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nomic activity and five million high-quality jobs by 2025.”* The Apollo Project, a
coalition of environmental, business, and labor organizations, contends that an
investment of $300 billion in federal funding for low-carbon energy, infrastruc-
ture, and urban development practices would add more than 3.3 million jobs to
the economy, stimulate $1.4 trillion in new GDP, save $284 billion in net energy
costs, and repay taxpayers in 10 years."”

REGAINING THE LEAD IN THE INTERNATIONAL MARKETPLACE

The United States was once the international leader in technologies to meet the

world’s need for energy and products in ways that don’t cause catastrophic climate

change. Almost all of the solar electric and wind power technologies were invent-
ed in the U.S. But in the 1980s perverse federal policies prohibiting investment in
commercialization of renewables let the progress of these technologies lapse in the

U.S. Europeans and Asians picked up the opportunity and now lead in manufac-

turing.

The European Commission has projected that meeting its targeted energy cuts
and renewable energy increases would save 60 billion Euros, create millions of new
jobs, increase European competitiveness, and reduce Europe’s carbon emissions by
a third.” American businesses are already losing ground as their European com-
petitors innovate to meet these goals. These renewables are the cheapest way to
provide power to those around the world who don’t have it, because these tech-
nologies don’t require fuel or investments in large central generating plants, trans-
mission lines, and other conventional electric infrastructure.

As gasoline prices have become volatile and public consciousness about green-
house gas emissions has grown, it is the Japanese rather than U.S. automakers that
were first to market with hybrid vehicle technology—ijust as in the 1970s the
Japanese beat Detroit to the punch with compact cars that better served consumers
seeking relief from high gas prices. Today, Australia, Japan, the European Union,
Canada, and China all have auto-efficiency standards higher than those in the U.S.

A confluence of rapidly developing factors is creating a worldwide opportuni-
ty for products, technologies, designs, and practices that reduce greenhouse gas
emissions. They include:

e Developments in various American states and internationally to place a price
on carbon—whether through taxes or market mechanisms. Since the Kyoto
Protocol came into force in February 2005, 141 nations have committed to lim-
iting the amount of carbon that they emit. In November 2007, the Australian
government fell, with the new government pledging to sign Kyoto, leaving the
U.S. as the world’s only major government, so far, to refuse to ratify the treaty.
As carbon is reflected in the price of energy and consumer products, low-car-
bon alternatives will become more competitive in the marketplace. Meanwhile,
the growing international carbon market enables companies that make deeper
reductions than required to sell their unused emissions capacity to companies
unable to meet the limits. It is creating a de facto carbon currency. There are
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two ways to obtain a commodity/currency: buy the credits or create them. Just
as one can buy gold or mine it, one can create a carbon currency by reducing
emissions. In such a market, companies will be invested in the new carbon cur-
rency, at best to forge wider margins on the rising costs of carbon fuels and at
least to hedge their own exposure to the risks posed by the enactment of future
legislation. Portfolios (corporate, institutional, and personal) of the future with
carbon currency exposure can then be better positioned to mitigate the volatil-
ity of the new economy.

¢ The exploding demand for consumer products and energy technologies in rap-
idly developing nations such as China and India. Lester Brown of the Earth
Policy Institute points out that if China continues to grow at its current rate
and uses resources as efficiently as the U.S. (it is now four-fold less efficient),
by 2030 it will want more oil than the world now lifts and likely can ever lift. It
will also want more cotton, cars, concrete, and coal than the world now pro-
duces. And India is right behind. Both countries will be hard hit by climate
change, with the melting of the Himalayan glaciers threatening water supplies
throughout the region, the shifting of the monsoon patterns threatening agri-
culture, and the increased number and ferocity of cyclones already killing
thousands of people each year. In 2007, China passed the U.S, as the world’s
biggest emitter of carbon. In response, China has pledged to reduce energy
intensity by 4 percent a year through the rest of the decade, and has set a target
to reduce energy consumption per unit GDP by 20 percent during the 2006-
2010 period."”” In 2007, the Chinese announced the creation of over a billion
dollars of funds to encourage energy efficiency and renewables.” The country
is promoting biogas use and investing in wind solar and other low-carbon
energy supplies. The world’s first green billionaire now exists. He is a Chinese
solar entrepreneur.

e The as yet unfulfilled aspirations of the billions of people in underdeveloped
nations who need and deserve decent standards of living. An estimated 1.6 bil-
lion of the world’s people lack convenient access to electricity. About the same
number lack potable water. As the economies of these nations expand, pres-
sures on the climate will become unmanageable without low-carbon technolo-
gies. At present, one-quarter of all development capital around the world is
spent on carbon-intensive power plants, whose electricity is unaffordable to the
poorest but whose economies are then taxed to pay for them. The only way
that the half of the world’s people who now live on less than $2 a day can
afford to develop is to leapfrog to world best practice in sustainable ways to
meet their needs for energy services, water, sanitation, transportation, housing,
etc. These technologies can deliver genuine development more reliably and
affordably than can the carbon-intensive practices of the last century. One of
the best ways to ensure that the world ramps its emissions down below the
danger level at which we are now is to enable the whole world to unleash this
new energy economy of efficiency and renewables."”

innovations / fall 2009 279



L. Hunter Lovins

“ 6th wave

Waves of Innovation

\
| Sustainability
| Radical resource
I productivity
Whole systermn design
Biomimicry
Green chemistry
Industrial ecology
Renewable energy
Green
nanotechnology

Innovation

Digital Networks

.
Petrochemicals Biotechnology

Electronics Software
Aviation Information
Space technology

Electricity
Chemicals
Internal
combustion

Steel engine
Cotton

Steam power
= Railroad

Iron
‘Water power
Mechanisation
Textiles
4 Commerce

Y

1785 1845 1900 1950 1990 2020

Figure 6. Waves of Innovation

Source: Technological “long waves” were long-ago described by Russian economist Nikolai
Kondratiev. The version of long waves represented in this figure appeared first in The Economist.
The image is courtesy of The Natural Edge Project, Australia, http://www.naturaledgeproject.net/,
30 October 2006.

e The growing world population. If present trends continue, the world popula-
tion will grow from more than six billion today to more than nine billion
before mid-century.

Business success in a time of technological transformation demands innova-
tion. Since the Industrial Revolution, there have been at least six waves of innova-
tion, each shifting the technologies underpinning economic prosperity. In the late
1700s, textiles, iron mongering, water power, and mechanization enabled modern
commerce to develop.

The second wave saw the introduction of steam power, trains, and steel. In
both of these waves, Britain led the innovation and rose to world prominence
because of it, ruling both the waves and the global economy.

In the 1900s, oil, electricity, chemicals and cars began to dominate, enabling
the production of cars and appliances. America led in this innovation, and by the
middle of the century was the dominant world power, continuing to innovate with
petrochemicals and the space race, along with electronics. The most recent wave of
innovation saw the introduction of computers and the rise of the digital or infor-
mation age.

Which country will lead the next wave—the transition, described in this paper,
to renewable, low-carbon energy? As the Industrial Revolution plays out and
economies move beyond iPods, industries and countries will suffer dislocations
unless they drive innovation, implementing the array of sustainable technologies
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that will make up the next wave of innovation."* New York Times editorialist Tom
Friedman warns that America is losing the race to lead this innovation. In the last
two years, he points out, Applied Materials, a U.S.-based company, has built 14
solar panel manufacturing facilities around the world, now earning Applied $1.3
billion a year. None are in America. Friedman writes,

The reason that all these other countries are building solar-panel indus-
tries today is because most of their governments have put in place the
three prerequisites for growing a renewable energy industry: 1) any busi-
ness or homeowner can generate solar energy; 2) if they decide to do so,
the power utility has to connect them to the grid; and 3) the utility has to
buy the power for a predictable period at a price that is a no-brainer good
deal for the family or business putting the solar panels on their rooftop.

Regulatory, price and connectivity certainty, that is what Germany put in
place, and that explains why Germany now generates almost half the
solar power in the world today and, as a by-product, is making itself the
world-center for solar research, engineering, manufacturing and installa-
tion. With more than 50,000 new jobs, the renewable energy industry in
Germany is now second only to its auto industry. One thing that has
never existed in America—with our fragmented, stop-start solar subsi-
dies—is certainty of price, connectivity and regulation on a national
basis.

That is why, although consumer demand for solar power has incremen-
tally increased here, it has not been enough for anyone to have Applied
Materials—the world’s biggest solar equipment manufacturer—build
them a new factory in America yet. So, right now, our federal and state
subsidies for installing solar systems are largely paying for the cost of
importing solar panels made in China, by Chinese workers, using hi-tech
manufacturing equipment invented in America.

Have a nice day."!

CONCLUSION: SEIZING THE ENTREPRENEURIAL IMPERATIVE

Crafting a policy to enable America to prosper while meeting its needs for energy
services with ample and affordable supplies is a challenging task. But it also offers
unparalleled opportunities. Americans will balk at rules, taxes, mandates, and
bureaucracy. But they will rise to an entrepreneurial opportunity. “A well-designed
climate policy framework will create huge opportunities for innovative companies
to flourish as new markets are created and demand shifts to more efficient, more
advanced and higher-value-added products and services,” according to a report
from the World Resources Institute.'*? British economist Sir Nicholas Stern, in his
2006 study commissioned by the U.K. government on the economics of climate
action, estimates that by mid-century, the global market for low-carbon technolo-
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gies could deliver up to $2.5 trillion a year in economic benefits. The Stern report
puts the 2010 value of the global environmental market at $700 billion."*

There has never been a greater opportunity for America’s entrepreneurs to do
well by doing good, and for communities to enhance energy security, improve
quality of life, and enable their citizens to join the transition to a renewable ener-
gy future. This is the sort of challenge that Americans are good at. All they need is
a supportive federal policy environment.

The growing frequency of corporate commitments—even on the part of for-
mer climate-change skeptics—is an explicit message that companies and commu-
nities that are not quickly and boldly following suit will fall behind the curve as
others demonstrate visionary leadership, responsible action, and the ability to cap-
ture public goodwill and patronage. This is one arena in which the business and
advocacy communities are working together. '

Climate change presents an opportunity for the nation’s businesses and com-
munities to reinvent themselves for the 21* century, reinvigorating America’s econ-
omy and workforce, creating millions of new jobs on U.S. soil, and reasserting
American leadership in knowledge, ingenuity, and technological innovation. As
researchers at the University of California, Berkeley concluded, “All states of the
Union stand to gain in terms of net employment from the implementation of a
portfolio of clean energy policies at the federal level.”'*

The challenge for policy is to design a comprehensive approach to climate
planning that ensures that America will capture all of the opportunities to make
our building, and car, and appliances and machines as efficient as possible, trans-
form our sunset industries from using dirty technologies from the last century, and
capture the opportunities to lead the innovation into renewable energy in ways
that will make us more competitive, puts 100’s of billions of dollars back into the
economy from savings, and put Americans back to work. America can choose to
invest in the approaches that generate economic development in cities and states,
generate new manufacturing businesses, and create jobs retrofitting existing build-
ings. We can seize the opportunities to build and manage the new decentralized
energy system, revitalize farm income with the production of biofuels and wind
farms. Or we can allow our Asian and European competitors to become the new
industrial leaders.

Traditional economists who use straight-line projections to claim that acting
to protect the climate will be costly should be challenged to show why unleashing
the new energy economy will not, as President Clinton asserts, deliver the greatest
economic boom since World War II.

—

. “The Stern Review” on economics of climate change:
http://www.hm-treasury.gov.uk/media/4/3/Executive_Summary.pdf October 2006.
Sir Nicholas Stern, once the chief economist and senior vice-president of the World Bank (2000 to 2003),
released a report commissioned by the U.K. government, stating that that inaction on climate change will
result in a depressed economy, worse than the Great Depression of the 1930s, with financial cost higher than
the Depression combined with the two world wars. In human terms, the report concluded that the resulting
drought and flooding will displace 200 million people from their homes, creating the largest refugee migra-
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Taking Covered Wagons East

A New Innovation Theory for Energy and
Other Established Technology Sectors

Frederick Jackson Turner, historian of the American frontier, argued that the
always-beckoning frontier was the crucible shaping American society." He retold
an old story, arguing that it defined our cultural landscape: when American settlers
faced frustration and felt opportunities were limited, they could climb into covered
wagons, push on over the next mountain chain, and open a new frontier. Even after
the frontier officially closed in 1890, the nation retained more physical and social
mobility than other societies. While historians debate the importance of Turner’s
thesis, they still respect it.

The American bent for technological advance shows a similar pattern.
Typically, we find new technologies and turn them into innovations that open up
new unoccupied territories—we take “covered wagon” technologies into new tech-
nology frontiers. Information technology is an example. Before computing
arrived, there was nothing comparable: there were no mainframes, desktops, or
Internet before we embarked on this innovation wave. IT landed in a relatively
open technological frontier.

This has been an important capability for the U.S. growth economics has made
it clear that technological and related innovation is the predominant factor driv-
ing of growth.” The ability to land in new technological open fields has enabled the
U.S. economy to dominate every major Kondratiev wave of worldwide innovation
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since the mid-19" century.’ Information technology and biotech are the newest
chapters in this continuing story.

REVERSING THE COVERED WAGONS:
LANDING IN OCCUPIED TERRITORY

While we appear to have a capacity for standing up technologies in open fields to
form new complex technology sectors, we have not been as good at taking our cov-
ered wagons back east. We
find it hard to go back over

While we appear to have a the mountains to bring inno-

. . vation into the already occu-
CaPaCItY fOI’ Standlng up pied territory of established
technologies in open fields to complex technology: sectors.

In typical American fashion,

form new complex technology  wed rather move on than

sectors, we have not been as move back. This helps to
. explain why a cab ride over

good at taking our covered the highway system from New
wagons back east. We find it Yorks Kennedy Airport into
Manhattan has a distinctly

hard to go back over the Third World feel, or why
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mountains to bring innovation OIS LIson O e v
comfortable with our current

into the already occupied electrical grid.

Of course, the story is

territory of established complex | = "\ icated  than
technology sectors. In typical Turner’s frontier thesis about

. . 5 American culture. It’s hard to
American fashion, we’d rather reverse the covered wagons
move on than move back. and go back to occupied terri-

tory. Over time, established

technology sectors develop

characteristics that resist

change. The underlying technologies themselves become cost efficient through

standardization, and the phenomenon of “lock-in” sets in. Firms go through

Darwinian evolution; the leading technology competitors survive, expand, and

become adept at fending off new entrants. They build massive infrastructure that

is resistant to competitive models, and they form alliances with government to

obtain subsidies, typically through the tax system, to tilt the playing field toward
their model.

In other words, established complex sectors, often themselves the result of ear-

lier waves of innovation, combine into a technological/economic/political para-
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digm that is very difficult to unseat;' they plant a series of sophisticated minefields
to protect their model and resist its disruption. This pattern applies to highly com-
plex sectors of the economy where technologies are a factor; examples include
energy, health care delivery, transport, construction, and physical infrastructure,
education, and food and agriculture. A complex, established technology sector can
be defined as one that involves products and platforms, that groups complex tech-
nologies in the way a car holds an internal combustion engine, drive train, battery,
computers, fueling systems and tires. Complex sectors also have their own infra-
structure, and are supported by established technologies, economic models, pub-
lic policies, public expectations, patterns of technical expertise and trained work-
forces. In combination, these sectors become the technological/economic/political
paradigm.

The concept of the complex sector is broader than that of complex technolo-
gy introduced by Robert Rycroft and Donald Kash,” and is closer to Christopher
Freeman’s idea of technology clusters that dominate innovation waves.® The idea
of such a sector has features in common with the idea of “dominant design,” intro-
duced by William Abernathy and James Utterbach’ and based on Raymond
Vernon’s product cycle theory:* once such a paradigm has set in, the emphasis
shifts away from innovation in the overall system towards component innovation
in technologies that can be launched on existing platforms.

To be sure, the U.S. is not the only nation to experience the economic and
political barriers of complex established sectors. Japan’s economy would be
stronger if it could bring IT-driven retail efficiencies to a nation of small shops or
to pursue large-scale agriculture, not simply small family farms. The frontier the-
sis aside, innovation in established complex sectors becomes even more complex
once technological lock-in has set in.

LESSON FROM CHINA

The remarkable, sustained, double-digit growth of the Chinese economy is due in
part to the application of up-to-date technology to established sectors like trans-
port, health care, construction, and energy. Chinese strategy for catching up to the
developed economies is based on a unique model that calls for moving to and even
extending the technological frontier in these and other sectors, even as it applies
well-known technology to huge projects that will modernize its infrastructure. It
has organized its economy with large doses of capital, labor, innovation and stern
political directives, relying on a rapidly expanding private sector using up-to-date
technology to provide the resources to support an inefficient public sector that it
will eventually supplant. China’s model of pervasive technology advance through-
out its economy, of course, has a precedent. in the economy-wide catch-up
approach in postwar Japan and in Korea in the 1970s and 1980s.

There is a lesson here for the U.S. If innovation is key to growth, and if a nation
is bringing innovation into many sectors—both established sectors and those at
the technological frontier—then it may be able to boost its growth rate significant-
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ly. U.S. growth might look different if we could find ways to cut the Gordian knots
that tie up our ability to innovate in established complex technology sectors and
bring innovation into those occupied territories, not just into the cutting econom-
ic edge of advances in new breakthrough technologies.

This might mean bringing innovation into our inefficient and expensive
healthcare delivery system, along with new biotech-derived drugs. It could mean
bringing IT simulations and game-based learning into K-12 education, or new
materials and information technology into our transportation or construction
infrastructure, or e-government into the widespread delivery of government serv-
ices. The list of possibilities is long. Perhaps we could even take our innovation
covered wagon back east and bring innovation into our complex, deeply
entrenched, heavily subsidized energy sector.

UNIFYING THE THREE MODELS OF INNOVATION

In order to contemplate stretching our scientific and technological capabilities to
established sectors of the economy, like energy, we need a working theory of inno-
vation for these sectors. Its design depends on a clear concept of how technologi-
cal innovation takes place in the sectors in response to market forces, and how this
process can be influenced by public policy. We see three models of this process,
each of them the product of a particular period of technological history.

The first of these models is the so-called pipeline or linear model, associated
with Vannevar Bush,’” in which basic research intended to push back the frontiers
of knowledge leads to applied research, which in turn leads to invention, to proto-
typing, to development, and finally to innovation, by which we mean widespread
commercialization or deployment. While subsequent literature showed that this
process wasn’t really linear—technology influenced science as well as the other way
around'—“pipeline” is still the term generally associated with this technology sup-
ply approach.

This model was inspired by the World War II-era success of atomic energy,
radar, and other technologies derived from advances in fundamental scientific
knowledge;" it regained prominence in the 1990s from the example of the infor-
mation revolution” and from the promise of similar revolutions in bio- and nan-
otechnology. In these examples, the government, and often the military establish-
ment, played a prominent role in shepherding these technologies through the
innovation process. This is a “technology push” model, with the government sup-
porting R&D and to an extent helping push the resulting advances toward the
marketplace.

The second of these models is the so-called induced innovation concept
explored in detail by the late Vernon Ruttan,” in which technology and technolog-
ical innovation respond to the economic environment. This concept holds that the
technology in use in any economic sector—and, given enough time, the direction
of development and research—responds to changes in the market, for example, to
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price signals by minimizing the use of expensive inputs and maximizing the use of
inexpensive ones.

By extension, this model would predict that technology and technological
innovation would also respond to the policy environment, for example by improv-
ing worker and product safety and decreasing pollution as policies in these areas
are tightened. The induced innovation model was one of several models that
responded to the realization that nations that were superior in basic research, such
as the Great Britain of the 1950s and 1960s, were not necessarily leading innova-
tors, and that a majority of new products used existing technologies to meet new
market needs rather than emerging from basic research. This model involves “mar-
ket pull”: the market inspires and pulls technological innovations from firms
toward implementation in the market.

The third concept can be only sporadically glimpsed in the innovation litera-
ture." However, we argue that innovation requires not only technology supply and
a corresponding market demand for that technology, but also organizational ele-
ments that are properly aligned to link the two. There must be concrete institutions
for innovation, and organizational mechanisms connecting these institutions, to
facilitate the evolution of new technologies in response to the forces of technology
push and market pull. We need this third element in our innovation model frame-
work: the idea that innovation requires organizations anchored in both the public
and private sectors, to form the new technology and to launch it, if innovation the-
ory is to be practical, creating ideas we can actually implement.

These three theories fit into a historical context. The induced technology
model was partly a product of the historical perspective of the 1960s through the
1980s, with advances derived largely from incremental gains in existing technolo-
gy. Throughout that era, of course, the kind of innovation described by the
pipeline model was humming along, bringing out an IT revolution in the 1990s
after decades of government R&D inputs. While the induced model best fits incre-
mental innovation, the pipeline model best fits breakthrough or radical innova-
tion. Underlying both of these developments were organizational issues, vital for
our innovation system, yet largely unexplored.

The induced and pipeline models have been viewed as separate and distinct
paths, one led by industry, the other largely by government. We must combine and
integrate these induced and pipeline innovation models if we are to adequately
describe the innovation framework we will require for innovation in energy or
other complex technology. The induced technology literature has rested primarily
on market pull and the role of firms in filling technology needs based on changing
market signals. It does not deal directly with the role of government. The pipeline
literature, in contrast, discusses the government role. A focus on the organization
for innovation offers us the opportunity to bring these separate strands together.
Although the literature is limited, the organization of innovation at the institu-
tional level reflects on connections between firms, the academy, and government
entities like the Defense Advanced Research Projects Agency (DARPA).
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Firms, universities, and government organizations will be major players in new
energy technology. What is more, the dominant literature on technological inno-
vation in recent years has remained focused on the strengths and weaknesses of the
pipeline model, because of the importance of the IT and the biotech innovation
waves for which this model provides a good description. This pipeline literature
pays too little attention to how the overall economic and policy environment
affects technological innovation in complex networks of both related and unrelat-
ed technologies, and the induced model often pays too little attention to the gov-
ernmental role.” To date neither has focused much on the third direction, innova-
tion organization.

In sum, the literature on innovation policy, whether pipeline, induced, or orga-
nizational, has not fully confronted the problems involved in complex technology
sectors. These sectors require a very different analysis from the three separated
strands that have been the focus of the American literature on technological inno-
vation. Each of these models does helpfully describe aspects of the innovation
process relevant to energy technology. But only by integrating all three in a unified
approach can we move toward a better grasp of the task before us: innovation in a
complex established sector. Indeed, in taking on this task we will be able to draw a
new series of policy prescriptions quite different from the approaches that have
been articulated to date in other sectors.

INNOVATION IN ENERGY: THE FOUR-STEP ANALYTIC FRAMEWORK

The most difficult step in developing and deploying new technology in energy and
other complex, established sectors will be launching these technologies into
extremely complex and competitive markets for technology. This “point of market
launch” perspective is the basis for our argument that any program of government
support for innovations in these technologies should be organized around the
most likely bottleneck to their introduction to the market." This goes beyond the
long-standing focus of pipeline theorists on the valley-of-death stage between
research and late-stage development.”

We start with the principle that public policies to encourage technological
innovation should enable alternative technologies to compete on their merits; that
is, they should be as technology-neutral as possible. This leads us to argue for an
integrated consideration of the entire innovation process, including research,
development, and deployment or implementation, in the design of any program to
stimulate innovation in energy or any other complex, established technology. This
requires drawing on both pipeline and induced innovation models. In addition, we
see deep systems issues of organization for innovation that must be considered,
because new organizational routines will be needed across both the public and pri-
vate sectors to facilitate integrated policies to support innovation.

These considerations lead to a new framework for innovation policy, which we
have worked out in some detail for energy technology. It requires a four-step analy-
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sis, which we propose as the basis for innovation policy in this area. We believe that
a similar approach is likely to be applicable to technological innovation in sectors
of comparable complexity.

The first step of this analysis requires assessing many promising technologies,
based on the likely bottlenecks in their launch path, and classifying them into
groups that share the same likely bottlenecks. For the energy sector, we found the
following technology pathways:

Experimental Technologies. This category includes experimental technologies
that require extensive long-range research. The deployment of these technologies
is sufficiently far off that the details of their launch pathways can be left to the
future. Examples include hydrogen fuel cells for transport, genetically engineered
bio-systems for CO, consumption, and, in the very long term, fusion power.

Disruptive Technologies. These are potentially disruptive technological innova-
tions' that can be launched in niche markets and that may expand from this base
as they become more price-competitive. Examples include LEDs and wind and
solar electric, which are building niches in off-grid power.

Secondary Technologies—Uncontested Launch. This group includes secondary
(component) innovations that will face market competition the moment they are
launched, but will likely be acceptable to recipient industries if their price range is
reasonable. These technologies must face the rigors of the tilted playing field, such
as a competing subsidy or the obstacle of a major cost differential, without the
advantage of an initial niche market. Examples include advanced batteries for
plug-in hybrids, and enhanced geothermal and on-grid wind and solar technolo-
gies.

Secondary Technologies—Contested Launch. These are secondary (component)
innovations that have inherent cost disadvantages, and/or that can be expected to
face economic, political, or other non-market opposition from recipient industries
or environmental groups. They must overcome these obstacles in addition to those
facing the technologies in the two preceding categories. Examples include carbon
capture and sequestration, biofuels, and fourth-generation nuclear power.

All four of above categories segment evolving technologies into different
launch pathways, so that relevant policies for each can be designed to support their
launch. A significant majority of energy technologies now contemplated are com-
ponent or secondary technologies that fall into the third and fourth categories
above. This complicates the technology launch picture because component tech-
nologies will not land in open frontiers, but will land in existing systems or plat-
forms—that is, in occupied territory. While the potential for disruptive technolo-
gies that can open new energy frontiers will increase, that opportunity will take
time to evolve.

There are two other categories that must be accounted for. These are crossovers
because they include the above new technology categories as well as existing ener-
gy-related technologies:
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Incremental Innovations in Conservation and End-Use Efficiency. For the ener-
gy sector, a focus on conservation and end-use efficiency can yield early and wide-
spread gains. The implementation of these innovations is limited by the short time
horizons of potential buyers and users, who typically refuse to accept extra initial
costs unless the payback period is very short. Examples include improved internal
combustion engines, building technologies, efficient appliances, improved light-
ing, and new technologies for electric power distribution.

Improvements in Manufacturing Technologies and Processes. These are improve-
ments for which investment may be inhibited because cautious investors are reluc-
tant to accept the risk of increasing production capacity and driving down manu-
facturing costs until they see an assured market. To drive down costs and improve
efficiency will require advances in both manufacturing processes and technologies
appropriate to the new energy technologies summarized above; support will also
be required to scale up manufacturing so that efficient new products can move
into the market more quickly.

The second step of our analysis is to classify support policies for encouraging
energy innovation into technology-neutral packages, and then to match them to
the technology groupings developed in the first step of the analysis. Here we see
three policy elements.

“Front-End” Technology Nurturing. For technologies in all six of the categories
above, technology support is needed on the front end of innovation, before a tech-
nology is close to being commercialized. This includes direct government support
for R&D in both the long term and short term, and for technology prototyping
and demonstrations.

“Back-End” Incentives. Incentives (carrots) to encourage technology transition
on the “back end” may also be needed as a technology closes in on commercializa-
tion. Such carrots can encourage secondary/component technologies facing both
uncontested and contested launch, along with incremental innovations in technol-
ogy for conservation and end use, and technologies for manufacturing processes
and scale-up. They may also be relevant to some disruptive technologies as they
transition from niche areas to more general applicability. These incentives include
tax credits of various kinds for new energy technology products, loan guarantees,
low-cost financing, price guarantees, government procurement programs, buy-
down programs for new products, and general and technology-specific intellectu-
al property policies. As one example, procurement by the U.S. Defense
Department, the nation’s largest owner of buildings and facilities, could offer
potential energy cost savings to the department over time by using its facilities as
an efficiency testbed, and could help ascertain the optimal approaches to building
technology. However, there are challenges: How can abuses be avoided that may
arise in deviating from lowest-cost procurement criteria? How could such procure-
ment be reconciled with the technology-neutral strategy advocated here? Despite
potential complications, this may be one of the better levers for lifting energy
infrastructure out of the current technology “steady-state.”
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“Back-End” Regulatory and Related Mandates. Regulatory and related man-
dates (sticks), also on the back end, may be needed in order to encourage compo-
nent technologies facing contested launch and also some conservation and end-
use technologies. These include standards for particular energy technologies in the
building and construction and comparable sectors, regulatory mandates such as
renewable portfolio standards and fuel economy standards, and emission taxes.

Just as there is no “one-size-fits-all” R&D program, which requires R&D efforts
to be tailored to particular technology categories, so particular “carrots” and
“sticks” may fit one group of technologies but not another. Loan guarantees may
work for major utilities building next generation nuclear power plants, but likely
will not be useful to small firms and startups with limited capital access deploying
new solar technologies. Analytical work is needed to evaluate the relative econom-
ic efficiency of particular back-end incentives or regulations. It should be noted,
too, that in the energy sector, a system of carbon charges, such as a cap-and-trade
program, can substitute for many (although certainly not all) of the back-end pro-
posals listed above, both carrots and sticks, because it would induce similar effects.

As suggested in the previous section, the optimal approach to bringing inno-
vation into complex, established sectors would bring to bear three models of the
innovation process: the induced, the pipeline and the organizational models. A
technology supply approach is unlikely to be effective unless it is accompanied by
the demand-side price signals called for by the induced innovation model. Even
when they are technically ready, new entrants cannot compete on price with exist-
ing mature, efficient, and cheap energy technologies because the fossil fuel-based
industry does not have to pay for the environmental and security externalities that
it can now avoid. On the other hand, induced innovation depends on a robust
technology supply program, supported by a strong pipeline innovation system, to
enable the technologies that are needed to create alternatives and drive down costs.
This is particularly true when the technology transformation being sought is as
dramatic as the one we seek in energy. Innovation in a complex sector like energy
is not either/or—both the induced and pipeline models are required.

Let’s examine a concrete and current policy example for this balance. To induce
an energy transformation, Congress has focused on a cap-and-trade approach
intended to send pricing signals that increase demand for new energy technologies
and efficiencies. It has preferred this approach to a carbon tax or to higher gas or
other sector-specific taxes, which it considers to be more politically onerous. On
June 26, 2009, the House of Representatives passed by a narrow margin a cap-and-
trade bill, HR. 2454. As a result of political compromises with affected industries
and interests, the economic pressures to reduce greenhouse gasses in the early years
of the bill will be limited, because the “cap” tightens only gradually and the auc-
tions scale up only over time. The House b