment in clean energy technologies (Advanced Technology) can double the projected emissions reductions by 2040, 
while more ambitious advancements in clean energy technologies (Stretch Technology) could triple the emissions reductions by 2040. These results 
also indicate that a combination of policy “pull” and technology “push” can achieve much greater reductions than policy or technology alone. 
Additional technology and/or policies beyond what was modeled are needed to obtain energy CO2 emissions reductions that are consistent with 
goals of deep decarbonization. 
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Projections of CO2 emissions associated with electricity generation are shown for several cases. The sharp reductions projected in the near future can 
be largely attributed to a cleaner electricity generation mix as more high-carbon generation is offset by a variety of low- and zero-carbon generation 
sources. Reductions in electricity demand, primarily from more efficient building shells and equipment, and faster adoption at lower cost of more 
efficient building technologies also play a major role in driving down electricity sector CO2 emissions throughout the analysis. Altogether, these 
analysis cases show that successful, clean energy RDD&D can drive emissions reductions beyond what is achieved with current policies, measures, 
and projections for technology advances. In addition, there are multiple pathways to achieving even greater reductions in CO2 emissions associated 
with electricity generation through additional technology and/or policies.

DOE performed an analysis to explore the impact of research, development, demonstration, and deployment 
(RDD&D) and tax incentives on the deployment of CCUS technologies (Table 3-3).247 The analysis considered 
tax incentives proposed in the Administration’s fiscal year 2017 budget, as well as a hypothetical revision of the 
Section 45Q sequestration tax credits. The analysis found that Federal RDD&D combined with tax incentives 
can make CCUS a viable option and that CCUS can play an important role in meeting a carbon policy. DOE’s 
analysis found that CCUS incentives and RDD&D could result in significant deployment of CCUS generating 
capacity. Under the scenario combining tax incentives with successful RDD&D (“CCUS Incentives Analysis”), 
coal and natural gas generating capacity with CCUS accounted for an incremental 5 to 7 percent of total 
generation in 2040 (Table 3-4). For comparison, in 2015, hydropower accounted for 6 percent of total 
generation, and all other renewables totaled 7 percent of total generation. 

Figure 3-18b. U.S. Electricity Sector CO2 Emissions, 2005–2040246
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Table 3-4. Percentage of Utility-Scale Generation by Fuel Source, and Projected for Selected Cases, 2015–2040248, 249

2015 2040

Fuel Type EPSA Base EPSA Base Advanced Tech
Advanced Tech 

CP 10

Carbon Capture, 
Utilization, 

 and Storage 
Incentive 
Analysis

Coal without CCUS 39% 18%–28% 23%–31% 4%–14% 19%

Coal with CCUS  0  <1%  <1% <1% 3%–4%a

Natural Gas without CCUS 27% 21%–42% 11%–28% 13%–31% 37%–38%

Natural Gas with CCUS 0% 0% 0% 1%–2% 2%–3%a

Conventional Hydropower 7% 6%–7% 7% 7%–8% 6%

Non-Hydro Renewables 7% 17%–25% 26%–30% 36%–38% 14%

Nuclear Power 20% 17%–19% 15%–20% 21%–28% 17%

a Incremental to generation without CCUS.

The range in percentages shown in 2040 in the Base Case and Advanced Technology Case highlights the significant impact that future natural gas 
prices will have on the modeled U.S. electric power generation mix. Similarly, the incentives included in the CCUS Incentives Analysis illustrate the 
potential to increase penetration of CCUS technologies with additional incentives.

A significant investment in clean energy RDD&D, coupled with an economy-wide policy, would accelerate 
innovation and technology deployment and reduce CO2 emissions from the power sector by 88 percent in 
2040, relative to 2005 levels.250 The level of emissions reductions in the Stretch Technology scenario reflects 
a portfolio approach to RDD&D and is only illustrative, as technology pathways are highly uncertain; 
unforeseen research breakthroughs are very difficult to anticipate in modeling analysis; and generation 
breakouts are too uncertain to present here. This uncertainty, coupled with the value of RDD&D in meeting 
deep emissions reductions, underscores the need for a broad, diverse, and robust research portfolio. Another 
large source of emissions reductions in the DOE analysis is electricity demand reductions, which can be 
achieved by technology cost and performance improvements that increase electricity end-use efficiency, and 
pairing these improvements with a modest carbon price. The modeling analysis suggests that, with these 
investments and supportive policies, electricity demand would increase by only 5 percent over the next 25 
years, compared to 21 percent without them. 
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Figure 3-19. Total Direct and Indirect CO2 Emissions by End-Use Sector, 2005–2040251
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This figure shows the projected impact of technology and policy assumptions on total CO2 emissions from the industrial (top), buildings (middle), and 
transportation (bottom) sectors, including emissions associated with both (1) direct fuel use (direct emissions) and (2) electricity generation allocated 
to end-use sectors based on their electricity use (indirect emissions). Successful clean energy RDD&D is projected to reduce end-use CO2 emissions by 
accelerating the transition towards a cleaner electricity generation mix and the adoption of cleaner and more efficient technologies. Both efficiency 
improvements (especially in energy-intensive industries) and additional policy can drive significant emissions reductions in industry and buildings. 
Technology advances can have a significant impact in the transportation sector, but the modest carbon price proxy does not dramatically reduce 
transportation emissions.

In the Stretch Technology Case, even greater investment in successful clean energy RDD&D is projected to 
result in more significant efficiency improvements, and electricity demand is projected to actually decrease 
by approximately 1 percent over the next 25 years. In both the Advanced Technology and Stretch Technology 
Cases, there is a decrease in electricity demand in both the industrial and buildings sectors, primarily due to 
technology improvements that result in increased efficiency (Figure 3-19). Conversely, in the transportation 
sector, electricity demand increases as the market starts to adopt more battery electric vehicles; however, 
electricity use in the transportation sector is still very small compared to other sectors. In 2040, transportation 
only accounts for 2 percent of electricity demand in the Advanced Technology Case and 6 percent in the 
Stretch Technology Case (Figure 3-20). 

Figure 3-19. Total Direct and Indirect CO2 Emissions by End-Use Sector, 2005–2040 (continued)
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The DOE scenarios all project a small but growing shift towards electrification in the transportation sector. In the Advanced Technology and Stretch 
Technology Cases, advances in RDD&D lead to increased market penetration of alternative vehicles, including battery electric and fuel cell light-
duty vehicles. In 2040, battery electric vehicles and hydrogen fuel cell vehicles comprise 18 percent of new light-duty vehicle sales in the Advanced 
Technology Case and 40 percent of new light-duty vehicle sales in the Stretch Technology Case.

The potential for emissions reductions by specific end-use sectors was also analyzed. Total CO2 emissions 
account for both (1) the CO2 emissions associated with each sector’s electricity generation and (2) emissions 
from direct fuel use (e.g., industrial process emissions and vehicle tailpipe emissions).ap Technology advances 
and/or additional policy are projected to drive dramatic emissions reductions from the buildings sector due 
to a cleaner electricity generation mix and reduced electricity demand through more efficient building shells 
and equipment, as well as faster adoption at lower cost of more efficient technologies. Similarly, successful 
clean energy RDD&D and/or additional policy drive reductions in industrial sector CO2 emissions through 
efficiency improvements (especially in energy-intensive industries); additional policy is also projected to have 
a significant impact. Finally, in the transportation sector, where use of electricity is currently very limited, 
opportunities exist for significant emissions reductions through efficiency improvements and the successful 
deployment of electric and hydrogen fuel cell vehicles, but the application of a modest carbon price has only a 
minor additional impact on transportation emissions.

ap Emissions from end-use sectors are typically referred to as indirect emissions (emissions associated with the generation of electricity 
used by each sector) and direct emissions (direct fuel-use emissions).
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In addition to showing the value of synergistic research investments and policy, the analysis shows that the 
electricity sector is most sensitive to a carbon price policy, partly because it already has a variety of relatively 
low-cost substitution options available. Finally, this analysis supports the finding that as the electric grid 
becomes increasingly decarbonized, electrification of end uses can result in further reductions of energy CO2 
emissions.

Need for Accelerated Innovation in the Electricity System 
Even with notable increases in clean technology deployment in recent years, the scale-up and speed of clean 
energy technologyaq innovation for the electricity system need to accelerate. As noted, increasing RDD&D in 
conjunction with an economy-wide policy can help the United States meet its NDC. There are also multiple 
direct and indirect benefits of electricity sector technology innovation investments. Innovation investments 
directly expand the pipeline of new technologies, reduce technology costs, and mitigate the risks of new 
technologies or systems. These benefits, in turn, reduce the cost of policies and incentives253 and allow decision 
makers in both government and the private sector to consider options that would otherwise not be available. 
Increased deployment levels due to policies and incentives also increase economies of scale and further reduce 
manufacturing costs and technical risks. In addition, innovation investments can serve to train the next 
generation of scientists, engineers, and entrepreneurs for work in the private sector or at universities or other 
research institutions.254

However, comparisons with other innovation-driven sectors and other countries, declining private-sector 
energy innovation funding, and increasing needs for electricity sector innovation all point to an inadequate 
level of current support in the United States.255, 256, 257, 258, 259, 260, 261 For example, annual global corporate and 
venture capital investment in renewable energy innovation grew from $3.6 billion in 2004 to a peak of $7.6 
billion in 2011, but this investment has since fallen to $5.5–$6.0 billion in 2014–2015. Annual global venture 
capital and private equity investments in early-stage renewable energy firms have fallen even more drastically, 
from a peak of $9.9 billion in 2008 to $2.1–$3.4 billion in 2013–2015.262 In the United States, similar trends 
show that annual venture capital investments in clean energy technologies fell from a 2008 peak of over $5 
billion to about $2 billion each year since 2013. From 2006 to 2011, only 5 percent of early-stage clean energy 
technology firms returned profits to their investors through acquisition or an initial public offering, as opposed 
to 18 percent of early-stage software firms started during the same period.263 Private-sector energy firms also 
spend significantly less on R&D as a percentage of sales than firms in other major technology-dependent 
sectors, such as pharmaceuticals, aerospace and defense, and computers and electronics.264 Private-sector 
investment, while critical, will not likely be made at a pace sufficient to meet national objectives.265, 266, 267, 268 

Electricity sector technology innovation is subject to many barriers. For example, prices do not reflect external 
benefitsar of clean energy; investments are made in a highly regulated environment; and there are high capital 
costs and long time horizons for RD&D and capital stock turnover in comparison to other sectors, such as 
information technology. Current levels of Federal support for electricity sector and other energy-focused 
RD&D need to be substantially increased.269, 270, 271, 272, 273, 274, 275, 276, 277, 278 Regional variation in innovation 
capabilities, infrastructure, markets, policies, and resources also points to a need to address electricity sector 
innovation through regional approaches.279

aq Clean energy technologies are defined as energy-related hardware, software, and systems that avoid, reduce, or sequester GHG 
emissions or other air pollutants, including technologies that convert, convey, or store energy resources; improve energy efficiency; or 
reduce energy consumption.

ar R&D is a classic example of an activity that has positive externalities for society. Externalities represent a difference between private 
and social gains. R&D has positive effects beyond those enjoyed by the producer that paid for the R&D because R&D expands general 
knowledge, and in turn, enables other discoveries and developments. A private firm only receives benefits from its own products; 
generally, the private actor does not capture the profits from others who benefited indirectly. With all positive externalities, private 
returns are smaller than social returns.
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The Advanced Research Projects Agency–Energy (ARPA-E) Program and Electricity 
Innovation

The Department of Energy’s ARPA-E funds technically innovative, high-risk, high-potential energy projects that are 
too early for private-sector investment but could significantly advance how the Nation generates, stores, distributes, 
and uses energy.as ARPA-E competitively supports innovative ideas with the specific purpose of advancing them 
from early-stage concept to application prototype. One of the Mission Innovation goals that ARPA-E supports 
is to deliver more investment-ready, innovative energy technologies for private-sector investors and industry to 
commercialize. To date, 45 ARPA-E projects have attracted more than $1.25 billion in private-sector follow-on 
funding to support commercial development.

There is significant opportunity for accelerating the development of more innovative project concepts based on the 
number of applications for ARPA-E projects. On average, ARPA-E is only able to fund 10 percent of the proposals 
for its focused solicitations, and only 1.4 percent of the proposals that it receives in its open solicitations.at

Many of ARPA-E’s programs are directly or indirectly focused on breakthroughs for the electricity sector. For 
example, the Green Electricity Network Integration program has supported the development and demonstration of 
new grid optimization technologies, such as power flow controllers.au By redirecting power away from congested 
lines, power flow controllers can increase transmission capacity without construction of new assets.av

as America Competes Act, 42 U.S.C § 149, Subchapter XVII, as amended by Pub. L. No. 110-69 § 5012 (H.R. 2272) and Pub. L. No. 111-358 
§ 904 (H.R. 5116). 

at E. Williams and D. Henshall, Advanced Research Projects Agency-Energy Mission Innovation Context: Overview of Commercialization 
Activities (ARPA-E, August 31, 2016).

au  T. Heidel, “GENI Program Overview & Introductions” (presented at Green Electricity Network Integration Annual Program Review,  
New Orleans, LA, January 14–15, 2015), http://arpa-e.energy.gov/sites/default/files/A_GENI%20Intro_Heidel.pdf.

av Electric Power Research Institute (EPRI), Benefits and Value of New Power Flow Controllers, July 2016 Draft (EPRI, forthcoming).

The spectrum from early- to late-stage energy innovation spans a highly interactive process that includes 
invention, translation, adoption, and diffusion. These four stages, which continually influence each other, 
roughly correlate to the classic linear innovation categories RDD&D.280 Challenges to accelerating electricity 
sector technology innovation vary widely between technologies and innovation stages.

For example, some electricity sector technologies, such as nuclear, CCUS, and offshore wind, have capital costs 
that comprise a relatively high share of total costs compared to other technologies. High-capital-cost projects 
typically require first-of-a-kind demonstrations at commercial scale where system engineering challenges 
and large infrastructure costs predominate. Commercial-scale demonstrations often take tens or hundreds of 
millions of dollars to execute and may carry high technical and market risk.281 These challenges can simply be 
too large for a single firm to take on, and the time to provide a return for private investors is often longer than 
investors can wait.282

Although there is substantial research on the value and impact of energy technology innovation, particularly 
for individual technologies, there are few robust measures and quantitative assessments of the energy 
innovation system, particularly of private-sector inputs, as well as meaningful outputs and impact measures. 
Refined, data-driven frameworks and models on energy innovation, including policy interactions, are needed 
to understand better how inputs and outputs of energy innovation systems relate to each other.283, 284, 285, 286, 287

http://arpa-e.energy.gov/sites/default/files/A_GENI Intro_Heidel.pdf


 3-52        Transforming the Nation’s Electricity System: The Second Installment of the QER  |  January 2017       

Chapter III: Building a Clean Electricity Future

Electricity sector technology areas that received substantial investment increases in the fiscal year 2017 
President’s budget include energy storage; grid modernization; energy-water nexus; subsurface science, 
technology, and engineering; CCUS; and renewable generation technologies, such as solar, wind, water, 
and geothermal. Promising breakthrough technology areas include improving flexible power delivery 
and communications; developing non-vapor compression systems that provide highly energy-efficient 
space conditioning, water heating, and refrigeration services in buildings without the use of traditional 
refrigerants; producing low-cost hydrogen from renewable or low-carbon sources; scaling up novel CO2-
capture technologies from power plants and industrial sources; and recycling CO2 into valuable products as a 
feedstock. 

Mission Innovation: Accelerating Clean Electricity Technology RDD&D
In November 2015, the United States and 19 other nations came together to make a landmark commitment—
called Mission Innovation—to dramatically accelerate global clean energy innovation. This charter group 
of Mission Innovation countries, as well as others that have joined since, are seeking to double their public 
investment in clean energy R&D over 5 years. Accordingly, Mission Innovation will result in nearly $30 billion 
of public investment in 2021.

The “Enabling Framework for Mission Innovation” outlines examples of proven and powerful approaches to 
RD&D that will be critical elements of the U.S. domestic implementation of Mission Innovation.288 Robust 
implementation must incorporate multiple linear and nonlinear approaches, not just in terms of technologies, 
but also in terms of technology pathways. This means funding programs that leverage foundational 
mechanisms to increase breadth of knowledge within a scientific discipline; translational mechanisms to target 
incremental improvements along defined tech-roadmaps; disruptive mechanisms to validate high-risk, high-
reward off-roadmap ideas; and integrational mechanisms to facilitate collaboration across disciplines and 
stakeholders. 

The Framework uses five specific areas of focus to illuminate these opportunities, all of which are either 
specifically or partly related to electricity: generation (i.e., harnessing electricity from clean sources); 
mobility (i.e., moving people and goods using clean energy); connections (i.e., delivering clean energy from 
supply to demand); structures (i.e., innovating better buildings); and processes (i.e., using clean energy to 
create products and grow food). As outlined in the “Domestic Implementation Framework for Mission 
Innovation,”289 the domestic implementation of Mission Innovation could 

• “Drive down energy costs: Clean energy technologies have the potential to dramatically reduce long-term 
energy expenditures.290 This could increase the competitiveness of U.S. businesses and put thousands of 
dollars in the pocketbooks of American families. 

• Enhance system reliability: Energy services are deeply embedded into all critical infrastructures and 
services, including the electric grid, transportation, and telecommunications. Advanced energy 
technology can improve system reliability. 

• Improve energy security: Using more diverse energy sources and technologies can increase the resilience 
and flexibility of the domestic energy supply chain, helping to protect energy consumers from high-cost 
market disruptions and reducing exposure to markets with high price volatility, like oil. 

• Curb adverse environmental and public health effects: Energy-related GHG emissions are the dominant 
cause of climate change. Clean energy technology is the largest—and most essential—component of 
mitigation. The shift to clean energy will also reduce the other harmful pollutants associated with energy 
use, improving health outcomes. 

• Build economic opportunities: Maintaining our technological edge will enable opportunities to export our 
clean technologies, products, and services to other countries.291 Clean energy can be a major opportunity 
to create new jobs, enable domestic manufacturing, and catalyze industries.292, 293
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• Improve energy access and equity: In many rural and remote places in the United States, communities 
lack access to reliable and affordable energy services. Advanced energy technologies can support 
universal energy access, helping boost quality of life and economic development.”294

Recent analysis suggests programs and investments in technologies supported by initiatives like Mission 
Innovation could help create significant global opportunities for U.S. businesses and technologies in the 
following regions of the world: 

• “East Asia and the Pacific: [G]reen buildings—China, Indonesia, the Philippines, and Vietnam show a 
climate-smart investment potential of $16 trillion.

• Latin America and the Caribbean offer the next largest opportunity—particularly in sustainable 
transportation, where the potential for investment in Argentina, Brazil, Colombia, and Mexico is about 
$2.6 trillion.

• South Asia: Opportunities are mostly seen in climate-resilient infrastructure, where $2.5 trillion of 
opportunities exist in India and Bangladesh.

• Sub-Saharan Africa represents a $783 billion opportunity—particularly for clean energy in Cote d’Ivoire, 
Kenya, Nigeria, and South Africa.

• Eastern Europe, with its biggest markets—Russia, Serbia, Turkey, and Ukraine—shows a combined 
investment potential of $665 billion, mostly in energy efficiency and new green buildings.

• Middle East and North Africa: [T]he total climate-investment potential for Egypt, Jordan, and Morocco 
is estimated at $265 billion, over a third of which is for renewable-energy generation, while 55 percent 
($146 billion) is for climate-smart buildings, transportation, and waste solution.”295 

Environmental Impacts of Electricity on Air, Water, Land Use, and 
Local Communities
Infrastructure associated with electricity operations has a range of direct impacts to ecosystems and natural 
resources. The magnitude of impacts depends on how the infrastructure affects endangered species, sensitive 
ecological areas, or cultural or historic resources; gives rise to visual or aesthetic concerns; or opens new areas 
to development.296 Achieving the deep decarbonization of the electricity sector necessary to reach national 
climate targets will require a significant scaling up of clean energy technology. While Federal, state, and local 
governments have made strides in assessing the ecological and land-use impacts of current technology—as 
well as water-use and water-quality impacts—more analysis will be helpful to scale deployment of additional 
clean energy technologies. Considering the ecological impacts and natural resource implications of new energy 
technologies in the R&D phase may help avoid the aforementioned impacts and the need to mitigate them. 
Decreasing land-use and ecological impacts will expand the universe of geographically suited areas for clean 
energy technology. Further refinement of mitigation policies for those technologies requiring mitigation is also 
needed. 

Air and Water Pollution
The United States has made remarkable progress improving air and water quality under the CAA, the Clean 
Water Act, and other environmental statutes, but the United States must continue to address emissions, 
including from the electric sector. For example, the most-polluting power plants still have criteria air pollutant 
emissions per unit of electricity that are many times larger than the least-polluting power plants.297
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Direct air pollutants from the electricity system include SO2, NOx, some particulate matter (PM), and mercury 
and other air toxic pollutants. In addition, these pollutants react in the atmosphere to form secondary 
pollutants—including acid rain, other PM, and ground-level ozone—that adversely impact air quality. These 
pollutants increase morbidity and the risk of mortality, reduce agricultural and timber productivity, deteriorate 
materials, reduce visibility, and harm ecosystems.298, 299, 300, 301, 302

In 2009, EPA determined that GHG pollution threatens Americans’ health and welfare by leading to long-lasting 
climate changes that can have a range of negative effects on human health and the environment (Table 3-5).303 
Climate change can “affect human health in two main ways: first, by changing the severity or frequency of health 
problems that are already affected by climate or weather factors; and second, by creating unprecedented or 
unanticipated health problems or health threats in places where they have not previously occurred.”304 A U.S. Global 
Change Research Program report notes: “Given that the impacts of climate change are projected to increase over the 
next century, certain existing health threats will intensify and new health threats may emerge.”305 In particular, air 
pollution and airborne allergens will likely increase, worsening allergy and asthma conditions due to climate change. 
Future ozone-related human health impacts attributable to climate change are projected to lead to hundreds to 
thousands of premature deaths, hospital admissions, and cases of acute respiratory illnesses each year in the United 
States by 2030, including increases in asthma episodes and other adverse respiratory effects in children.306 Ragweed 
pollen season is longer now in central North America, having increased by as many as 11 to 27 days between 
1995 and 2011, which impacts some of the nearly 6.8 million children in the United States affected by asthma and 
susceptible to allergens due to their immature respiratory and immune systems.307

Table 3-5. Summary of Physical Impacts of the Most Common Air Pollutants308, 309, 310, 311

Human Health
Crops 

and Timber
Materials Visibility Recreation

NOx

Chronic obstructive 
 pulmonary disease Material 

deterioration
Eutrophication

Ischemic heart disease

SO2 
Asthma Damages to 

forests
Material  

depreciation

Damages to forests 

Cardiac

O3 (ozone)

Chronic asthma 

Crop loss
Timber loss

Rubber 
deterioration

Damages to forests and 
wilderness areas

Acute-exposure mortality 

Respiratory problems 

Acute asthma attacks

PM2.5

Premature death

Loss of  
visibility

Nonfatal heart attacks

Hospital admissions

Emergency Room visits for asthma, 
acute bronchitis, upper and lower 

respiratory symptoms

PM10–2.5 Chronic bronchitis

Major impacts of air pollution are delineated by sector and pollutant. PM2.5 is particulate matter with a diameter of 2.5 micrometers or less. PM10–2.5 
is coarse particulate matter with diameter between 10 and 2.5 micrometers.
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As of 2014, electricity generation accounted for 64 percent of economy-wide SO2 emissions and 14 percent of NOx 
emissions; power plants were the dominant emitters of mercury (50 percent) and acid gases (75 percent).312, 313  
Within the electricity system, coal combustion accounts for the vast majority of pollutants.314 While a majority 
of power plants use scrubbers and other pollution controls to reduce emissions of multiple pollutants, 
some power plants still do not employ the full suite of available pollution controls or do not control for all 
pollutants.315  

Additionally, steam electric poweraw plants generate wastewater streams from their water treatment, power 
cycle, ash handling, air pollution control systems, coal piles, and other miscellaneous wastes that can impact 
ground water and surface water quality.316 Currently, steam electric power plants account for about 30 percent 
of all toxic pollutants—including mercury, arsenic, selenium, cadmium, and other toxic metals—discharged 
into surface waters in the United States.317 These pollutants can cause severe health and environmental 
problems in the form of cancer and non-cancer risks in humans, lowered IQ among children, and deformities 
and reproductive harm in fish and wildlife.318 In 2015, EPA established new limits on wastewater discharge 
from power plants that are projected to reduce discharge of the most toxic pollutants by over 90 percent.319, 320

Federal and state governments are continuing their efforts to invest in and incentivize more efficient, less-
polluting power plant technologies and to update regulations such as the final Federal Cross-State Air 
Pollution Update Rule, among other actions. In addition, regulation of CO2 emissions from power plants is 
expected to reduce emissions of other air pollutants, creating additional health and environmental benefits 
in addition to the avoided climate change impacts.321 The remaining pollution disproportionately affects 
environmental justice communities. Environmental justice communities are also disproportionately impacted 
by climate change because they have less resilience capacity. 

Role of Water in Thermoelectric Power Generation
Electricity systems and water systems are strongly interconnected. Water is a critical requirement for many 
electricity generation technologies. Two-thirds of total U.S. electricity generation—including many coal, 
natural gas, nuclear, concentrated solar power (CSP), and geothermal plants—requires water for cooling. 
In addition, CCUS technologies have significant water demands. From a full-system perspective, the joint 
reliance of the electricity and water systems on each other can create vulnerabilities (e.g., drought impacts 
thermoelectric generation and hydropower), but this joint reliance can also create opportunities for each 
system to benefit the other through well-designed integration (Figure 3-21 shows connections between energy 
and water systems). 

aw A steam electric power plant is a power plant in which steam is used to generate electricity. In particular, water is boiled to generate 
steam, which, in turn, spins a steam turbine that drives an electrical generator. Most coal, geothermal, solar thermal, nuclear, and 
waste-incineration plants and some natural gas power plants are steam electric power plants. 
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Several recent trends are particularly important for electricity systems. First, the rising share of wind turbine 
and solar PV generation requires negligible water for operations. Second, the amount of water withdrawn for 
thermoelectric coolingax has decreased as older plants are decommissioned and more water-efficient or dry-
cooled323 systems are installed. However, water consumption in thermoelectric plants is rising as evaporative 
cooling has become the preferred cooling technology for new plants. In addition, there are water implications 
of the technology path pursued to address climate change. (Figure 3-22 provides a breakdown of generation, 
water withdrawal, and water consumption by cooling type.)

Thermoelectric power generation withdraws large quantities of water for cooling power-producing equipment 
and condensing steam. It also dissipates large quantities of primary energy due to the process of converting 
thermal energy to electricity. In 2010,ay 45 percent of total U.S. water withdrawals were for thermoelectric 
cooling alone, making thermoelectric generation the largest withdrawer of combined fresh and saline water 
nationally.324 Seventy-two percent of these withdrawals for thermoelectric cooling were fresh surface water, 0.4 
percent were fresh groundwater, and the remaining were from saline sources.325

The intensity of water use and energy dissipated varies with cooling system technology and generation type, 
as well as operations. Once-through cooling typically withdraws more water but consumes less than a wet-
recirculating system. Dry cooling and wet tower capital and operating costs are significantly higher than for 
once-through, with dry cooling being the most expensive. Dry cooling units also induce efficiency penalties, 
raising the possibility of potentially creating tradeoffs between addressing water and climate resilience versus 
climate mitigation, which could be improved with new technologies.

Figure 3-22. U.S. Power Generation, Water Withdrawal, and Water Consumption by Cooling Type, 2015326, 327, 328, 329 

In 2015, nearly 21 percent of generation used once-through cooling, and 52 percent of generation used wet-recirculating cooling. About 21 
percent of the electricity generated—including hydropower, natural gas turbines, and wind turbines—did not require cooling. Water withdrawals 
for electricity generation totaled 167 billion gallons daily (BGD), the majority of which was withdrawn by once-through cooling. Water consumption 
totaled 2.9 BGD, with 84 percent of this amount consumed by wet-recirculating cooling.

ax  “Withdrawal” designates any water diverted from a surface or groundwater source. “Consumed water” designates withdrawn water 
that is not returned to its source (e.g., because it has evaporated, been transpired by plants, or incorporated into products).

ay  The U.S. Geological Survey collects data on water usage by water source every 5 years and publishes these data near the beginning of 
the next data-collection cycle.
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Figure 3-23. Water Withdrawal and Generation by Region, 2015330, 331
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The largest water withdrawal regions are dominated by coal and/or nuclear power generation. The area of each pie chart corresponds to total 
power generation in that region. “Other” includes petroleum, other fossil fuels, pumped storage, non-biogenic municipal solid waste, batteries, and 
hydrogen. The eight regions shown in the figure are notional, based upon contiguous groupings of states and their generation mixes, resources, and 
market structures. Acronym: billion gallons daily (BGD).

Regionally, water withdrawal and consumption vary significantly across the United States, primarily due to 
the power generation mix and cooling system type. Figure 3-23 shows the amount of water withdrawal for 
different types of thermoelectric generation in eight notional regions within the 48 contiguous states. The 
notional regions are based on contiguous groupings of states and their generation mixes, resources, and 
market structures. While water withdrawals in all eight regions are dominated by surface water, the Southeast, 
Southwest/Central, and West regions consume higher levels of groundwater and reclaimed plant discharge 
water relative to other regions. The regions with the largest water withdrawal are dominated by a combination 
of coal and nuclear power generation. 

Since the 1950s, the amount of water withdrawn per kWh has steadily declined as power generation and 
cooling technologies have become more efficient over time. The total amount of water withdrawn across all 
thermoelectric plants, however, has steadily and dramatically increased relative to irrigation, industry, and 
public use (Figure 3-24). Much of this increase is due to build-out of once-through cooling systems for the coal 
and nuclear fleets. By the 1970s, the wet-recirculating system became the dominant cooling system—as these 
systems withdraw less water, thermoelectric withdrawals leveled off.332, 333
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Figure 3-24. Water Withdrawals for Thermoelectric Generation and Other Sectors334, 335
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thermoelectric generation (represented by colored lines) has increased significantly relative to other sectors, but it is now declining. Acronym: billion 
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Some operational practices also affect water use. For example, some peaker power plants, such as natural gas 
steam turbines with low capacity factors, run their cooling systems for a substantial fraction of the time when 
they are not generating electricity (as the comparison between capacity factors for generation vs. cooling 
systems shows in Figure 3-25); they also withdraw a significantly higher amount of water than NGCC plants. 
There are many potential explanations for this behavior. When plants are not generating electricity, they may 
decide to keep their cooling systems running in order to minimize biofouling and corrosion, especially in 
hot and humid climates. They may also opt to keep their cooling system running so they can be responsive to 
increases in demand from end users or decreases in supply from variable generation. There may be operational 
best practices that better optimize the tradeoffs between load balancing, avoiding biofouling and corrosion, 
and minimizing water use.

Most types of variable generation do not require water for cooling purposes, but they can put pressure on the 
system to provide load balancing, usually in the form of dispatchable generation that does require water for 
cooling. These indirect effects increase the value proposition for other forms of load balancing, such as grid 
storage or DR.
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Figure 3-25. Cooling System Capacity Factors vs. Generation Capacity Factors, 2015336
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Electricity generators run their cooling systems with varying capacity factors relative to their generating capacity factors. Natural gas steam turbines 
(Rankine cycle plants)—many likely acting as peakers—run their cooling systems for a substantial amount of time when they are not generating, 
as do a number of NGCC plants. Plants on the dotted line run their cooling systems with the same capacity factor as their power generation 
capacity factor (i.e., only when they are generating). Plants that are dispatched primarily during times of peak electricity demand are considered 
peaking plants and will generally have lower power generation capacity factors. Plants used for baseload electricity will generally have higher power 
generation capacity factors. 

Low-Carbon Generation and Water 
The mix of the generation portfolio deployed to reduce GHG emissions will have implications for water 
withdrawal and consumption. New electricity generation that requires cooling will likely employ recirculating 
systems, which generally have low water withdrawal but high water consumption. Figure 3-26 shows that some 
generation technologies can have both low water use and carbon intensities, such as PV and wind, while other 
generation technologies present tradeoffs between water and carbon emissions. 

Some low-carbon technologies, such as nuclear generation, geothermal generation, CSP, and CCUS, require 
relatively large amounts of water. Incorporating water-use and performance metrics into RDD&D funding 
criteria for these low-carbon technologies could improve the options available for climate mitigation and 
resilience.
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Conversely, dry cooling, which greatly reduces water requirements for thermoelectric cooling, generally 
induces an energy efficiency penalty, particularly under high-temperature ambient conditions. This increases 
the carbon intensity of generation, as well as other adoption challenges. However, dry cooling systems offer 
significant siting flexibility as they do not require access to large volumes of water. At present, there are 74 dry 
or hybrid cooling systems that provide 53 TWh of net generation in the United States, most of which have 
been deployed in NGCC plants since 2000. The energy penalty for current dry cooling technologies relative 
to once-through cooling ranges from 4.2 percent to 16 percent for a representative 400-MW coal-fired plant, 
depending on plant parameters and ambient conditions.337 In addition, existing dry (air-cooled) options have 
higher capital costs and require expanded physical footprints.338 

Figure 3-26. Carbon Emissions and Water Consumption Intensity Tradeoffs339, 340, 341, 342, 343, 344 
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Some generation technologies (e.g., solar PV and wind) can have both low water and carbon intensities, while other generation technologies 
present tradeoffs between water and carbon emissions. For example, low-carbon technologies, such as nuclear, geothermal, and CSP generation, 
along with carbon capture and storage (CCS), require large amounts of water. Conversely, dry cooling, which greatly reduces water requirements 
for thermoelectric cooling, often induces an efficiency penalty, which increases the carbon intensity of generation. Dotted lines represent ranges 
calculated from data, and solid lines represent ranges from literature values.

Through the Advanced Research in Dry Cooling program, the Advanced Research Projects Agency–Energy 
(ARPA-E) has invested about $30 million to advance dry-cooling technologies. The program aims to develop 
dry-cooling technologies that do not consume any water, eliminate efficiency penalties, and do not increase 
the LCOE by more than 5 percent. Reaching this target would allow for reduced water use for cooling without 
an additional energy efficiency penalty. In addition, DOE has supported designs for advanced nuclear reactors 
that use molten salt rather than water as a cooling fluid.
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More broadly, there are both opportunities and tradeoffs in energy and water systems integration (e.g., in using 
treated municipal wastewater for thermoelectric cooling, or in recovering energy from wastewater systems). 
Making design decisions about how and when to integrate electricity and water systems at multiple spatial and 
temporal scales is a major challenge that involves a number of actors. Design of more integrated policies and 
decision-making frameworks that take both opportunities and tradeoffs into account could unlock additional 
value for electricity and water systems.

Land-Use and Ecological Impacts of the Electricity System
The land-use footprint of electricity infrastructures and associated operations has a range of direct impacts to 
ecosystems and to society more broadly. The magnitude of these impacts depends on how the infrastructure 
affects endangered species, involves sensitive ecological areas, impacts cultural or historic resources, gives 
rise to visual or aesthetic concerns, or opens new areas to development.345 While expanding transmission 
and distribution (T&D) infrastructure can pose environmental challenges, building new infrastructure can 
also help to enable significant net environmental benefits. This section discusses considerations that are 
common to the land-use and ecological impacts of electricity infrastructure, including descriptions of the 
land-use requirements and ecological impacts of different types of power plants and T&D infrastructure. This 
section only touches on a few of the most significant ecological impacts that occur upstream of generation, 
transmission, and distribution. A more detailed examination of these important impacts is beyond the scope of 
QER 1.2.

Land-Use Impacts
For all technology types, the siting of power plants involves the transformation of the existing landscape, the 
removal of soil and ground vegetation, and the potential for erosion and sedimentation loading to waterways 
during construction. However, other land-use requirements vary according to the generation infrastructures 
and their associated operational requirements. Life-cycle land-use impacts of fossil and nuclear plants, when 
accounting for extraction and waste disposal, are significant; however, the power plants themselves feature 
relatively small footprints. Conversely, renewable generation life-cycle land-use impacts are minor, with 
generation facilities having significantly larger footprints. 

There is limited literature comparing land-use impacts across generation technologies.346 One 2009 study, 
however, sought to normalize life-cycle land requirements for conventional and renewable generation options. 
This study concluded that among renewable technologies, the PV life cycle required the smallest amount 
of land, and biomass the largest.347 Ground-mounted PV systems in areas with high-quality solar resources 
had no greater requirements than coal-based fuel cycles, which require reclaiming mine lands and securing 
additional areas for waste disposal. A 2012 NREL report on renewables’ land use called for more consistent 
methodologies to determine the relative impact among generation technologies.348

The direct land use for a natural gas power plant is smaller than that required for a coal-fired plant because 
large structures are not required for fuel storage or emission-control equipment.349 The land-use footprint 
of a typical 555-MW NGCC power plant is estimated to use 20 acres, while a typical 360-MW gas turbine 
simple-cycle plant is estimated occupy roughly half as much land area. When the natural gas plants have 
equipment for carbon capture onsite, then the land-use requirements are estimated to increase by 10 percent.350 
Upstream, the direct land-use requirements—and potential ecological impacts—from natural gas production, 
transmission, and storage are more than an order of magnitude greater than the footprint of natural gas power 
plants.351

For example, shale gas development involves risks to water quality and quantity, as chemicals necessary for 
fracking might be leaked or spilled. Should leakage occur, “[t]he risks to local water resources will depend on 
the proximity to water bodies, the local geology, quantity and toxicity of the chemicals, and how quickly and 
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effectively cleanup operations occur.”352 Induced seismicity by wastewater disposal for natural gas produced 
through hydraulic fracturing is also a concern.353 

Upstream, coal mining is conducted both on the surface and underground, and often with significant impacts 
to the landscape and the ecosystem. Mountaintop mining and valley fills, for instance, can lead to large-
scale landscape changes, including the loss of forested areas and displacement and loss of species, as well as 
significant alterations of stream ecosystems.354 Similarly, the direct land use for a nuclear power plant is low, 
but environmental damage resulting from uranium mining—including acid mine drainage and the exposure of 
surrounding ecosystems to heavy metalsaz—is possible.ba

Although the upstream mining implications of renewable energy sources are less than those associated 
with many other generation sources, renewable energy systems also require a variety of materials, including 
commodities like iron/steel, polymer composites, aluminum, and rare earth minerals. Sourcing of these 
materials requires mining of raw materials, with associated risks related to toxicity of associated mine tailings 
and negative impacts on water used in resource extraction, separation, and processing.

DOE estimates that under a high wind-power deployment scenario by 2050, the total land area affected by 
wind-power installations would be less than 1.5 percent of the land area of the United States, with the majority 
(97 percent) of that land area remaining available for multiple purposes.355 A 2015 Massachusetts Institute of 
Technology report estimated that all projected U.S. electricity demand in 2050 could be met by PV, assuming 
storage allowing for all kWh of electricity generated to be used; it would require roughly 33,000 km2, or 
0.4 percent of U.S. land area.356 This is roughly equal to the area used by surface mining of coal and is less 
than the land area occupied by major roads. Fitting current existing U.S. rooftop area with PV could meet 
approximately 60 percent of the Nation’s projected 2050 electricity needs.357 Similarly, NREL estimated that 
the technical potential exists for rooftop PV to generate 1,432 TWh of electricity, or 39 percent of total annual 
electricity sales.358

Wildlife Impacts
Power generation can have adverse impacts on wildlife. There are a variety of mitigation strategies available 
to alleviate such impacts, and, as discussed below, mortalities attributed to power generation are significantly 
fewer than those than can be attributed to natural predators and collisions with buildings. 

Available data on wildlife impacts associated with coal-fired power plant operations are limited, although one 
study359 estimates that coal-fired power plants cause roughly the same or more avian mortalities per GWh 
generated than wind turbines. Factoring in projected climate change impacts, avian mortalities attributed 
to coal-fired electricity were estimated to be far greater than those attributed to other electric generation 
technologies.360

Nuclear power generation poses a risk to avian populations, which can be exposed to toxic waste ponds 
at uranium mining and milling facilities and collide with nuclear cooling towers.361 Utility-scale solar 
energy development can affect birds and avian communities directly through fatality or indirectly through 
degradation, loss, or fragmentation of habitat. In general, direct fatalities are related to collisions or solar 

az Uranium mining in the United States is regulated by the Atomic Energy Act of 1954, as amended (42 U.S.C. §§ 2011–2021, 
2022–2286i, 2296a–2297h-13). These regulatory actions protect the health and safety of the public and the environment during the 
active life of a uranium recovery operation and after the facility has been decommissioned. Licensing may require licensees to take 
preventative measures prior to starting operations, including well tests, monitoring, and development of procedures that include 
excursion response measures and reporting requirements. NRC issued a “Generic Environmental Impact Statement for in situ Leach 
Uranium Mining Facilities" (NUREG 1910) in May 2009: http://www.nrc.gov/materials/uranium-recovery/geis.html.

ba  The amount of uranium mining in the United States is currently very low.

http://www.nrc.gov/materials/uranium-recovery/geis.html
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flux.bb, 362 Collisions may occur with all types of solar energy technologies, but solar flux effects on birds have 
been observed only at facilities with towers equipped to concentrate solar power. A recent study estimated 
that approximately 6,000 birds died across the 5 square miles of California’s Ivanpah solar thermal facility last 
year;363 none were endangered. For comparison, domestic cats kill 1.4 to 3.7 billion birds per year, and between 
365 million to 988 million birds are estimated to die annually in the United States from building collisions.364 
The impacts on avian and bat populations are the principal ecological concerns associated with wind 
development for land-based wind projects. Effects on marine life are the principal concern for offshore wind.

DOE and the Bureau of Land Management (BLM) have jointly developed guidance to minimize 
environmental impacts—including impacts to wildlife—during the siting, construction, and operation of 
utility-scale solar facilities on public lands. BLM identified specific locations well suited for utility-scale 
production of solar energy that minimize wildlife impacts. Similarly, the DOE guidance integrates wildlife and 
environmental considerations into its analysis and selection of projects that it will financially support.365

Investments to develop cost-effective technologies that can reduce wildlife impacts are offering new avian 
deterrence technologies (e.g., tower coatings and ultrasonic transmitters) and mitigation techniques that will 
help minimize environmental impacts to sensitive wildlife in the future.366

The DOE “Wind Vision” report367 finds that annual bird mortalities due to wind turbines (0.2 million birds/
year) are much lower than those associated with other engineered structures and far lower than those killed 
by domestic cats. Most studies estimate the bat fatality rates due to wind turbines to be less than 10 bats/MW/
study period.368 With the increase in wind-power generation, the wind industry and regulatory agencies have 
worked to minimize the impacts of wind projects on migratory birds and other species of concern and their 
habitats.bc

Hydroelectric power can also significantly impact aquatic ecosystems, with fish and other organisms injured 
and killed by turbine passage. Mechanisms of mortality and injury are varied (e.g., strike, barotrauma,bd shear, 
turbulence). Reservoir water is usually more stagnant than normal river water, which can lead to algae blooms 
and other aquatic weeds crowding out native aquatic life. DOE has sponsored research to mitigate wildlife 
impacts of conventional hydropower (e.g., R&D of turbine designs that minimize fish deaths for fish that pass 

bb There is not a thorough understanding of potential impacts of solar facilities on avian species or the effectiveness of mitigation measures 
at this time. Consistency and standardization in avian monitoring and reporting protocols could be improved, and additional systematic 
data on avian fatalities are needed to decrease uncertainty about potential impacts. The preeminent report on this topic, published in 
2015, calls for creating a solar-avian science plan to improve the scientific value of avian mortality data, inform decisions about project 
siting and design, and develop an avian risk assessment tool to improve understanding of impacts and inform project-specific mitigation 
decisions. Leroy J. Walston, Jr., Katherine E. Rollins, Karen P. Smith, Kirk E. LaGory, Karin Sinclair, Craig Turchi, Tim Wendelin, and 
Heidi Souder, A Review of Avian Monitoring and Mitigation Information at Existing Utility-Scale Solar Facilities (Argonne, IL: Argonne 
National Laboratory, April 2015), ANL/EVS-15/2, http://www.evs.anl.gov/downloads/ANL-EVS_15-2.pdf.

bc The Fish and Wildlife Service is one of the agencies responsible for this activity, and, in consultation with industry, it has acted to suggest 
design modifications for towers and to establish voluntary guidelines and guidance to protect bald and golden eagles, as well as the 
Indiana bat. See Fish and Wildlife Service, Indiana Bat: Section 7 and Section 10 Guidance for Wind Energy Projects (Fish and Wildlife 
Service, October 2011), http://www.fws.gov/midwest/endangered/mammals/inba/WindEnergyGuidance.html. DOE recently issued two 
funding opportunity announcements to develop mitigation technologies for eagles and bats. In December 2016, the Fish and Wildlife 
Service finalized a rule that revised its permitting processes and monitoring requirements to improve the protection of eagle populations. 
Changes to the rule “include revisions to permit issuance criteria, compensatory mitigation standards, criteria for eagle nest removal 
permits, permit application requirements, and fees.” Laury Parramore, “Service Announces Final Rule to Further Conserve, Protect 
Eagles through Revised Permitting, Monitoring Requirements,” Fish and Wildlife Service, December 14, 2016, https://www.fws.gov/
news/ShowNews.cfm?ref=service-announces-final-rule-to-further-conserve-protect-eagles-through-&_ID=35912. 

bd As a fish passes through a dam, it can experience barotrauma—significant changes in pressure that can result in internal injuries 
or death. Richard S. Brown, Alison H. Colotelo, Brett D. Pflugrath, Craig A. Boys, Lee J. Baumgartner, Z. Daniel Deng, Luiz G. M. 
Silva, et al., “Understanding Barotrauma in Fish Passing Hydro Structures: A Global Strategy for Sustainable Development of Water 
Resources,” Fisheries 39, no. 3 (2014): 108–22, doi:10.1080/03632415.2014.883570. 

http://www.evs.anl.gov/downloads/ANL-EVS_15-2.pdf
http://www.fws.gov/midwest/endangered/mammals/inba/WindEnergyGuidance.html
https://www.fws.gov/news/ShowNews.cfm?ref=service-announces-final-rule-to-further-conserve-protect-eagles-through-&_ID=35912
https://www.fws.gov/news/ShowNews.cfm?ref=service-announces-final-rule-to-further-conserve-protect-eagles-through-&_ID=35912
http://dx.doi.org/10.1080/03632415.2014.883570
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through the turbine).369 Many species of fish, such as salmon, swim from the sea upstream to spawn, and dams 
can block their way. Approaches like the construction of fish ladders and elevators help fish to move around 
dams to upstream spawning grounds. To address these challenges, the Federal Government is investing in 
tools and methods to develop, demonstrate, and validate environmentally and fish-friendly technologies, such 
as turbines that better allow for the downstream passage of fish and aerating turbines that will enable operators 
to better meet environmental standards while increasing electricity generation. Computational tools that 
estimate fish passage risk are also helping ensure that biological impact is considered during turbine design.370

Waste Impacts
Coal and nuclear power plants produce the largest amount of solid waste during generation. Coal combustion 
residuals (CCRs) are the second most abundant waste material in the United States after household waste.371 
CCRs are generally disposed onsite at the power plant, while some are used for beneficial purposes.372 In 
2014, U.S. plants produced 130 million tons of coal ash,373 which is a byproduct of conventional coal-fired 
generation. Naturally occurring radioactive constituents, such as uranium, are also found in coal ash.374, 375 
Onsite coal ash impoundment ponds can breach, impacting surrounding ecosystems and watersheds—an issue 
that EPA continues to address through its rulemaking process. 

Nuclear waste is stored at the reactor site where it is generated. In contrast, natural gas and oil generation 
produce limited amounts of chemical and air pollution control waste, and renewable technologies produce 
almost no waste during generation. Additional information on waste as it relates to decommissioning can be 
found later in this chapter.

Other Ecological Impacts
Additional ecological considerations for wind include impacts from associated infrastructure (e.g., roads, 
transmission lines, substations). Noise, visual impacts (from blinking lights and from wind turbines 
themselves), and property values are all concerns raised by communities with wind development. For onshore 
wind, a Lawrence Berkeley National Laboratory study found that there was no impact by wind turbines on 
residential property value.376 

Ecosystem impacts from hydroelectric power plants depend on a river’s size and flow rate; climate and habitat 
conditions; the type, size, design, and operation of the plant; and whether the plant is located upstream or 
downstream of other projects on the same river.377 Most water-quality concerns have to do with how reservoirs 
affect oxygen levels downstream (since significant aeration occurs in process).

There are also ecological impacts associated with geothermal generation. When large amounts of geothermal 
fluids are withdrawn and injected below the earth’s surface, induced seismicity becomes a concern. If induced 
seismicity occurs, it is typically less than magnitude 2.5 on the Richter scale (earthquakes usually are not felt 
below 3.5).378

To address concerns about induced seismicity related to enhanced geothermal systems, DOE commissioned 
experts to author the Induced Seismicity Protocol, a living guidance document for geothermal developers, 
public officials, regulators, and the general public that details useful steps to evaluate and manage the effects of 
induced seismicity related to geothermal projects.379

Land-Use and Ecological Impacts of Electricity T&D
While the environmental impacts of T&D tend to be smaller than generation impacts, they are not 
negligible.380As T&D assets are not large point sources of pollution and are geographically expansive, their 
impacts also may not be well characterized.381 T&D systems have an array of direct and indirect environmental 
impacts, which can be divided between the impacts associated with construction and those related to 
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operation of the electric grid. The ecological impacts of transmission lines can be weighed against transmission 
lines’ benefits. For example, transmission lines connect remotely located, lower-emitting generation sources 
to load centers, and clearings for transmission lines create firebreaks, reducing the impacts of wild fires and 
improving emergency access.

New power lines, access roads, and associated equipment placed in undeveloped areas can create substantial 
environmental impacts, including the disturbance of forests, wetlands, and other natural areas. Adjusting 
proposed routes of overhead power lines can reduce environmental impacts.382 Choosing a different type of 
pole structure or modifying construction methods can reduce environmental impacts. Right-of-way issues can 
be minimized by using corridor-sharing routes during the design phase. 

Putting power lines underground can limit the visual impact of overhead lines. Burying low-voltage 
distribution lines is common in residential areas. Burying transmission lines, however, is uncommon because 
it is 2–10 times more expensive than building an overhead line.383 T&D infrastructure requirements for DG 
systems have smaller footprints. DG units are closer to end users, reducing the need for new or expanded 
transmission. DG systems can require expanded transformer and substation capacities (the average cost of 
updating a substation is $40/kilovolt-ampere).

Avian mortalities from collisions with transmission lines and related infrastructures are an environmental 
cost of the T&D system. In addition to reducing bird populations, collisions and electrocutions can produce 
outages. Bird collisions vary by habitat type, species size, and scavenging rates, and they appear to be higher 
during migration. Adverse effects on certain birds (e.g., electrocution of eagles) may result in penalties.384 
One inventory of bird mortality from transmission lines across Canada, about half the size of the U.S. system, 
reported 2.5 to 25.6 million bird deaths annually.385 In the United States, research conducted by the Fish and 
Wildlife Service found that power lines alone might kill up to 175 million birds annually.386 Proactive planning 
can help reduce these impacts on avian and other wildlife populations.

Mitigation of Environmental Impacts
There are several existing environmental laws designed to help mitigate the environmental impacts and 
concerns outlined above. Applicable Federal laws include the CAA,387 the Clean Water Act388 and the 
Endangered Species Act.389 Any Federal action involving new infrastructure requires the responsible 
Federal official to consider the potential environmental impacts of the proposed action and any reasonable 
alternatives.390 This requirement is specified in the National Environmental Policy Act (NEPA) of 1969 and the 
Council on Environmental Quality Regulations for Implementing the Procedural Provisions of NEPA.391 The 
complexity associated with obtaining the environmental permits necessary to build new infrastructure will 
differ depending on the implications of the proposed facility’s proximity to sensitive air, water, wildlife, and 
cultural resources.

QER 1.1 found that while expanding T&D infrastructure can pose environmental challenges, building new 
infrastructure can also lead to significant net environmental benefits. For this reason, agencies across the 
Federal Government are engaged in several initiatives to modernize the Federal role in electric transmission 
permitting and project review.392 In their analyses, permitting agencies typicallybe consider mitigation 
requirements that may be imposed as conditions to address unavoidable environmental harms. Decades of 
experience with siting energy T&D infrastructure have produced various methods for offsetting impacts to 
affected communities and ecosystems, including avoidance, minimization, and compensation. These methods 
are summarized in QER 1.1 and are reproduced in the box on the following page.

be Agencies must consider mitigation when completing an environmental impact statement, and mitigation is often considered when 
completing an environmental assessment.
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Mitigating Environmental Impactsbf

• Mitigation is an important mechanism for agencies to use to avoid, minimize, rectify, reduce, or compensate the 
adverse environmental impacts associated with their activities.bg, bh Federal agencies typically rely upon mitigation 
to reduce environmental impacts through modification of proposed actions and consideration and development of 
mitigation alternatives during the National Environmental Policy Act process.bi

• Mitigation is important to Federal agencies managing public lands, which impose a responsibility to sustain an 
array of resources, values, and functions. For example, public lands contain important wildlife habitat and vegetative 
communities—in addition to recreational opportunities and ecosystem services, cultural resources, and special 
status species. These lands are managed for the use and enjoyment of present and future generations. The location, 
construction, and maintenance of energy infrastructure should avoid, minimize, and, in some cases, compensate for 
impacts to these public resources, values, and functions. Mitigation is of critical importance to agencies responsible 
for protecting the Nation’s waters.bj Applying this mitigation hierarchy early in transmission and distribution 
infrastructure planning provides better outcomes for the impacted resources, values, and functions.bk

• Resource-specific mitigation measures can be applied to avoid or minimize impacts from a pipeline or an electric 
transmission project. In order to identify and implement appropriate mitigation measures, first the potential impacts 
of a project on a specific resource must be assessed. Then, project-specific and site-specific factors must be evaluated 
to determine whether the impact can be avoided or mitigated, what action can be taken, how effective the 
mitigation measure will be, and the cost effectiveness of the measure.

bf Department of Energy (DOE), Office of Energy Policy and Systems Analysis (EPSA), Quadrennial Energy Review First Installment: Energy 
Transmission, Storage, and Distribution Infrastructure (Washington, DC: DOE-EPSA, 2015), 7-6, http://www.energy.gov/epsa/quadrennial-
energy-review-first-installment.

bg 40 C.F.R. § 1508.20 (1978).
bh “Section 404 of the Clean Water Act: Policy and Guidance,” Environmental Protection Agency, accessed March 9, 2015, http://water.epa.

gov/lawsregs/guidance/wetlands/ wetlandsmitigation_index.cfm.
bi The Council on Environmental Quality’s NEPA regulations require agencies to identify in their Record of Decision any mitigation measures 

that are necessary to minimize environmental harm from the alternative selected (40 C.F.R. § 1505.2(c)). The NEPA analysis can also 
consider mitigation as an integral element in the design of the proposed action. The regulations further state that a monitoring and 
enforcement program shall be adopted where applicable for any mitigation (40 C.F.R. § 1505.2(c)).

bj Compensatory Mitigation for Losses of Aquatic Resources, 73 Fed. Reg. 19594 (April 10, 2008) (40 C.F.R. § 230), https://www.gpo.gov/
fdsys/pkg/FR-2008-04-10/pdf/E8-6918.pdf.

bk Department of the Interior, Bureau of Land Management, “Instruction Memorandum No. 2013-142 – Interim Policy, Draft – Regional 
Mitigation Manual Section – 1794,” June 13, 2013, https://www.blm.gov/wo/st/en/info/regulations/Instruction_Memos_and_Bulletins/
national_instruction/2013/IM_2013-142.html; Joel P. Clement, Alletta d’A. Belin, Michael J. Bean, Ted A. Boling, and James R. Lyons, A 
Strategy for Improving the Mitigation Policies and Practices of the Department of the Interior (Department of the Interior, Energy and 
Climate Change Task Force, April 2014), www.doi.gov/news/upload/Mitigation-Report-to-the-Secretary_FINAL_04_08_14.pdf; “The BLM’s 
Landscape Approach for Managing Public Lands,” Department of the Interior, Bureau of Land Management, last modified February 11, 
2016, http://www.blm.gov/wo/st/en/prog/more/Landscape_Approach.html; NiSource, Inc., Record of Decision, Habitat Conservation Plan, 
Environmental Impact Statement, and Permit Issuance, 78 Fed. Reg. 68465 (November 14, 2013), http://www.gpo.gov/fdsys/pkg/FR-2013-
11-14/pdf/2013-27230.pdf.

http://www.energy.gov/epsa/quadrennial-energy-review-first-installment
http://www.energy.gov/epsa/quadrennial-energy-review-first-installment
http://water.epa.gov/lawsregs/guidance/wetlands/ wetlandsmitigation_index.cfm
http://water.epa.gov/lawsregs/guidance/wetlands/ wetlandsmitigation_index.cfm
https://www.gpo.gov/fdsys/pkg/FR-2008-04-10/pdf/E8-6918.pdf
https://www.gpo.gov/fdsys/pkg/FR-2008-04-10/pdf/E8-6918.pdf
https://www.blm.gov/wo/st/en/info/regulations/Instruction_Memos_and_Bulletins/national_instruction/2013/IM_2013-142.html
https://www.blm.gov/wo/st/en/info/regulations/Instruction_Memos_and_Bulletins/national_instruction/2013/IM_2013-142.html
http://www.doi.gov/news/upload/Mitigation-Report-to-the-Secretary_FINAL_04_08_14.pdf
http://www.blm.gov/wo/st/en/prog/more/Landscape_Approach.html
http://www.gpo.gov/fdsys/pkg/FR-2013-11-14/pdf/2013-27230.pdf
http://www.gpo.gov/fdsys/pkg/FR-2013-11-14/pdf/2013-27230.pdf
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jurisdictions and with a wide range of stakeholders, is uniquely challenging. Federalism and the interplay 
of state and Federal law create overlapping jurisdictional lines. State, local, and tribal governments, assisted 
by Federal agencies, need to build capacity to minimize safety and security consequences, as well as protect 
the environment, while limiting permitting-related delays.393, 394 Local governments may adopt zoning 
requirements that differ from state regulations or even the regulations of neighboring communities.395 
Tribal governments become participants in permitting decisions if a project may disrupt cultural or historic 
properties or resources.396 

For any project that involves a Federal action (e.g., if a proposed project would be sited on Federal land 
or partially financed with Federal funds), the responsible Federal agency is required by NEPA to evaluate 
potential social and environmental impacts of the proposed action and consider reasonable alternatives.397 
Since multiple Federal agencies can be involved with permitting T&D infrastructure, the Obama 
Administration has taken steps to modernize Federal permitting and review processes.398 Active coordination 
between Federal, state, and local governments enables well-informed decision making, striking a fair balance 
between a broad range of public and private interests.

Federal and State Initiatives to Modernize Permitting and Review Processes
The Federal Government is undertaking several actions to reduce the aggregate permitting and review time for 
infrastructure projects, while improving environmental and community outcomes. This includes a number of 
Federal and regional initiatives (outlined in Table 3-6) that are designed to support better decision making in 
the following ways:
• Facilitate better coordination between permitting authorities at all levels of government
• Develop and publish relevant information, data, and tools
• Support infrastructure planning and establish rights-of-way for energy projects
• Conduct technology R&D.

Table 3-6. Federal and Subnational Initiatives to Modernize Electric Infrastructure Permitting and Review Processes399

Initiative Title Description (Scope and Specific Focus Areas)

Facilitate Better Coordination between Permitting Authorities, Increase Transparency

Establishing an Implementation Plan to Modernize Permit-
ting

National; Federal plan includes four strategies, 15 reforms, and 
nearly 100 near-term and long-term milestones, established by 
Presidential Memorandum

Improving Performance of Federal Permitting and Review 
of Infrastructure Projects

National; Executive Order 13604 to improve the efficiency and 
transparency of permitting and review processes for infrastructure 
projects while producing measurably better outcomes for 
communities and the environment

Transforming the Nation's Electric Grid through Improved 
Siting, Permitting, and Review

National; developing an integrated interagency pre-application 
process for significant onshore electric transmission projects 
requiring Federal approval, identifying and designating energy 
corridor

Creating a Permitting Dashboard
National; online database to track the status of Federal 
environmental reviews and authorizations for projects covered 
under Title 41 of the FAST Act 

Establishing an Interagency Rapid Response Team for 
Transmission

National; improve Federal interagency coordination, tribal 
consultation, and conflict resolution for challenging transmission 
projects
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Initiative Title Description (Scope and Specific Focus Areas)

The Western Governors Association Regulatory and  
Permitting Information Desktop Toolkit

Western United States; includes wiki platform for stakeholder and 
agency collaboration

Integrated Interagency Pre-Application Process National; DOE final rulemaking to improve project planning process 

Fixing America’s Surface Transportation Act (FAST Act)
National; Title 41 establishes the Federal Infrastructure Permitting 
Improvement Steering Council to inventory major infrastructure 
projects that are subject to NEPA and to improve the review process 

Publish Information, Data, and Tools

EPA’s NEPAssist National; web-based mapping tool

Fish and Wildlife Service’s Information, Planning, and 
Conservation Tool

National; helps identify endangered and threatened species before 
beginning project design

Army Corps’ Federal Support Toolbox National; “one-stop shop” online water resources data portal

Eastern Interconnection States Planning Council’s Energy 
Zones Mapping Tool

Eastern United States; includes 273 geographic information system 
data layers and links to key resources

Western Electricity Coordinating Council Environmental 
Data Viewer

Western United States; interactive transmission planning tool

Support Infrastructure Planning

Undertaking landscape- and watershed-level mitigation 
and conservation planning

National; environmental mitigation and resource protection at the 
landscape and watershed levels

Speeding Infrastructure Development through more 
Efficient and Effective Permitting and Environmental 
Review 

National; Presidential Memorandum calling for expedited review 
of priority projects and improved accountability, transparency, and 
efficiency

Memorandum of Understanding regarding transmission 
siting on Federal lands

National; aims at reducing approval time and reducing barriers to 
siting new transmission lines

Designating Corridors for Pipelines, Electric Transmission 
Lines, and Related Infrastructure on Federal lands

National; Energy Policy Act of 2005 Section 368 establishes rights-
of-way designated on western Federal lands and considered for all 
other states. 

Desert Renewable Energy Conservation Plan
California; Federal and state collaboration on landscape-level plan 
streamlining renewable development while conserving unique and 
valuable desert ecosystems

Technology research and development

Grid Modernization Initiative, DOE National; enhances security capabilities and stakeholder support

A number of Federal and regional initiatives are designed to improve the electric infrastructure permitting and review process. Improved coordination 
not only reduces permitting and review time, but also improves environmental and community outcomes. These initiatives include the facilitation of 
coordination between authorities as well as increased transparency, new tools to disseminate information effectively, the support of infrastructure 
planning, and technology R&D.
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Addressing Impacts of Increased Deployment and New Clean Energy 
Technologies
Increased deployment of existing clean energy technologies and the development of new clean energy 
technologies will require refinement of existing mitigation policies, which were developed before these 
technologies became available, as well as new approaches to mitigation. Including analyses of land-use and 
ecological impacts in the R&D process for new technologies could avoid most impacts and decrease the need 
for mitigation. 

Improving environmental outcomes from infrastructure siting requires the joint efforts of agencies at all levels 
of government and the private sector.

Recent Transmission Line Approvals

• Plains & Eastern Clean Line Project:bl In March 2016, Secretary Moniz announced that the Department of Energy 
(DOE) would participate in the development of the Plains & Eastern Clean Line (Clean Line) project, a major clean 
energy infrastructure project. The Clean Line project taps abundant, low-cost wind generation resources in the 
Oklahoma and Texas panhandle regions to deliver up to 4,000 megawatts (MW) of wind power via a 705-mile 
direct current (DC) transmission line—enough energy to power more than 1.5 million homes in the mid-South and 
Southeast United States. 
  
The Clean Line project will include a 500-MW converter station in Arkansas that will allow the state to access 
the low-cost renewable energy supplied from the project. Currently, Arkansas has no utility-scale wind generation 
facilities and none under construction. Furthermore, as a condition of its participation, DOE requires that Clean Line 
make payments to localities for any otherwise-taxable land and assets that are owned by the Federal Government.

• Great Northern Transmission Line:bm In November 2016, DOE announced the issuance of a Record of Decision and 
Presidential Permit for the Great Northern Transmission Line. The 224-mile, overhead alternating current transmission 
line will bring up to 883 MW of hydropower from Manitoba Power in Canada to Grand Rapids, Minnesota, and 
will deliver wind power generated in North Dakota to Manitoba Power in Canada. The project has the potential to 
provide enough reliable, affordable, and carbon-free electricity to serve approximately 600,000 residential customers 
in the Upper Midwest. 

• New England Clean Power Link:bn In December 2016, DOE announced the issuance of a Record of Decision and 
Presidential Permit for the New England Clean Power Link Transmission Line. The 154-mile underground and 
underwater DC transmission line will bring up to 1,000 MW of hydropower from Quebec, Canada, to southern 
Vermont. The project has the potential to provide enough reliable, affordable, and carbon-free electricity to serve 
approximately 1 million residential customers in New England.

bl  “Plains & Eastern EIS,” Department of Energy, accessed December 19, 2016, http://www.plainsandeasterneis.com/.
bm “Great Northern Transmission Line EIS,” Department of Energy, accessed December 19, 2016, http://www.greatnortherneis.org/.
bn  “New England Clean Power Line Project,” Department of Energy, accessed December 19, 2016, http://necplinkeis.com/.

http://www.plainsandeasterneis.com/
http://www.greatnortherneis.org/
http://necplinkeis.com/
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Data and Analytical Needs for a Clean Electricity System 
In general, it is important to have authoritative, unbiased data in order to make informed Federal policy 
decisions, but these data are also important to empower other public- and private-sector entities at all levels 
to identify cost savings, provide better services, effectively plan for the future, make research and scientific 
discoveries, etc. DOE has done well to provide relevant electricity data for many years, most notably via the 
Energy Information Administration. However, attempts to address a host of emerging issues and pursue key 
policy objectives in the electricity sector have uncovered data issues that are inhibiting such efforts by actors at 
all levels of government.

Ecological and other environmental impacts, specifically, can be reduced by improving availability, quality, 
harmonization, standardization, and accessibility of relevant data to inform decision making. Some data 
sets exist already, including Tethys,400 a growing compendium of information and data exchanges on the 
environmental effects of wind and marine renewable energy technologies,401 and the Wind-Wildlife Impacts 
Literature Database, a searchable document collection focusing on the impacts to wildlife from a variety of 
technologies.402 However, relevant data, if available, can be plagued with quality issues, and there are often 
spatial and temporal disparities between related data sets that make analysis difficult.

There is a need for additional data and analytical tools on updated life-cycle analysis using consistent 
methodologies, as well as studies that attempt to monetize external costs403 associated with land-use 
requirements and ecological impacts. More research and increased availability of data would improve the 
transparency of environmental impacts to developers, regulators, and the public, and help inform more 
effective strategies for mitigating ecological impacts of electricity infrastructure and operations.

Including analysis of land and ecosystems in the R&D process could decrease the need for mitigation. New 
technologies with no adverse effects on ecosystems would unlock further areas where that technology could 
be deployed. As the United States and other countries accelerate clean energy innovation through Mission 
Innovation, including land-use and ecosystem impacts in Mission Innovation could provide a more holistic 
assessment of the environmental and ecological effects of new clean energy technologies.

Multiple Uses for Rights-of-Way: Repowering and Repurposing Degraded Lands or Brownfields 
Electricity infrastructure can be sited at less environmentally sensitive locations, such as Superfund sites, 
brownfields, landfills, abandoned mining land, or existing transportation and transmission corridors. 
Through its cataloging of Federal and state tracked contaminated lands, landfills, and mine sites, EPA has 
identified thousands of potential sites that could potentially ameliorate incremental environmental impacts.404 
Comprehensive land-use planning exercises have also identified areas appropriate for development, such 
as the California Desert Renewable Energy Conservation Plan and the DOE-BLM Solar Programmatic 
Environmental Impact Statement (PEIS). States and Federal agencies could assess the amount of land suitable 
for multiple simultaneous uses, including the installment of clean energy technologies. Zoning laws could 
allow multiple land uses as a factor in permitting decisions for clean energy technologies.

Programmatic Environmental Planning and Landscape-Scale Impact Assessments
The trend has been to consider mitigation through PEIS and landscape-scale impact assessment, replacing 
a more project-orientated focus. A November 2013 Presidential Memorandum outlined further mitigation 
principles for Federal agencies, including requiring agencies to set a “no net loss” or “net benefit” goal. 
Subsequent Department of the Interior guidance on landscape-scale mitigation supported examining project 
impacts by considering the range of the resource in the context of the larger landscape where the project 
would be built. Landscape-scale strategies consider impacts across ecosystems and administrative boundaries, 
and give a more comprehensive picture than studies focused narrowly on impacts on a project-by-project 
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basis. This approach is being applied to a variety of major infrastructure development projects, including 
transmission and other electricity projects. The Fish and Wildlife Service uses landscape-scale analysis to 
protect the golden eagle, among other species, defining its “no net loss” policy to require every golden eagle 
killed at a wind plant to be offset by reducing eagle mortality from another source or by increasing eagle 
productivity.405 

BLM also conducts PEIS for geothermal explorations or solar energy development in six southwestern states. 
PEIS evaluate environmental impacts of a variety of individual projects over a long time frame and a large 
geographic area.406 Land-use and ecological impacts of energy technologies should be assessed on a larger 
scale, and the necessary cooperation across jurisdictions should be expanded, especially as impacts on wildlife 
could be felt far away from the original site of the deployed technology. 

Electricity and Environmental Justice 
Populations of concern—including low-income communities and some minority and tribal communities—
are more vulnerable to the air- and water-quality impacts of the electricity system. These communities are 
also disproportionately vulnerable and less resilient to the impacts of climate change. These communities may 
have greater exposures due to their proximity to sources of pollution; may be inherently more sensitive to 
environmental impacts of pollution due to higher baseline risks, such as poor overall health; and typically have 
lower capacity to adapt to the impacts of pollution and extreme weather.407 For example, a greater percentage of 
minorities and people living below the poverty level live within a 3-mile radius of coal- and oil-fired power plants, 
compared to the U.S. population overall.408 Additionally, existing health disparities and other inequities in these 
communities increase their vulnerability to the health effects of degraded air quality and climate change.409

Populations with the greatest sensitivity to the impacts of air pollution from power generation include 
children, the elderly, African Americans, and women.410 Several factors make children more sensitive to air-
quality impacts, including lung development that continues through adolescence, the size of children’s airways, 
their level of physical activity, and body weight. Ground-level ozone and PM are associated with increased 
asthma episodes and other adverse respiratory effects in children.411 Minority adults and children bear a 
disproportionate burden associated with asthma, as measured by emergency hospital visits, lost work and 
school days, and overall poorer health status.412

Environmental justice concerns have been addressed in recent regulatory actions affecting power plant 
emissions, wastewater discharges, and onsite solid waste impoundment.413, 414, 415 In many cases, these 
rulemakings have provided the opportunity to reduce existing disparities in health impacts. For example, the 
Mercury and Air Toxics Standards require power plants to limit their emissions of toxic air pollutants like 
mercury, arsenic, and metals, which disproportionately impact certain communities. In addition, Executive 
Order 12898 requires Federal agencies to consider environmental justice in regulatory, permitting, and 
enforcement activities. Also, in developing the CPP, EPA took steps to ensure that vulnerable communities 
were not disproportionately impacted by the rule and that the rule’s benefits, including climate benefits and 
air-quality improvements, were distributed fairly.

The Federal Interagency Working Group on Environmental Justice’s “Promising Practices for EJ Methodologies 
in NEPA Reviews”416 contains successful ideas across nine areas, from which all Federal agencies can draw to 
develop their approaches to address environmental justice in the NEPA process:
• Meaningful engagement
• Scoping process
• Defining the affected environment
• Developing and selecting alternatives
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• Identifying minority populations
• Identifying low-income populations
• Impacts analysis
• Disproportionately high and adverse impacts
• Mitigation and monitoring.

Decommissioning of Generation Assets
Infrastructure expansion can improve environmental performance by replacing higher-polluting with lower-
polluting technologies.417 Because of their unique environmental concerns, nuclear power plants have strict, 
mandatory guidelines, payment processes, and monitoring for decommissioning activities, while in general, 
other generation assets do not. There are multiple ways to improve and expedite end-of-life-cycle processes 
while also improving environmental and societal outcomes.

Currently, the changing electricity sector is causing the closure of many coal and nuclear plants in a shift 
from recent trends. From 2000 through 2009, power plant retirements were dominated by natural gas steam 
turbines. Over the past 6 years (2010–2015), power plant retirements were dominated by coal plants (37 
GW), which accounted for over 52 percent of recently retired power plant capacity.418 Over the next 5 years 
(between 2016 and 2020), 34.4 GW of summer capacity is planned to be retired, and 79 percent of this 
planned retirement capacity are coal and natural gas plants (49 percent and 30 percent, respectively). The next 
largest set of planned retirements are nuclear plants (15 percent).bo, 419 A much smaller percentage of planned 
retirements are diesel combustion and oil steam turbines. These are less prominent in planned retirements, 
in part because they now represent a much smaller percentage of the Nation’s electricity capacity than has 
historically been the case.

During decommissioning, all plants have waste streams that need to be managed. Coal and nuclear power 
plants produce the largest amount of solid waste during generation. For coal plants, the most expensive part of 
decommissioning in many cases will be environmental remediation of the CCR disposal sites.420 Nuclear waste 
is stored at the reactor site where it is generated. The lack of a centralized permanent waste disposal facility 
for nuclear waste means that spent fuel storage facilities require continued management after a plant has been 
decommissioned. Decommissioning needs will continue to evolve as new generators, especially non-hydro 
renewables, reach the end of their operating lives in the next 20–30 years. These plants have some unique waste 
streams, including large volumes of glass and aluminum, large fiberglass blades, and in some cases, rare earth 
metals; however, there is a high potential for recycling some of these materials, and wind plants often have the 
opportunity for repowering by upgrading the turbine.

Coal
Increases in coal retirements imply a greater need for decommissioning these plants. The coal ash byproduct 
of conventional coal-fired power plants is the largest quantity of solid waste produced from the generation of 
electricity.421 The composition and quantity of this solid waste depends on the type of coal burned, the power 
conversion technology used, and the addition of environmental controls. Decommissioning needs include (1) 
data on waste and decommissioning costs; (2) development of coal plant decommissioning procedures; and (3) 
identification of barriers to waste recycling and options for overcoming these barriers.

bo These totals are based on announced retirements as of October 2016. Pending state action may prevent six nuclear reactors from 
retiring, and another reactor has since announced it will retire during this time frame. 
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Nuclear Power
NRC operating licenses for approximately 60 percent of the existing nuclear-power generating units in the 
United States will expire by 2040. Without further license extensions, these expirations could result in retirements 
and decommissioning wastes in the coming decades.422 Nuclear plant owners must provide NRC with detailed 
decommissioning plans and periodic updates on the status of their decommissioning fund for the nuclear 
reactors they own.423 Three of the paramount considerations when developing a decommissioning plan are the 
radiological contamination, condition, and configuration of the plant. Two decommissioning methods have been 
used in the United States: Safe Enclosure (“SAFSTOR”) and Immediate Dismantling (“DECON”).424 In DECON, 
the plant is immediately dismantled, and the site is prepped for reuse by removing nuclear waste in casks for 
storage. In SAFSTOR decommissioning, plant dismantling is deferred for about 50 years. There is currently no 
centralized permanent disposal facility for commercial used nuclear fuel in the United States, so this radioactive 
material is stored at reactor sites in 35 states awaiting construction of a permanent handling facility.425

Oil and Gas
Unlike coal plants and nuclear reactors, gas- and oil-fired plants do not generate combustion ash or nuclear 
waste. The unique solid waste concerns for gas- and oil-fired plants are the byproducts from emission controls. 
However, the solid waste from electricity generation is small because of the low adoption rate of these emission 
controls for gas- and oil-fired plants. These solid wastes are similar to the waste generated by environmental 
controls placed on the stacks of coal plants, especially for most post-combustion removal technology.

There are three methods for decommissioning an oil or gas plant, considering the conditions of the plants and 
the total budget: cold closure, selective demolition, or total demolition.426 The decommissioning of gas and oil 
power plants creates construction and demolition waste, general refuse, and chemical waste.427

Chemical waste that is particular to oil and gas plants includes naturally occurring radioactive materials 
(NORM). During the oil and gas combustion process, because NORM are not volatile, burning away the 
carbon leads to higher levels of radioactive waste in scale, sludge, and scrapings of the generator, tanks, and 
pipelines.428 Radioactive material can also form a thin film on the interior surfaces of gas processing equipment 
and vessels. Currently, no Federal regulations exist that specifically address the handling and disposal of 
NORM wastes. However, several oil-producing states (Texas, Louisiana, New Mexico, North Dakota, and 
Mississippi) have enacted specific NORM regulations.429 

Hydropower
There are two options for decommissioning a hydropower plant. A partial retirement involves retirement of 
only the hydroelectric facilities and retains portions of the dam and other structures. Some rehabilitation of the 
structure for safety or maintenance may be required and can include reduction in height or breach of the dam. 
In this case, the dam is either reduced or eliminated, while some of the ancillary facilities may remain intact. 
A full retirement includes the removal of the project and all appurtenant structures, including rehabilitation 
or restoration of the affected project area. Decommissioning (whether partial or full) generally requires 
completion of an environmental impact statement, and every dam removal process will have site-specific 
engineering, environmental, and community issues.

Wind
To date, there have not been many wind decommissioning projects. As a result, details of decommissioning 
wind projects are very limited. In some states, developers are required to have decommissioning process and 
cost estimates ready with the decommissioning plan. In general, the decommissioning process of a wind 
plant consists of removing the turbine, destroying the concrete pads, restoring the surface, and replanting 
and rebuilding the soil of disturbed land. Communication towers are taken apart, removed, and then either 
disposed of, recycled, or reused.430 
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Solar PV
Like wind, there have not been many decommissioning projects for solar to date. During decommissioning, 
PV modules must be removed from racks, and the racks must be dismantled. These are stored temporarily 
onsite until they are transferred by trucks to appropriate facilities, like recycling sites, or back to the 
manufacturer. Similarly, inverters and associated components must be transported to an appropriate site 
per local, state, and Federal waste-disposal regulations. Finally, re-vegetation of the site is done to minimize 
erosion and disruption of vegetation. In the case of one solar farm decommissioning, the recycling value of the 
raw material for the solar array is expected to exceed the removal costs and provide a net economic benefit.431 

While there is no industry-wide requirement for solar and wind developers to develop and fund 
decommissioning plans, BLM does impose decommissioning requirements on Federal lands. BLM requires 
developers seeking to site renewable generation projects on Federal lands to file a decommissioning plan and 
post a performance bond to help fund site remediation. The performance bond is intended to cover costs 
associated with (1) removing hazardous materials, including “herbicide use, petroleum-based fluids, and dust 
control or soil stabilization materials”; (2) decommissioning, removing, and properly disposing of all “surface 
facilities,” such as panels; and (3) “addressing reclamation, revegetation, restoration, and soil stabilization,” 
such as regrading or vegetation, as required under the Clean Water Act.432 Thus, solar and wind facilities sited 
on Federal lands must have a decommissioning plan before they are granted right-of-way and must post a 
bond to fund decommissioning.

The recommendations based on the analysis in this chapter are covered in Chapter VII (A 21st-Century 
Electricity System: Conclusions and Recommendations).
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