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Editorial

Editors' introduction: The economics of technologies to combat global warming

1. The Challenge Ahead

As we write this at the beginning of 2011, global warming
continues on its upward trend, while policies to slow warming have
largely failed. The meetings at Copenhagen in 2009 and Cancun in
2010 proved unable to produce a binding international agreement to
replace the Kyoto Protocol in the period beyond 2012, when the
original commitment period ends. Although countries have agreed to
the aspirational target of limiting warming to 2 °C above preindustrial
levels (United Nations, 2009), the facts on the ground indicate that
CO2 emissions continue to grow rapidly. At the current pace, the
world is likely to hit the 2 °C target by 2050 (Clarke et al., 2009a,b;
Nordhaus, 2010).

Any proposal to attain the 2 °C target will clearly require a sharp
slowdown in the growth of CO2 emissions in the near term and
extremely sharp emissions reductions over the next half-century. The
later the emissions peak occurs, the faster the subsequent decline
toward zero will need to be. The global rate of decarbonization (the
rate of decline in the ratio of CO2 emissions to output) has been
around 1.3%per year over the last two centuries (Nakicenovic, 1996),
and somewhat lower, about 1% per year, over the last two decades
(Fig. 1).

With global emissions expected to grow at 3% per year in the
coming decades, the decarbonization rate will need to increase to over
5% per year in the next quarter-century, a rate comparable with the
current trend in China. Although this may seem a small change, it
would represent a major turnaround in the world energy system. In
no decade since World War II has the global rate of decarbonization
even approached the decline that will be necessary in this century.

Fig. 1 shows both the history of the global decarbonization rate and
the required pace of future decarbonization that would be needed to
meet the 2 °C target. (There is some smoothing in the decadal
numbers). The sharp decline needed in the next half-century is clear.
Moreover, if the target is not achieved in the near term, which seems a
good bet given current policies and the failures at Copenhagen and
Cancun, future declines will have to be even sharper.

The plot shows the ratio of global CO2 emissions to global GDP,
using a 5-year moving average. The projections are smoothed and
drawn from the RICE-2010 model (Nordhaus, 2010).

2. The Necessity of Rapid Technological Change

The lesson to be drawn is that limiting global warming in a way
that is consistent with current policies will require a major change in
the energy technologies and systems that drive the world economy.
Continued economic growth using existing technologies – coal-fired
electricity, jet air travel, gasoline-powered automobiles, and fossil

fuel-based central heating and cooling – is inconsistent with a sharp
decline in the trajectory of CO2 emissions.

But where will the new, low-carbon technologies come from?Who
will develop and deploy them? What are the economic incentives to
invest vast sums in research, development, and deployment of these
new technologies? Are new institutional frameworks and policy
instruments required for their successful deployment in the market-
place? These are the questions that the current volume addresses.

The dynamics of technological change is the least studied part of
the global warming nexus. Scientists have focused on the geophysical
aspects: dozens of teams of researchers are developing ever-more-
detailed models of climate change and its ecological impacts. Dozens
of studies have analyzed the impacts of climate change in different
world regions. Energy experts and economists have traced out the
emissions trajectories, such as that shown in Fig. 1, necessary to meet
different aspirational goals. Engineers have investigated improve-
ments in nuclear and wind power, transport, batteries, and a host of
other technologies.

By contrast, research on the technological environment and on the
incentives that will need to accompany and eventually drive the
transition to a low-carbon economy is in its infancy. That transition is
impossible without the development of new technologies to replace
current ones. But it is equally critical to understand and develop the
policy instruments that will guide markets, entrepreneurs, and not-
for-profit participants in undertaking the necessary research, devel-
opment, and commercialization of these new technologies.
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To address the issues involved in the dynamics of technological
change to combat global warming, the editors of this special issue
convened a pair of workshops on the subject. The workshops were co-
hosted by the Energy Modeling Forum summer workshops in
Snowmass, Colorado, in August 2008 and August 2009. The work-
shops addressed key issues from various perspectives: the underlying
science and engineering, economic theory, modeling, entrepreneur-
ship, policy instruments, and case studies. The purposewas to develop
insights that will help policymakers, analysts, businesses, and
governments as they consider various approaches to support
technology and policy in this area. The papers in this volume were
presented and discussed at bothworkshops; several of the discussants
also prepared remarks, which we have included to provide perspec-
tive on the papers. The workshops and publications were financed by
a grant from the Kauffman Foundation.

The organizers posed a number of questions to be addressed
during the two-day workshops:

• How large a change in the global energy system is required to reach
the ambitious goals adopted by governments in Copenhagen and
Cancun? Is the transition to a low-carbon economy something that
can be handled by modest course corrections? Or will it require, as
some have suggested, a fourth industrial revolution?

• What are some of the promising technologies, and what are their
current prospects? What are the roles of nuclear power, renewable
technologies, and transport systems? How central is carbon capture
and sequestration (CCS)?

• What kinds of incentives and regulatory frameworks are needed to
induce profit-oriented businesses to undertake the expensive
research, development, and implementation of these technologies?
Are high carbon prices necessary? Are they sufficient? What
supplementary policies are needed for basic research and net-
worked systems?

• Can steep decarbonization be accomplished through incremental
change, or are radical, transformational changes required? Should
the transition be viewed as one of gradual or of punctuated
evolution?

• How can we measure inputs into the innovative process? Is
spending on energy R&D a meaningful measure? Do patent counts
provide useful additional information? Are existing models of the
R&D process adequate for understanding R&D in energy systems?

• How can the many different potential new technologies be
combined? Can we use portfolio theory to identify promising
combinations of technologies? Are certain keystone technologies
critical to a smooth transition? Dowe yet understand how some key
technologies can spark the innovative process?

• Is there a way to identify the transition to emerging systems (in
models and strategy)? Should we emphasize the construction of a
technology portfolio, letting the science and the market find their
own best way forward, or should we try to pick winners in advance?
Is a new Manhattan Project for climate change needed? Or should
the process be viewed as one involving a large number of small,
incremental inventions? Do we need a grand global bargain, or can
transformation occur at the local or the national level?

• How should we model the different roles of R&D and markets?
Should we view R&D as generating variety? Should we consider
R&D diversity for various niches? What are the most fruitful forms
of public–private partnerships for enhancing useful R&D?

3. Prospects of Reducing CO2 Emissions: Some Major Technologies

The volume begins with a set of papers that address the basic
science and engineering challenges associated with the development
and deployment of new low-carbon technologies. One route to a low-
carbon economy would be through incremental change, substituting

either more efficient or noncarbon technologies for existing carbon-
intensive technologies.

A first important area in which new technologies will be required
is electricity generation. Worldwide, approximately 80% of electricity
today is generated using fossil fuels. Although coal is taking an
increasing share, recent breakthroughs in the production of “tight gas”
(natural gas that is geologically difficult to access) have transformed
estimates of accessible gas reserves.

Another possible route toward a low-carbon future would include
deployment of large-scale nuclear power as a substitute for fossil fuel
power generation. The paper by John Ahearne (2011) discusses the
key questions about the future of nuclear energy: Will there be a
nuclear renaissance? Is one already under way? Should there be a
nuclear renaissance? What would it look like? If a renaissance is
happening or could happen, what are the problems associated with
that?

Ahearne reviews the nuclear research programs under way in
several major countries and cite projections that indicate a global
increase of around 50% in nuclear generating capacity over the next
two decades. He also identifies the massive uncertainties surround-
ing a possible nuclear renaissance. Future growth in nuclear power
will occur primarily in countries that have growing use of electricity
per capita, particularly in Asia where interest in nuclear power has
continued. Meanwhile nuclear power programs have declined in the
United States and in Western Europe outside of France and Finland.
There has been discussion of a nuclear resurgence in the United
States, but Ahearne fears that the impetus may have been lost with
the declining prospects for legislation that would raise the price of
carbon.

In his discussion of Ahearne's paper, Steinbruner (2011-this issue)
argues that limitations on alternative optionsmight force an extensive
expansion of nuclear power generation, but that such an expansion
cannot be undertaken safely on the basis of current reactor designs,
current fuel cyclemanagement practices, and current national security
relationships. Instead, a strong case can be made for developing the
more promising small, passively safe, and sealed reactor designs.

A secondset of potential newtechnologies is in the areaof renewable
energy systems. These systems combine some quite old technologies,
such as wind power, with newer developments, such as solar power. In
their paper, Arent et al. (2011-this issue) assess each of the various
renewable energy technologies. They emphasize that the last 25 years of
investment in renewable energy have yielded impressive cost reduc-
tions ranging from 40% for biomass to 70% for geothermal to 90% for
wind, photovoltaics, and solar thermal. Todaymore than 150 gigawatts
electric (GWe) of wind power worldwide provide electricity at costs as
low as 6–9 US cents per kWh at the most favorable sites.

Arent, Wise, and Gelman outline the need to develop more
advanced renewable technologies that would further reduce the costs
and potential adverse impacts of wide-scale deployment. They
conclude by emphasizing that the promise of renewable energy is
profound and can be realized if countries do three things: aggressively
seek a global sustainable energy economy, accelerate investment in
technology innovation, and acknowledge the challenge of climate
change and adopt the necessary mitigation policies.

Kriegler (2011-this issue), in his discussion of the paper, stresses
that meeting ambitious climate protection targets will require dec-
arbonizing a much larger fraction of global energy supply than that
devoted to electricity generation alone. There are three renewable
options for achieving this goal, in his view, ranging from large-scale use
of bioenergy, to on-site production of alternative fuels such as
renewable hydrogen, to electrification of transport, heating, and cooling.
All are controversial, and all involve building portfolios of multiple
technologies and thus require a systems perspective.

A third area of research into new technologies involves the
widespread application of carbon capture and storage to large industrial
point sources of CO2 emissions, especially in the power sector. In his
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paper, Herzog (2011-this issue) argues that CCS is the only technology
that can reduce CO2 emissions substantially while allowing fossil fuels
to continue for a time to meet the world's pressing energy needs. It is
thus the only technology at present with the potential to allow
deploymentof theworld's vast reserves of fossil fuelswithoutproducing
severe global warming. Even though the technological components of
CCS have all been in use for decades at industrial scale in the oil and gas
sector, they do not currently function together in the manner or at the
scale required for significant CO2 reduction. The challenge for the
commercial deployment of CCS is to integrate and scale up these
components.

CCS consists of separating CO2 from the emission stream from fossil-
fuel combustion, transporting it to a storage location, and storing it in a
manner that ensures its long-term isolation from the atmosphere. It can
be applied in a number of different industries ranging from electric
power to gas processing, refining, chemicals production, and fuel
conversion (e.g., from coal to liquids). Today, the biggest single class of
CO2 emitters are coal-fired power plants. With the expansion of
commercial natural gas reserves made possible by breakthroughs in
production of tight gas from shale formations, power production from
natural gasmay become a larger emitter in the future than suggested in
previous assessments by the Intergovernmental Panel on Climate
Change. Thus, power production from gas and coal represents a priority
for the application of CCS. For example, a study at the Massachusetts
Institute of Technology (MIT, 2007) concluded that CCS is the critical
enabling technology that would reduce carbon emissions significantly.
This conclusion is reinforced by the portfolio studies discussed below.

Although there are no insurmountable obstacles to implementing
CCS, scaling it up from today's megaton level (millions of tons of CO2

removal per year) to the gigaton level (billions of tons per year) poses
significant challenges. Yet with global emissions of CO2 already close
to 30 Gt per year, CCS at the gigaton level will be necessary if the
technology is to meaningfully mitigate global climate change. To
illustrate the required scale: 4 Gt CO2 captured as supercritical CO2

would occupy the same volume as current annual worldwide oil
extraction (more than 90 million barrels per day).

Herzog discusses four sets of issues that pose challenges to the
deployment of CCS: costs, infrastructure, subsurface uncertainty, and
legal and regulatory issues. It seems unlikely that substantial progress
on CCS will be made without the prospect of higher prices on CO2

emissions. Herzog cites a breakeven cost of around $65 per metric ton
of CO2 as the “Nth plant” average cost, assuming that the major
barriers can be overcome. In the interim, large-scale demonstration
projects are key to long-run success, given the challenge of moving to
the needed gigaton scale. At the same time, however, because the best
designs are still unclear, it is important not to preclude options by
anointing winners prematurely.

In his comment, Flannery (2011-this issue) elaborates on Herzog's
point that the oil and gas industry has long experience at industrial scale
with all the major components of CCS systems. Enhanced oil recovery
operations in the United States have injected approximately 1 Gt CO2

into underground geological structures over the past several decades.
However, this experience does not yield reliable cost estimates for CCS
in the power sector, nor does it necessarily identify all the relevant
regulatory and liability issues. For example, resolution of long-term
liability concerns could require design changes that affect capital and
operating costs. Additionally, aggressive, across-the-board, global
programs to address greenhouse gas (GHG) emissions could produce
system-wide bottlenecks that drive up project costs and extend
development times. Consequently, existing CCS cost estimates do not
account for issues that will surely arise in practice once it becomes
clearer what actors will be involved in the supply chain to provide CCS
services, and at what pace. Flannery concludes that the consideration of
CCS from the perspective of likely players in business models may help
to illuminate the real-world issues in the design of large-scale systems
that will affect costs.

In his paper, Greene (2011-this issue) addresses some anomalies in
consumer behavior that have become increasingly important in the
analysis of energy systems. Consumer behavior often deviates in
significant and systematic ways from the predictions of optimization
used in classical demand theory in economics. The issue is particularly
important because much energy use involves consumer capital goods,
such as homes, automobiles, appliances, and lighting devices, where
behavioral anomalies have been extensively documented.

Greene highlights one such anomaly involving automobile fuel
efficiency. Studies indicate that consumers tend to undervalue – or
overdiscount – the cost of future fuel use when deciding to buy an
automobile. For example, it has been estimated that consumers'
automobile choices imply a present value of gasoline that is approxi-
mately half of what it reasonably should be. Greene argues that this bias
is mainly due to a combination of substantial uncertainty about the net
value of future fuel savings froma fuel-efficient car and the loss aversion
of typical consumers, that is, the tendency to underweigh gains and
overweigh losses (this is different from risk aversion, which applies to
end states, whereas loss aversion applies to changes from an initial
state).

Data on the costs of increased fuel economy of new passenger cars,
taken from a National Research Council study (NRC, 2002), illustrate
that consumers tend to reject an apparently cost-effective increase in
energy efficiency in new automobiles. Greene finds that a loss
aversion ratio of approximately 2 (in other words, that consumers
negatively value the loss of a dollar at twicewhat they positively value
the gain of a dollar) is required to explain this anomaly. Greene notes
that other behavioral theories, such as hyperbolic discounting, could
also explain the results.

Goulder's (2011-this issue) discussion of Greene's paper points to
a trade-off between the purchase price and the utilization (operating)
costs that consumers face when considering buying a car. Purchasing
a car with greater fuel economy, and thus lower operating costs,
requires that consumers pay a higher cost up front (holding other
characteristics of the vehicle constant). Goulder concludes that the
paper raises important issues about consumer behavior and about the
rationale for government intervention in automobile markets.

These findings are of great importance for climate change policy.
They suggest that innovations to improve energy efficiencymay fail to
penetrate the market even when an economic cost–benefit analysis
shows that the innovation offers savings to consumers. As in other
areas (such as pensions and personal saving, which have been
extensively studied), “nudges” (Thaler and Sunstein, 2008) in the
form of complementary policies may be required to induce consumers
to adopt more fuel-efficient and climate-friendly capital equipment.

4. Portfolios and the Diffusion of New Technologies

A second set of papers examines two questions: how to combine
potential new technologies into optimal portfolios, and what deter-
mines the diffusionof new technologies once theyhavebeendeveloped.
The first two papers in this set concern the portfolio problem.

The paper by McJeon et al. (2011-this issue) addresses the
potential complementarities and substitutions among major energy
technologies. When technologies are considered independently, the
analysis often fails to take into account that other potential
technologies may be waiting in the wings in case one fails or proves
uneconomical. The value of pursuing a given technology may depend
on whether or not this is the case. From this standpoint, McJeon and
his coauthors evaluate 768 combinations of technologies in the
context of a CO2 stabilization policy. Two ways of using the results are
presented. First, the range of stabilization costs for each specific level
of advancement of each technology under consideration can help
identify technologies, or combinations of technologies, that guarantee
that stabilization costs are contained at a socially acceptable level.
Second, the values of different technologies, defined as the reduction
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in stabilization cost associated with each, can help identify which
technologies deliver the greatest benefit for a limited R&D budget.

The study points to some important findings. First, technological
advances have a substantial impact on stabilization costs, and the
impact is larger under tighter environmental constraints, such as a
lower stabilization target. Second, improvements to some technologies,
most notably CCS, have a particularly large impact on stabilization costs
because they make improvements at a critical point in the substitution
chain. Indeed, the authors conclude that the critical determinant of
whether high-cost outcomes are avoided is whether CCS technology
makes significant advances.

In her comment, Bosetti (2011-this issue) finds that the paper adds to
the expanding literature on the interactions among technologies and their
combined impact. Clearly, the more ambitious the climate goal, the
greater will be the penalty from losing or forgoing some technology
options. However, she points out a potential flaw: whereas each climate
stabilization scenario in the paper is assumed to have an equal probability
of occurring, in reality, most of the analyzed scenarios would have a very
lowprobability attached to them. Bosetti also calls for a broader approach
toward assessing the value of low-carbon technologies that includes
environmental and social external costs, endogenization of innovation
processes, and accounting for relevant uncertainties.

A second analysis emphasizing the portfolio approach is provided in
the paper by Pugh et al. (2011-this issue). The diverse nature and
uncertain potential of the energy technologies that may be available to
reduce CO2 emissions pose a challenge to policymakers investing in an
optimal R&D portfolio. This paper discusses two analytical approaches to
this challenge used to inform funding decisions related to the U.S.
Department of Energy's (DOE) applied energy R&D portfolio. The two
approaches are distinguished by the constraints under which they were
conducted: the need to provide an end-to-end portfolio analysis as an
input to internal DOE budgeting processes, but with limited time and
subject to institutional constraints regarding important issues such as
expert judgment. In both approaches, a return on investment (ROI)
criterion is established, based on a calculation of benefits divided by
federal R&D investment. The estimated ROIs are then used to build a first-
order approximation of an optimal applied energy R&D investment
portfolio.

Using these tools, policymakers can assess the maximum and
minimumvaluesof anadvanced technology in aportfolio as representing
therange in thepotential reduction in costdue tomoving that technology
to an advanced statewhile all other technologies remain in the reference
state. Some illustrative results show that the largest cumulative
discounted cost reduction achieved by advanced technology through
2095 is associated with the availability of CCS in the portfolio, with a
meandiscounted value of $360billion. This gain occurs in the context of a
very tight emissions limit (a global 450-ppmCO2 climate constraint).One
of the smaller gains comes from improvement in wind technologies,
since wind is already cost-competitive and experiences wide-scale
deployment under a tight emissions limit. The importance of these
simulations is that they can include the uncertainties about a large
number of other technologies at the same time.

In their discussion of this paper, Van Vuuren and Kram (2011-this
issue) observe that the key question in such a portfolio approach
concerns the exact mix of advanced and conventional technologies
thatwould achieve the required emissions reductions at lowest overall
cost. They point out that two major sources of uncertainty not
considered by Pugh and his coauthors can be systematically consid-
ered in integrated assessment models. One is whether the way in
which technologies are treated influences the results, and the other is
to what extent various model uncertainties and assumptions impact
the results. For the latter, a consistent model comparison is called for.

The final paper in this set, by Popp et al. (2011-this issue), concerns
the diffusion of renewable energy technologies. Diffusion can be
thought of as the final stage in the progression from a bright idea or
bench-scale project to demonstration and the “Nth project,” and finally

towidespread availability inworldmarkets. Tomake themajor changes
in the world energy system necessary to slow climate change, the
diffusion stage will be just as critical as the earlier invention stages.

Poppandhis coauthors discuss theprocess of technology diffusion in
the context of the electric power sector. Generation of electricity and
heat is the largest source of CO2 emissions today. Renewable energy
sources, which are often carbon-free, are among the technology options
available to reduce carbon emissions in the electricity sector. However,
these technologies are also more costly to use than traditional fossil
fuels. Much of the progress made toward lowering the costs of
renewable electricity comes from the efforts of policymakers to support
the development of renewable electricity technology, either through
direct means such as government-sponsored R&D or by enacting
policies that support the production of renewable electricity, such as
renewable energy certificates and feed-in tariffs.

It is well documented that both higher energy prices and changes in
energy policies increase inventive activity on renewable energy
technologies. In an earlier paper, Johnstone et al.(2010) used patent
data to examine the effects of environmental policies on renewable
energy innovation. They found that sector-wide policies, such as cap-
and-trade, increased innovation in technologies that were already
competitive with fossil fuels, whereas for noncompetitive technologies
such as solar power, targeted subsidies such as feed-in tariffs were
useful for increasing innovation.

In their paper for this volume – a follow-on to Johnstone et al.
(2010) – Popp, Hascic, and Mehdi ask how technological innovations,
represented as increases in a global technology stock, affect thediffusion
of renewable energy technologies. Using patent counts as a measure of
the technological frontier, they examine four technologies –wind, solar
photovoltaic, geothermal, and electricity from biomass and waste –

across 26 developed countries from 1991 to 2004. Using the European
Patent Office's PATSTAT database, the authors obtained a comprehen-
sive list of patents for each of these technologies throughout the world,
which they use to assess the impact of technological change on
investment in renewable energy capacity.

They find that the effect of increased technological knowledge is
robust but small. For example, a 10% increase in the knowledge stock,
which they measure as an aggregate of patents subject to a rate of
decay and diffusion, increases investment in biomass energy by 2.6%,
and investment in wind power by 0.6%. Although the small size of the
effect may be surprising, it is consistent with findings in the climate
policy modeling literature (e.g., Nordhaus, 2002; Bosetti et al., 2007)
showing that induced technological change plays a lesser role than
policy-induced substitution. Environmental policy appears to play a
more important role, as ratifying the Kyoto Protocol is found to have a
larger impact on investment than new knowledge. The results
indicate that the policy signal provided by ratifying the Kyoto
Protocol, which indicates the likelihood of a higher carbon price in
the future, is one of themost important determinants of investment in
low-carbon technologies.

In his comment, Jaffe (2011-this issue) observes that the paper
by Popp and coauthors is part of a larger and important research
agenda to assign empirical magnitudes to the chain of linkages
connecting the supply and demand of energy-related research and
the ultimate outcomes in terms of energy efficiency and productiv-
ity. He judges that the paper makes a valuable contribution to “basic
research” on the fundamental phenomena underlying technological
change in the energy sector—exactly the kind of work needed to
move research in this area toward empirically calibrated models
that are reliable for policy analysis.

5. Markets, Prices, and Institutions to Promote a low-Carbon
Economy

The issue addressed by the final set of papers is on what kind of
institutional environment best supports innovation, research,
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development, entrepreneurship, and diffusion of low-carbon tech-
nologies. Many discussions of technologies to combat global warming
overlook the importance of the institutional environment and the
underlying incentive structure. An important reminder of the
importance of the institutional structure is environmental policy –

or the lack thereof – in the Soviet Union during its last decades. Even
though the laws and regulations of that regime imposed – on paper –
some of the tightest environmental standards in the world, the Soviet
central planning system gave essentially no incentives to meet those
tight standards. The result was one of the worst records of
environmental degradation in history (see Feshbach, 1995).

A similar point applies to low-carbon technologies. Much applied
R&Donenergy systems is fundedby for-profit entities (Nordhaus, 2011-
this issue). If low-carbon technologies are not seen to be profitable,
thesefirms are likely to place them far down on their priority list of R&D
projects. Because climate change is a global externality,marketswill not
automatically provide incentives to combat global warming. Some kind
of government intervention to raise the price of CO2 emissions or to
subsidize low-carbon technologies will be necessary to provide
incentives for firms to innovate.

In his contribution to the volume, Nordhaus (2011-this issue)
poses a fundamental question: what is the best strategy to encourage
R&D on the technologies needed for a rapid and economical transition
to a low-carbon economy? The major requirement to ensure cost-
effective innovation in climate-friendly technologies, he argues, is
that carbon prices be sufficiently high so that investments in low-
carbon technologies have a tangible and secure financial payoff. A
high carbon price is necessary to ensure appropriate incentives for
innovation (research, development, entrepreneurship, commerciali-
zation, software, plant, and equipment); firms and innovators must
have clear financial incentives. It is difficult to see how technological
change in this field can be achieved unless carbon prices are at a level
that internalizes the climate externality.

More surprisingly, Nordhaus argues, under very limited conditions
involving the for-profit sector of R&D, a high carbon price will also be
sufficient to generate efficient deployment of society's R&D resources
across different sectors. Once the price of carbon has been set to
internalize the climate externality, energy-oriented or climate-oriented
R&Dwill be on a level playing field with innovations in other sectors. At
that point, the social returns to energy innovations with externalities
will be equal to those inventions without externalities. Nordhaus
cautions that because of deadweight losses from intellectual property
rights, social returns on innovation may still diverge sharply from
private returns in the optimal configuration. But the social rates of
return on climate-friendly innovations would be the same as for other
innovations.

Nordhaus cites several reservations to these conclusions. For the
above reasoning to apply, it is critical that economic agents face the
correct price of externalities such as carbon emissions. Inmost countries
today, the results would not hold, as carbon prices are clearly below the
social cost of carbon use. This reservation is particularly relevant outside
the European Union today, given the decreasing coverage of the Kyoto
Protocol's emissions limitations.

The second reservation is that technology policies may not
optimally internalize the innovation spillovers because of poor
policy design. A final important reservation is that this analysis
applies only to research that is profit-oriented. It says only that
where innovational activity is driven by a profit–cost calculus,
internalization of the environmental externality will put that kind
of research on a level playing field with other profit-oriented
research.

Nordhaus concludes that the technology problem with global
warming is at its core a problem of getting the price of the
environmental externality to reflect the true social cost. The interesting
twist on this is that the externality price should not have any special
correction for the need to induce technological change.

Whereas Nordhaus focuses on innovation by for-profit firms, the
paper by Weyant (2011-this issue) analyzes the issues raised
particularly by nonprofit research. He identifies three major reasons
for government intervention in GHG mitigation: to induce the private
sector to reduce GHG emissions directly by setting a price on
emissions, to increase the amount of innovative activity in GHG
mitigation technology, and to educate the public regarding GHG-
reducing investment opportunities, allowing consumers to make
better private decisions.

While acknowledging the importance of getting the carbon-price
signal correct, Weyant argues that complementary, non-market-
based technology advancement policies should also be an important
element of a strategy for GHG abatement. In a nutshell, the benefits
of these nonmarket policies result from increasing both the stock of
new knowledge and the stock of people in the economy who
produce and can use new knowledge, beyond the levels that result
from the operation of markets even with the appropriate price
signals. Public investment in these resources can actually be quite
modest, but the leverage and opportunities these investments can
provide, in terms of market outcomes and consumer welfare, can be
extremely great.

Weyant uses the metaphor of “the valley of death” to describe the
rigorous sorting process that causes many of the ideas developed in
research laboratories to fail to make it all the way to the marketplace.
A low survival rate is inherent in the innovation (and new technology
venture formation) process, but, he argues, a targeted applied research
program in CO2-reducing technology could substantially increase the
number of new ideas that new ventures can bring to market. In other
words, the problem is not that too few ideas are surviving the transition
to the market, but that not enough new ideas are emerging from basic
research laboratories into new venture formation. Weyant makes
several suggestions about how to nurture the nonmarket sectors and
points out that, particularly if carbon-price policies are not in place, such
support becomes increasingly urgent.

Noll (2011-this issue) discusses several issues raised in both the
Weyant and Nordhaus contributions. Noll finds merit in both the
“price fundamentalism” argument advanced by Nordhaus and the
concern expressed by Weyant that some market failures may not be
effectively overcome simply by imposing a corrective tax on GHG
emissions.

Noll agreeswith Nordhaus that corrective taxeswill cause numerous
decisionmakers tomakemore efficient trade-offs between energybased
on hydrocarbon fuels and other goods and services. In so doing, a GHG
emissions tax avoids the need for public-sector officials with the kind of
synoptic knowledge necessary to make these choices – and especially
choices about energy R&D projects – in a centralized fashion. But Noll
also agrees with Weyant that emissions taxes alone are unlikely to
produce an optimal result. Noll cites three prominent problems with
GHG taxes. First, energy production and use involve numerous
complementary products, which in turn create the possibility of
coordination failure—the chicken-and-egg problem. Second, the choice
of energy technology is not always a choice at themargin, but a discrete
choice between two incompatible technologies, the older of which –

hydrocarbon fuels – generates enormous rents for incumbent firms.
Third, an appropriate emissions tax may be politically infeasible,
especially one that takes into account the foreign and defense policy
costs of reliance on oil from unstable or hostile nations.

Although these considerations point toward active government
involvement in targeted energyprograms,Noll cautions thatdemocratic
politics is also a source of inefficiency that needs to be reflected in the
design of policy. In particular, the long timehorizon of theGHGproblem
and of many energy R&D projects conflicts with the short time horizon
of the political system that is induced by the election cycle. Moreover, as
demonstrated by theU.S. ethanol program, legislators have an incentive
to favor projects that lead to visible public expenditures in their
constituencies.
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A third paper on the institutional framework of climate policy and
innovation is that by Klepper (2011-this issue), who focuses on the
institutions of the European Union. An important and neglected point
that Klepper highlights is the importance of institutional innovation.
In this context it is useful to note that all developed countries have
strong property right protections for process and product innovations,
but virtually none for institutional innovations (see Shiller, 2005).

The European Union Emissions Trading System (EU ETS) is the
largest carbon trading system operating in the world today. The
system issues about two-thirds of the total volume of carbon credits
(which in this system are called EU allowances, or EUAs) worldwide
and accounts for almost 80% of carbon credit markets in terms of the
value of credits traded. This program is the logical sequel to the U.S.
Acid Rain Program for sulfur dioxide, which introduced the world's
first large-scale emissions trading program at the national level. The
EU ETS was widely viewed as an experiment to determine whether
such a national program could be extended to operate with sovereign
nations as participants.

Klepper reviews both the operations and the economic aspects of
the EU ETS. A number of issues clouded the early stages of this
program. Onewas the high volatility of emission allowance prices. The
second was a problem of public perception, because the initial
emission allowances were allocated for free to the emitting installa-
tions, as demanded by industry but opposed by many economists and
fiscal experts. Another problem arises from the fact that only half of
EU emissions are subject to an explicit carbon price, whereas the rest
are regulated by the individual nations but not under a harmonized
European policy. A final concern is the downstream implementation
of the EU ETS, which inherently limited the system's coverage to
around half of emissions.

Klepper also reviews the controversial Clean Development Mecha-
nism (CDM), under which an EU country can finance and develop
projects in developing countries that (in principle) generate emissions
savings, which can then be credited against the EU country's required
emissions reductions. CDM has posed problems partly because it has
accounted for such a large fraction of EU emissions reductions, but even
morebecause it is questionablewhether theCDMprojects in fact produce
additional emissions reductions. Klepper points out that without some
kind of cap (perhaps even a sectoral cap), it is virtually impossible to
ensure that the CDM project has actually reduced global emissions.

In the final paper in the volume, Wilbanks (2011-this issue) returns
to the theme with which we began this overview: the need for
fundamental changes in energy technologies. Wilbanks suggests that
reducing the risks of severe climate change in the latter part of the 21st
century is likely to require not only incremental improvements in
known energy technologies, but the discovery of transformational new
energy technologies. He defines a transformational technology as one
that significantly changes the fundamental nature of an energy system.
The most familiar examples are major scientific discoveries, such as
electricity, reciprocating vehicle engines powered by liquid fossil fuels,
and nuclear energy. Only through such transformational changes,
Wilbanks argues, can we meet both an ambitious climate objective
(such as the2 °C limit on globalwarming) and the economic objective of
low cost and minimal social disruption.

Wilbanks observes that in addition to the two traditional approaches
to rapid innovation-reliance on market forces, shaped by public policy
(as discussed by Nordhaus), and traditional public sector R&D support
(as discussed by Weyant)—there is a third: exceptional investment in
R&D, particularly at the fundamental end of the innovation spectrum.
Earlier examples of the third category are the war on cancer, the Apollo
moon shot, and the Manhattan Project.

Many of these ambitious, “space-shot” researchprograms succeeded
because they had a simple and focused mission. Decarbonizing an
energy system, by contrast, is a diffuse objective, and one that requires a
national consensus, rooted in a sense of threat to national security, to
support the enablingdecision and resource allocation. It also needs to be

sustained over decades worldwide to be effective. Wilbanks concludes
that accelerating the transformational transition will require four
things: clear statements of goals and sustained long-term resources
and leadership; open communication and idea sharing, domestically
and internationally, about energy-related science and technology; a
larger share of total energy R&D support, including supporting science
and technologies, allocated to blue-sky innovative thinking; and
increased research attention to technology transitions.

In his comment onWilbanks's paper, Jaffe (2011-this issue) points
to some other precursors to the present challenge besides the
Manhattan and Apollo projects. In particular, he discusses the efforts
by the United States in the 1970s to reduce its dependence on foreign
oil, and the doubling of the National Institutes of Health (NIH) budget.
In contrast to the earlier projects, each of these initiatives was followed
by a period of nominal budget stagnation and hence real decline in
spending, which was extremely disruptive and ultimately costly to the
endeavors. Jaffe observes that we may be gearing up to repeat this
mistake with the current ramp-up in energy R&D. Another lesson from
the NIH episode is that adjustment costs in the research enterprise are
large. Therefore, slow and steady increases in expenditure tend to be far
more effective than rapid ones.

6. Concluding Remarks

The papers in this volume provide a variety of perspectives on the
future of innovational policies to slow climate change. On the sobering
side, the studies remind us of the sheer magnitude of the effort – the
problem of gigatons, so to speak – required to reduce emissions of
CO2, which are currently around 5 tons per year for every person on
the earth. They point to the need for major changes in the pattern of
energy conversion and use, and the need to develop and deploy
alternatives to existing technologies on a very large scale.

On the optimistic side, the studies also remind us of the vast
technological potential that can be harnessed by the appropriate
combination of government policies and market forces. Over the longer
term, economies have made major transitions on several occasions—
from human and animal power to mechanical power; from rail-based
mass transportation to flexible personal transportation systems; from
mechanical calculations to electronic computers. Vast changes are
possible. But they do not occur overnight. Fundamental transformations
take decades. Therefore, time is a major constraint in developing new
technologies and systems on a very large scale.

A final challenge is political rather than economic, engineering, or
scientific. It is the need for nations to act cooperatively to establish
policies that will restrain emissions. To be effective, these policies must
ensure that innovators and investors face a sufficiently high price of
carbon so that long-term investments in research, development, and
deployment in new low-carbon technologies are forthcoming. The
studies in this volume make it clear that moving from megatons to
gigatons in a critical technology like carbon capture and sequestration
(CCS) simplywill not take placewithout a strong spur from high carbon
prices. Beyond the price signal, policies must also establish timely
enabling legislative and regulatory frameworks that will allow the
deployment of new technologies, especially those, like CCS, that require
extensive infrastructure.

Therefore, optimism must be tempered by realism. We must
consider the prospects for the energy system if nations fail to take
steps to internalize the climate externality. In the period after the
Kyoto Protocol of 1997, it appeared that countries were on track to
raise carbon prices in the major countries of the world, but the pace of
climate policies has slowed and even reversed in the last few years.
With no replacement for the Kyoto Protocol in view as of early 2011, it
seems unlikely that there will be strong market incentives to develop
low-carbon technologies in the near term.

A world of low or zero carbon prices raises completely different
issues for climate change policy than a world with tight carbon
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emissions constraints. Even in the best of conditions, societies face a
very high hurdle for making the transition to a low-carbon economy.
With high carbon prices, there would be incentives to undertake
research and ultimately to introduce technologies such as CCS,
renewable technologies, and nuclear power. With close-to-zero carbon
prices, by contrast, low-carbon technologies must compete with
existing fossil fuel technologies without the help of any carbon-price
premium.

Where might these low-carbon technologies come from? It may
turn out that societies adopt the view that coal is unacceptable
because it is intrinsically a dirty and dangerous source of energy.
Perhaps in that case, countries will be willing to pay a premium for
renewable, noncarbon sources and for decarbonization of fossil fuel
consumption. Ensuring the transition to a low-carbon energy system
in the face of a zero carbon price is a daunting prospect for many
technologies in the short run, but it remains the central possibility for
avoiding damaging climate change over the long run.

To reiterate: a low-carbon-price technology transition will pose
different and greater challenges for energy researchers and policy-
makers than the hoped-for high-carbon-price transition that has been
so extensively studied over the last two decades. We trust that the
papers in this volume will provide some of the foundations for
important further research in the coming years that will make such a
transition possible.
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