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Preface

Reliable access to affordable energy is vital to any economy. Growing
economic activity in America and around the globe has led to ever greater
demands for energy. Energy intensity (energy consumption per unit of national
output) has decreased substantially over the past 40 years in the United States,
and energy-efficiency measures have played an important role in reducing the
growth in demand for electricity. Nonetheless, the rise in demand and growing
recognition of the need to control the pollutants emitted as a result of energy
consumption due to increased economic activity have generated a growing need
for increasingly clean electric power. One approach to meeting this need has
been to install pollution control technologies that capture pollutants after fuel is
burned, effectively making the electricity production cleaner; investments in
such pollution control technologies have increased significantly since 1990. An
additional approach is to use energy sources such as wind, solar, or geothermal
that innately produce little to no pollution. Investments in technologies that
enable the use of such fuels also have increased recently, more than doubling
from 1999 to 2005 and then rising more than six-fold from 2006 to 2012.

The tremendous growth in investment in and use of these various
technologies has resulted in dramatic decreases in emissions of pollutants that
cause smog, ground-level ozone, and acid rain, and these decreases have
resulted in significantly cleaner air across the United States. Despite these gains,
however, greenhouse gas emissions have remained relatively constant. A
primary challenge is that, absent a price on carbon dioxide, fossil fuels remain
the cheapest abundant source of energy, while technologies that make it possible
to capture and utilize or store carbon emissions remain costly and nascent.
Advanced technologies for capturing or reducing carbon pollution hold great
promise for changing the equation, yet many of these technologies can be
developed only to the early prototype stage because private-sector financing
cannot accommodate the enormous capital requirements and multidecade lag
before return on investment can be realized. Technologies for the use of
renewable fuel sources such as wind and solar remain costlier still. Nuclear

xi
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power accounts for two-thirds of the zero- or low-carbon U.S. electricity supply,
but the nuclear fleet is beginning to face age-related attrition issues.

It is within this context that the Department of Energy, with the support of
the U.S. Senate, requested that the National Academies convene a committee of
experts to analyze the determinants that can enable market adoption of advanced
energy efficiency and increasingly clean energy. Specifically, the committee’s
task was to “determine whether and how federal policies can accelerate the
market adoption of advanced energy efficiency and low- or non-polluting energy
technologies.” The committee was asked to focus on the post-research and
development (R&D) stages of the electric power supply chain, including scaled-
up deployment and widespread adoption, and to consider a range of policy
instruments, such as subsidies, tax incentives, demonstration projects, loan
guarantees and other financial instruments, procurement, and regulation.

Since 1991, the National Research Council (NRC), under the auspices of
the Board on Science, Technology, and Economic Policy, has undertaken a
program of activities designed to improve policy makers’ understanding of the
interconnections among science, technology, and economic policy and their
importance for the American economy and its international competitive position.
The board’s activities have corresponded with increased policy recognition of
the importance of knowledge and technology to economic growth. New
economic growth theory emphasizes the role of technology creation, which is
believed to be characterized by significant growth externalities.

Under the auspices of the Board on Energy and Environmental Systems,
the NRC has undertaken a program of studies and other activities to provide
independent advice to the executive and legislative branches of government and
the private sector on issues in energy and environmental technology and related
public policy. The board directs expert attention to issues surrounding energy
supply and demand technologies and systems, including resource extraction
through mining and drilling; energy conversion, distribution and delivery, and
efficiency of use; environmental consequences of energy-related activities;
environmental systems and controls in areas related to the production, energy
conversion, transmission, and use of fuels; and related issues in national security
and defense.

A central focus of NRC analysis has been the importance of energy
innovation to the growth of the U.S. economy and to the reduction of negative
environmental, public health, and other consequences of energy-related
activities. Many performance gains remain to be achieved in energy
technologies, such as the capture of carbon from the use of fossil fuels,
advanced nuclear power, renewable fuels for electricity generation and for
vehicles, and increasingly efficient use of energy. Yet undertaking the efforts
required to produce the innovations needed to transform the performance of the
energy sector so as to mitigate the risks from greenhouse gases and other
pollutants may be the greatest challenge humanity has ever faced. It is a
worldwide challenge that will require tremendous effort and leadership.
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PREFACE Xiii

Throughout history, the United States has consistently demonstrated that its
greatest resource is its people and their talent for innovation and leadership.
There has never been a greater need or opportunity for American leadership than
that posed by the challenge of achieving increasingly clean electric power, a
challenge that is the subject of this report.
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Summary

Electricity, supplied reliably and affordably, is foundational to the U.S.
economy and is utterly indispensable to modern society. The National Academy
of Engineering has called electrification the greatest engineering achievement of
the 20th century (Constable and Somerville, 2003). Generating electricity also
creates pollution, however, especially emissions of air pollutants. While the
most severe and life-threatening pollution from electric power plants is largely a
thing of the past in America, power plant emissions of particulates as well as
oxides of nitrogen and sulfur (NO, and SO,)" still cause harms and contribute to
increases in morbidity and mortality (Bell et al., 2008; Laden et al., 2006; Pope
et al., 2009). Those harms include premature deaths, contributions to illnesses
such as asthma, and increased hospitalizations, and electricity prices do not fully
incorporate the costs of those harms (NRC, 2010b). Harms from greenhouse gas
(GHG) emissions—to which the power sector is an important contributor,
accounting for nearly 40 percent of all domestic emissions (EPA, 2016)—
remain almost completely unpriced and thus above the level they would be if
market prices reflected their full costs.

While the precise impacts of climate change are uncertain, plausible
extreme and costly economic and environmental harms create a growing
urgency to reduce GHG emissions substantially. Uncertainty is not a reason for
inaction in this as in many other areas of life, such as buying home insurance
even though it may never be needed (NRC, 2011). Rather, the challenge for
society is to acknowledge uncertainty and respond accordingly. As has been the
case in prior Academies reports, this report focuses on the United States while
recognizing that climate change is inherently an international concern.
Effectively addressing climate concerns may require responses from all
countries, as well as technologies that are globally scalable and affordable.

Intense interest in low- and nonpolluting electric power generation
technologies started in earnest during the oil embargoes of the 1970s. The desire
to mitigate climate change impacts has both revived and intensified that interest.

'These are often called “criteria pollutants” because of their regulated status under the
Clean Air Act.
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Yet wind produced less than 5 percent, solar produced less than 1 percent, and
other renewables combined (mostly hydroelectric) produced about 8 percent of
all U.S. electricity in 2015, while nuclear accounted for 20 percent, coal
33 percent, and natural gas 33 percent.

In this context, the Department of Energy (DOE) commissioned the
National Academies of Sciences, Engineering, and Medicine to convene a
committee to undertake a study examining the determinants of market adoption
of advanced energy-efficiency and increasingly clean energy technologies,
focusing primarily on the electric power sector. The principal goal was to
understand what barriers exist to greater market penetration of such technologies
and what actions governments—federal and state—can take to reduce or
eliminate those barriers and accelerate market adoption. To carry out its task, the
committee studied the widest possible range of technologies currently available
for the production of electricity, as well as a robust suite of technologies for
increasing the efficiency of use of electric power. Key considerations included
whether a technology is sufficiently mature, as well as the expected price to
consumers of the electricity produced. Also in accordance with its statement of
task, the committee deliberated on what policies, legislation, or other actions—
current and plausible—would best encourage adoption of increasingly clean
power technologies, taking into account market conditions, likelihood of impact,
and at what cost.

During the course of the study, the committee concluded that a binary
categorization of technologies as “clean” or “dirty” may be counterproductive
given that producers are compelled to use the most abundant and affordable
primary energy resources they can readily access and use for power generation.
All electricity generation technologies have some environmental effects. Thus
for purposes of this report, the committee classifies an “increasingly clean”
technology only on the basis of emissions of criteria pollutants and GHGs
produced in the generation of electricity (rather than other environmental effects
or those associated with the mining or extraction and transport of the primary
energy source). By that token, solar, wind, nuclear, and fossil fuel-fired
combustion with carbon capture and storage (CCS) are low-polluting
technologies; conventional natural gas is a medium-polluting technology for
criteria pollutants such as NO, and particulate matter and emits less carbon
dioxide (CO,) than conventional coal-fired generation; and conventional coal-
fired generation is a high-polluting technology.

The committee’s findings and recommendations fall into three prioritized
categories: overarching, key, and other. In the first category are
2 recommendations that the committee concludes are more important than all
the others. Also included in this summary are 10 key recommendations and
8 key findings. The 12 other recommendations are presented in the appropriate
report chapters.
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OVERARCHING RECOMMENDATIONS

The committee concluded that there are two significant barriers to
accelerating greater penetration of increasingly clean electricity technologies.
First, as noted above, the market prices for electricity do not include “hidden”
costs from pollution, stemming mainly from negative impacts on human health,
agriculture, and the environment. Levels of criteria pollutants declined over the
past three decades, but still cause harms. Harms from GHGs are difficult to
estimate, but if accounted for in the market, could be considered by consumers.

In most locations within the United States, prices for increasingly clean
power technologies are higher than those for less clean, incumbent technologies.
While costs have declined over the past several years for some increasingly
clean technologies—notably solar photovoltaics—natural gas supplies have
opened up, causing dramatic decreases in natural gas prices. There are notable
locations where unsubsidized wind- and solar-generated electricity is
competitive with or cheaper than electricity from other sources. Yet for most of
the country, most of the time, the prices of dirtier incumbent electric power
generation technologies are lower than those of increasingly clean technologies,
in part because their price does not include their full costs. Thus they are built
and utilized more often and in turn produce more pollution than would be the
case if their prices were correct.

Inaccurate price is an example of a “market failure” where government
action is often justified. In this case, the solution to correct the market failure is
intellectually simple but politically difficult: governments can require that
market actors include the price of pollution in their decision making. This has
been done in some form with SO, and NO, since the early 1990s and in limited
ways for GHGs since the late 2000s.

The second barrier is that the scale of the climate change challenge is so
large that it necessitates a significant switch to increasingly clean power sources.
In most of the United States, however, even with a price on pollution, most
increasingly clean technologies would lack cost and performance profiles that
would result in the levels of adoption required. In most cases, their levelized
costs are higher than those of dirtier technologies, and there are significant
challenges and costs entailed in integrating them into the grid at high levels.
This means that reducing the harmful effects of emissions due to electricity
generation will require a broader range of low-cost, low- and zero-emission
energy options than is currently available, as well as significant changes to the
technologies and functionality of the electricity grid and the roles of utilities,
regulators, and third parties.

Lastly, the committee notes that even if the technological and institutional
barriers to greater adoption of increasingly clean power technologies were
overcome but their prices were not competitive, an adequate scale of
deployment would require tremendous public outlays, and in many parts of the
world would be unlikely to occur. While learning by doing can lower some

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/21712

The Power of Change: Innovation for Development and Deployment of Increasingly Clean Electric Power Technologies

4 POWER OF CHANGE

costs, deployment incentives are likely to be insufficient as the primary policy
mechanism for achieving timely cost and performance improvements.

The committee formulated two overarching recommendations to address
the above challenges.

Recommendation 2-1:* The U.S. federal government and
state governments should significantly increase their
emphasis on supporting innovation in increasingly clean
electric power generation technologies.

Simply put, the best way to encourage market uptake is first to have
technologies with competitive cost and performance profiles. The need for
increased innovation and expanded technology options is especially important
given the global picture. In many parts of the world, coal remains the cheapest
fuel for electricity generation. China, India, and the nations of Southeast Asia
are expected to continue rapidly adding new electricity generation facilities,
most of them coal-fired and with minimal pollution controls. Thus there is a
need for technological innovations that are affordable outside the United States
as well. These improvements in performance and cost will be essential to
achieve long-term GHG reductions, such as the reduction called for in the
COP21 agreement,’ without significantly increasing electricity prices. While the
challenge may be great, it also creates an opportunity for the United States to
continue to lead in the pursuit of increasingly clean, more efficient electricity
generation through innovation in advanced technologies.

Recommendation 2-2: Congress should consider an appro-
priate price on pollution from power production to level
the playing field; create consistent market pull; and ex-
pand research, development, and commercialization of in-
creasingly clean energy resources and technologies.

Correcting market prices will encourage more deployment of increasingly
clean technologies. Where such technologies are already the lowest-price
choice, they will become even more so; in other locations, a pollution price will
make these technologies the most affordable option or narrow the gap. In

The committee’s findings and recommendations are numbered according to the chapter
of the full report in which they appear.

3COP21 refers to the 21st yearly session of the Conference of the Parties to the 1992
United Nations Framework Convention on Climate Change. Under that agreement, the
“United States intends to achieve an economy-wide target of reducing its greenhouse gas
emissions by 26%-28% below its 2005 level in 2025 and to make best efforts to reduce
its emissions by 28%.” Full text available at http://www4.unfccc.int/Submissions/INDC/
Published%20Documents/United%20States%200f%20America/1/U.S.%20Cover%20Not
€%20INDC%20and%20Accompanying%20Information.pdf.
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addition to providing this market pull for the deployment of mature increasingly
clean technologies, pollution pricing can be expected to spur the development of
new, even more effective and competitively priced technologies.

KEY FINDINGS AND RECOMMENDATIONS

In addition to the above overarching recommendations, the committee
formulated key findings and recommendations related to a number of important,
specific barriers to innovation in increasingly clean energy technologies.

Energy Technology Innovation Process

The first set of barriers relates to the energy technology innovation process
(ETIP). Overcoming these barriers and empowering private-sector flows of
capital and research, development, and demonstration (RD&D) activity are key
because it is clear that reducing the cost and improving the performance of
increasingly clean energy technologies in many cases will require more than
incremental changes to current technology. Entirely new technologies,
sufficiently compelling in cost and performance to be globally deployable, will
likely be needed, along with changes to the way the electricity grid is engineered
and operated.

The ETIP is a complex network of market and nonmarket institutions and
incentives, and each stage of the innovation process presents a range of
obstacles to the would-be innovator. The most important priorities for
strengthening the system relate to identifying and creating new options,
developing and demonstrating the efficacy of these options, and setting the stage
for early adoption of those that are most promising.

Finding 3-1: Market failures and nonmarket barriers for
increasingly clean power technologies exist at all stages of the
innovation process.

Finding 3-5: Regional efforts that leverage regional energy
markets and initiatives by states, universities, entrepreneurs,
industry, and others can complement federal actions to help
bridge funding and commercialization gaps.

Finding 3-6: Funding and commercialization gaps for
innovations in energy technologies tend to be most acute in,
and most closely associated with, the early to intermediate
innovation stages.
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Proof-of-concept and pilot projects need to have clear missions and goals.
A proven means to this end is sector-specific road mapping and challenge
funding developed with specific technology development milestones. DOE
could advance innovation in energy technologies by using these techniques for
sponsored projects, recognizing that doing so might require redirecting DOE and
national laboratory research and development (R&D) programs toward the
achievement of more ambitious cost and performance objectives. DOE also
could consider further use of inducement prizes featuring specific milestones
and goals, possibly through a dedicated Office of Innovation Prizes within the
Office of the Under Secretary, as a complement to patents, grants, procurement
contracts, and other types of support for energy innovation. While not suited to
all research and innovation objectives, prizes can spur innovation when the
objective is clear even if the pathway to achieving that objective is unclear.

The intermediate stages of innovation are among the most critical and
often overlooked, and are where promising technologies face their greatest
challenges. Once a concept has been proven, it faces a range of scale-up,
systems integration, manufacturing, regulatory, and market challenges to
commercialization. Private investment often is restricted because -capital
requirements typically increase rapidly and significantly, while times to return
often are longer than private investors can wait. The Small Business
Administration’s Small Business Investment Company (SBIC) program has a
tremendous opportunity to help overcome these funding barriers to
demonstration, early-adoption, and scale-up activities. For example, allocating
up to 20 percent of current SBIC funding to create new venture capital funds
focused on early-stage increasingly clean power technologies could stimulate
significant levels of private investment.

Regional variation within the United States is important, and the federal
government could leverage that variation by supporting a network of local, state,
or regional public/private partnerships, called regional energy innovation and
development institutes (REIDIs), that would help spur the development of
innovations showing the most promise. Where capabilities already exist, this
network would facilitate access; where capabilities do not already exist, it would
help identify likely development needs for promising technologies and fund or
plan and create the support capabilities, physical infrastructure (where
applicable), and translational relationships that might be needed for simulation,
testing, standards development, and certification.

Simulation and testing are key capabilities, and it would be important for
DOE to take the lead in assessing the availability of public and private
simulation and testing capabilities, identifying any gaps and weaknesses, and
supporting or incentivizing the creation of capabilities needed to fill those gaps.
Linking simulation and testing facilities into a network that worked closely with
federal road mapping and challenge funding would help align these facilities
with and achieve targeted objectives. This initiative would provide streamlined
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access to new and existing federal, state, regional, and private testing resources;
simulation modeling and testing laboratories, and preconfigured test sites.

Recommendation 3-1: DOE should direct funds to a
broader portfolio of projects than will ultimately prove
viable and should tolerate the inevitable failure of some
experiments, while at the same time winnowing at each
stage of the innovation process.

In addition to being essential to limit costs, downselecting at each stage
would provide opportunities to identify at earlier stages of the
innovation process technologies that are unlikely to succeed
commercially (in their current form). The most important objective
would not be to avoid failure, but to ensure that failure is recognized,
understood, and addressed without delay. This could be accomplished
by ending funding for projects that failed to meet preset cost and
performance improvement targets.

Energy Efficiency

Beyond technologies for generating or delivering electricity, the
committee focused on the promise and opportunities of reducing use. Americans
today spend almost $400 billion annually on electricity to power their homes,
offices, and factories, with a large share of electricity being used in residential
and commercial buildings. There is evidence that energy-efficiency measures
have been effective at reducing energy consumption. At the same time, the
committee considered evidence for an “energy-efficiency gap”—the difference
between projected savings from avoided energy use due to energy-efficiency
measures and the actual measures undertaken. The committee noted that more
work is needed to improve measures of projected savings and to ensure that
programs are cost-effective. The committee also identified potential barriers to
fully utilizing opportunities for energy efficiency and formulated
recommendations to remove those barriers.

Recommendation 4-5: The federal government, state and
local governments, and the private sector should take steps
to remove barriers to, provide targeted support for, and
place a high priority on the development and deployment
of all cost-effective energy-efficiency measures.

One barrier to higher utilization of energy-efficiency measures is the
above-noted failure of electricity prices to incorporate the costs of pollution.
Second, even if prices were corrected to include the costs of pollution, other
market imperfections might limit consumers’ purchases. Information about
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energy use and price is not always readily available to consumers, and when it
is, they may be unable to translate it into actual costs or savings. Additionally,
consumers may be reluctant to make new purchases because of inertia or limited
attention. Moreover, the effectiveness of increases in the price of electricity in
inducing conservation is limited by the very low measured price elasticity of
demand for electricity, especially in the short term. The committee found
evidence that appliance standards can help overcome these problems by
improving the efficiency of all appliances available to consumers.

Recommendation 4-1: DOE should on an ongoing basis
set new standards for home appliances and commercial
equipment at the maximum levels that are technologically
feasible and economically justified.

The committee also found great opportunity for innovation in the energy-
efficiency sector. One such opportunity is to improve the accuracy of predictive
models of energy savings. Seeking how to do so, DOE has issued a request for
information (RFI), and it could do more in this regard. DOE also is ideally
poised to support research on how to translate insights from behavioral science
into interventions that reduce electricity usage. That knowledge would be
valuable for designing effective and cost-effective policies where appropriate
and could be made available to relevant stakeholders.

Recommendation 4-3: DOE should increase its invest-
ments in innovative energy-efficiency technologies; im-
prove its ability to forecast energy savings from these
technologies; and, in conjunction with other agencies,
obtain data with which to develop behavioral interventions
for improving energy efficiency.

Beyond DOE, the rest of the federal government is positioned to lead by
example through direct efforts to promote energy efficiency. The federal
government owns or operates more building space than any other entity in the
world, and the administration has issued an executive order requiring the head of
each federal agency to promote building energy conservation, efficiency, and
management. The federal government could carry out this order by

e continuing to lead in the development of procurement practices for
appliances and equipment that take life-cycle costs into account;

e cvaluating the benefits of improving the energy efficiency of the
Department of Housing and Urban Development’s 1.2 million units of
public housing; and

o taking the lead on contracting for services that provides incentives to
third parties to invest in energy efficiency.
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Nuclear Power, Fossil Fuels, and Renewable Energy

The committee also examined specific challenges for developing the next
generation of power generation technologies utilizing nuclear, fossil, and
renewable fuels. An expansion of nuclear power is almost certainly required to
produce the reduction in GHGs likely needed to avoid the most costly climate
change scenarios. Nonetheless, nuclear power faces three major obstacles to
expansion and innovation.

First, absent a price on GHG pollution, current nuclear technologies are
more expensive than technologies based on other fuels, especially natural gas
and wind in some areas of the United States. These high costs highlight the need
for significant innovation in next-generation reactor designs. Second, the
business and regulatory risks of designing innovative nuclear technologies are
currently quite high. Capital costs of R&D for any energy technology are
typically much higher than those for other sectors, and nuclear power is the
extreme example of this.

Finding 5-2: Pilot- or full-scale nuclear reactor demon-
stration projects are likely to cost hundreds of millions of
dollars or more.

In addition, the licensing process is currently an open-ended, all-or-nothing
regulatory development process designed for existing light water technologies
without certainty of outcomes or even clear milestones along the way.
Developers face having to spend up to several hundred million dollars without
knowing until the very end whether they will be granted a license.

Recommendation 5-1: The U.S. Nuclear Regulatory
Commission, on an accelerated basis, should prepare for a
rulemaking on the licensing of advanced nuclear reactors
that would establish (1) a risk-informed regulatory
pathway for considering advanced non-light water reactor
technologies, and (2) a staged licensing process, with clear
milestones and increasing levels of review at each stage,
from conceptual design to full-scale commercial
deployment.

A third obstacle that uniquely deters nuclear innovation in the United
States is the continued lack of progress in resolving the spent fuel management
issue. The absence of a national policy and plan for interim storage and final
disposal of spent fuel is a major impediment to private investment in the
development of advanced nuclear power plant technologies.

Credible forecasts also suggest that fossil fuels, especially natural gas, will
continue to be available in high quantities and at low prices for decades, and
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thus will make up a significant fraction of the fuels used to generate electric
power for years to come. Coupled with the dramatic reductions in GHGs that
can be realized through CCS technologies, the development, demonstration, and
deployment of these technologies for both coal and natural gas generators
remain critical. While some prototype carbon capture units have been built or
are under construction or in development, continued efforts will be needed to
bring down the costs of the current technologies and to develop, pilot, and
demonstrate novel technologies. Continued efforts also will be needed to resolve
institutional challenges, including liability and ownership issues for CO, stored
in deep saline aquifers or other underground structures.

Current and past federal support for RD&D efforts has been either
insufficiently funded or insufficiently robust given the scope of the challenge.
One way to generate funding would involve an industry-led CCS technology
development and demonstration program supported by funding from utility
ratepayers. Given the size of the U.S. electricity market, even a tiny fee levied
against every kilowatt hour (kWh) of electricity sold in retail markets could
yield billions of dollars for RD&D of a range of increasingly clean energy
technologies with minimal impact on the electricity bills of residential
1ratepayers.4

Finding 5-6: The risks involved in transporting and storing
CO, and the lack of a regulatory regime are key barriers to
developing and deploying technically viable and commercially
competitive CCS technologies for the power sector at scale.

Recommendation 5-3: Congress should direct the En-
vironmental Protection Agency to develop a set of long-
term performance standards for the transport and storage
of captured CO,. This effort should include establishing
management plans for long-term stewardship and liability
for storage sites once they have been closed, as well as
GHG accounting programs.

Expanding the deployment of renewable generation technologies to make
them a major source of energy will also be critical to addressing the pollution
challenge. Doing so will require new technologies for the generation of
electricity, as well as new grid technologies for its transmission and delivery
(NRC, 2010b).

“The United States saw approximately 3.7 billion megawatt hours of retail electricity
sales in 2014. A one-tenth of a cent charge on each kWh sold would yield $3.7 billion.
The impact of such a charge on a typical residential ratepayer consuming 911 kWh per
month (the U.S. average in 2014 according to the Energy Information Administration)
would be less than a dollar per month.
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The diversity of U.S. renewables markets due to the range of renewable
resources, regional electricity markets, state-specific policies, regulatory and
market structures, and several thousand utility jurisdictions provides
opportunities to learn from the most robust markets. Leveraging these
opportunities through ongoing government support for innovation and
encouraging private-sector investment can create opportunities for the United
States to be a technology leader in rapidly growing global markets for renewable
technologies. Domestically, prices continue to decline, but some prices,
particularly for solar photovoltaics, remain high compared with those in other
countries, including developed economies in Europe.

Many incentives are in place at the state level. While states have a range
of pricing and procurement policies, incentives, standards, and models, many
parts of the United States encourage competition for wind projects to win power
purchase contracts and enable low-cost financing for their construction. Another
common option is the renewable portfolio standard (RPS), which requires a
minimum quantity of renewable energy supply or capacity. Many RPSs include
a set-aside or carve-out that requires a minimum portion of the overall standard
to be met using a specific technology, typically solar energy. In early
assessments, RPSs have been found to reduce emissions while incurring only
modest increases in electricity rates. Still, in regions with the most cost-effective
renewable resources and market development efforts, competitive proposals for
wind, solar, and other resources, including natural gas, may produce more
efficient results. Pricing pollution, such as GHGs, would produce less costly
reductions in GHG emissions and provide better incentives for innovation.

Across all technologies and scales, it is important to emphasize that
deployment of renewables needs to take place in an increasingly competitive
market, and to continue to reward learning and economies of scale, as well as
projects with the best economics. Effective federal, state, and local policies need
to be consistent with growing market signals that look forward at least 5 years to
encourage innovation and development investment that will continue to bring
down costs.

Finding 5-8: Consistent siting, streamlined permitting, clear
and responsive interconnection processes and costs, training in
installation best practices, and reductions in other soft costs
can have a significant impact on lowering the cost of solar and
other distributed generation renewable technologies.

Recommendation 5-5: As renewable technologies approach
becoming economically competitive, states should seek to
expand competitive solicitation processes for the most cost-
effective renewable generation projects and consider the
long-term power purchase agreements (PPAs) necessary to
enable low-cost capital for project financing.
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Recommendation 5-6: DOE and national laboratory pro-
grams should provide technical support to states, cities,
regulators, and utilities for identifying and adopting best
practices—such as common procurement methods, soft
cost reduction approaches, PPA contracts, structures for
subsidies and renewable energy certificates, and common
renewables definitions (taking into account regional
resources)—that could align regional policies to enable
more consistent and efficient markets that would support
the adoption of renewables.

Electric Power System

Developing and deploying cost-effective increasingly clean energy
technologies will require an electric power sector with systems, regulation, and
infrastructure that encourage and accommodate those technologies. Developing
such a power sector will, in turn, require technological changes to the power
system so that it is capable of integrating these new technologies and in greater
quantities. To this end, utility regulators will need to incentivize utilities to
become fully engaged in innovation and the demonstration of new technologies,
with rules that permit reasonable and nondiscriminatory access to the
transmission and delivery systems.

These shifts are under way, and as a result, the electric industry faces
significant new expectations and requirements to replace aging infrastructure,
possibly at costs of hundreds of billions of dollars. The industry also must work
to mitigate the effects of storms and other disruptive events while securing the
electric power system and critical infrastructure against cyber and physical
attacks. Utilities and system operators must maintain system stability while
retiring coal and some nuclear generation and integrating increasing amounts of
variable and distributed resources. At the same time, current utility business
models often rely on volumetric increases in sales to provide funds for new
investments. Slowly growing or declining sales mean many utilities lack the
revenue growth used historically to fund new investments. This trend could
leave the United States with an outdated power system and prove costly to
consumers.

While these challenges are substantial, there are also significant
opportunities for improvement. Distributed resources, such as combined heat
and power, photovoltaics, and efficient fuel cells, can improve reliability if
integrated under appropriate regulatory and technological regimes.
Technological innovation can reduce costs and improve load factors and asset
utilization.
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Finding 6-1: To expedite innovative solutions, it will be
necessary to redesign business models and regulatory
incentives currently designed for a centrally controlled system
so they are built on a customer-driven model with multiple
solutions.

Finding 6-3: Many state regulatory commissions require
additional analytical tools, training, and other resources to
develop and implement effectively regulatory models that
support and encourage the development of increasingly clean
energy and energy-efficiency technologies.

For example, DOE could provide additional resources and training, and
perhaps serve as both a coordinator and repository for best practices and lessons
learned, as states undertake regulatory reforms. Moreover, the electric power
industry typically budgets very small amounts for innovation compared with
other technological industries.

Recommendation 6-4: State regulators and policy makers
should implement policies designed to support innovation.
For example, they could evaluate approaches in which
utility or energy customer funds are set aside to support
state and regional innovation programs.

Two emerging parallel and potentially complementary business models for
distribution utilities and/or other market participants are being considered—
distribution system operators (DSOs) and customer energy service providers
(CESPs). DSOs could efficiently integrate distributed energy technologies,
distribution automation, volt/volt ampere reactive (VAR) optimization, and
other characteristics of a smarter power grid with the robustness and flexibility
necessary to maintain reliability and security. CESPs might be able to provide
similar value, focused on customer-facing aspects of the industry. Full
development and implementation of both of these models, however, would
require overcoming a number of challenges.

Recommendation 6-5: DOE should undertake a multiyear
R&D program to ensure the timely development of the
capabilities needed for effective DSOs or CESPs through
policy analysis; dialogue; and the sharing of experience
and best practices among regulators, utilities, and other
stakeholders to advance understanding of the emerging
business models. DOE should strongly consider
prioritizing the development of robust, well-designed
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systems that incorporate appropriate security measures to
guard against and respond to cyber attacks.

Utilities also face significant workforce challenges. Large numbers of
skilled employees are eligible to retire soon. The anticipated industry changes
discussed here imply that the future workforce likely will require a different set
of skills and abilities, especially greater “niche” skills to support the
implementation, maintenance, and operation of systems with many digital
components. Power providers and system operators will need to provide new
training programs, guidance documents, and training manuals. Industry and
government could partner to develop programs that would help bridge the
immediate gap in the skilled workforce and to attract talent in the future by
creating and communicating a vision of the electric power industry as one that is
attractive, stimulating, and worth celebrating for its vital role in people’s lives
and the nation’s prosperity.

Financing Energy Technologies

Finally, with respect to government support for innovation in energy
technologies and technological shifts, history suggests that such supports as
direct subsidies and tax exemptions tend to continue well after technologies
have matured and are market-competitive. While subsidies can serve important
public policy functions in helping to establish industries, they work best when
they are predictable and structured to be performance- or outcome-oriented
without regard to specific technologies, and to include sunset provisions so they
expire either after a specified length of time or once a certain performance has
been achieved, as is the case with the recently renewed production tax credits for
power from wind and solar. By contrast, the many subsidies for oil and natural
gas have no sunset provisions despite the maturity of those industries.
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Introduction

Stable access to energy is a key factor in economic stability and growth;
electric power is particularly important for advanced economies. Accordingly,
as the U.S. economy has grown, particularly following World War II, demand
for energy has increased almost in lock step. In addition to the many benefits
energy brings, its production, use, and consumption often entail negative
consequences, usually in the form of pollution, which society increasingly has
sought to reduce or eliminate. Doing so essentially requires bringing to market
technologies and practices that can provide the energy needed but with fewer or
no harmful impacts from pollution. That is, society needs to develop
increasingly clean energy sources and practices.

Several barriers challenge full market deployment of increasingly clean
energy technologies, however. First, many of the negative impacts of pollution
are not reflected in market prices for energy supplies or services. Second, newer,
increasingly clean technologies frequently have different performance
characteristics from those of incumbent technologies. They may not perform as
well, or may just perform differently. For example, solar photovoltaic panels can
generate electricity with little or no pollution and with no fuel cost, but only
when enough light strikes them. Third, performance challenges can create
difficulties with integrating these newer technologies into existing energy
systems and infrastructure. The net result is that cleaner technologies almost
universally continue to have higher market prices, and market adoption of many
increasingly clean energy sources and technologies has proceeded slowly.

One way to address such barriers is through government action.
Accordingly, the Department of Energy’s Offices of Energy Efficiency and
Renewable Energy, Electricity Delivery and Energy Reliability, Fossil Energy,
and Nuclear Energy tasked the Academies’ Board on Science, Technology, and
Economic Policy and Board on Energy and Environmental Systems with
examining what policies and actions could accelerate wide market adoption of
increasingly clean electric power generation and end-use efficiency
technologies.

15
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STATEMENT OF TASK

In response to this request, the National Research Council appointed the
Committee on Determinants of Market Adoption of Advanced Energy
Efficiency and Clean Energy Technologies. The statement of task shown in
Box 1-1 was developed and used as a departure point for the committee’s work.

STUDY SCOPE

The statement of task for this study included no guidance on how far
upstream or downstream to account for the effects of pollution. Upstream
pollution is certainly important. Estimates of its damages, however, entail much
greater uncertainty than is the case with downstream pollution. In 2010 the
National Research Council published a report currently considered the most
authoritative reference regarding “unpriced consequences of energy production
and use” from a life-cycle analysis perspective (NRC, 2010b). This study
attempted to characterize all pollution associated with energy production and
use; however, it was only able to monetize impacts due to emissions of
particulate matter, oxides of sulfur, oxides of nitrogen, and greenhouse gases.

BOX 1-1
Statement of Task

An ad hoc committee of experts with industrial, financial, academic, and
public policy backgrounds will undertake a consensus study to determine
whether and how federal policies can accelerate the market adoption of
advanced energy efficiency and low- or non-polluting energy technologies. As
part of the study the committee will hold workshops, commission research, and
prepare a report with recommendations. The committee will consider
technologies for the generation, transmission, and storage of electric power and
for energy efficiency such as renewable and advanced nuclear and fossil fuel
sources, storage and transmission technologies, and building heating and
lighting technologies. The study will consider market conditions that may
advantage traditional technologies and disadvantage technologies with lower
external costs to the environment, public health, and national security. It will
focus on the post-R&D stages of the energy supply chain, including scaled-up
deployment and widespread adoption. It may consider policy instruments such
as subsidies, tax incentives, demonstration projects, loan guarantees and other
financial instruments, procurement, and regulation. Although the focus will be on
developing recommendations for consideration by Congress, the White House,
Department of Energy, and other federal agencies, recommendations may also
address actions by States and regional entities.
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Given this lack of quantitative analysis of more upstream pollution and the large
scope of its task, the committee focused its investigation on the downstream
pollution caused by the emissions characterized in that earlier report. The
committee still recognizes the importance of upstream pollution—for example,
methane leaks during the production and delivery of natural gas that contribute
to climate change—and hopes that future work will address the topic with the
depth it deserves.

Electric power markets are not only fundamentally important but also
enormously complex and complicated. A number of areas deserve further
inquiry beyond what resources allowed during the course of this study. The
magnitude and scope of climate change, for example, are global, and addressing
the problem will require developing technologies that are affordable not only in
the United States but also in the rest of the world, especially in rapidly growing
economies. A full understanding of how technological developments in the
United States will impact those countries and the climate would require analysis
of intellectual property, trade, and other technology transfer matters beyond the
scope of this study.

STUDY APPROACH

To gather evidence and augment its members’ knowledge of the industry,
technologies, regulation, financing, and economics of electric power, the
committee conducted an extensive search of the relevant literature and convened
three workshops to elicit the perspectives of industry leaders, academics, and
senior government officials. In addition, the committee conducted several site
visits and held numerous consultations with regulators, industry leaders, and
investors in electric power and energy-efficiency technologies and companies.

ORGANIZATION OF THE REPORT

In the course of its work, the committee identified five key themes that
underlie efforts to accelerate the market adoption of increasingly clean energy
and energy-efficiency technologies:

1. expanding the portfolio of increasingly clean energy technology
options;

2. leveraging the advantages of energy efficiency;

3. facilitating the development of increasingly clean technologies,

including nuclear power, cleaner fossil fuels, and renewables;

improving existing technologies, systems, and infrastructure; and

5. leveling the playing field for increasingly clean energy
technologies.

bl
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These themes informed the basic structure of this report. Chapter 2
reviews the capabilities of currently available technologies to produce
increasingly clean electric power and of current policies to encourage their
market adoption, as well as the impact of their deployment on technology
innovation. Chapter 3 analyzes challenges and barriers within the energy
innovation system to expanding the portfolio of cleaner energy technology
options. Chapter 4 examines opportunities to leverage the advantages of energy
efficiency. Chapter 5 analyzes unique barriers to market adoption for the most
well-developed technologies for increasingly clean power generation from
nuclear power, fossil fuels, and renewables. Chapter 6 considers improvements
to existing technologies, systems, and infrastructure needed to accommodate the
market adoption of increasingly clean power generation and energy-efficiency
technologies. Finally, Chapter 7 describes how existing institutions,
infrastructure, and policies favor incumbent over innovative and cleaner
technologies, as well as the challenges investors and firms face in financing the
innovation, development, and deployment of increasingly clean power
generation and energy-efficiency technologies. The report also includes five
appendixes: Appendix A contains biographical information on members of the
Committee on Determinants of Market Adoption of Advanced Energy
Efficiency and Clean Energy Technologies; Appendix B details the underlying
principles used to calculate the levelized cost of electricity; Appendix C
describes recent developments in economic models used to estimate the effects
of deployment on costs and technological improvement; Appendix D provides
assessments of the technology readiness levels of a comprehensive suite of
technologies; and Appendix E is a glossary of acronyms and abbreviations used
in the report.
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2

Assessment of Current Technologies for
and Policies Supporting Increasingly
Clean Electric Power Generation

The United States has made significant progress in reducing air pollution
and its harmful effects since pollution control laws such as the Clean Air Act
(originally passed in 1963, with major amendments in 1970, 1977, and 1990)
were introduced. “Killer fog” in America is, at present, a thing of the past.
Tragedies such as the Donora smog of 1948 and the “Great Smog” of 1952 that
killed thousands of people are essentially unheard of in developed nations. Acid
rain and even the once-famous smog in Los Angeles have significantly
dissipated. Notwithstanding the measured decreases since the 1960s, however,
pollution from the production of electric power continues to cause tangible
harm, nor does the price of electricity currently include all of the societal costs
of electricity generation.

A 2010 National Research Council study, for example, found that air
pollution from coal-fired electric power plants in the aggregate still caused
significant harms to human health, including, among others, asthma and
premature deaths (NRC, 2010b). These harms arise from sulfur dioxide (SO,),
oxides of nitrogen (NO,), particulate matter (PM, s and PM,,), ammonia (NH3;),
and volatile organic compounds (VOCs), referred to collectively as criteria
pollutants as they are regulated under the Clean Air Act. The 2010 National
Research Council study estimates that in 2005, the emissions of criteria
pollutants from coal-fired power plants caused damages costing, on average,
$0.032/kilowatt hour (kWh) of electricity generated. The human health harms
from all coal-generated electricity thus cost about 33 percent of the value of all
electric power produced that year.' The 2005 emissions from gas-fired plants

'"The National Research Council (2010b) study reports damages for the year 2005 but in
2007 dollars. The average retail price of electricity in the United States in 2005 was
$0.0814/kWh (EIA, 2007). The Bureau of Labor Statistics’ Consumer Price Index

19
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caused human health damages costing approximately $0.0016/kWh of electricity
generated, representing about 2 percent of the average retail price of all electric
power sold that year.

Electric power plants also produce 39 percent of all U.S. emissions of
greenhouse gases (GHGs) (which trap heat in the earth’s atmosphere)—the
largest share of any source (EPA, 2016). Translating GHG emissions into
climate-related damages depends on estimates of damages per ton of carbon
dioxide (CO,;) equivalents. The above NRC (2010b) study estimates the climate-
related damages to be 1.0-10.0 cents per kWh of electricity produced by coal-
fired plants and 0.5-5.0 cents per kWh for natural gas-fired plants,
corresponding to damages of $10-100 per ton of CO, equivalents.

Reducing emissions further to ameliorate these harms will require a
technological shift to increasingly clean—that is low- or nonpolluting—
technologies for the generation of electric power. The magnitude of ongoing
harms, including those likely due to climate change, makes it imperative to
effect this shift as quickly as is efficient. Such increasingly clean technologies
rely either on non-fossil fuel sources, such as wind, nuclear, or solar, or on
“tailpipe” solutions—technologies that capture or otherwise prevent emission of
the pollution from fossil fuels. Effecting this technological shift will in turn
require ensuring that newly built generating assets (power plants) are
increasingly clean (low- or nonpolluting) compared with those currently
operating or recently retired. This means not only building increasingly clean
power plants in response to new demand, but also encouraging the retirement of
more polluting assets in favor of those running on increasingly clean
technologies. The latter strategy is particularly important given that new asset
builds in response to demand are likely to remain small. Although electricity
demand in the United States continues to grow, the rate of increase has been in
secular decline since the 1950s (see Figure 2-1). Consequently, it is reasonable
to expect that most new power plants in the United States will be built to replace
retiring plants rather than to increase total generating capacity in response to
rising demand (EIA, 2015a).

TECHNOLOGIES FOR ELECTRIC POWER GENERATION AND
ENERGY EFFICIENCY

Two factors—inaccurate market prices and the large amount of capital
required to build a power plant—have led to a bias in the current mix of power
plants in the United States’ in favor of higher-polluting technologies (see
Figure 2-2).

Inflation Calculator for energy can be used to translate that 2005 price to $.0956/kWh in
2007 dollars (BLS, 2005, 2007).
’The same is largely true in other countries around the world as well.
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FIGURE 2-1 Growth in electricity demand, with projections to 2040.
SOURCE: EIA, 2014a.

The first factor is that delivered electricity prices do not incorporate the
full cost of the harms from the pollution caused by power plants. Because the
cost of power plant pollution is not built into the cost of construction, power
producers have tended to build more of these plants than they otherwise would
have done. And because the delivered price of electricity also does not
incorporate the full costs of pollution, end-users consume more electricity from
these sources than they otherwise would.

The second factor is that power plants are expensive to construct,
requiring large amounts of up-front capital. Such high costs take many decades
to fully amortize. Once these costs have been fully amortized, the cost of
operating a plant decreases and operating profits increase. Firms may thus have
a strong financial incentive to keep a plant operating as long as possible,
depending on how the state regulator sets retail rates for electricity (see
Chapter 6 for more detail on the ratemaking process). Therefore, retirement of
currently operating, higher-polluting plants might be unlikely even if the current
price of electricity were to be corrected to include the costs of pollution. Thus
power-generating assets are typically kept in operation for 40-50 years, and
often even longer. It is important to note this fact when considering the long-
term impact of new power plants; choices made today can have pollution
consequences for decades.
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FIGURE 2-2 Percentage of current U.S. net electricity generation by primary fuel source, 2015.

SOURCE: EIA, 2015g, Table 7.2a.
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When the financial incentive to keep power plants operating is combined
with low market prices for fossil fuels and other factors, it comes as no surprise
that most new plants built over the past 30 years have been powered by fossil
fuels. As seen in Figure 2-3, from 1989 to 2011, more fossil fuel plants were
built than any other type. This figure also shows the likely impact of policies on
new plant builds. The Clean Air Act amendments of 1990 created an SO,
trading system, effectively a price on SO,, to help diminish the impacts of acid
rain resulting from power plant pollution. Coal-fired plants produce more SO,
per kWh of generated electricity relative to natural gas-fired plants, so it is not
surprising that from 1991 to 2011, most capacity additions were natural gas-
fired plants. Figure 2-3 also shows increasing construction of new wind and
solar facilities following the increase in tax subsidies for these facilities in 2005.

Looking to the future, most new plants are expected to continue to be
predominantly fossil fuel-powered, with these capacity additions being greater
than they would be if the market reflected the true costs of pollution. Since the
market price does not reflect the full costs of pollution, government policies are
required to ensure prices that more accurately reflect actual costs. Given such
policies, production and consumption will be closer to its efficient and socially
optimal quantities.
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FIGURE 2-3 Additions to U.S. electricity generation capacity, 1985-2014.
SOURCE: EIA, 2016a.
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In light of the historic low natural gas prices at the time of this writing
(2016), most new plants projected to be built through 2040, like those built in
recent decades, are expected to be natural gas-fired. For example, according to
the Energy Information Administration’s (EIA) projections from its National
Energy Modeling System (NEMS)—based on assumptions about future fuel
prices and expiring tax subsidies for renewable sources such as wind and solar—
new builds may be primarily wind and solar for a few years, but will be
predominantly natural gas as the tax subsidies for new wind generating facilities
decline through 2019.° Notably, EIA and other forecasters expect very few new
plants to be powered by nuclear fuel, currently the largest source of nearly
emissions-free electricity.

In its Annual Energy Outlook 2016, EIA projects total installed electricity
generation capacity through 2040 (EIA, 2016a). As seen in Figure 2-4, those
projections include an approximately 17 percent increase in total installed
capacity between 2016 and 2040, with much of that increase occurring after
2030. The mix of capacity types is expected to change as well. EIA projects that
the share of coal will decrease from 29 to 18 percent, mainly before 2020, while
that of renewables will increase from 17 to 29 percent. Natural gas is projected
to fluctuate slightly until 2020 and then remain stable at 43 percent, and nuclear
to decrease from 10 to 8 percent.

IMPACT OF THE MIX OF ELECTRICITY GENERATION SOURCES
ON EMISSIONS OVER TIME

As of 2014, emissions from power plants of SO, and particulate matter
10 microns or less in size had decreased by 80 percent and of NO, by 65 percent
relative to their levels at the time of the Clean Air Act amendments of 1970
(EPA, 2015). Even at those decreased levels, however, these pollutants are
known to cause harms to human health, as discussed earlier (NRC, 2010b). On
the other hand, emissions of GHGs due to electric power generation rose by a bit
more than 60 percent during the same period (EIA, 2016a, Table 12.6).
Meanwhile, CO, emissions per megawatt hour (MWh) of electricity produced
decreased modestly (Figure 2-5) as a result of improvements in the efficiency of
coal plants in the 1950s and 1960s, the growth of nuclear power, and a partial
switch from coal to natural gas and wind power in the late 2000s and early
2010s.

3Chapter 7 provides a more detailed discussion of these tax and other subsidies. Schedule
available at http://energy.gov/savings/renewable-electricity-production-tax-credit-ptc
(DOE, n.d.-c).
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FIGURE 2-4 Total installed U.S. electricity generation capacity, 2014-2040 (projections
from 2016 onward).
SOURCE: EIA, 2016a.
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FIGURE 2-5 Emissions of carbon dioxide from electric power generation in metric tons
per megawatt hour (MWh), 1950-2010.
SOURCE: EIA, 2015e.
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TECHNOLOGY READINESS AND COST OF CURRENTLY
AVAILABLE CLEANER TECHNOLOGIES

To understand better the barriers to greater adoption of increasingly clean
electric power generation technologies—that is, to understand why power
producers are likely to choose to build fossil fuel-powered plants over plants
with carbon capture technology or those powered by wind or solar energy—the
committee took an in-depth look at the technology readiness and cost of
currently available cleaner technologies.

Technology Readiness

A key first step in understanding the barriers to market adoption for low-
and no-emission technologies is assessing their readiness to be incorporated into
existing infrastructures. Technologies that can readily and easily be incorporated
into the existing electric power grid and associated infrastructure are much more
likely to be adopted and utilized. There currently exist a wide range of
increasingly clean electric power generation technologies that can produce lower
or no emissions when used. The committee assessed the technology readiness of
the most promising of these technologies in each of the following categories:

e  Renewable power generation—These technologies focus on the
generation of electricity from wind, solar, biomass, geothermal, and
hydropower sources. They include, for example, advanced and
improved wind turbines, photovoltaic (PV) devices, and enhanced
geothermal power generation. The committee also included in its
assessment technologies whose deployment would enhance the ability
of the grid to host increasing amounts of renewable power production,
such as storage technologies (including batteries) since improved
storage can support variable power generation from renewables.

o Advanced fossil fuel power generation—These technologies focus
on improving the pollution control technologies of coal- and natural
gas-fired power plants, such as advanced carbon capture and storage.
The committee also included water treatment technologies since
treating cooling water is a significant obstacle to the construction of
new thermal plants (including nuclear plants).

e Nuclear power generation—This category includes new and next-
generation nuclear technologies and the development of cost-effective
technologies that can maximize the use of existing nuclear plants.

o FElectricity transmission and distribution—This category includes
technologies with the potential to reduce losses from and increase the
efficiency of the transmission and delivery of electricity to end-users.
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As much as 11 percent of all electricity generated is lost during
transmission and delivery (Jackson et al., 2015).

o Efficient electrical technologies for buildings and industry—This
category includes technologies being deployed and developed to
reduce building energy needs and energy used in industrial processes.

The detailed assessment of each of these technology categories in
Appendix D includes a description of the category; an estimate of the
technology readiness level (TRL)* of promising technologies in that category in
2016, 2020, and 2035, if estimates were available; and associated technological
and commercialization barriers. Table 2-1 summarizes the 2016 TRLs of these
technologies.

Cost

To understand impediments to the deployment of increasingly clean
energy technologies, the committee reviewed assessments of the economic
competitiveness of such technologies in a technology-neutral policy
environment.” The results of this assessment provide a baseline for evaluating
the competitiveness of these technologies and reveal the need for further
technological advances.

Developing a levelized cost of electricity (LCOE) is a commonly used
method for estimating current and future costs of producing electricity from
different generating technologies. While any LCOE must be viewed in light of
its assumptions, LCOE estimates can provide a convenient indicator of the
relative costs of different technologies and thus a basis for comparing each
technology’s ability to compete on the basis of its underlying economic
performance. Several sources develop estimates of recent and projected future
LCOE:s for specific technologies.

EIA has a long history of developing LCOE estimates for different electric
power generation technologies (EIA, 2014h).° These empirical estimates take
the location of wind and solar resources into account and incorporate the cost of
transmission. EIA also adjusts the LCOE estimates to reflect the relative value

A well-accepted method for identifying the readiness of a technology for ultimate dis-
semination in the marketplace is the TRL taxonomy developed by the National
Aeronautics and Space Administration (NASA) as a means of managing its space-related
research and development. Further information is provided in Appendix D.

SThat is, comparing the market prices of technologies absent technology-specific policies
that, inter alia, lower prices through subsidies or prevent costs from being incorporated
into the market price.

EIA’s LCOE estimates include capital costs, fuel costs, fixed and variable operations
and maintenance (O&M) costs, financing costs, and an assumed utilization rate for each
type of generation technology. EIA also provides information on regional variations in
the LCOE for different technologies.
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of variable wind and solar generation that cannot follow dispatch instructions
easily or at all. The EIA estimates show that the value of wind, which blows
more at night, when energy prices are low, can be 12 percent below the
unweighted average price of electricity; and the value of solar power, with the
sun shining when energy prices are higher, can be 16 percent greater than the
unweighted average price of electricity (Schmalensee, 2013). EIA also adjusts
its LCOE estimates for wind and solar power based on differences in the
avoided costs of electricity derived from sources displaced by each. The agency
reports its LCOE estimates based on the factors used in modeling for its Annual
Energy Outlook publication. In its Annual Energy Outlook 2016, EIA provides
detailed information on the estimated LCOEs for different electric power
generation capacity additions anticipated to enter service in 2020 (EIA, 2016a).”
Appendix B provides a more complete description of the essential elements used
for consistent cost estimates in Annual Energy Outlook 2016.

In developing the Annual Energy Outlook, EIA must make assumptions
regarding future policies. As a result, its LCOE estimates reflect two important
policy assumptions that are not technology-neutral. First, EIA adds 3 percent to
the weighted average cost of capital for new coal plants as a proxy for
anticipated carbon reduction policies (EIA, 2014h). Second, certain
technologies, including nonhydro renewables and combined heat and power, are
allowed to use a modified accelerated tax depreciation that is not available to
other technologies,8 resulting in substantially lower fixed-charge rates for
renewable capital costs (see Appendix B). The committee adjusted EIA’s LCOE
estimates to eliminate the impact of these two assumptions and enable
comparison of supply options on the basis of technology-neutral policies.

The committee then compared the economic competitiveness of different
technologies, first incorporating only an estimate of including the harms from
criteria pollutants (see Appendix B) and not GHG emissions. For criteria
pollutants—S0O,, NO,, and small particulates—the actual externality costs for a
given unit will vary based on its location and differences in the pollutant
exposures resulting from its emissions. Conventional coal-fired power
generation emits substantially greater quantities of these pollutants relative to
other technologies. The committee used Greenstone and Looney’s (2012) values
for impacts of criteria pollutants based on estimated emission rates from Muller
and colleagues (2011). Figure 2-6 compares the projected costs of various
electric power generation technologies against the cost of an advanced
combined-cycle natural gas plant from this perspective where firms do not
directly bear the costs of GHG pollution.

"EIA also provides LCOE estimates for 2040 that include an assumed learning rate for
newer technologies. This assumption contributes to renewables being somewhat more
competitive in EIA’s forecasts for 2040 relative to those for 2019 (EIA, 2013d).

8Section 125 of the Tax Increase Prevention Act of 2014 extended the placed-in-service
date for the modified accelerated cost-recovery system (Tax Increase Prevention Act of
2014, Public Law 113-295, 113th Congress [December 19, 2014]).
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TABLE 2-1 Promising Technologies for Increasingly Clean Electric Power

Technology Category

1

2

3

Technology Readiness Level”

4 5 6 7 8 9

Renewable Power Generation
1: Electric energy storage
: Hydro and marine hydrokinetic power”
: Advanced solar photovoltaic power®
: Advanced concentrating solar power
: Advanced solar thermal heating
: Advanced biomass power
: Engineered/enhanced geothermal systems
: Advanced wind turbine technologies
: Advanced integration of distributed resources at high percent

O 03N LU AW

Advanced Fossil Fuel Power Generation
10: Carbon capture, transport, and storage
11: Advanced natural gas power and combined heat and power (CHP)“
12: Water and wastewater treatment

Nuclear Power Generation
13: Advanced nuclear reactors
14: Small modular nuclear reactors
15: Long-term operation of existing nuclear plants

(Continued)
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TABLE 2-1 Continued

Technology Readiness Level”

Technology Category 1 2 3 4 5 6 7 8 9

Electricity Transmission and Distribution
16: Advanced high-voltage direct current (HVDC) technologies
17: Reducing electricity use in power systems
18: Smart-grid technologies (grid modernization)
19: Increased power flow in transmission systems
20: Advanced power electronics

Energy Efficiency

21: Efficient electrical technologies for buildings and industry
“Technology readiness levels are shown on a scale of 1 to 9, where 1 is the least ready. Most of the technology
categories shown include technologies with varying readiness levels. A shaded box below a TRL number indicates
there is at least one technology at that TRL. See Appendix D for more detail.
"The committee identified barriers at lower TRLs for hydropower technologies but was unable to make specific
level assignments.
“For concepts beyond three junctions.
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FIGURE 2-6 Percent difference in levelized cost of electricity (LCOE) estimates for
electric power generation technologies entering the market in 2022 compared with
advanced combined-cycle natural gas power generation when GHG pollution costs are
not included.

NOTE: CC = combined cycle; CCS = carbon capture and storage; IGCC = integrated
gasification-combined cycle; PV = photovoltaic.

SOURCE: EIA, 2015f, 2016g. Because Annual Energy Outlook 2016 does not assess
conventional coal and IGCC technologies, their values (in 2013 dollars) were sourced
from Annual Energy Outlook 2015 and then converted to 2015 dollars using the Bureau
of Economic Analysis’ gross domestic product (GDP) implicit price deflator.

These estimates suggest that most increasingly clean power technologies
are uncompetitive in the market compared with advanced combined-cycle
natural gas power generation unless supported by a technology-specific policy.
For example, EIA’s benchmark LCOE for onshore wind generation is 43 percent
higher than that for an advanced combined-cycle natural gas unit. Without
accounting for GHG externalities, wind and solar energy also are often not
competitive with new IGCC coal plants (see Appendix B). There may be
selected locations and circumstances in which increasingly clean technologies
can currently compete with fossil fuel generation. However, EIA’s projections
suggest that for the United States as a whole, existing low-carbon increasingly
clean technologies would not be economically competitive from a market
participant’s perspective in a technology-neutral policy environment.’

See Appendix B for a detailed description of the plausible impacts of learning rates and
the use of learning rates in NEMS projections.
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Including a cost of $15/ton for GHG pollution still shows a similar picture.
While the relative costs for fossil fuel electric power generation technology
without carbon capture increase, the costs of increasingly clean technologies
such as wind, solar, and carbon capture still remain significantly higher than that
of advanced combined-cycle natural gas generation. Figure 2-7 compares the
projected costs of various electric power generation technologies against the cost
of an advanced combined-cycle natural gas plant where firms account for the
costs of pollution from GHGs when installing power generation technologies,
using EIA’s assumption that future carbon abatement policies will add roughly
$15/ton to the cost of capital for carbon-intensive technologies.'’ Figure 2-7
shows that wind is still 32 percent more expensive than advanced combined-
cycle natural gas generation when the costs of pollution are taken into account.
Even if the price charged for the carbon pollution were doubled from $15 to
$30/ton of CO,, which would approximate EIA’s estimate of the possible future
cost of carbon assuming a 2.5 percent rather than a 3.0 percent discount rate,
onshore wind would still remain 23 percent more expensive on average than an
advanced combined-cycle natural gas unit.

In addition to EIA, several other groups have begun to produce LCOE
estimates for recent historical prices, as well as projections. The National
Renewable Energy Laboratory (NREL) has developed its own model that
produces a range of high, middle, and low LCOE estimates for essentially the
same technologies as those to which the EIA estimates apply. Because of its
focus on renewable energy sources, NREL’s model characterizes renewable fuel
technologies in greater detail relative to NEMS. Like EIA, NREL expresses the
caveat that any method of estimating LCOE is subject to high levels of
uncertainty and is dependent on modeling assumptions.'' Also like EIA, NREL
generates a range of scenarios when developing its projections. Importantly,
current and future cost reduction trajectories are not estimated but are defined as
inputs to NREL’s model (Sullivan et al., 2015).

NREL’s available scenarios do not explicitly include a price on pollution
but do account for technology-specific tax policies, making it difficult to

"By comparison, the Interagency Working Group on Social Cost of Carbon (2015)
estimates the social cost of carbon pollution to be $36/ton.

""NREL developed and uses the Regional Energy Deployment System (ReEDS) model.
Assumptions in this model are intended to account for, inter alia, transmission
infrastructure expansion costs, electric system operation costs, cost of capital, busbar
costs at the plant gate, costs of transmission spur lines, site-specific construction costs,
and projected changes in capacity factor (Sullivan et al., 2015).
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FIGURE 2-7 Percent difference in average levelized cost of electricity (LCOE) estimates
for electric power generation technologies entering the market in 2022 compared with
advanced combined-cycle natural gas power generation when all pollution costs are
internalized.

NOTE: CC = combined cycle; CCS = carbon capture and storage; IGCC = integrated
gasification-combined cycle; PV = photovoltaic.

SOURCE: EIA, 2015f, 2016g. Because Annual Energy Outlook 2016 does not assess
conventional coal and IGCC technologies, their values (in 2013 dollars) were sourced
from Annual Energy Outlook 2015 and then converted to 2015 dollars using the Bureau
of Economic Analysis’ gross domestic product (GDP) implicit price deflator.

develop a useful comparison of unsubsidized technologies at full cost. As with
EIA’s estimates, the committee adjusted the NREL estimates to eliminate the tax
policies for all technologies in order to compare LCOE estimates in a more
technology-neutral policy environment. Figure 2-8 compares the projected costs
of wvarious electric power generation technologies against the cost of
conventional combined-cycle natural gas power generation from the market
perspective where firms do not directly bear the costs of pollution.

Like EIA’s estimates, these estimates suggest that while the costs of
renewable technologies have declined significantly in recent years, absent
subsidies or an appropriate price on pollution, increasingly clean technologies
often cost more in the marketplace. Based on NREL’s estimates, for example,
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FIGURE 2-8 Percent difference in levelized cost of electricity (LCOE) estimates for electric power generation technologies entering the
market in 2020 compared with conventional combined-cycle natural gas power generation when pollution costs are externalized.

NOTE: CC = combined cycle; CCS = carbon capture and storage; IGCC = integrated gasification combined cycle; PV = photovoltaic.
SOURCE: Sullivan et al., 2015.
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solar costs may range from as low as 16 percent less than those of natural gas to
as great as 251 percent more, while onshore wind may range from 38 percent
less to 56 percent more costly.

Financial advisory and asset management firm Lazard has produced a set
of LCOE estimates since 2007 using its own parameters. The most recently
available set, from November 2015, provides a range of scenarios, including one
that is labeled “unsubsidized” (Lazard, 2015). The assumptions stated, though,
are less clear than the assumptions and model parameters specified by EIA and
NREL. For example, Lazard notes that its estimates do not include factors that
could have a potentially significant effect on its estimates, including “capacity
value vs. energy value; stranded costs related to distributed generation or
otherwise; network upgrade, transmission or congestion costs; integration costs;
and costs of complying with various environmental regulations (e.g., carbon
emissions offsets, emissions control systems)” (Lazard, 2015, p. 19). Lazard
also states that in its LCOE estimates, it does not attempt to account directly for
such externalities as the cost to society of pollution. Instead, a cost of carbon
abatement is calculated separately. The analysis makes no mention of the lead
time for construction or the year the assets are expected to enter service.

Nonetheless, Lazard’s estimates show ranges similar to those from EIA
and NREL. For example, the estimates for utility scale solar PV range from
49 percent less expensive than conventional gas to 56 percent more costly.
Onshore wind is estimated to be as much as 62 percent less to as high as
71 percent more costly. Advanced coal with CO, capture and storage is
projected to cost 311 percent more than conventional gas. Again, these ranges
suggest that progress has been made in improving the cost-competitiveness of
increasingly clean technologies, but continued cost declines are still needed.
This is especially true once grid upgrade costs, such as the cost of new
transmission assets to accommodate additional wind and solar plants, are
incorporated into cost estimates.

Data and news provider Bloomberg New Energy Finance (BNEF)
publishes an annual Sustainable Energy in America Factbook that includes
retrospective LCOE estimates for a wide range of electric power generation
technologies (BNEF, 2016). One advantage of the BNEF estimates is that the
analysts attempt to use data from actual constructed power plants whenever
possible. A full analysis of BNEF’s estimates, however, was complicated by the
opacity of their presentation; estimates are presented as a graphic without
underlying figures. BNEF also does not provide details of its model or the
assumptions used in any particular scenario except to state that “EIA is source
for capex ranges for nuclear and conventional plants” (BNEF, 2016). For
example, the estimates are identified as being for “unsubsidized...power
generation technologies” (BNEF, 2016, p. 35), but the notes provided do not
describe the methodology used to adjust for and eliminate the impact of various
subsidies.
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Despite these difficulties with its use in the present analysis, the BNEF
graphic is illustrative of current costs. For example, in the 2016 factbook
presenting estimates for plants entering service in 2015 around the world
(BNEF, 2016), it appears that approximately 20 percent of wind plants and
fewer than 2 percent of solar PV plants constructed cost less to build than gas-
or coal-fired plants. Apparent costs compared with a combined-cycle natural gas
plant range tremendously. Onshore wind ranges from 34 percent less to as much
as more than 240 percent more expensive. The range for solar PV'? is 26 percent
less to nearly 400 percent more expensive. And for offshore wind, the range is
54 percent to approximately 430 percent more expensive. BNEF’s factbook does
not provide LCOE estimates for carbon capture-equipped fossil fuel plants.

In addition to estimating a range of costs for various technologies, BNEF
estimates “central values” using actual data in its model" (BNEF, 2016).
Looking at these average estimates, it is clear that, except for small hydropower
stations, they all either held steady from the first to the second half of 2015 or
declined; small hydro costs apparently increased slightly. The data points reveal
that the global average costs for onshore wind-generated electric power are
greater than the costs of conventional gas- or coal-generated power in the United
States and China, and lower than those in Europe and Australia.'* Costs for thin-
film and stationary crystalline silicon solar PV appear to be close to competitive
with those for coal-fired power generation in Australia but higher than the costs
for coal-fired generation for the rest of the world and lower than the costs for
gas-fired generation anywhere. Tracking crystalline silicon solar PV is estimated
to be more expensive than any fossil fuel generation source. Average costs for
large-scale hydropower plants are estimated to be greater than those for natural
gas-sourced power in the United States, and greater than those for coal-sourced
power in China but lower than those for fossil fuel-fired plants in the rest of the
world. " Offshore wind and concentrating solar power are both estimated to be
more expensive than fossil fuel-fired plants anywhere.

Reviewing this evidence and the salient recent literature, it becomes clear
that the higher average cost of key increasingly clean electric power generation
technologies remains a barrier to their broad deployment (Aldy, 2011).'°

PIncludes three technologies: crystal silicon without tracking, crystal silicon with
tracking, and thin film.

The accompanying notes refer to these as “global central scenarios,” explaining that
“these central scenarios are made up of a blend of inputs from competitive projects in
mature markets” (BNEF, 2016, Slide 35).

“BNEF provides estimates for the cost of gas-fired generation only for the United States,
China, Europe, and Australia.

The factbook does not define the difference between large and small hydropower
plants.

Uncertainty regarding climate change and the possibility of its very large negative
impacts have raised questions about the application of cost-benefit analysis and the social
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Finding 2-1: On average, unsubsidized increasingly clean
electric power generation technologies are estimated to cost
between 43 percent and 391 percent more than a new
combined-cycle natural gas facility when prices do not
account for the costs of pollution.'”

EIA’s Annual Energy Outlook 2016 No Clean Power Plan (CPP) case
assumes that the performance of increasingly clean power generation
technologies will continue to improve and that governments will continue other
policies favoring those technologies.18 Applying these assumptions, EIA
projects increases in renewable electric power generation through 2040.
Renewables start from a current cost disadvantage and power generation market
share of approximately 13 percent, but they (including hydroelectric resources)
are projected to provide 23 percent of electric power generation in 2040. That
penetration rate for renewables is still far below the projected market shares for
natural gas and coal of 32 percent and 29 percent of U.S. electric power
generation, respectively (EIA, 2016a)."” The projected increase in renewable
electric power generation has only a limited impact on the overall mix of power
generation technologies, as reflected in Figure 2-9. In the Annual Energy
Outlook 2016 No CPP case, nuclear power’s approximately 20 percent market
share is projected to fall to about 15 percent by 2040. As a consequence, with
projected growth in demand, EIA’s No CPP case projects that CO, emissions
from the production of electricity could be nearly 4 percent higher in 2040 than
they were in 2015.

EIA also conducted one sensitivity analysis that assumes the extension of
some policies through 2040 and expansion of other policies meant to decrease
CO, emissions.”” Under those assumptions relative to the No CPP case,

cost of carbon. For a discussion of these issues, see Weitzman (2009, 2011), Nordhaus
(2011), and Pindyck (2011).

Geothermal and hydroelectric power generation costs are exclusive of constraints on
capacity increases. The smaller number is associated with wind and the higher number
with solar thermal generation.

'"®EIA’s No CPP case “assumes that the final CPP rule is permanently voided and is not
replaced by other controls on power sector CO, emissions.” The committee used these
projections given the U.S. Supreme Court’s stay of the Clean Power Plan in February
2016 (see Martin and Jones, 2016).

This citation refers to data found in Martin and Jones (2016, Table 8).

2Specifically, this sensitivity case assumes that tax policies such as the production tax
credit extend beyond their current sunset dates and remain in force, while corporate
average fuel economy standards, appliance standards, and building codes are expanded
beyond current provisions, and the Clean Power Plan is reinstated with tightening
regulation of CO, emissions starting in 2030.
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FIGURE 2-9 Electric power generation by fuel (billions of kilowatt hours [kWh])
assuming No Clean Power Plan, 2000-2040.
SOURCE: EIA, 2016a.

renewables are projected to grow to supply 34 percent of electric power
generation, the same as natural gas, while coal and nuclear both shrink to
16 percent. These results are shown in Figure 2-10. This case projects CO,
emissions from the electricity sector to be roughly 30 percent lower in 2040 than
in 2015.

Comparison with an earlier, alternative sensitivity analysis is helpful to
consider how extending current policies compares with enacting a policy that
would incorporate the cost of pollution into the market price of electricity. In its
Annual Energy Outlook 2014, EIA projected that a significant price on carbon
starting at $25 per ton of CO, could increase the market share for nuclear power
to more than 37 percent and reduce the electricity sector’s CO, emissions by
nearly 80 percent compared with its 2012 emissions.”' This assumed price on
CO, emissions was projected to increase the average electricity price for 2040

2'In sensitivity cases, EIA examined policies that would favor increasingly clean
technologies and made modestly more favorable assumptions regarding the cost of
renewable electric power generation. The additional cases included those in which the
capital cost of nonhydroelectric renewables was assumed to be 20 percent below
reference case levels, and a case in which the carbon price is initially set at $25 per ton of
CO, and increases at a rate of 5 percent per year. In both of these cases, renewable
generation was forecast to increase but remain at below a 25 percent market share in
2040 (EIA, 2014a, Appendix B).
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FIGURE 2-10 Projections for electric power generation by fuel (billions of kilowatt
hours [kWh]) assuming specific policies are extended and expanded through 2040.
SOURCE: EIA, 2016a.

by 23 percent compared with the reference case and (in constant 2012 dollars)
by 39 percent relative to the average 2012 price. Other studies assuming limited
improvements in the cost of low-carbon resources have reached similar
conclusions: achieving large reductions in the U.S. electricity sector’s carbon
emissions by incorporating the full costs of pollution into electricity prices
would lead to significant increases in prices to ultimate consumers. >

These results suggest that major improvements in the cost-competitiveness
of low-carbon increasingly clean technologies—improvements that go beyond
those assumed in EIA’s or NREL’s analyses—will be required if those
technologies are to be market-competitive globally to a degree that encourages
significant displacement of incumbent technologies. These improvements will
be essential to achieving long-term reductions in GHGs, such as the reduction
called ;or in the COP21 agreement,> without significantly increasing electricity
prices.

2(Qther assessments of the costs of reducing carbon emissions can be found in Clarke et
al. (2009, 2014), Fawcett et al. (2009, 2013), CBO (2009), EIA (2009a), Paltsev et al.
(2009), Fischer and Newell (2008), and CCSP (2007).

BUnder that agreement, the “United States intends to achieve an economy-wide target of
reducing its greenhouse gas emissions by 26%-28% below its 2005 level in 2025 and to
make best efforts to reduce its emissions by 28%” (United States, 2015).

*Regarding the collateral goal of preventing large increases in electricity prices, see
Parry et al. (2015, Chapters 6 and 7).
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Finding 2-2: Achieving long-term targets for reducing GHG
emissions from the electricity sector by 80 percent or more
without significantly increasing electricity prices would
require significant improvements in the performance of low-
carbon increasingly clean technologies.

WILL EXPANDED DEPLOYMENT MAKE INCREASINGLY CLEAN
TECHNOLOGIES MORE ECONOMICALLY COMPETITIVE?

Given the above finding that currently available increasingly clean electric
power generation technologies are not yet economically competitive compared
with conventional, higher-polluting technologies, the committee considered the
extent to which policies designed to expand the deployment of cleaner
technologies produce meaningful performance improvements and associated
cost declines as a result of “learning by doing” (LBD),” and the extent to which
LBD benefits might offset the difference in the societal costs of low-carbon and
conventional resources. The committee found no evidence that increasingly
clean technologies could become economically competitive in the near term
based primarily on performance improvements achieved through expanded
deployment and LBD alone (Gallagher et al., 2012), even though LBD is often
assumed to have a material effect on costs. This leads to the conclusion that
improving the cost-competitiveness of increasingly clean technologies will
require that attention be paid to the larger innovation system.

“Experience curves” are a common component of innovation system
models. Simple experience curves have been developed for various technologies
and industries in which an historical doubling of technology deployment is
associated with coincident reductions in costs or improvements in performance.
For newer alternative energy sources, single-factor experience curves typically
estimate a 15-20 percent improvement in costs with each doubling of a
technology’s adoption (McDonald and Schrattenholzer, 2000). This relationship
of improvements in cost or performance to deployment is often presented as a
“learning rate.””® However, experience curves simply document historical
associations and by themselves provide limited information on the impacts of
increased deployment or appropriate public policy choices.

There are significant limits on the inferences that should be drawn from
such experience curves. First, an historical “learning rate” does not necessarily
imply that a given technology will continue to improve along its historical trend
line. Emerging technologies are quite complex and often include both improving

BFor purposes of this discussion, the phenomenon of customers “learning by using” new
technologies is included as a subset of LBD.

%For a discussion of experience curves and their use in the energy sector, see Junginger
et al. (2010).
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and relatively mature components. Improving cost or performance often requires
solving “problems” across a wide range of TRLs. At some point, progress in
improving components is likely to diminish and be offset by other factors, such
as increased input prices. Second, long-term forecasts of technology costs are
sensitive to small variations in the choice of the underlying historical data
(Nemet, 2006; see also NRC, 2010d; Weisenthal et al., 2012). Third, simple
experience curves do not reveal what factors led to observed performance
improvements. Proponents of the experience curve method acknowledge that it
treats the mechanisms of performance improvement as a “black box” (Junginger
et al.,, 2008). Thus, single-factor experience curves cannot help answer the
policy question of the optimal balance between public investment in research
and development (R&D) and direct support for increased market adoption, such
as expenditures for deployment. Fourth, the associations documented in
experience curves do not imply a causal relationship (Clarke et al., 2006; Popp
etal.,, 2010). An increase in the adoption of a technology, for example, may
reflect cost reductions that were the result of an independent government
research program, innovations developed in a different industry, or other
external factors. Thus, the “learning ratios” in experience curves would not, by
themselves, demonstrate that programs subsidizing larger-scale deployment of
increasingly clean technologies led to material performance improvements.

Experience curves often reflect the impact of multiple factors in addition
to LBD (Clarke et al., 2006). This point has important public policy
implications. The basic mechanisms by which performance improvements may
occur have been widely documented (Junginger et al., 2010). Broadly defined,
they include the following:

e Learning by (re)searching (LBS)—This is R&D broadly defined. LBS
is an intentional and often costly effort to seek out and develop
innovations. Its goal is to develop an innovation until it is at or near
the stage of large-scale deployment. Typically, R&D is risky and can
have large spillover benefits that are not fully captured by the
organization sponsoring the research. These knowledge spillovers
justify public support, as private entrepreneurs would otherwise
underinvest in R&D activities.

e LBD—This is the creation of new information that reduces the cost of
future production. LBD is passive (Thompson, 2010)—it is a free by-
product of deployment rather than an explicit undertaking with its
own costs. LBD can produce spillover effects that, depending on the
cost of additional deployment and the rate of learning, may justify
some amount of public support.

e Economies of scale—Economies of scale reflect decreasing unit
production costs as production at a plant or firm reaches an efficient
size. In the energy sector, economies of scale may be relevant at the
unit, plant, firm, or industry level (Gillingham and Sweeney, 2010).
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According to Borenstein (2012, p. 83), “The distinction between
learning-by-doing and economies of scale may seem minor, but the
implications for public policy are immense. If one firm can drive
down its costs by producing at large scale in its factory or its
installation operation, those benefits are highly appropriable by that
large firm....Thus, significant economies of scale in any industry,
short of creating a natural monopoly, are not generally seen as a basis
for government intervention.” Private entrepreneurs can be expected
to invest in the realization of economies of scale when doing so will
produce an economically competitive product.

e Learning by waiting (LBW)—The spillover effects from other
industries, technologies, or countries are essentially exogenous—that
is, developed on the outside, from the perspective of the firm
(Thompson, 2010). The resulting innovations will appear over time
and can be exploited by waiting. In some cases, government support
may have played a role in the development of the borrowed
technologies for another industry; in other cases, government may be
able to accelerate technology transfer and the adaptation of
technologies developed in other fields, often with limited
intervention. However, LBW is the result primarily of innovation that
occurs elsewhere and not of accelerating technology deployment.
Separating LBD from the impacts of external technological change is
difficult, such that estimates of learning rates based on experience
curves can easily be biased upwards (Nordhaus, 2014).

Studies examining the factors contributing to performance improvements
that coincide with policy-driven deployments of increasingly clean technologies
indicate that single-factor experience curves should be viewed with caution.
They may overstate the extent to which significant innovation and performance
improvements can be achieved through policies focused primarily on expanding
deployment. S6derholm and Sundqvist (2007) developed two-factor models
examining the impacts of both R&D and LBD on improvements in wind
generation in four European countries from 1986 through 2000. They concluded
that the problem of omitting such variables as LBS must be taken seriously.
After accounting for R&D, their models estimated that LBD was associated with
improvements of about 5 percent with every doubling of deployments
(Séderholm and Sundqvist, 2007). Other two-factor studies have reached similar
conclusions and indicated that learning rates associated with LBS may be higher
than those associated with LBD (Jamasb, 2007; Kahouli-Brahmi, 2008; Kobos
et al., 2006). In a widely cited analysis, Nemet (2006) further disaggregated the
factors contributing to reductions in U.S. PV energy costs from 1975 to 2001.
He considered seven different factors, including economies of scale, efficiency
improvements, and reductions in material costs. According to Nemet, “Overall,
the ‘learning’ and ‘experience’ aspects of cumulative production do not appear
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to have been major factors in enabling firms to reduce the cost of PV’ (Nemet,
2006, p. 3226). He goes on to state that “a much broader set of influences than
experience alone contributed to the rapid cost reductions” (Nemet, 2006,
p. 3230).

Other studies have examined the impacts of deployment subsidies on
patent filings and other evidence of innovation. A 2010 study by Swiss
researchers, for example, analyzed the effectiveness of “demand-pull” (i.e.,
deployment) and “technology-push” (i.e., R&D) policies for PV across
15 OECD countries. Their analysis found that “demand pull policies only foster
incremental innovation,” and the authors cite “anecdotal evidence that in phases
of rapid induced market growth such policies even disincentivize non-
incremental innovation.” They conclude that “only technology-push support is
able to incentivize non-incremental innovation” (Peters et al., 2011, p. 2).

A recent analysis of the impact of the German Renewable Energy Sources
Act, the so-called Erneuerbare-Energien-Gesetz (EEG), on patents for
innovation in renewable energy technologies questions whether German feed-in
tariffs for PV, wind, and geothermal energy have led to innovation in these
technologies. The authors found statistically significant negative correlations
between feed-in tariffs for hydroelectric and biomass generation and innovation
in these technologies. They conclude that “empirical data of the German feed-in
regulation over the last two decades...do not lend support to the proposition that
German feed-in tariffs under the EEG spur innovation.” The study found that in
the case of PV, which received very high incentives for deployment, “the EEG
does not engender innovative output” (Bohringer et al., 2014, p. 15).

An analysis by Nemet (2012) of $1 billion in public investments leading to
the deployment of $2 billion in wind generation in California and in
contemporaneous performance improvements between 1985 and 2005 found
evidence of LBD. However, the LBD benefits were found to diminish with
additional deployments (Nemet, 2012). The finding of diminishing benefits from
LBD are similar to results from other industries (Arrow, 1962; see also Argote
et al., 1990; Benkard, 2000; Darr et al., 1995). They suggest that increasing the
scale at which new technologies are deployed cannot be expected to produce a
proportionate improvement in performance from LBD because learning rates
and their benefits also may moderate as a technology begins to mature.
Moreover, Nemet (2012) found that the benefits from LBD also may diminish
over time. This may occur because some of the knowledge acquired during
deployments may be retained by employees as tacit knowledge and be lost to the
firm when they leave, and other lessons learned may become less relevant with
changes in technology, demand, or industry structure. Qiu and Anadon (2012)
analyzed improvements associated with the Chinese government’s wind power
concessions during 2003-2007. Chinese wind prices saw reductions during this
time. These reductions, however, can be explained largely by economies of scale
and other factors. Taking such factors into account, Qiu and Anadon estimated
an LBD rate of only 4 percent for each doubling of production.
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These results do not suggest that LBD should be discounted entirely as a
mechanism of progress (Arrow, 1962). However, caution is necessary in
attributing observed performance improvements to deployment and LBD alone.
While LBD appears to have a positive impact, learning rates for LBD may be
lower than those for LBS. Importantly, when other factors are taken into
account, reasonable estimates for LBD learning rates may be in the single digits.
Moreover, evidence of diminishing returns suggests that in some cases, most
LBD benefits may be gained through more limited deployment initiatives.

Studies examining patent filings and other evidence of innovation suggest
that LBD may play a larger role in incremental improvements in technology,
while LBS may be more important for fundamental improvements. Thus, the
importance of LBD may depend on the stage of a given technology’s
development. And in some cases, given the iterative nature of the innovation
process, LBD may complement LBS investments.

Appendix C provides an analytical approach to evaluating LBD and the
relative merits of deployment versus focusing near-term policies on R&D and
waiting for the costs of increasingly clean electric power technologies to
approach becoming commercially competitive.”” This appendix contains a
quantitative analysis illustrating the analytical model with specified
assumptions. While the analysis suggests that LBD is relevant and that a
material learning benefit can be associated with deployment, it also suggests that
this learning benefit may be too small to offset much of the cost of large-scale
deployment of increasingly clean electric power technologies. The analysis
indicates that LBS (i.e., investments farther upstream in the innovation system,
such as at the R&D stage) is more important in the near term (Nemet and Baker,
2008; NRC, 2010c).

Some increasingly clean electric power technologies will be economically
competitive, either generally or in specific applications, independent of any
LBD benefits that might result from their deployment. In the near term, it will be
advisable to continue to deploy energy-efficient (see Chapter 4) and other
increasingly clean technologies that are already cost-effective—in many cases
more aggressively. Policies that lead to prices fully incorporating the costs of
pollution will aid deployment and reduce emissions by providing more accurate
market signals. It is important to note, however, that optimal policies for
encouraging innovation in energy technologies rely less on pollution pricing
than on directed support of innovation (Acemoglu et al., 2012). Reducing
pollution to socially optimal levels by implementing only a pollution price
would likely cost more than doing so in tandem with complementary
innovation-focused policies (Parry et al., 2015). Thus while pollution pricing is a
critical complement to innovation policies, achieving the level of desired
pollution abatement will require tailoring policies to promote innovation in
energy technologies, to be comprehensive, to address undue barriers to

YOther relevant U.S. policies to support deployment are discussed in Chapter 7.
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innovation in each stage of the innovation process, and to provide significant
support for research, development, and deployment (RD&D).

Finding 2-3: Evidence suggests that policies focused dis-
proportionately on subsidizing deployments of increasingly
clean technologies will not produce the large, timely, cost-
effective improvements in the cost and performance of these
technologies required to address pollution problems. Rather,
what is required to achieve these improvements in currently
available technologies and to create new, as yet unknown
breakthrough technologies is a major investment in inno-
vation.

The development of affordable low-carbon increasingly clean electric
power generation technologies could position the United States to take more
effective measures to address the risks and uncertainties of climate change. In its
report Limiting the Magnitude of Future Climate Change, the NRC (2010c¢)
identifies “an urgent need for U.S. action to reduce greenhouse gas emissions.”
Recent assessments of risks and uncertainties associated with climate change are
consistent with that conclusion (IPCC, 2013, 2014a,b; Walsh etal., 2014).
Multiple reviews and expert panels likewise have concluded that global GHG
emissions pose clear risks to U.S. economic prosperity (CEIR, 2007; CBO,
2009; Dell et al., 2012, 2014; Interagency Working Group on Social Cost of
Carbon, 2013; Nordhaus, 2013) and national security (CNA Military Advisory
Board, 2007, 2014; Defense Science Board Task Force, 2011; DoD, 2014).

The committee both agrees with these prior conclusions and acknowledges
the uncertainty inherent in making forecasts for complex climate systems. Yet
the existence of uncertainty does not mean that the United States should eschew
mitigation measures. Avoiding the potential negative consequences of
significant climate change is critical to protecting the nation’s economic and
security interests. Effective mitigation of climate risks may require a transition
to low-carbon energy technologies on a global scale and possibly within a
compressed time frame. Significantly reducing the cost and improving the
performance of low-carbon energy resources appears both the most efficient and
the most likely path to providing options for making an affordable transition to a
low-carbon global economy. There is an urgent need for the development of
energy technology options that could make the global transition to a low-carbon
economy practical, affordable, and timely.

The federal government has taken a number of recent actions to support
innovation in electric power generation technologies. For example, the
Department of Energy made clear in 2015 that it planned to increase its focus on
“crosscutting R&D,” including electric power grid modernization, with a
primary goal of continuing to decrease the costs of increasingly clean energy
technologies (DOE, 2015c). DOE expects it will need “partnerships with
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university scientists and engineers, researchers at both established and
entrepreneurial companies, federal and state agencies, and others” to induce the
level and kind of transformational innovation needed (DOE, 2015c, p. iii). The
committee finds this a positive development, as it is expected that an increase in
support for innovation activities such as R&D will be cost-effective in reducing
the costs of increasingly clean electric power generation technologies (Baker et
al., 2015). The remainder of this report is aimed at providing guidance on how
the Department of Energy and other federal entities, along with state
governments and other stakeholders, can take action to support and encourage
breakthrough innovation to meet the energy challenge.

CONCLUSION

The committee’s review of currently available increasingly clean electric
power generation technologies suggests that they are not yet capable of meeting
the challenge of supplying reliable electric power at socially acceptable
pollution levels at prices that make them competitive in current electric power
markets. Policies therefore need to focus on both the improvement of currently
available and the development of new increasingly clean energy technologies.
The approach of increasing deployment in the hope that LBD will drive down
costs and increase performance appears unlikely to succeed at the scale needed
to address the pollution challenge adequately. The gains from LBD are too small
to expect that expanded deployment will yield the level of innovation needed.
While adequately pricing pollution would also help—both to induce additional
innovation and to create a level playing field so that prices reflect the full costs
of technologies—it also would likely be insufficient absent other policies.

The implication of these findings for increasingly clean energy innovation
policy is that the most important priorities are identifying and creating new
options, demonstrating the efficacy of these options, and setting the stage for
early adoption of those that are most promising. Although policies could be
instituted that would enhance the conditions for eventual large-scale take-up and
improvements in use, these policies are likely to be expensive and ineffective
without a substantial investment in the earlier stages of the innovation process.
The emphasis needs to be on developing technologies that can truly compete
with incumbent energy sources. Such technologies are not available today, and
efforts to create these future technologies need to be expanded and accelerated.
A major investment to this end is warranted, with a clear view of the challenges
ahead. These challenges create an opportunity and a need for action by
governments at all levels, keeping an eye on the prize of expanding the
innovation machine.
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Recommendation 2-1: The U.S. federal government and
state governments should significantly increase their
emphasis on supporting innovation in increasingly clean
electric power generation technologies.

Recommendation 2-2: Congress should consider an ap-
propriate price on pollution from power production to
level the playing field; create consistent market pull; and
expand research, development, and commercialization of
increasingly clean energy resources and technologies.

Copyright National Academy of Sciences. All rights reserved.
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Supporting and Strengthening the Energy
Innovation Process to Expand the
Technological Base for Increasingly Clean
Electric Power

This chapter addresses the need to expand the technological base for
increasingly clean electric power by supporting and strengthening innovation in
electricity generation, transmission, and distribution systems, as well as by
spurring innovation in the design and integration of distributed energy
generation and management systems, including efficient demand technologies.
The scale of this challenge underscores the importance of investing in research
and development (R&D) to discover and improve transformative innovations.
The deployment of viable existing technologies is also important, but as
discussed in the previous chapter, will be far from sufficient to meet the global
clean energy challenge, particularly in controlling the concentrations of
greenhouse gases (GHGs) in the atmosphere to hold the future rise in average
global temperatures to less than 2° C over the preindustrial equilibrium in
accordance with the agreement among the United States and 194 other nations at
COP21(UNFCCC, 2015).

This chapter first provides additional detail regarding the importance of
innovation in increasingly clean energy technologies and then looks at the key
stages of the energy innovation process, describing some of the main obstacles
to accelerated innovation at each stage. Finally, the chapter proposes a set of
strategies for overcoming those obstacles. The broad goal is to build an
innovation system that is matched to the scale of the challenges confronting the
electricity sector (Lester and Hart, 2012). All of the stages in this system—
research, development, demonstration, and take-up—mneed either increased or
more flexible support or new mechanisms to address gaps. Policies designed to
support innovation need to be informed by recognition that innovation takes
place within an interlinked, iterative system; failure to take this system-level
view may reduce the effectiveness or increase the cost of individual policies

49
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focused on a single stage in the innovation process. In particular, the committee
advises against an excessive focus on deployment initiatives at the expense of
early R&D.

THE IMPORTANCE OF INNOVATION IN INCREASINGLY CLEAN
POWER TECHNOLOGIES

The primary rationales for public support for energy innovation are
overcoming market failures and internalizing major externalities (Popp et al.,
2010; see also Chapter 2). Government supports innovation through a range of
policies, including funding technology research, development, and
demonstration; facilitating the availability of capital to small and start-up
businesses; providing tax incentives; and protecting intellectual property rights
that provide a temporary monopoly to inventors.

General-purpose technologies (GPTs) are innovation technologies that
have many potential applications for wide use and are capable of ongoing
technological improvement. GPTs also enable innovation in different
application sectors and create innovation complementarities that raise returns
both to the GPT itself and in various application sectors as the technology
improves in response to application-sector requirements. Because of these
factors, GPTs tend to produce large knowledge spillovers, a form of market
failure that prevents the inventors and firms that invest in innovation from
appropriating the full benefits that flow from their R&D expenditures.
Electricity is one example of a GPT that contributes to technological dynamism
(Clarke et al., 2006). Governments have played a major role in supporting
development of GPTs (Bresnahan and Trajtenberg, 1992; Janeway, 2012;
Mazzucato, 2011).

STAGES OF THE ENERGY INNOVATION PROCESS'

The energy innovation process is a complex network of market and
nonmarket institutions and incentives that includes public and private research
and educational institutions; individual entrepreneurs and small entrepreneurial
firms; large, mature firms; financial intermediaries ranging from large
commercial and investment banks to venture capital firms and individual angel
investors; local, state, and federal regulatory and standards-setting agencies and
legislative units; other government agencies engaged in research, development,
or procurement; and innovation users of many different kinds. These institutions
and individuals are connected by a set of incentives, regulations, and laws (e.g.,

IThis section draws on Lester and Hart (2012, Ch. 2).
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governing competition, intellectual property protection, environmental
protection, building codes, and the behavior of capital markets).

The innovation process rarely starts with a lone inventor experiencing a
flash of insight, but more often germinates from collaborations among teams of
researchers or among designers, users, manufacturers, and others. Whatever the
source, the initial insight is just the first step. If a new idea is to create value, it
must be reduced to practice, that is, converted into a product, process, or service
that works. It must then be tested by its users to show that it is economically
viable and that there is a demand for it. Then, to have real impact, it must be
“scaled”—that is, adopted by a significant fraction of the population of potential
users. This means that firms must also develop profitable business models for
delivering the technology to users. Most innovations continue to be refined even
after they have been deployed at scale.

It is helpful to distinguish among the stages that occur in the progression
from new idea or concept to large-scale deployment (Figure 3-1). The process is
not linear, and important feedback loops connect these stages (Janeway, 2012;
Mazzucato, 2011). Yet while the process of technological change has been
depicted in other ways that show the continuous interaction among the
innovation stages (see, e.g., Rubin, 2005), the activities involved in each stage
are distinctly different. To accelerate the flow of energy innovations over a
sustained period, all stages must be emphasized.

Option Creation/Proof of Concept

This is the first stage of the innovation process, when new possibilities for
products, services, or processes are identified and developed. Option creation is
closely associated with R&D, but the two are not synonymous. Advances in
fundamental research often yield new insights that are translated into practical
applications, but ideas for new products and services frequently arise
elsewhere—for example, from observations of user behavior or as a result of
conversations among different members of a design team. However, strong
investment in R&D is necessary to a healthy innovation system, and contributes
not just to the discovery of new possibilities but also to later stages of the
innovation process. A key goal is to encourage experimentation with new
concepts. Another important goal is to conduct proof-of-concept testing to
establish that there are no technical showstoppers that would prevent practical
realization of a new concept.

Demonstration
The primary goal at this stage is to enable technology developers,

investors, and users to obtain credible information about cost, reliability, safety,
and other dimensions of performance under conditions that approximate actual
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FIGURE 3-1 Stages of the energy innovation process.
SOURCE: Adapted from Lester and Hart, 2012, Figure 2.1, p.33.
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conditions of use. In other words, the goal is to reduce technological, regulatory,
and business risks to levels that would allow private investment in the first few
commercial projects. Achieving this goal entails building, operating, and
debugging pilot-scale and then full-scale prototypes, and often also requires
proof of system—demonstrating that the new technology is compatible with
other technologies with which it must interact, and that it can be integrated
effectively into the larger system of which it is part. Other important tasks at this
stage may include settling on standards and manufacturing and other
infrastructure requirements, and identifying key legal and regulatory barriers
that would need to be overcome for widespread use. Private innovators and their
investors assume an increasing share of costs and risks in the demonstration
stage relative to the option creation stage, and for smaller-scale innovations may
assume all of the cost and risk. But for large-scale, complex, system
innovations—such as central station power plants or systems for carbon capture
and storage—that entail high costs, long development times, and, typically, large
regulatory uncertainties, private firms are unlikely to move forward with
demonstration projects unless public institutions share the costs and risks.

Early Adoption

This stage typically involves the most forward-looking users, or perhaps
those with the strongest need to use the innovation. The main goals include
market development and early deployment of the various infrastructure elements
needed for scale-up, such as manufacturing and distribution capabilities and
other key parts of the supply chain, as well as regulatory systems and processes.
At this stage, too, early adopters play a key role in learning processes, providing
feedback that allows valuable features to be enhanced and practical problems to
be addressed. Reliability and affordability also are typically improved at this
stage.

Large-Scale Take-up/Improvements in Use

At this stage, the market and regulatory environments settle into more
stable and predictable patterns. Nonetheless, designs continue to be refined,
production systems and business models continue to be improved, and the
behavior of customers comes to be better understood. The cumulative impact of
evolutionary improvements to an energy technology or system, which may
continue over a period of decades, often greatly exceeds the performance gains
achieved when the technology is first brought to market.
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OBSTACLES TO ACCELERATED INNOVATION

Obstacles must be overcome at each stage of the innovation process. Some
of these obstacles are referred to colloquially as “valleys of death.” They include
(1) the technological “valley of death” as new concepts move from laboratory
research to proof of concept, and (2) the commercialization “valley of death” as
innovations move from the demonstration stage into the marketplace or early
adoption stage (Figure 3-2). Figure 3-3 lists specific obstacles that hinder the
progress of innovations and may be major contributors to the “valleys of death”
phenomenon.

Inadequate and uncertain funding for R&D is one such obstacle. A lack of
market pull at the proof-of-concept stage may be another. In addition, high
capital costs (an issue for many increasingly clean electric power technologies)
and free-rider or spillover effects discourage private investment and may
necessitate public/private partnerships. Obstacles further downstream can
include the complexity of siting for demonstration projects, inadequate standards
for scale-up and demonstration of new technologies, and a lack of vehicles for
financing precompetitive pilot and demonstration projects. Regulatory review
also can delay utility investments and create uncertainty regarding cost recovery
for utility R&D expenditures, pilot projects, and first-of-a-kind investments. The
time required for demonstration of capital-intensive technologies in a regulated,
risk-averse industry and a slow pace of commercial adoption undermine the
value of time-limited intellectual property rights, and create gaps between the
risks and time frames acceptable to venture equity investors and the availability
of project debt models. The committee notes in particular that even with a
pollution price providing greater market pull, these obstacles remain because
they are structural features of the regulated market for power technologies.

At the early-adoption stage, unpredictable market forces and a lack of
alignment between federal and state standards are common obstacles, as are risk
aversion and institutional barriers among utilities and utility regulators. Lack of
incentives for early adoption among major customers also plays a role. At the
level of large-scale take-up/improvements in use, a market failure of particular
importance is a lack of full life-cycle costs, including the costs of carbon
emissions and other externalities. Still another obstacle is the absence of real-
time pricing, which would help match retail prices with production costs, as
discussed in detail in Chapter 6. The failure of markets to provide entrepreneurs
with the expectation of an opportunity to capture the full value of increasingly
clean technologies, including environmental benefits, depresses activity at the
large-scale take-up stage, as well as at earlier stages in the innovation process.

Additionally, unique obstacles to innovation in the electric power industry
arise from the challenges of incentivizing a regulated local distribution company
or a vertically integrated utility that is the sole generator, seller, or distributor of
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FIGURE 3-2 Stages of the innovation process and valleys of death.
SOURCE: Adapted from Lester and Hart, 2012, Figure 2.1, p.33.
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FIGURE 3-3 Stages of the innovation process and key obstacles to acceleration.
SOURCE: Adapted from Lester and Hart, 2012, Figure 2.1, p.33.
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electricity to customers, issues discussed in greater detail in Chapter 6. Four
such obstacles are particularly important:

e Obstacles to entry into the electric power industry, such as regulatory
barriers, limit the development of new business models and the paths
for introduction of new technology.

e Cost-of-service regulation, a widely used regulatory model, provides
little incentive for a utility to innovate, as any savings tend to be
passed on to customers, and the utility receives little or no reward for
improvements in service beyond the minimum service quality
standards imposed by regulators.

o Utilities may face first-mover risks, as costs may be disallowed if an
innovation fails to perform as expected, and a utility may be criticized
for not adopting a successful innovation more broadly or rapidly.

e  While firms in competitive markets can rapidly innovate, learn, and, if
necessary, redirect their efforts, a regulated utility may need to cycle
through a lengthy regulatory review process and justify changes from
previously approved practices (Malkin and Centolella, 2014).

Removing obstacles to innovation in the utility sector may require changes
in utility regulation and in utility business models. Moreover, other regulatory
policies and unresolved legal issues present additional obstacles to the
development of specific technologies. For example, the Nuclear Regulatory
Commission has focused on the licensing and regulation of light water reactors,
but has not developed an adequate framework for licensing other types of
advanced reactors. Similarly, the availability of low-cost carbon capture and
storage (CCS) technologies has been projected to have a large impact on the
long-term cost of policies designed to stabilize the atmospheric concentration of
GHGs (Krey et al., 2014), but legal and regulatory uncertainty regarding larger-
scale applications of CCS are an additional obstacle to innovation in these
technologies. These technology-specific issues are taken up more fully in
Chapter 5.

Finding 3-1: Market failures and nonmarket barriers for

increasingly clean power technologies exist at all stages of the
innovation process.

STRATEGIES FOR OVERCOMING THE OBSTACLES TO
ACCELERATED INNOVATION

Some possible strategies for overcoming the obstacles at each stage of the
innovation process are shown in Figure 3-4. The figure combines solutions for
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FIGURE 3-4 Obstacles at specific stages of the innovation system and candidate
solutions.
SOURCE: Adapted from Lester and Hart, 2012, Figure 2.1, p.33.

the demonstration and early-adoption stages, as they are difficult to distinguish.
While the proposed strategies are not comprehensive, they were selected to
address the major obstacles in the innovation system while leveraging federal,
state, regional, and private-sector capabilities and models with demonstrated
applicability.

It is important to emphasize that public support needs to address all stages
of the energy innovation process, not just fundamental research and
improvements in use (Lester and Hart, 2012). Support for early-stage research
will increase the rate at which new options are created but will have much less
impact on the intermediate stages of the process, in which many of the greatest
obstacles to innovation arise. Some strategies call for federal leadership to
address gaps in the innovation system and enable new breakthroughs to advance
to become market solutions, while others call for federal support for state and
regional initiatives.
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The case for strengthening the local and regional dimension of innovation
policy is bolstered by the well-documented importance of local and regional
innovation systems to economic development. Geographic proximity facilitates
interactions among researchers, entrepreneurs, investors, potential customers,
and others, and the development of local and regional entrepreneurial
ecosystems is an important part of removing obstacles to innovation (Lerner,
2010). Moreover, as the dominant pattern of innovation has shifted away from
the old model of closed, in-house corporate research laboratories toward more
open innovation networks encompassing multiple companies specializing in
different stages of the value chain, as well as universities and other public
research institutions, proximity has become even more important to the
innovation process (Ketels and Memedovic, 2008).

Although government policies cannot create these innovation networks,
they can support their development in various ways. State and local
governments and multistate entities are today supporting energy technology
innovation through economic development and utility regulation policies, as
well as through workforce development programs and programs designed to link
entrepreneurs with local universities and research institutions (Lester and Hart,
2012). Early-stage cleantech companies need help developing their products or
services; developing and proving their business models and strategies; building
their teams; leveraging appropriate mentors and advisors; finding and
connecting with customers and partners; and attracting capital with which to
pilot, scale, and commercialize their technologies. Successful start-ups tend to
cluster, as the concentration of these resources contributes significantly to
venture development and a greater percentage of successful ventures. Some of
the most cost-effective innovation acceleration mechanisms involve local, state,
and regional governments, nonprofits, and public/private partnerships focused
on building the necessary connections across a regional ecosystem to leverage
regional innovation assets and economic competitiveness (Porter, 2001).

Strategies That Address Obstacles in the Early Stages:
R&D and Option Creation/Proof of Concept

The Advanced Research Projects Agency-Energy (ARPA-E) is critical to
the innovation pipeline because it was chartered by Congress specifically to
address obstacles and market imperfections in the earlier innovation stages. The
development of increasingly clean, low-carbon technologies that are both
globally scalable and affordable will require exploration of a broad range of
potentially transformational technologies. ARPA-E illustrates a governmental
commitment to a focus on transformational innovation. The emphasis is on new
technologies that go well beyond incremental improvements to provide
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potentially transformational breakthroughs. ARPA-E’s goal is not to avoid risk,
but to recognize risk and manage it to maximize the chances of big successes.’

Comparisons are often drawn between ARPA-E and the Defense
Advanced Research Projects Agency (DARPA), after which it was modeled.
However, ARPA-E and DARPA differ in three important ways:

e DARPA is funded at a level roughly 10 times higher than
that of ARPA-E.

e While the Department of Defense is a likely customer for
successful DARPA projects, the Department of Energy
(DOE) generally is not a customer for ARPA-E projects.
Finding funding and early-adoption customers is thus a more
significant challenge in energy markets, especially at the
proof-of-concept stage.

e At a point when the Department of Defense can support the
continued development of technologies, including higher-
cost technologies, that address national security risks, energy
technologies must demonstrate an ability to achieve near-
term commercial viability to attract private capital.’

Recommendation 3-1: DOE should direct funds to a
broader portfolio of projects than will ultimately prove
viable and should tolerate the inevitable failure of some
experiments, while at the same time winnowing at each
stage of the innovation process.

In addition to being essential to limit costs, downselecting at each stage
would provide opportunities to identify at earlier stages of the innovation
process technologies that are unlikely to succeed commercially (in their current

Congress established ARPA-E with a broad mission “to overcome the long-term and
high-risk technological barriers in the development of energy technologies.” In addition,
Congress established goals for ARPA-E: “(A) to enhance the economic and energy
security of the United States through the development of energy technologies that result
in—

(1) reductions of imports of energy from foreign sources;

(ii) reductions of energy-related emissions, including greenhouse gases; and

(iii) improvement in the energy efficiency of all economic sectors; and
(B) to ensure that the United States maintains a technological lead in developing and
deploying advanced energy technologies.” 42 U.S.C.S. 149 §§16538(b) and (c) (2016).
>The committee concluded that early indicators suggest ARPA-E generally is poised to
produce a positive public return on public dollars invested. At the time this report went to
press, however, another committee of the National Academies of Sciences, Engineering,
and Medicine was close to completing a full evaluation of ARPA-E. The reader is
referred to the report of that committee (expected to be released in late 2016) for a more
detailed assessment of ARPA-E.
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form). The most important objective would not be to avoid failure, but to ensure
that failure is recognized, understood, and addressed without delay. This could
be accomplished by ending funding for projects that failed to meet preset cost
and performance improvement targets.

The committee recognizes that implementation of this recommendation, as
well as others in this chapter, would require additional spending on innovation
programs in a budget-constrained political environment. In some cases, existing
funding could be redirected for this purpose, and budget commitments could be
shifted from supporting the deployment of existing technologies or incremental
improvements to existing options that would remain too expensive to the
development of technologies that showed promise for becoming economically
competitive. However, decisions regarding the sources for any additional
funding would be the product of a political process that is beyond the scope of
this study.

Still, there are actions that Congress and the Executive Branch could take
to help ensure the accountability of public entities in a way that would sustain
support for public participation in the early stages of innovation in energy
technology—for example, creating firewalls between elected officials and
program administrators to limit political influence and the perception of political
influence on funding. Also helpful would be to give agencies legal authority to
establish personnel policies that would ensure professionalism in program
administration. For example, both DARPA and ARPA-E are allowed to hire key
technical personnel on time-limited terms and empower them to suggest what
projects to support. Thus both agencies are able to attract highly qualified
personnel, often from preeminent research institutions and other notable
organizations. Additionally, high levels of transparency (including reporting of
successes and failures), proactive communications, and independent program
reviews provide information needed to assess performance and maintain
accountability.

Strategies That Address Obstacles in the Intermediate Stages:
Demonstration and Early Adoption

While much policy attention is focused on the early and late stages of the
innovation process, some of the most significant barriers to innovation occur at
the intermediate stages of demonstration and early adoption. As innovations
approach the point of commercialization, their capital requirements typically
increase significantly, as does the importance of engagement with markets,
customers, and private investors. As discussed previously, much of this activity
takes place most effectively in local and regional energy markets and innovation
systems, and especially at these intermediate stages of the innovation process,
the federal government needs to augment its own leadership roles with support
for regional, state, and local innovation initiatives.
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Federal Sector-Specific Technology Road Mapping and Challenge Funding

Federal sector-specific road mapping and challenge funding developed
with specific technology development milestones have been used effectively to
drive private-sector innovation and investment, as well as DOE programs and
grants in the proof-of-concept and demonstration stages. In other industries,
projects with a clearly defined mission have been most successful at achieving
the desired outcomes (Janeway, 2012).

DOE has used its expertise to analyze the technology readiness of specific
energy technology categories (see Chapter 2 and Appendix D), and to develop
road maps that consider targets for spurring innovation at the component and
supply chain levels to meet levelized cost of electricity goals for each specific
technology. These analyses and road mapping efforts are not aimed at
addressing the new, disruptive breakthrough ideas that ARPA-E performers may
consider. Rather, they are more focused on specific sectors that have understood
product architectures and components, and in which improvements across every
component of a deployed solution (including advances that reduce the cost of
deployment) can be targeted for a significant combined improvement and
competitiveness in energy markets.

An excellent example of this model is DOE’s SunShot Initiative, whose
mission is to make solar energy fully cost-competitive with traditional energy
sources by 2020. According to DOE, “The SunShot Initiative aims to reduce the
total installed cost of solar energy systems to $0.06 per kilowatt-hour (kWh) by
2020. Today, SunShot is about 70% of its way toward achieving the program’s
goal, halfway into the program’s ten year timeline. Since SunShot’s launch in
2011, the average price per kWh of a utility-scale photovoltaic (PV) project has
dropped from about $.21 to $.11” (DOE, 2016a). Additionally, SunShot is
funding research into next-generation solar technologies with “the potential to
dramatically lower costs and/or increase efficiencies of PV module[s] beyond
the SunShot targets of $0.50/W and 20%, respectively” (DOE, 2014d). SunShot
has developed a detailed technology road map for every major PV component.
The program is organized around a series of challenge solicitations that consider
competitive proposals from companies, laboratories, and universities for R&D
grants targeted to achieving these specific road map milestones. Amounts for
most SunShot grants are between $100,000 and several million dollars, with
varying degrees of matching funds required. In addition to funding, the SunShot
Initiative includes working groups and conferences that are well attended by
researchers and innovators across the solar PV sector, and serves as an
accelerator of competitive ideas in all areas of solar-related innovation.

DOE’s Quadrennial Energy Review and other DOE research already
provide major portions of the research and road map planning necessary to
consider initiatives similar to SunShot for other energy sectors and technologies.
DOE could compile these research insights and develop road map challenge
initiatives to align its own program areas and programs supported by the
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national laboratories with a clearly defined mission to support the timely
development of affordable, scalable technologies that could effectively mitigate
potential GHG impacts. In some areas, this might require redirecting DOE and
national laboratory R&D programs toward the achievement of more ambitious
cost and performance objectives. The funding for these challenges could be
provided by a pooling of current R&D funds, including Small Business
Innovation Research (SBIR) funds from DOE and other agencies, such as the
Department of Defense, the National Science Foundation, the Department of
Agriculture, and others, that are customers of or have expertise in the markets
for those specific technologies. DOE could use road mapping and challenge
funding to set targets and funding priorities consistent with a clearly defined
mission for the timely development of technologies that could enable an
affordable global transition to low-carbon energy resources.

Inducement Prizes

Inducement prizes are another way to accelerate certain types of
innovation, and could be a valuable addition to the federal, state, regional,
nonprofit, and private-sector increasingly clean energy innovation toolkit.
Inducement prizes are particularly relevant at the proof-of-concept and early
demonstration stages, and in cases when efforts such as sector-specific road
mapping or the Quadrennial Energy Review have determined that a goal may
require a stepwise change in performance or a novel integration of components
and ideas from both known and unknown areas. DARPA has used comparable
grand challenges to accelerate major advances in such fields as autonomous
vehicle control. These prizes would be intended to incentivize new ideas at these
early and middle stages, but prior to full-scale demonstration. If supported by
expert judgment, prizes also could be used to help ensure the deployment of
market-ready advanced technology at an appropriate price point.

Prizes can be an alternative or a supplement to grant funding and might be
used in place of additional, less narrowly targeted inducements to promote
learning by doing and learning by searching (discussed in Chapter 2). A variety
of criteria have been used to determine the suitability of inducement prizes
(NRC, 2007). Prizes tend to be most appropriate when the objective is clear,’

‘In the demonstration and commercialization/early-adoption stages, contestants are
demonstrating a proof of system (combinations of technologies that together represent a
new system or application) that with definable additional steps could be commercialized
and brought to market. At a stage at which the potential for commercial applications
becomes apparent, prize contests are more likely to provide reputational benefits to
successful participants and elicit third-party financing for contest participants. For prizes
linked to commercialization and deployment, the prize (e.g., credible advance market
commitments, deployment incentives with specified qualification requirements, or
intellectual property rights buyouts) can ensure reasonable pricing and achieve such other
conditions as may be necessary to facilitate broad adoption.
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but when the path to achieving that objective is not. In such cases, the
competition will invite alternative approaches, and the contest objective will
serve as a surrogate for success in a competitive market. For the prize to work,
however, clear criteria for victory must be established, and it must be possible to
measure performance. The contest objective needs to be achievable in a
reasonable amount of time (e.g., 2 to 10 years). In addition, prizes are most
suitable when there are many potential contestants who could produce a winning
solution—for example, when the prize captures the imagination of the public or
within a field and can attract the participation of contestants or teams from
diverse backgrounds, ideally including those that ordinarily might not participate
in research grants or contracts.

Prizes have grown in consideration, authorization, and use in recent years.
In response to a request from the National Economic Council, a National
Academy of Engineering workshop assessed the potential value of federally
sponsored prizes and contests in advancing science and technology in the public
interest. The workshop’s steering committee recommended that “Congress
encourage federal agencies to experiment more extensively with inducement
prize contests in science and technology” (NRC, 1999, p. 1). This
recommendation reflected the following views of the steering committee:

When compared with traditional research grants and
procurement contracts, inducement prizes appear to have
several comparative strengths which may be advantageous in
the pursuit of particular scientific and technological
objectives. Specifically, these include:

e The ability of prize contests to attract a broader
spectrum of ideas and participants by reducing the
costs and other bureaucratic barriers to participation
by individuals or firms;

e The ability of federal agencies to shift more of the
risk for achieving or striving toward a prize objective
from the agency proper to the contestants;

e The potential of prize contests for leveraging the
financial resources of sponsors; and

e The capacity of prizes for educating, inspiring, and
occasionally mobilizing the public with respect to
particular scientific, technological, and societal
objectives. (NRC, 1999, p. 1)

The steering committee viewed inducement prizes as “a complement to the

primary instruments of direct federal support of research and innovation—peer-
reviewed grants and procurement contracts” (NRC, 1999, p. 1).
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A 2007 National Research Council study on inducement prizes at the National
Science Foundation (NSF) produced this finding:

Inducement prize contests are clearly not well suited to all
research and innovation objectives. But through the staging of
competitions they are thought to have in many circumstances
the virtue of focusing multiple group and individual efforts
and resources on a scientifically or socially worthwhile goal
without specifying how the goal is to be accomplished and by
paying a fixed purse only to the contestant with the best or
first solution. Inducement prize contests with low
administrative barriers to entry can attract a diverse range of
talent and stimulate interest in the enterprise well beyond the
participant pool. (NRC, 2007, p. 1)

The National Research Council concluded that “...an ambitious program of
innovation inducement prize contests will be a sound investment in
strengthening the infrastructure for U.S. innovation” (NRC, 2007, p. 2). Further,
it found that the area of “low carbon energy systems,” among others, “has
potential to yield one or more worthy prize contests” (NRC, 2007, p. 6).

An expansion of the number and size of government, private-sector, and
public/private-sponsored prize contests has occurred over the last decade. Purses
increased from $74 million in prize competitions with awards of more than
$100,000 in 1997 to $315 million in such competitions in 2007 (McKinsey &
Company, 2009). Prizes in the category of climate and environment increased
from $6 million to $77 million, in science and engineering from $18 million to
$88 million, and in aviation and space from $12 million to $88 million. Together
these categories went from accounting for fewer than half of large prize
competitions in 1997 to 80 percent by 2007 (McKinsey & Company, 2009).

In addition, there has been a recent expansion of federal authority to use
inducement prizes, translating to valuable experience that can continue to be
tapped in appropriate situations:

e Section 1008 of the Energy Policy Act of 2005 (EPACT) gives the
secretary of energy authority to award cash prizes of $10 million for
“breakthrough achievements in research, development,
demonstration, and commercial application” that are related to DOE’s
mission. It also gives the secretary of energy authority to award
“Freedom Prizes” of $5 million for innovations that reduce
dependence on foreign oil.

e Section 105 of the America COMPETES Reauthorization Act of 2010
gives all federal agencies broad authority to conduct prize
competitions and includes provisions for different aspects of prize
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design, implementation, and oversight. In particular, this act

authorizes the use of prizes for one or more of the following:

— find solutions to well-defined problems;

— identify and promote broad ideas and practices, and attract
attention to them;

— promote participation to change the behavior of contestants or
develop their skills; and

— stimulate innovations with the potential to advance agencies’
missions.

e The America COMPETES Reauthorization Act of 2010 also allows
agencies to accept funds for cash prizes from other federal agencies
and the private sector; allows agencies to enter into agreements with
private, nonprofit entities to administer a prize competition; and
requires reporting of prize activity for each fiscal year.

Recommendation 3-2: The federal government, including
DOE, should continue to expand the appropriate use of
inducement prizes as a complement to patents, grants,
procurement contracts, and other types of support for
energy innovation.

An inducement prize for increasingly clean power and energy-efficiency
technologies should follow certain criteria, consistent with the findings and
recommendations of previous National Research Council studies on inducement
prices (NRC, 2007). First, these prizes should take advantage of the
development of additional energy technology road maps and the Quadrennial
Energy Review led by DOE. In addition, sponsors, including DOE, should
consult with experts, affected parties, and categories of potential participants in
choosing prize topics and objectives. DOE should consult with experts regarding
circumstances in which deployment prizes should be used to reduce economic
welfare losses from monopoly pricing of patent rights or to supplement
undervalued patent rights for low-carbon and other increasingly clean energy
technologies, as well as the most appropriate designs for such deployment-
related prizes (targeted deployment prizes, advance market commitments,
cost/pricing conditions, or intellectual property rights buyouts).

Given the recent growth in energy-related prize competitions and the
National Research Council’s prior recommendations, DOE could undertake
efforts to evaluate such competitions as was laid out for NSF in 2007 (NRC,
2007). These could include considering whether the desired technology might
have been developed more quickly or a more effective version of the technology
might have been developed if the structure of the competition had been
different. The ongoing learning and experience from these efforts should be
applied to prize competitions across DOE. DOE could also appoint a coordinator
of innovation prizes in the office of the under secretary—a step comparable to
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what the National Research Council previously recommended for NSF—to
manage the administration of prize competitions in conjunction with applicable
program offices (NRC, 2007, p. 24). This office could coordinate and support
consultation experts, affected parties, and potential contest participants;
administer or contract for the efficient administration of prizes; and coordinate
the evaluation of prize contests to identify lessons learned that could be used to
improve future competitions.

In addition, given the global nature of climate change, the development of
increasingly clean energy options should have a global component. The
commitment of 20 nations to Mission Innovation® during the December 2015
United Nations Framework on Climate Change 21st Annual Conference of
Parties (COP21) is aimed at accelerating global clean energy innovation, with
the objective of making clean energy widely affordable.® Each of the
participating countries will seek to increase governmental and/or state-directed
clean energy R&D investment over 5 years. New investments will be focused on
transformational clean energy innovations that can be scaled to address varying
economic and energy market conditions.

These national commitments are linked to a private initiative—the
Breakthrough Energy Coalition—supported by more than 20 institutional and
wealthy individual investors. The Breakthrough Coalition was developed to
“add the skills and resources of leading investors with experience in driving
innovation from the lab to the marketplace.” Its development was based on a
recognition that “in the current business environment, the risk-reward balance
for early-stage investing in potentially transformative energy systems is unlikely
to meet the market tests of traditional angel or VC [venture capital] investors,”
and that “even the most promising ideas face daunting commercialization
challenges and a nearly impassable Valley of Death between promising concept
and viable product, which neither government funding nor conventional private
investment can bridge” (Breakthrough Energy Coalition, n.d.). The coalition is
creating a network of private capital to accelerate early investments in a broad
range of reliable, affordable energy technologies that do not produce carbon.’

5See mission-innovation.net.

SThe participating countries account for more than 80 percent of current clean energy
R&D and include the 12 largest national economies (based on 2015 gross domestic
product). The countries making the initial pledges to Mission Innovation are Australia,
Brazil, Canada, Chile, China, Denmark, France, Germany, India, Indonesia, Italy, Japan,
Republic of Korea, Mexico, Norway, Saudi Arabia, Sweden, the United Arab Emirates,
the United Kingdom, and the United States.

"For additional information on inducement prizes, see Adler (2011), Brunt et al. (2011),
Dalberg Global Development Advisors (2013), Davis and Davis (2004), Kay (2011,
2013), Kremer (1998), Newell and Wilson (2005), Nicholas (2011, 2013), Williams
(2012); see also https://www.challenge.gov.
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Finding 3-2: The development of affordable, reliable, widely
available increasingly clean energy technologies that can be
rapidly deployed in both developed and developing economies
will be enhanced by public/private collaborations and
international partnerships.

Regional Energy Innovation and Development Institutes (REIDIs)

Electricity markets are regional, and different regions have differing
energy resources, fuel- and technology-specific R&D capabilities, and
regulatory and market structures that create varying incentives and opportunities
for new increasingly clean energy technologies. Public/private partnerships to
accelerate new market development and evolve regulations for new entrants are
being formed in clusters and regions. The United States has a significant number
of emerging increasingly clean energy clusters, as well as regional initiatives
designed to connect the region’s innovation resources with early-stage ventures.
Federal policy for energy innovation can take advantage of the strengths of these
regional differences in innovation conditions, capabilities, and priorities.

A local, state, or regional public/private partnership—what the committee
refers to as a regional energy innovation and development institute (REIDI)—
could be created to help spur the development of both early-stage innovations
and innovations that show appropriate promise. This type of regional institute
structure would complement federal innovation agencies and programs such as
ARPA-E, SunShot, and DARPA. It would extend support after proof of concept
through a technology’s optimization, iterative prototyping, piloting, testing, and
readiness for commercial demonstration. It would help accelerate the movement
of technologies through the middle stages of the innovation process by
developing institutional capabilities specifically tailored to the earlier-detailed
obstacles to development commonly faced by energy technologies. And with
input from potential users, it should be able to address potential barriers to
market adoption.

The committee estimates that an optimal annual budget for a REIDI would
range from $2 million to $40 million and would be linked to scale (whether it
covered a metropolitan area, a state, or a multistate region), scope (whether it
had a focus on a small or large number of technologies or markets), and stage of
development (whether it was a nascent organization focusing on early-state
proof of concept and business validation or had the capability and partnerships
to accelerate innovations through development to reach commercial
demonstration readiness). The amount of funding support provided to an
individual project would depend on the innovation stage. An appropriate scale
for early start-ups would be $50,000 to $500,000, while more advanced ventures
might need between $500,000 and $5 million, even if they already had private
funding, to demonstrate commercial potential quickly.
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A network of these regional institutes would facilitate access where
capabilities already exist. Where capabilities may not yet exist to meet
anticipated needs, networked institutes could help identify likely development
needs for promising technologies and fund or plan and create the support
capabilities, physical infrastructure (where applicable), and translational
relationships often needed for four activities that can accelerate innovation in
energy technology:

e simulating;
testing;
accelerating (or paralleling) the development of standards and
specifications for related physical, information, and/or control
architectures and implementation or integration templates; and

e certifying products using appropriate proof-of-system test protocols.

As new energy technologies move beyond laboratory research to
prototype development and beyond, they require funding, services, expertise,
and market connections to develop a commercial prototype product and prove
its basic market viability. Individual institutes could develop general capabilities
to expedite the movement of technologies through the middle stages of the
innovation process. If national laboratories participated, they could support a
translational approach to accelerating development by providing core
capabilities for some regional institutes in partnership with other institutions and
potential customers. A recently initiated example of national laboratory
involvement in promoting clean energy innovation is Cyclotron Road, housed at
Lawrence Berkeley National Laboratory. Where the regional institutes created
new simulation and testing capabilities, they would also be participants in the
Technology Test Bed and Simulation Network described below, along with
other organizations. Some of the activities supported by the regional institutes,
such as standards development, would be coordinated at the national level
through the proposed National Network for Advancing Translational Clean
Energy Technologies (NNATCET), also detailed later.

While ARPA-E is an important funder for technical development and
derisking for some potential breakthrough technologies, ARPA-E by itself is not
in a position to address many of the business-related risks and is not designed to
support achievement of all the milestones for commercialization of promising
innovations. However, some of the resources most actively and successfully
supporting the acceleration and development of innovation at this early stage
tend to come together in the country’s regional innovation clusters,® presenting

%The U.S. Cluster Mapping Project, led by Professor Michael Porter, Institute for Strategy
and Competitiveness, Harvard Business School, and built with funding support from the
Department of Commerce’s Economic Development Administration (EDA), lists
hundreds of organizations in one or several categories addressing early-stage energy
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an important opportunity for the federal government to follow and build on state
and regional initiatives.

REIDIs would be energy-specific venture development organizations
(VDOs) that would add several capabilities specific to the energy innovation
system and its needs. As defined by the Department of Commerce,” a VDO is a
“business-driven, public or nonprofit organization that promotes regional growth
by providing a flexible portfolio of services, including: assisting in the creation
of high-growth companies; providing expert business assistance to those
companies; facilitating or making direct financial investments; and, speeding the
commercialization of technology.” VDOs sit at the center of a regional network
of universities, laboratories, technology development organizations, incubators,
accelerators, state programs, entrepreneurial networks, industry organizations,
private capital communities, and other partners. REIDIs, as energy-specific
VDOs, would bring together and apply the regions’ energy innovation
capabilities to develop and accelerate those projects and ventures with the most
promising new energy technologies through early-stage proof of concept, pilot,
and commercial readiness.'® There are dozens of REIDI-like organizations (or
nascent efforts to form such organizations) across the United States. Most of
them are modestly funded at several hundred thousand to the low millions of
dollars per year, and most are only a few years old.

REIDIs and their partners would in some ways complement ARPA-E, but
could become involved with promising innovation projects at the earlier
formative stages, and could remain engaged beyond ARPA-E early technical
support to help innovations reach viability for commercial demonstration.
Modest levels of public support provided when a promising technology is
completing a proof-of-concept demonstration or further testing can have a
significant impact on the subsequent ability to access venture capital and
generate revenue. Small high-tech firms have been able to compete for limited
awards from DOE’s SBIR program. A recent working paper suggests that a
small grant of $150,000 approximately doubles the recipient firm’s chance of
subsequently obtaining venture capital, leads on average to the award of an
additional 1.5 patents within 3 years, and increases the probability that the firm
will earn revenue and either be acquired or transition to an initial public
offering. At this stage, modest public support can reduce uncertainty and risk

innovationdevelopment(http://clustermapping.us/organization-type/cluster-organizations-
and-initiatives;http://clustermapping.us/organization-type/innovation-and-entre-preneur-
ship-centers; and http://clustermapping.us/search/site/Regional%20Energy%
20Innovation).

VDOs are defined by the EDA Initiative on Regional Innovation,
http://regionalinnovation.org/content.cfm?article=fundamental-characteristics.

%YDOs and the partners they assemble are represented by the EDA support to the
Regional Innovation Acceleration Network, http://regionalinnovation.org/content.cfm?
article=about-rian.
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without crowding out private capital (Howell, 2015)."" By diversifying the
evaluation of promising innovation projects that are in their formative stages and
connecting such projects to potential partners, the modest financial support
available from REIDIs could leverage greater access to candidate projects and
complement DOE’s SBIR program.

Beyond funding, REIDIs would serve an important role in the middle
stages of innovation because they would focus on the following:

e Innovation acceleration—providing support and modest innovation
funding and services to promising projects; supporting technology
development, but with an additional focus on leveraging local
resources of mentors, customers, investors, entrepreneurs, teams, and
early-adoption market connections to help new innovations prove
their business and economic value.

e  Market and cluster research—focused on regional market and cluster
potential, and seeking to connect cluster and market needs to
innovators and innovation concepts to rapid market feedback.

e Access to technical resources—including developing and supporting
access to a regional network of test beds and simulation modeling
laboratories, and coordinating the leveraging and growth of test
resources with the recommended national Technology Test Bed and
Simulation Network (as described below).

e  Ecosystem development—programs designed to develop and leverage
regional innovation resources (including mentors; experienced
entrepreneurs; customers; partners; R&D facilities, including national
laboratories; test sites; capital providers; educators; and team
members); initiatives to invest in regional assets for incubation,
acceleration, R&D, business development, mentoring, and education.

e Policy and regulatory alignment—initiatives to change the policy and
regulatory structures to eliminate obstacles and implement market
signals for emerging categories of increasingly clean technologies.

e Smart deployment—initiatives to stimulate market demand, siting
processes, customer and innovator connections, business development
connections, and early-adoption customers for emerging increasingly
clean technologies (including the public sector as customer).

While the best examples of existing REIDI-like entities have benefited
from collaboration and modest, pilot funding from DOE (2011b),"* the

"professor Howell’s results came from analyzing outcomes for small firms receiving
SBIR Phase I grants.

2DOE’s Innovation Ecosystem Development Initiative awarded more than $5 million to
research institutions and universities across the nation to “nurture and mentor clean
energy entrepreneurs.”
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Department of Commerce (EDA, 2011)," and the Small Business
Administration (Regional Innovation Cluster program),'* these regional efforts
are still relatively disconnected from federal partnerships, and their funding and
operating levels are below what is required for sustainability. Additionally,
many other regions of the country have the potential to house regional
increasingly clean energy innovation clusters, but have lacked a model and
formative support for initial programs and partnerships.

The most recent example of federal recognition of and support for REIDI-
like entities (albeit at very modest funding levels) is the announcement of
DOE’s National Incubator Initiative for Clean Energy. DOE competitively
selected three regional partnerships from the Midwest, Texas, and California to
receive federal support “to run innovative programs with commercialization
services for startups including mentorship, business development, capital access,
and testing and demonstration” (DOE, 2014c¢). DOE also made funds available
to sponsor two institutes of the National Network for Manufacturing Innovation.
As of this writing (2016), DOE has announced that it will provide $70 million to
support an institute that will “enable the development and widespread
deployment of key industrial platform technologies that will dramatically reduce
life-cycle energy consumption and carbon emissions associated with industrial-
scale materials production and processing through the development of
technologies for reuse, recycling, and remanufacturing of materials” (DOE,
2016b). DOE also has established another institute, PowerAmerica, to support
the development, demonstration, and deployment of advanced power
electronics.”” PowerAmerica'® primarily creates technology road maps and
funds demonstrations, with a stated aim of improving device performance and
reducing the perceived risk of adoption by industry.

As these examples show, REIDI-like entities may be the lead
organizations supporting projects at the earliest postresearch stage to help
projects reach proof of concept and market need. These entities can partner with
sources of private capital, corporate investors, and others that often invest after
proof of concept. The innovation resources and partnerships they assemble can
help ventures with private funding to reduce the capital and time requirements
for prototyping, testing, business/market/economic assessments, connections to
potential customers and markets (leveraging the regional clustering of utilities,
engineering and construction firms, energy service companies, manufacturers,

YThe i6 Green Challenge in 2011 made $12 million available to six teams across the
country “with the most innovative ideas to drive technology commercialization and
entrepreneurship in support of a green innovation economy” and new jobs.

“For the locations of the 58 federally funded clusters, see http://www.sba.gov/sba-
clusters.

Bpower electronics can reduce losses of electricity during its transmission and
distribution, enable greater grid penetration of intermittent increasingly clean power
technologies, and increase the energy efficiency of semiconductors.

16 See www.poweramericainstitute.org.
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etc.), and other venture development milestones to reach commercial
demonstration readiness. Many investors at the venture and similar stages lack
the technical capability to assess which energy technologies hold the greatest
potential. Because of the technical expertise they offer, REIDI-like entities can
help private investors do exactly this and thereby lower the technical risk.

Given the regional diversity of the U.S. economy, these entities can have a
variety of organizational forms and priority areas of focus. They can be a single
nonprofit, or more of a partnership, network, or consortium that brings together
many of the incubator, accelerator state program, academic, laboratory,
business, entrepreneurial, capital, market, and other regional energy innovation
resources in their region. They may be focused on specific targeted technology
and market intersections, based on the characteristics and assets of their regional
economies. Alternatively, in regions such as the Northeast and California where
research, industry, markets, and expertise cover many technology and market
segments, they may be more broadly based.

Finding 3-3: REIDIs could help sustain the development of
promising technologies and ameliorate funding gaps
associated with achieving intermediate milestones as
technologies move toward commercialization, including gaps
that are not covered by federal programs such as ARPA-E.

The funding for these REIDIs could come from an equal match of federal
and regional funds, with the regional funds derived from state and private-sector
sources, including potential allocation of electricity sector systems benefit
charges or other funds allocated to accelerating increasingly clean energy
innovation. The latter funds could include new electricity system charges similar
to the Network Innovation Competition funding allocation that is a key part of
the new U.K. regulatory model RIIO (Revenue set to deliver strong Incentives,
Innovation and Outputs) (see the section on “Dedicated Innovation Budgets and
Roles for Utilities” in Chapter 6). Federal funding might over time require more
than a 1:1 regional match to encourage multiple regional funding partnerships.
However, federal funds would need to be flexible enough to support the
majority of the operating capital required to launch new REIDIs. Federal funds
would also need to be flexible enough to support a REIDI’s general operations,
enabling the majority of regional funds to be deployed for innovation programs
and support for promising entrepreneurial ventures.

The combined budgets for an assortment of REIDIs spread across the
United States might eventually reach $250 million, with scaling to this level
over a 5- to 10-year period. Modest federal funding support would be critical to
incentivize states, regions, state regulators, and private companies to come
together to provide matching regional funds for these institutes. The federal
government could consider creating a dedicated office—likely within DOE—to
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help coordinate and provide support to REIDIs and a mechanism for sharing
best practices across the institutes through the proposed NNATCET.

The NNATCET could be a joint operation across DOE, reporting directly
to the secretary of energy and shared across the major technology offices, such
as Electricity Delivery and Energy Reliability, Energy Efficiency and
Renewable Energy, Fossil Energy, and Nuclear Energy, plus the Office of
Science. Its annual budget might start at $50 million and grow over 5-10 years
to reach $150 million. Approximately $125 million would be allocated as
matching funds to the REIDIs, with the remaining $25 million supporting
NNATCET operations, development and sharing of best practices, related
events and programs, and the flexible ability to seed regional innovation
initiatives with the potential to become regionally supported REIDIs. The
NNATCET also would have the flexibility to support new initiatives designed to
address gaps in the REIDI network.

At a minimum, the NNATCET would act as a source of structured support
for the REIDIs, verifying their quality and output and providing financial
support for their operating capabilities; investments in their regions’ innovation
resources; and specific energy technology projects at the prototype, pilot,
demonstration, and field test stages. The NNATCET might also be the logical
home for a broader energy innovation-enabling initiative that could facilitate the
movement of technologies from laboratory to market by supporting dispersed
components of the larger energy innovation system. In this capacity, the
NNATCET would additionally promote collaboration and resource sharing
among the regional organizations to facilitate knowledge transfer and guard
against unnecessary redundancy, offer a source of streamlined support for
navigating regulatory processes and for updating relevant regulations and
market policies, and provide a checkpoint for the dissemination of all federal
financial support to these organizations.

Public/Private Venture Funds

Although venture capital accounts for a modest fraction of total
investments in increasingly clean energy technology, it plays a critical role in
the innovation system. Venture capital contributes to the development of
prototype and pilot-scale technologies and new business ventures. In 2001,
venture capital investment in clean energy technology totaled on the order of
$500 million, representing about 1 percent of total venture capital investments in
U.S. companies. By 2011, investments in U.S. cleantech companies had peaked
at about $7.5 billion, or 25 percent of total venture capital investment in U.S.
companies. Since that peak, venture capital investments in increasingly clean
energy technologies have declined, although they may have stabilized in 2015 at
around half the 2011 peak (BNEF, 2016; Clean Edge, 2014).

Observers of venture capital and equity investment markets explain this
decrease by pointing to the mismatch between the business model of venture

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/21712

The Power of Change: Innovation for Development and Deployment of Increasingly Clean Electric Power Technologies

INNOVATION PROCESS 75

capital funds and the needs of increasingly clean energy entrepreneurs. Venture
capitalists invest in early-stage companies and plan to exit after 4-7 years,
whereas energy technologies typically require much more time before an
investor can exit (Schwienbacher, 2008). Similarly, venture capitalists typically
can make investments at the level of $500,000 for seed funding to about
$2.5 million for initial investment in growth companies. The capital needs for
energy technologies, however, can be significantly greater just to complete proof
of concept. Moreover, many energy technologies require significant capital to
evaluate technical performance and thus reduce technical risk. Venture capital
firms, on the other hand, are generally much better suited to assessing market
opportunity and operational risks for a given venture (Madison Park Group,
n.d.)."”

It is not surprising, then, that venture capital typically will not be the lead
source of financing for demonstration and early-adoption activities. At these
stages, project debt and other demonstration financing mechanisms are needed,
including the Regional Innovation Demonstration Funds proposed in this report
(discussed in the next section). However, venture capital can serve as the lead
source of capital in the early stage of innovation if providers of new venture
capital funds are able to adjust their risk profile, their capital return expectations,
and the life of their fund to be appropriate for cleantech early-stage
opportunities. In this section, the committee discusses the potential benefits of
an expansion of the Small Business Administration’s (SBA) Small Business
Investment Company (SBIC) program for cleantech early-stage public-private
venture funds to address this issue.

Through the SBIC program, the federal government has been a provider of
matching funds to catalyze new privately managed investment funds for
important sectors with private-sector capital gaps. The SBIC program has been
in existence since 1958. Since then, SBA has licensed more than 2,100 SBIC
funds that have invested more than $67 billion in total, roughly 64 percent being
private capital, in American small businesses (SBA, 2016c¢)."® These include
early investments in information technology companies such as HP, Apple, and
Intel. However, there have been very few SBIC-licensed funds for early-stage
cleantech innovation.

The topic of structured public participation in privately administered
venture capital funds is addressed by Lerner (2009, 2010). He focuses on how to
stimulate venture capital formation generally, but his analysis may provide
useful lessons for energy innovation specifically. Lerner argues that
governments can incentivize private investment at stages typically attractive to

According to the venture capitalists and other energy innovation financiers who
attended the committee’s February 28, 2014, and April 8, 2014, workshops, their
experience was that the venture capital business model’s available capital and timelines
for investment were mismatched, often greatly, with the needs of firms developing
increasingly clean energy technologies.

SBICs have made more than 166,000 investments.
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venture capital. Common features he identifies as salient to attracting private
capital include

e government matching funds provided to an investment fund;

e a buy-back or similar right whereby the private investors can buy out
the government’s investment at a predetermined interest rate; and

e no government involvement in running the fund, with the government
acting instead as a “limited partner” of sorts.

Lerner underscores that the use of matching funds to determine where
public subsidies should go is a central feature of public participation in privately
administered venture capital funds, one also used by SBIC. While there are
many examples of state-supported venture capital funds and a leveraging of
local and regional public/private capital structures, the success of SBIC funds in
addressing early-stage capital gaps offers a valuable model for the establishment
of a range of new cleantech early-stage venture funds to address the option
creation/proof-of-concept stage.

More recently, the SBIC program has added a new category of qualified
SBIC funds focused on “impact investments.” SBA has defined eligible impact
investment categories as including start-ups through a linkage with the goals of
the Start-Up America Initiative (SBA, 2016a), and has separately defined clean
energy as a “sector-based impact investment” area to encourage the use of
existing and new SBIC funds to address these investment areas (SBA, 2016b).
To help close the important gap in early-stage venture capital for increasingly
clean energy start-ups developing new innovations, SBA could be directed to set
a goal of creating $1 billion in new venture capital funds focused on early-stage
increasingly clean energy technologies.

A fund focused on clean energy could be created if SBA were to phase in
a “carve-out” of current SBIC funding allocations, aiming for 20 percent of
current SBIC commitments, or $440 million in federal funds out of the current
$2.2 billion/year SBIC allocation. Doing so would allow SBA to license
dedicated cleantech funds that would be focused on directing significant
portions of capital allocation to early-stage innovation, that would have lives of
longer than 10 years to better match cleantech commercialization timelines, and
that would involve fund managers and private capital limited partners with
demonstrated expertise in cleantech. Further, SBA could review its regulations
defining allowable clean energy sector-based impact investments to ensure that
they would support the development of increasingly clean energy technologies,
including early-stage start-ups, that could result in the timely development of
affordable, scalable technologies capable of effectively mitigating potential
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GHG impacts." Given that the current distribution of private cleantech venture
capital is weighted toward later-stage investments, this allocation of existing
early-stage SBIC funds could have a significant impact in increasing the
availability of early-stage capital for cleantech ventures.

In addition to filling funding gaps, the committee notes that market entry
is a key factor in spurring innovation (Lockwood, 2013). Therefore, public
policy needs to encourage new entrants into energy markets, including both new
firms and established firms from other sectors (Lester and Hart, 2012).
Historically, entry and innovation have been encouraged by government support
for and sponsorship of competitions for funding for research at the technological
frontier that have open specifications any supplier could meet.

Technology Test Bed and Simulation Network

Increasingly clean energy innovations would benefit substantially from a
national Technology Test Bed and Simulation Network. One of the most
significant challenges for developers of new cleantech innovations is to find
partners and resources for effectively testing their innovations, or to avoid some
of the cost and time of expensive testing with appropriate simulation systems.*’
Opportunities to connect new innovations to uniquely relevant test sites and
simulation modeling resources could provide value by lowering the cost and
time requirements for testing and development, as well as by confirming the
expertise of validated external assessments. The needs of innovators vary
widely—from simulation modeling and testing laboratories, to materials and
component laboratory testing, to small pilot testing, and eventually to full-scale
demonstration projects. A network of test beds and simulation laboratories
would be instrumental in accelerating the development of increasingly clean
energy technologies.

Such a network would provide streamlined identification of and access to
new and existing federal, state, regional, and private testing resources;
simulation modeling and testing laboratories; and preconfigured test sites. This
network would also have funds with which to analyze gaps in the national
network, and run solicitations and provide partial funding for the development
of new test bed and simulation resources that could cost-effectively accelerate
the testing and development of important technology categories.

This network would also work closely with the proposed Federal
Technology Road Mapping and Challenge Fund (discussed above) to align test
and simulation assets with those projects. The specific road map milestones and

Relevant energy savings activities are defined in detail in the “Definitions” section of
the SBIC program regulations (13 CFR 107.50), http://www.gpo.gov/fdsys/pkg/CFR-
2013-title13-voll/pdf/CFR-2013-title13-vol1-sec107-50.pdf.

This need for testing and demonstration is particularly acute for nuclear power and
carbon capture and storage technologies. See Chapter 5 for a more detailed discussion of
the challenge.
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challenge grant opportunities would benefit from linkage to test sites that were
preconfigured for cost-effective testing (and possibly certification) of
technology performance. These include current DOE-funded test beds, such as
the National Wind Technology Center and the Pacific Northwest National
Laboratory (PNNL) Smart Grid Test Bed, as well as national laboratory user
facilities, many of which have relevant capabilities but can be difficult to access.
They also include other relevant federal resources from the General Services
Administration and, most important, from the significant Department of Defense
facilities in the United States and potentially worldwide. This is an area for
international partnering to leverage assets across the globe. DOE partnerships
already exist with China, Canada, Europe, and various developing economies. In
some instances, federal support would be required for the development of new
simulation capabilities and testing facilities.

To make it easier for companies with new innovations to find and access
this Technology Test Bed and Simulation Network, as well as for new test sites
to market their capabilities, DOE could fund the network to manage a portal and
clearinghouse for individual test beds and to connect the regional test bed
networks across the country, including those associated with the proposed
REIDIs.

Finding 3-4: Developers of technologies in the demonstration
and early-adoption stages face technological issues in
determining how to translate their proofs of concept into
commercial products:

e Data from larger test beds and iteration with
advanced simulation models can accelerate the
resolution of these issues.

e Different technologies will have different simulation
and testing requirements. In some cases, these
capabilities may already exist or could be developed
with modest government support.

e In other cases, such as the development of nuclear
test beds (see Chapter 5 for details), substantial
government investments could be required.

Regional Innovation Demonstration Funds (RIDFs)

The financing of energy technology demonstration and early
postdemonstration projects is challenging. Full-scale demonstrations of
innovative central station electricity-generating technologies and new kinds of
manufacturing facilities for distributed technologies are commonly billion-
dollar-scale projects, and typically carry significant technology, market, and
regulatory risks. Even relatively small-scale innovations frequently require
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large, expensive projects to demonstrate the system-level impacts of their
deployment at infrastructural scale. Venture equity funds are structured to
finance high-risk technology development activities, but not major, billion-
dollar-scale projects. Project financiers are structured to finance large assets but
not to take on the risks of technology scale-up. Regulated electric utilities devote
a tiny fraction of their revenues to R&D—far less each year than the cost of
even a single billion-dollar project. State regulators are focused on keeping
short-term electricity costs down and tend to discourage investments in new
technologies, even those that promise to stabilize and reduce power costs in the
longer run, if the initial cost is higher than that of incumbent technologies.

Attempts to fill this financing gap with federal funding alone face
significant obstacles. Some initiatives, such as proposals to establish a federal
infrastructure bank, are not designed to address projects with significant
technology risk. Other, more targeted proposals, such as those to create a federal
Clean Energy Deployment Administration or a federal demonstration
corporation, have not progressed. DOE’s loan guarantee programs are valuable
resources for energy innovators, but loan authorities are modest compared with
the scale of the need. Several states have launched “green banks” or clean
energy financing authorities, drawing on a range of funding sources that include
federal and state grants, bond issues, on-bill repayment mechanisms, and state
ratepayer surcharges. For the most part, however, these initiatives are focused on
financing the deployment of proven, commercially available technologies with
low technology risk.

The committee proposes a new, decentralized strategy for financing
energy technology demonstration, early adoption, and scale-up projects, with an
enhanced role for states and regions and a new kind of partnership among the
federal government, the states, private innovators, and investors. The public
funds would be drawn primarily from state-level electric power system public
benefit charges or from state and regional carbon mitigation programs, such as
the California cap-and-trade program and the Northeast Regional Greenhouse
Gas Initiative. The state funds would be augmented by supplementary federal
grants to incentivize the creation of regional funding pools and partnerships
(Lester and Hart, 2015). The new funding mechanism would specifically target
projects designed to demonstrate the performance of potentially transformative
energy technologies at commercial scale.

The creation of a network of Regional Innovation Demonstration Funds
(RIDFs), staffed by experienced professional technology and project investors,
would help reduce the costs and risks and increase the volume of private
financing for the intermediate stages of the energy innovation process. The
governors of RIDF member states would appoint the members of the RIDF
governing board. This arrangement would create new opportunities for regional
differences in energy innovation needs and preferences to be expressed at the
demonstration stage and would give states a direct stake in innovation outcomes.
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RIDFs would be staffed by experienced professional technology and
project investors and would manage the regionally aggregated funds. RIDFs
could provide multiyear grants to selected projects. These grants would augment
private investments in first-of-a-kind commercial-scale demonstrations and
“next few” post-demonstration projects with significant technology and/or
regulatory risk.

To receive RIDF funds, projects would first have to be certified by an
independent Energy Innovation Board comprising individuals publicly
acknowledged as authorities in the fields of energy and environmental science,
engineering, economics, manufacturing, and business management. Members
would be appointed by the secretary of energy. The board also would be able to
hire consultants with special expertise to assist on specific matters. The board’s
role would be to certify that a project would contribute to the public goal of
creating cost-competitive, scalable technology options for reducing GHG
emissions. Specifically, certification would be based on the potential of the
project technology to achieve significant reductions in carbon emissions at a
declining unit cost over time and at delivered energy costs competitive with
those of high-carbon incumbent energy systems. Certification would be granted
only for a limited period, and would be withdrawn at the end of that period if
progress proved too slow or if public support were no longer necessary. The
Energy Innovation Board would also make recommendations to the federal
grant-making authority (probably DOE) regarding incentive payments linked to
the board’s annual evaluations of the overall performance of the RIDF project
portfolios.

Projects precertified by the Energy Innovation Board as contributing to the
public interest would seek grants from the RIDFs to augment the private
financing assembled by the project team. Project teams could include
technology vendors, power generators, transmission and distribution utilities,
third-party energy service providers, and national laboratories and universities.
Proposers would seek RIDF funding not as their primary source of finance but
as a means of lowering the costs and risks of their own investments. The RIDFs
would evaluate project proposals partly against standard commercial and
financial criteria, including the strength of the project team, the quality of
project management, and the extent of self-funding by the proposers. Most
important would be the potential of the proposed project to contribute to the
reduction of carbon emissions. The most attractive projects would be those with
the greatest potential to stimulate major future reductions in carbon emissions
while also delivering affordable, secure, and reliable energy services.

Examples of such projects could include demonstrations of integrated
carbon capture, transportation and storage systems at full-scale coal- and gas-
fired power plants and in different geologies, small modular light water or
advanced nuclear reactor projects, grid-scale electricity storage integrated with
utility-scale solar or wind systems, and next-generation offshore wind projects.
Other eligible projects would include demonstrations of advanced grid
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infrastructure technologies; community-scale demonstrations of grid-integrated
distributed battery storage using electric vehicles; and test beds for next-
generation  distribution systems with advanced demand-management
technologies, microgrids, distributed generation, and dynamic and differentiated
pricing schemes.

Projects selected by the RIDFs would receive direct multiyear grants, with
end-year funding tied to performance. Alternatively, RIDF funds could be used
for customer rebates, subsidized loan programs, credit support for power
purchase agreements (PPAs), or other arrangements designed to promote user
engagement with the new technology. As a condition of making a grant, the
RIDF would acquire a modest equity position in the project, whose ultimate
value would depend on the outcome of the project and the subsequent market
potential of the project technology.

Over time, a national network of RIDFs might emerge. Certified projects
could be proposed to one or more RIDFs for funding, providing more
opportunities for new entrants to gain support for their ideas. The RIDFs could
operate independently or could co-invest with each other. Over time, some
specialization of the RIDFs in technology areas of particular interest to their
regions might occur (e.g., offshore wind in the Northeast, nuclear in the
Southeast, carbon capture in the Midwest).

RIDFs would likely first be established in parts of the country where there
is already a strong commitment to innovation and to interstate collaboration, and
where there is existing state-level funding. In these locations, federal matching
funds would create incentives for additional state funding. Elsewhere, federal
funds would incentivize the introduction of state funding and the creation of new
regional partnerships.

The federal matching funds would also be used to encourage effective
RIDF investing by rewarding RIDFs whose project portfolios were ranked
highly by the proposed independent federal Energy Innovation Board. The board
would conduct annual reviews of RIDF portfolios, ranking most highly those
combining strong representation of high-potential projects with prompt
winnowing of failing projects.

Distribution of the federal matching funds to the RIDFs could be
administered by DOE or by a separate, dedicated agency.”’ The committee
estimates that at steady state, an RIDF network covering half the country could

2ISuch an agency would have some similarities to a proposal made some years ago to
establish a federal Energy Technology Corporation to manage and select technology
demonstration projects (Deutch, 2011). In this case, however, the federal agency would
not be selecting and managing specific projects, but providing funding at the portfolio
level to regional entities that would in turn be providing grants to privately managed
demonstration projects. The structure proposed here is also similar to the proposal for
Regional Innovation Investment Boards, State Energy Innovation Trusts, and a Federal
“Gatekeeper” that would certify projects presented to the regional boards (Lester and
Hart, 2012).
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lead to the deployment of up to $13 billion/year in public and private funds for
demonstration and early post-demonstration projects, with federal cost-matching
outlays to the RIDFs accounting for as much as $2 billion/year of these
expenditures (see below).

Public benefit charges would be one potential source of state funds for
RIDFs. Today, about 30 states have implemented power system public benefit
charges, with the revenue being used primarily to fund energy-efficiency and
renewable energy projects and low-income assistance and weatherization
programs. The charges range from less than 0.05 mills per kilowatt hour (kWh)
in North Carolina to nearly 5 mills per kWh in California. Together, these
charges produce revenues of $3.5-4 billion per year, and the average increase in
electricity costs in the affected states is 2.1 percent (DOE, 2010).

Initially, only a few states might be willing to redirect existing public
benefit charges to innovation financing or to implement new surcharges for this
purpose. Over time, encouraged by federal matching funds, more states would
likely participate, and some states might opt to use funds from other sources,
such as state or regional carbon cap-and-trade or taxation schemes.” A
dedicated 1 mill per kWh electricity surcharge (adding about 1 percent to the
average U.S. retail price) applied to U.S. retail electricity sales would generate
roughly $3.7 billion per year, and might leverage up to twice that amount in
private investment funds. A steady, predictable funding stream of more than
$10 billion per year in public and private funding dedicated to financing
demonstration and “next few” post-demonstration projects—enough to launch
several new such projects each year—would be large enough to have a major
impact on the nation’s energy innovation challenge. The magnitude of the
needed federal funding is uncertain, but assuming that 50 cents of federal
matching funds would be required to induce each new dollar of state funding,
the federal funding requirement might start at, say, $200 million/year and would
eventually grow to about $1.8 billion/year for an RIDF network covering half
the country and deploying a total of $13 billion/year in public and private funds.

The regionally based public funding mechanism proposed here would
have several advantages over current practice. It would create a large, dedicated
funding stream for a critical part of the U.S. energy innovation system—full-
scale demonstration and early-adoption projects—that has to date been
chronically underresourced. RIDF grant making would not have the stop-and-go
pattern that is typical of the annual federal appropriations process, and would
generate the steady, predictable supplementary funding that is needed for
multiyear private project investment commitments. Putting RIDF project
selection decisions in the hands of technology investment professionals would
make public funding responsive to market needs and the latest technological
information, while the public interest would continue to be strongly represented

22If eventually implemented, Environmental Protection Agency 111(d) regulations might
encourage the introduction of more such schemes at the state and regional levels.
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by the Energy Innovation Board. The new mechanism would also create
opportunities for the expression of regional differences in energy innovation
needs and preferences at the demonstration project selection stage, and would
give states a direct stake in innovation outcomes. Finally, the mechanism would
introduce multiple levels of competition into the selection of demonstration
projects.

Finding 3-5: Regional efforts that leverage regional energy
markets and initiatives by states, universities, entrepreneurs,
industry, and others can complement federal actions to help
bridge funding and commercialization gaps.

Finding 3-6: Funding and commercialization gaps for
innovations in energy technologies tend to be most acute in,
and most closely associated with, the early to intermediate
innovation stages.

Recommendation 3-3: The federal government should
provide funding and expertise to leverage regional
opportunities and expertise in order to spur innovation in
increasingly clean energy technology.

Examples of this funding and expertise include a number of examples
discussed throughout this chapter. For example, two key strategies for
addressing obstacles at the proof-of-concept and demonstration stages of
increasingly clean energy technology innovation include establishing a network
for advancing translational clean energy technologies to support the proposed
REIDIs and allocating additional funds within the SBIC program to create new
venture capital funds focused on long-term investment in early-stage
increasingly clean energy technologies. Additionally, two key strategies for
addressing obstacles at the intermediate stages of increasingly clean energy
technology innovation include linking technology test beds and simulation
laboratories into a network and providing expertise and matching funds for
regionally based, competitive public/private funds that would invest in
demonstration projects.

Solutions That Address Barriers at the Final Stage:
Large-Scale Take-up/Improvements in Use

Carbon Pricing
A national policy on carbon pricing would primarily have the effect of

accelerating improvements in those technologies and business models that are
already well developed, and would have less effect on early-stage development.
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Absent a price on carbon and with uncertainty about the timing and magnitude
of action, innovators have little incentive to invest in technology for reducing
GHG emissions. Following passage of the Clean Air Act of 1970 and its
amendments, innovative activity spiked (Rubin, 2014; Taylor et al., 2006; see
also Acemoglu et al., 2014).” Those innovations lowered the cost of reducing
sulfur dioxide emissions from coal-burning electric power plants by creating a
market for scrubber technology. Regulations on GHG emissions and other
pollutants would likely lead to similar innovations and lower the cost of well-
developed increasingly clean technologies (see Chapter 2).

Regulatory Changes

These strategies—which include results-based regulation and new utility
business models, dedicated utility funding for innovation, enabling responsive
devices, recognition of volt/volt ampere reactive (VAR) optimization in rates,
and on-bill repayment financing for energy-efficiency and increasingly clean
energy technology—are discussed in detail in Chapter 6. In addition to the
regulatory issues discussed in Chapter 6, siting and permitting remains a
difficult obstacle at the regional, state, county, and municipal levels. New
policies are needed to incorporate best practices for siting and streamlined
review and permitting processes. While this issue applies broadly to the
deployment of all increasingly clean energy technologies, DOE’s SunShot
Initiative, discussed earlier in this chapter, may offer a model for addressing
these challenges. One of the key goals of that program is to reduce nonhardware,
balance-of-system costs for solar systems. DOE cites these costs as representing
up to 64 percent of total installed system prices, including customer acquisition,
finance and contracts, permits, interconnection, and inspection; installation and
performance; and operations and maintenance (DOE, 2014d).

Further Application of Principles and Analytics

Chapter 5 explores how the above recommendations and principles could
be implemented in real-world energy systems that face significant market
imperfections and other obstacles to full development and utilization. The
systems in question, notably nuclear generation, carbon capture, and large-scale
renewables, each manifest their own technological, market, and regulatory
complexities within the general context illustrated above. Such attention to the
development of necessary details, on the ground as it were, is necessary to build
a complete picture of an increasingly clean power system.

BHowever, Acemoglu and his colleagues find that “Though it is intuitive to expect that
carbon taxes should do most of the work in the optimal allocation—because they both
reduce current emissions and encourage R&D directed to clean technologies—we find a
major role for both carbon taxes and research subsidies” (Acemoglu et al., 2014, p. 2).
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CONCLUSION

Expanding and advancing the portfolio of increasingly clean energy
technology options requires analyzing and developing strategies for overcoming
obstacles to innovation from R&D through pilot testing, demonstration, and
deployment. Innovation has played an important role in providing the United
States with secure and affordable energy resources, and governments play an
important role in enabling various aspects of the nation’s energy innovation
system. Given the highly distributed nature of the U.S. electricity system,
markets, resources, and innovation resources, advancing increasingly clean
energy options through the innovation stages discussed in this chapter also
requires insights into the federal government’s opportunities to lead or to enable
and leverage the efforts of states, regions, the private sector, and public/private
partnerships.

The energy innovation system is a complex network of market and
nonmarket institutions and incentives that includes public and private research
and educational institutions; individual entrepreneurs and small entrepreneurial
firms; large, mature firms; financial intermediaries ranging from large
commercial and investment banks to venture capital firms and individual angel
investors; local, state, and federal regulatory and standards-setting agencies and
legislative units; other government agencies engaged in research, development,
or procurement; and innovation users of many different kinds. This chapter has
considered the obstacles that must be overcome at each stage of the innovation
process, and arrived at findings and recommendations for strengthening the
nation’s critically important energy innovation system. The most important
priorities are identifying and creating new options, developing and
demonstrating the efficacy of these options, and setting the stage for early
adoption of those that are most promising. Before discussing some specific
obstacles facing certain technologies (nuclear power, capture and storage of
carbon from fossil fuel generators, and renewable technologies) in Chapter 5,
the committee turns in Chapter 4 to the potential environmental benefits of
expansion of energy-efficiency measures.
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The Role of Energy Efficiency in
Increasingly Clean Electricity

While the rest of this report examines the prospects for increasing the
supply of electricity from increasingly clean sources, this chapter deals with
economically efficient methods of reducing electricity usage through energy
efficiency.' Energy-efficiency measures offer the promise of reducing energy
use and saving money on electricity bills, as well as reducing negative
environmental externalities associated with the production of electricity. These
measures can provide pricing and usage transparency to allow residential,
commercial, and industrial customers greater control of their energy choices.
Appropriate federal and state policies can promote the development of more
energy-efficient buildings and products and strengthen incentives for consumers,
businesses, and industrial customers to pursue cost-effective energy-efficiency
measures and to make investments that will provide future energy-efficiency
improvements.

The improvements in energy efficiency achieved over the past 30 years
can be attributed to a variety of factors, including technological progress and
pressures on households and businesses to cut their spending on energy. In
addition to those market forces, there is evidence that policies and programs
designed to improve energy efficiency, such as energy-efficiency standards,
funding for research and development (R&D), educational and informational
efforts, and financial incentives to accelerate the development and adoption of
energy-efficiency measures, have contributed to the improvement in energy
efficiency experienced in OECD countries (Geller and Attali, 2005; citing

"This chapter focuses on improving the efficiency of energy consumption. An
improvement in energy efficiency occurs when there is a reduction in the energy inputs
required to provide a given unit of energy services (e.g., lighting, cooling, heat, or drive
power) to a specific end-user of such services. However, improvements in energy
efficiency can occur with simultaneous increases in the use of energy services and in
overall energy use.

87
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Bosseboeuf and Richard, 1997; Gillingham et al., 2004; NRC, 2001, among
others).

Despite the large potential to reduce spending on electricity, however,
market imperfections can lead to underinvestment in energy efficiency. One
such market failure is attributable to unpriced pollution from the production of
electricity, discussed in Chapter 2. But even if electricity is priced to include
environmental externalities, there may be other market failures that lead to
underinvestment in energy efficiency. For instance, consumers often have
inaccurate or incomplete information about their energy use, price, or the net
savings from energy-efficient investments. Asymmetric information or
misaligned incentives, such as between landlord and tenant, may also reduce
energy-efficient purchases. Improving information available to consumers
through energy labeling, together with advanced metering infrastructure and
customer systems, could increase cost-effective energy efficiency (NAS et al.,
2010, NRC, 2011).

In addition to market failures, electricity consumers do not always behave
in an economically rational way to minimize costs or maximize profits or
benefits, and policies designed to reduce market failures may not affect
behavior. Consumers may be reluctant to make new purchases of energy-
efficient appliances because of inertia, risk aversion, or uncertainty about other
characteristics of the appliances (see Wilson and Dowlatabadi [2007] for a broad
range of influences on consumer behavior). For these reasons, firms cannot
completely capture the benefits of their investments in energy-efficiency
innovations. This fact, coupled with the knowledge spillovers that impede
realizing the full benefits that flow from their R&D (see Chapter 3), results in
firms underinvesting in innovation in these technologies.

One challenge for policy makers, then, is to ensure that the benefits of
energy-efficiency measures are greater than their costs. The savings from
energy-efficient investments are difficult to calculate, however, and estimates
derived from currently available methods have large uncertainty. Consequently,
this chapter presents no estimates of the costs per kilowatt hour (kWh) of
energy-efficiency measures. Improving the accuracy of savings estimates and
measuring actual savings could aid in evaluating the effectiveness of existing
and the design of future policies.” Also beneficial would be understanding
barriers that contribute to the gap between actual savings and costs and
consumers’ product use, and developing behavioral models of how gains from
energy efficiency can be realized (Allcott and Greenstone, 2012).

This chapter details potential electricity savings through energy efficiency,
barriers to achieving the development and adoption of cost-effective energy-

’It should be noted that there are other, unobservable costs and benefits to energy-
efficiency investments that make their net benefits difficult to measure even if energy
savings are correctly assessed (Allcott and Greenstone, 2012, p. 5).
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efficiency technologies, and policies of the federal and state governments
designed to address those barriers.

POTENTIAL ELECTRICITY SAVINGS THROUGH
ENERGY EFFICIENCY

Americans today spend almost $400 billion annually on electricity to
power their homes, offices, and factories, a large share of which is used in
residential and commercial buildings (more than two-thirds of all the nation’s
electricity use and 40 percent of total energy consumption) (EIA, 2015¢g [data as
of April 2016]; see also Austin, 2012). On average across the United States,
energy usage in buildings contributes about 41 percent of total U.S. carbon
dioxide emissions (DOE, n.d.-a). And in some medium to large U.S.
municipalities, building energy use can be responsible for 50 to 75 percent of
citywide carbon emissions—much higher than the national average (City Energy
Project, 2014, slide 9).’

As described in detail below, evidence suggests that energy-efficiency
measures have been effective at reducing energy consumption. Moreover, there
is potential for improvements in energy efficiency in the future. According to a
previous Academies study, “Energy-efficient technologies for residences and
commercial buildings, transportation, and industry exist today, or are expected
to be developed in the normal course of business that could potentially save
30 percent of the energy used in the U.S. economy, while also saving money”
(NAS et al., 2010, p. 278)."

Over the past 40 years, ongoing technological change, structural changes
in the economy, changes in energy prices, and improved efficiency of energy
use have contributed to the decline seen in energy intensity (units of energy as a
share of per capita gross domestic product [GDP]) (NAS et al., 2010). Indeed,
research suggests that three-quarters of the decline in U.S. energy intensity from
1970 to 2001 is attributable to improvements in the use of energy (Huntington,
2009; Levinson, 2015°; Metcalf, 2008). All told, total energy used per dollar of
goods produced is down, as is spending on energy services (from lighting to
refrigeration) (EIA, 2016h). In sum, efficiency measures in the electricity sector

3Using data from individual cities, it was found that buildings in the following cities
contributed 50 to 75 percent of citywide carbon dioxide emissions, based on the cities’
individual greenhouse gas inventories: Dallas, Philadelphia, Minneapolis, Chicago,
Washington (DC), New York City, and Salt Lake City.

“Note that there is considerable uncertainty around the magnitude of energy-efficiency
savings, particularly the costs of those improvements, discussed in detail in the rest of
this chapter.

SLevinson shows that 90 percent of pollution reduction in the manufacturing sector is due
to changes in production technique rather in than manufacturing composition.
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have reduced energy consumption and could continue to save energy in the
coming decades, while also helping to reduce pollution (EIA, 2016h).

According to the Energy Information Administration (EIA), the adoption
of energy-efficiency measures such as more efficient equipment, better
insulation, and improved windows has contributed to a decline in residential
energy use, as have migration patterns within the United States as more people
have moved to states that are warmer in the winter (EIA, 2013b). Despite being
30 percent larger in size, newer houses use only 2 percent more electricity than
those built before 2000 (EIA, 2009b, Forms EIA-457 A and C-G).
Improvements in data on energy use due to technological advances in
information collection, storage, and access also have contributed to
improvements in energy efficiency in all sectors.

BARRIERS TO THE DEVELOPMENT AND ADOPTION OF
COST-EFFECTIVE ENERGY-EFFICIENCY TECHNOLOGIES

There is a literature investigating whether and why firms and consumers
leave profitable or cost-effective energy-efficiency investments on the table.
This “energy-efficiency gap” literature compares actual energy savings with the
costs of energy-efficiency investments to see whether there are really
unexploited energy-efficiency opportunities (Allcott and Greenstone, 2012; Jaffe
and Stavins, 1994; Jaffe et al., 2004, Gillingham et al., 2009). If there is no
energy-efficiency gap or the gap is negative, it means that the costs of the
energy-efficiency measure outweigh the benefits.

Some researchers have questioned the existence or size of the energy-
efficiency gap, offering evidence that predicted savings from certain energy-
efficiency programs are overstated (Allcott and Greenstone, 2012; Davis et al.,
2014; Dubin et al.,, 1986; Fowlie et al., 2015; Geller and Atalli, 2005;
Gillingham and Palmer, 2014; Gillingham et al., 2009; Houde and Aldy, 2014;
Jacobsen and Kotchen, 2013; Levinson, 2014a; Metcalf and Hassett, 1999).6
These studies highlight the need for rigorous, randomized evaluations of
programs to ensure that those who do and do not receive a program or treatment
are statistically identical. Allcott and Greenstone (2012) note that results on a
small group of volunteers rather than a randomly selected group may be biased.
Ramos and colleagues (2015, p. S19) note that “experimental methodologies
with rigorous design and the use of large-scale random samples are extensively
being employed to study novel aspects of energy efficiency in buildings.”

®Other studies have found that models have overestimated the costs of energy-efficiency
standards because of technological changes (Dale et al., 2009; Taylor et al., 2015). In
addition, in a recent study, Kotchen (2016) finds that engineering forecasts do not
significantly overestimate realized savings of energy efficiency, and Auffhammer and
colleagues (2008) find that average savings and costs may be consistent with average
utility-reported savings on demand-side management programs.
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Much of the difference between energy savings predicted by current
engineering models and actual energy savings may be attributable to how users
adopt and use technology. Differences in consumers’ behavior may arise from
differences in their values (including how much they discount future payments
relative to the present) and their abilities to process or calculate savings from the
available information. Another cause may be consumers’ increased use of an
appliance when the costs of its use decline because of energy efficiency—
termed the “rebound effect” (see, e.g., Gillingham et al., 2009, 2015). Recent
empirical evidence suggests that the rebound effect in energy efficiency is small
(Davis, 2008; Dumagan and Mount, 1993; Fowlie et al., 2015; but see Davis et
al., 2014), but more analysis of this phenomenon is needed to understand how
large it may be (see, e.g., Chitnis and Sorrell, 2015 [suggesting that including
indirect income effects makes the rebound effect larger relative to relying only
on price effects]). Finally, energy-efficiency investments may have hidden costs
or large transaction costs that are not accounted for in engineering models
(Fowlie et al., 2015).

To evaluate the cost-effectiveness of policies aimed at overcoming
barriers to investment in energy-efficiency measures, it will be necessary to have
better information on actual energy savings and market adoption rates of
different technologies. Opportunities to collect such information have been
enhanced by advances in communication and information technology. Analysts
have hypothesized that a number of market imperfections, discussed below,
inhibit customers from adopting energy-efficiency measures even when their
benefits outweigh their costs, and the United States and Europe have adopted a
number of measures designed to overcome these imperfections.

Economic, institutional, and political barriers to the development and
adoption of energy-efficiency measures include

e incorrect energy prices (prices that do not reflect the full societal cost
of energy, including costs of pollution), which reduces incentives to
invest in energy efficiency (see Chapter 2);

e inadequate and imperfect information and—as anyone who has
rushed to replace a broken water heater, furnace, or refrigerator
knows—often insufficient time to make good energy-efficiency
decisions;

e so-called “split incentives,” denoting cases in which decisions about
energy efficiency often are made by those who do not pay the utility
bills, and therefore will neither reap the benefits of improved
efficiency nor bear the cost of poor efficiency;

e capital market failures, whereby customers may lack access to—or
face competing demands for—the funds needed to make structural
improvements or replace major pieces of equipment to improve
efficiency;
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e behavioral constraints such as inertia, limited attention, or heuristics
that may lead consumers to make less than perfectly rational
decisions; and

e knowledge spillovers that cannot be captured by the manufacturer and
lead to underinvestment in new energy-efficiency technologies.

Potential policy solutions to these barriers are listed in Table 4-1 and
discussed briefly in the subsections below. More detailed discussion of these
solutions is provided in the section that follows on energy-efficiency policies in
the United States.

Incorrect Energy Prices

If the externalities associated with electricity production and use are not
reflected in their costs, incentives to invest in energy efficiency will be blunted.
Since prices will not reflect the full societal cost of producing electricity, public
intervention may be warranted to take prices to their correct levels. Potential
solutions include a carbon price, other energy taxes, and carbon-trading
instruments. Additional benefits of a price on pollution are addressed in
Chapter 2.

TABLE 4-1 Market and Nonmarket Barriers to the Development and Adoption
of Energy-Efficiency Measures and Potential Policy Solutions

Barriers Potential Policy

Incorrect energy prices Carbon price
Other energy taxes
Carbon-trading instruments

Inadequate and imperfect EnergyGuide/Energy Star™/Leadership in
information Energy and Environmental Design (LEED)
labels
Comparative bills/home energy audits
Split incentives Appliance standards
Building codes
Capital market failures Third-party energy-service providers

On-bill repayment programs

Behavioral constraints EnergyGuide/Energy Star/LEED labels
Comparative bills/home energy audits
Appliance standards
Building codes

Knowledge spillovers Investments by the federal government
R&D tax credits
Inducement prizes
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While a carbon price would help spur investments in energy efficiency,
other barriers, discussed below, may inhibit the adoption of cost-effective
energy-efficiency measures (Ryan et al., 2011). Moreover, the effectiveness of
increased electricity prices in inducing conservation is limited by the very low
measured price elasticity of demand for electricity, especially in the short term.
Measures of the short-term price elasticity of demand for electricity range from
0.14 to 0.44 in absolute value for residential customers, meaning that a
10 percent rise in the price of electricity will reduce the quantity of electricity
consumed by only 1.4 to 4.4 percent (Gillingham et al., 2009, Table 1). Over the
longer term, these efforts would be more fruitful. The long-term price elasticity
of demand for electricity is estimated to be between 0.32 and 1.89 (values
greater than 1.0 mean that a 10 percent rise in the price of electricity would be
expected to lead to a decline in electricity demand of more than 10 percent).

Finding 4-1: A more accurate price for electricity that
includes its full social costs might help spur energy efficiency
in the long run; however, higher electricity prices may be
insufficient to overcome all market and behavioral failures
that inhibit the adoption of energy-efficiency measures.

Another issue related to the price of electricity is that the bills of many
consumers reflect the average cost of electricity, which may 