COPENHAGEN CONSENSUS ON CLIMATE

An Analysis of a Technology-led
Climate Policy as a Response to

Climate Change

Isabel Galiana & Christopher Green




7.
i

el
ﬂCOPENHAGEN
CONSENSUS
CENTER

COPENHAGEN CONSENSUS ON CLIMATE

An Analysis of a Technology-led Climate
Policy as a Response to Climate Change

Isabel Galiana and Christopher Green
McGill University

Acknowledgements:

We would like to thank Valentina Bosetti, Gregory Nemet,
Vernon Smith, and an anonymous reviewer for their very
helpful comments on an earlier draft. We also wish to
thank Soham Baksi, Francisco Galiana and John Kurien
for useful conversations.

Copenhagen Consensus Center
Copenhagen Business School
Solbjerg Plads 3

DK-2000 Frederiksberg
Denmark

+45 3815 2255
info.ccc@cbs.dk
Www.copenhagenconsensus.com



y .
%

(o |
ﬂCOPEN HAGEN COPENHAGEN CONSENSUS ON CLIMATE

PREFACE

CENTER

ABSTRACT

We consider a technology-led approach to mitigating CO, emissions and stabilizing cli-
mate over the course of the 21 century. Our proposed approach would focus effort
and commitments on researching and developing effective, scalable, and competitive
carbon emission-free energy technologies to displace carbon—emitting ones. Carbon
pricing would play two ancillary roles. A low carbon charge ($5.004CO,) would be
used to finance long-term commitments to energy R&D. Over time, the charge (tax)
would slowly rise, doubling every decade, thereby sending a forward price signal to
deploy and diffuse technologies as they “reach the shelf”. The rationales for a tech-
nology-led approach to climate policy rest on: (a) the huge energy technology chal-
lenge to stabilizing climate; (b) the lack of readiness of current carbon-emission free
energy technologies; (c) the energy intensive nature of growth in populous develop-
ing countries, especially in Asia; (d) the economic and political limitations of a carbon
pricing-led policy; and (e) the large economic cost of “brute force” mitigation policies.

The paper also addresses a concern about technology policies: they may succumb to fac-
tors that generate waste at the expense of good results. The paper proposes a number
of means which would enhance the policy’s “incentive compatibility”. The paper goes on
to consider whether in its early stages the technology policy should focus on “enabling”
or “breakthrough” technologies, or both. We use three different benefit-cost approaches
to evaluate our technology-led proposal. Each approach throws a different light on the
relative advantages of a technology-led approach, including the issue of whether there
is a chance of limiting global temperature increase to 2°C. The final section of the paper
addresses a number of issues including: (i) whether there are parallels to the proposed
technology-led program; (ii) why a technology-led approach has not yet been adopted;
(iii) why one will eventually be adopted, but probably not before there is another round
of target-led, “brute force” policy, failure ; (iv) the relationship between our proposal and
other proposals to limit climate change; and (v) the implications of “tipping points”.

COPENHAGEN CONSENSUS ON CLIMATE

The Copenhagen Consensus Center has commissioned 21 papers to examine the costs and
benefits of different solutions to global warming. The project’s goal is to answer the question:

“If the global community wants to spend up to, say $250 billion per year over the next 10 years to
diminish the adverse effects of climate changes, and to do most good for the world, which solutions
would yield the greatest net benefits?”

The series of papers is divided into Assessment Papers and Perspective Papers. Each
Assessment Paper outlines the costs and benefits of one way to respond to global warming.
Each Perspective Paper reviews the assumptions and analyses made within an Assessment Paper.

It is hoped that, as a body of work, this research will provide a foundation for an informed debate
about the best way to respond to this threat.
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INTRODUCTION

Evidence mounts that humankind is changing the earth’s energy balance. The change in
energy balance is attributable to the build-up in the atmosphere of greenhouse gases (GHGs)
that partially trap outgoing long wave radiation - that is radiation given off by the earth as a
result of absorbing solar (short wave) radiation. There is still some debate as to how much of
the change in energy balance has shown up to date in the form of changes in climate-related
variables such as the global average temperature and precipitation-evaporation patterns. But
there is overwhelming evidence that some GHG-induced change has occurred, as distinct
from changes attributable to natural phenomena (solar or volcanic) or factors affecting long
term variability in the earth’s climate (Solomon, et al, 2007). We also know that at least some
(perhaps half) of the imbalance is temporarily hidden--stored in the oceans (Hansen et al,
2005). Almost certainly as the twenty-first century progresses the climatological evidence of
human-induced change will mount - and so will the impacts on the environment and vulner-
able aspects of the economy and society.

In December 2009, the nations of the world will meet to frame a climate policy to succeed
the Kyoto Protocol. Unless there is an epiphany in climate policy thinking, the emphasis
will be on how much to do in the next period, rather than how to do it. Predictably, the
word “targets” will be heard early and often, and used at least an order of magnitude more
times than the word “technology”. Commitments to “ends” (emissions reductions) will domi-
nate discussion. Little or no consideration will be given to whether the “means” of cutting
emissions are sufficient to achieve the emission-reduction “ends”. The idea of committing
to “means” (actions) rather than “ends” will be far from the Copenhagen imagination, even
though such a commitment is likely to be both more credible (Schelling, 1992, 2005) and
effective than commitments to “ends” (results). There will be much talk about the need for a
price on carbon, and what it can allegedly do, with little consideration of the important things
a carbon price cannot do.

This paper attempts to fill a void. It attempts to make a serious case for a technology-led
climate policy. The logic is that if global emissions are to be cut 50% to 80 % by 2050 and
2100 respectively, doing so will require Herculean efforts to: (i) increase energy efficiency/
reduce energy intensity, and (ii) develop the means of producing vast quantities of carbon
emission-free energy in the next 50-100 years.

An example gives some idea of the magnitude of the challenge. Suppose by 2100 we wish to
reduce global emissions by 75% from current levels. Suppose further, that over the course
of the 21 century, the “trend” rate of global GDP growth in the absence of climate policy
were 2.3%. (We ignore for the moment the effect on GDP of damages produced by climate
change.) To achieve the emission reduction target and not lose more than | /% of the cumu-
lative output that would otherwise flow from a 2.3% per annum growth in global economic
activity, would require that by 2100: (i) global energy intensity is reduced by two thirds from
the level in 2000, and (ii) carbon emission-free energy in 2100 is two and a half times greater
than the level of total energy consumed globally in 2000. (In 2000, global energy consump-
tion was ~420E]/yr, 85% of which was supplied by fossil fuels. Of the carbon-free energy
produced, 95% was nuclear and hydroelectric.)
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Here is another example. In order to reduce global emissions by 50% from current levels by
2050 (an oft discussed target) and 80% by 2100, the average annual rate of de-carbonization
of global output (i.e. the rate of decline in the carbon intensity of output, or GDP) must
be raised from its “historic” (last 30 years) rate of 1.3% to over 4.0%. Not only must the
rate of de-carbonization triple, but most of the increase will have to come from a de-
carbonization of energy which “historically” has declined, in global terms, at a 0.3% rate.
Most of the long term decline in the de-carbonization of output is associated with a decline
in energy intensity (1.0%), attributable chiefly to improvements in energy efficiency and, to a
much lesser extent, global shifts in the composition of output. [We shall make considerable
use of the rate of decline in the carbon intensity of output (RCIO) later in the paper.]

The calculations are not a mistake! But for many we suspect they may come as a surprise.
They may seem at variance with the conclusions reached by IPCC WG Il that the barriers to
stabilizing climate are socio-economic and political, but not technological (Metz et al, 2001;
2007). The calculations may also appear at variance with the estimate of the Stern Review
that the cost of stabilizing climate is around 1% of GDP (Stern, 2007, 2008).

At the same time, the calculations should not provide solace to those who wish to ignore
the climate change threat - which is real. Nor do the calculations suggest that in benefit-cost
terms the long term rise in atmospheric carbon concentration and global average temperature
need only be reduced moderately (e.g., Nordhaus, 2008). As controversial as are the Stern
Review (2007) estimates that climate change damages range from 5-20% of global world
product (GWP), a climate policy that would only reduce the rise in global average tempera-
ture from, say, 4.0°C to 3.5°C a century from now ought to convince no one that such a
policy reduces substantially the possibility of large potential damages to the global environ-
ment and economy. Nevertheless, the calculations do imply that a new route to emission
reductions must be found.

The calculations suggest, then, that if we are going to do something significant in terms of
“stabilizing climate” we will have to rethink how to proceed. In particular, we need to recog-
nize that the key variables in climate stabilization involve energy technology changes. One set
of changes is in the form of very large energy efficiency improvements that could make pos-
sible a two-thirds reduction in global energy intensity in the face of a development process in
populace, developing countries that is, and for the foreseeable future will be, energy intensive
(Green, 2007; Pielke, et al 2008). The other is in the form of technological breakthroughs
that would make possible a vast expansion in carbon emission-free energy.

It is the technology imperative that drives us to propose a climate policy in which research
and development are front and center, at least in the initial stages. Given the lags in capturing
the total productivity increase of new technologies (diffusion and learning new techniques),
it becomes all the more important to act quickly in developing them. But lest there be any
misunderstanding, this paper is about mitigation, but mitigation in which technology devel-
opment policies that make deep emission reductions possible are front and center.

In sum, the paper proposes a technology-led approach to mitigating GHG emissions.
Climate change will impose increasing costs, but there are no quick or easy solutions such as
those the US Environmental Protection Agency imposed on emitters of sulfur dioxide (SO,)
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or nitrogen oxides. The technologies to achieve SO, and NOx reductions were ready and
scalable, something that is not currently true of CO,. Instead for CO, mitigation, the accent
is placed on energy technology research, development, and testing. For this reason we
think the role of carbon pricing should initially be limited to a low (as global as possible
to avoid leakages and to ensure broad commitment) carbon tax or fee that is used to
finance energy R&D. Over time the tax should be allowed to rise slowly in order to send
a “forward price signal” that would induce deployment of effective, scalable, cost com-
petitive technologies as they reach “the shelf” (i.e. become ready to deploy).

Confronting the proximate cause of climate change via attempts to directly control emis-
sions is defective for several reasons:

The amount of carbon emission-free energy required to “stabilize” climate is huge -- at least |5 to
20 times more than current levels, almost all of which is supplied by nuclear and hydroelectric.

Alternative energy sources are currently neither ready nor (just as important), as yet, scalable,
and in most cases these still require basic research and development

Relying on carbon pricing to cut global emissions substantially is neither likely to be politically
acceptable nor economically time consistent. Carbon pricing alone, or as the main policy
tool, is not an effective means of inducing long term commitments to undertake and pursue
endemically uncertain (of success) basic R&D. But as we shall see, carbon pricing has two
important ancillary roles to play.

In the modern world, energy is a necessity. In the 20" century, energy consumption increased
sixteen-fold. Under the best of circumstances (improved energy efficiency, conservation, and
the elimination of wasteful use) global energy consumption will double by 2050 and triple
by 2100. Any attempt to reduce carbon emissions by artificially reducing the availability of
energy will not be accepted, at least not for long. For energy use to substantially increase
while carbon emissions are substantially reduced requires that there must be a suite of good
non carbon emitting energy substitutes. Except for nuclear electric, current candidates are, in
technological terms, still severely limited (MacKay, 2009).

Currently, 85% of global energy requirements are met by fossil fuels. This is so for both
technological and economic reasons. Fossil fuels consumption is likely to increase for the next
few decades (see Figure |) and these fuels will continue to be important deep into the cur-
rent century. By 2050, global energy demand will at least double. To reduce the share of fossil
fuels by 50% by 2050 will be a daunting technological task. And even if it could be achieved,
it would still leave carbon emissions unchanged from current levels, unless carbon capture
and storage (CCS) can be quickly ramped up, itself a daunting task.

On the face of it, attempts to directly control global carbon emissions will not work, and cer-
tainly not in the absence of ready-to-deploy, scalable, and transferable carbon emission-free
energy technologies. The technology requirements cannot be wished, priced, assumed or
targeted away. A technology-led climate policy is a means of breaking the knot.
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To be clear, a technology-led policy is an alternative approach to mitigation. To make pos-
sible substantial, continuing emission reductions, it is necessary, we think, to focus on
basic and applied research, development, and testing of alternative energy technologies,
and infrastructure to make them both viable and less expensive. A technology-led policy is
not a recipe for subsidies to energy production, such as those given to the owners of wind
farms and solar energy arrays. In general, these subsidies often are wasteful and they do not
solve key technological problems.

In short, if efforts to de-carbonize the global economy are to be effective it needs rethink-

ing. The blinders that have distorted climate policy to date need to be replaced by a hard-
headed appreciation of the nature and magnitude of the technological task ahead.

Figure |: World Energy Use by Fuel Type

World Energy Use by Fuel Type
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The paper proceeds as follows. In section | we present measures of the size of the technol-
ogy challenge posed by climate stabilization. Current technological readiness and what might
be achieved with current technologies is considered in section Il. In section lll we examine
the implications of a failure to tackle the technology challenge directly. Section IV sets out
the character of the technology-led proposal and the ancillary, but important, role of carbon
pricing. The political economy of reliance on carbon pricing, especially as it relates to energy
intensive industries is discussed in section V. Section VI takes up the important issue of insti-
tutional factors that increase the likelihood that a technology-led policy will be “incentive
compatible”. Some specifics of the technology-led approach are set out in section VII. In
section VIII, we turn to a benefit-cost analysis, using three different methods to assess the
relative benefits and costs associated with a technology-led approach to climate policy. Some
concluding thoughts are presented in section IX.
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THE MAGNITUDE OF THE TECHNOLOGY CHALLENGE

By any measure, the magnitude of the challenge posed by stabilizing the atmospheric concen-
tration of GHG in the atmosphere at an acceptable (non-dangerous) level (hereafter “stabiliz-
ing climate”) is huge. One measure is the cumulative emissions that need to be reduced by
energy efficiency improvements and shifts to less energy using activities, and the introduction
of carbon emission-free (“carbon neutral”) technologies. Pielke et al (2008) estimate these for
the scenarios used by the Intergovernmental Panel on Climate Change (IPCC). These cumu-
lative emissions estimates and demands on carbon neutral technologies are much greater than
would be inferred from the emissions scenarios employed by the IPCC or the Stern Review.
The IPCC uses emissions scenarios that already build in 57-91% of the emission reductions
attributable to technological change as baselines for measuring the size of the challenge. This
is shown in Figure 2 where the blue portions of the bar represent the emissions reductions
that are built into the emission scenarios. The issue here requires further explanation.

In assessing what it will take to stabilize atmospheric GHG concentrations (in cost and tech-
nology terms), models usually employ no-climate-policy emission scenarios as references or
baselines. However, using emission scenarios as baselines for assessing climate stabilization
creates a huge understatement of the technological change needed (and, by extension, eco-
nomic cost incurred) to stabilize climate (Pielke et al. 2008). The problem is that built into
most emission scenarios are very large, primarily technologically driven, emission reduc-
tions that are assumed to occur automatically.

By building into their emissions scenarios very large technology-generated emission reduc-
tions, analysts (with important exceptions including Battelle 200 |; Edmonds and Smith 2006;
Fisher et al., 2007:220), Wigley et al. 2007; Pielke et al. 2008) are assuming the technology
challenge is measured by the red portions of the bars in Figure 2, that is by the difference
between the emissions scenario baseline and the stabilization path. The result is to substan-
tially understate the magnitude of the energy technology challenge.

To get around the problem posed by using an emission scenario baseline for assessing the
magnitude of the technology challenge, one can use a “frozen technology” baseline (Edmonds
and Smith 2006; Pielke et al. 2008. For a slightly different usage of the “frozen technology”
concept, see D. Greene at al, 2009). A “frozen technology” baseline is an estimate of future
emissions as if they were produced using today's energy technology--hence the technology is
“frozen”. (Frozen technology baselines were used in constructing Figure 2.)

While no one expects technology to be/remain “frozen”, a hypothetical “frozen” technology
baseline allows complete transparency in assumptions about future technologies, innova-
tion and the processes that will lead to such innovation, crucial issues that are obscured by
emission scenario baselines. Assessing the technology challenge from a “frozen” technology
baseline also avoids the potential for “double counting” technologies, once in the emission
scenario and again in movement from the emission scenario to the stabilization path.
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Figure 2: Cumulative Emissions and Technology in IPCC Scenarios

Assumptions of The Effects of Technological Change on
Future Emissions in the SRES Scenarios and IPCC AR4

7000

6000
5000
4000
3000
2000
1000

0

AlB ALFI ALT A2 Bl B2 n=6

Scenario

GtC

n=35 AR4

The IPCC B2 scenario can serve as an example to illustrate the magnitude of the challenge
to stabilizing climate even in scenarios that are relatively modest in terms of cumulative emis-
sions. (See Figure 2 and Table |.) In B2 the GDP growth rate 2010-2100 of 2.0% (MER)---
|.77% (PPP)--- is quite modest, yet carbon dioxide emissions rise from the current level of
about 8 GtC to almost 14 GtC in 2100. This occurs even though built-into the B2 scenario is
(i) substantial average annual rates of energy intensity decline, and (ii) a large increase (2010-
2100) in carbon-free-- or carbon-neutral- -energy consisting of a |3 fold growth in nuclear
power, a six-fold increase in biomass (much more if one only considers “new” biomass --see
note to table); and a 20 fold increase in other renewable (including hydro).

The energy technology change built into the B2 emission scenario will require many tech-
nological improvements and some technological breakthroughs. For example, breakthroughs
would be needed in: (a) the production of biomass fuels to assure they are low carbon emit-
ting on a life cycle basis; (b) storage for intermittent solar and wind energy which must make
up a large portion of the growth in “other renewables”; and (c) generation IV and newer gen-
erations of closed cycle nuclear electric reactors (using reprocessed nuclear fuel) in order to
make possible a huge increase in nuclear electricity, given limits to U-235 and waste storage
capacities . These examples make clear why it is important to consider technology built-
into an emissions scenario as well as that required to move from an emissions scenario
baseline to a stabilization path ( Pielke et al, 2008)

Another way to measure the stabilization challenge is to directly estimate the amount of
carbon neutral energy (or power) that will be needed by 2050 or 2100 to get on a stabiliza-
tion path. This is the approach undertaken by Hoffert et al (1998). For a global average GDP
growth rate of 2.4% (1990-2100) estimates of the carbon-free power required by 2100
generally fall in the range of 25-40 TW, the amount depending on the global average annual
rate of energy intensity decline (see Figure 3 below). A terawatt is 10'? watts - a terawatt over
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the course of a year is 8760 TW hours - or 8.76 trillion kilowatt hours. One TW equals 31.56
exajoules (EJ) of energy per year). Currently, the world's consumption of energy measured in
power termsis 16.5 TW. Of this amount less than 2.5 TW are carbon neutral, almost all of it
derived from nuclear and hydroelectric power.

Table |I: The IPCC B2 Scenario

1990-2100 2010-2100 [2010- 2050-
2050 2100

GDP growth rate %oMER 2.2 2.0 1.6l 1.53
(%) (PPP) (2.0) (1.77) (2.22) (1.42)
Rate of decline in E/GDP (%) MER  [0.97 0.84 .12 0.64
(PPP) (0.77) (0.62) (0.73) (0.53)
Rate of decline of C/GWP (%) MER [ 1.44 .40 .76 .11
(PPP) (1.24) (1.16) (1.36) (1.01)
Rate of increase of CO, emissions 0.76 0.61 0.85 0.41
Cumulative CO2 emissions (GtC) 1157 998 395 602
Cumulative Emissions (GtCO.) 4245 3661 [45] 2210
Built into the B2 scenario are (EJ/yr)
-Nuclear {7} 135 131 50 8l
-Biomass {46} 269 269 59 210
-Other renewable (incl. hydro){8} |204 190 85 105
Total 608 590 194 396
The numbers in parentheses () mean that GWP measured in purchasing power parity (PPP)
terms. The numbers in brackets { } are EJ/yr supplied by the energy source in 1990, (IPCC, 2000:
Tables, B2 “Message” emission scenario). Note that almost all of the 46 EJ/yr of biomass is “old”
biomass, including wood for domestic fuel, charcoal and burning of dung, mostly by poor commu-
nities without access to electricity or other commercial energy. Old biomass is replaced by carbon
neutral “new” (“plantation”) biomass for generating electricity or producing biofuels.

Source: IPCC (2000)

Even with only modest growth in the demand for energy (based on the assumption of huge
improvements in energy efficiency) the world will consume upwards of 30 TW in 2050. (At a
[.5% growth rate energy consumption in 2050 would be about 31 TW. A more likely 2.0%
growth rate would raise energy consumption in 2050 to almost 39 TW.) To get on a stabi-
lization path, at least half of the energy used in 2050 will have to be carbon emission-free;
by 2100 almost all of it would have to be emission-free. Assuming 31 TW of power will be
needed in 2050, implies a six fold rise in carbon neutral energy to |5 TW by 2050. Is that
feasible? And what is needed to make it feasible? By 2100 upwards of 30 TW of carbon-free
power will be required. (The Hoffert et al (1998) analysis, and accompanying Figure 3, are
taken up again in section Il below)
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TECHNOLOGICAL READINESS

Technological readiness implies deployable (on-the-shelf) technologies that are scalable and
as cost competitive as possible. Assessments of “technological readiness” require comparing
the magnitude of the technology challenge (section I) with the capabilities of current carbon
emission-free (or “carbon neutral”) energy technologies. On this basis we are nowhere near
ready to reduce global emissions substantially by mid century, much less achieve climate sta-
bilization by the end of the century. Let us look at several energy technologies/sources and
their potential contributions by 2050. (An excellent complement to the technology readiness
assessment below is Barrett, 2009)

Hydroelectricity. Sites for hydroelectric power are limited. A doubling of the present
capacity is probably the best we can do. Doubling capacity would add about 340 GWe
and eliminate the need for construction of about seven hundred 500 MWe coal fired
plants with total emissions of 2.4 billion tonnes of carbon dioxide (or about .65 GtC). The
addition of time-of-day pricing, thereby raising the capacity factor of hydro from around
50% to 75%, might eliminate another .65 GtC

Nuclear electric. Nuclear energy has been and will likely be an important contributor
to non-carbon emitting electric power generation. But in its current technological form
there are resource and storage limits to its scalability (MIT, 2003). There are currently
439 nuclear reactors in the world producing an estimated 390 GWe. Many existing plants
are approaching the end of their useful life. Assuming all the existing reactors are replaced
when they wear out, it would require adding |5 reactors every year from 2010 to 2050
to raise nuclear generating capacity to | TW. The additional 600 GWe of nuclear capacity
would replace coal-fired electric capacity emitting |.1 GtC a year. (MIT, 2003)

Carbon Capture and Storage (CCS). Currently a lot of weight (hope) is being placed on
the CCS option. There is little choice given the huge amount of coal-fired electric capac-
ity now churning about a substantial fraction of global emissions (MIT, 2007). Moreover,
the slow ramp up of nuclear capacity and huge hurdles to large scale, baseload energy
from solar and wind (see below) suggest continued heavy reliance on coal to meet the
rapid growth in electricity demand in many parts of the world, especially the developing
world and parts of the developed world too.

But ramping up CCS will be slow (Edmonds et al, 2007) for several reasons: (a) CCS
has not yet been applied to a coal-fired electricity generating plant; (b) the only examples
of operational CCS involve relatively small scale operations, the best known being the
Sleipner field project that stores about | Mt of CO, (or 270,000 tonnes of carbon) each
year from Norway’s North Sea natural gas operations: (c) it would take the equivalent
of 3500 Sleipner fields (Pacala and Socolow, 2004) to store | GtC each year, and that
means a large amount of geological investigation to assure the existence, safety and secu-
rity of the required geologic sites; (d) pipelines would have to be built from the source of
CO, to the designated geologic sequestration sites; (e) capture technologies have not yet
been perfected, and those that are operational at a test site level would not only increase
plant capital costs, but would exact an energy penalty of 20 to 40%, depending on tech-
nology. If by 2050, CCS can be ramped up to | GtC (~3.7 GtCO,), the net reduction in
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energy-related emissions (emissions from electricity generation net of the added energy
needed to capture emissions) would be about 0.7 GtC.

Biomass. Although biomass has been counted on as major carbon neutral source, recent
experience has greatly lowered expectations - at least from “first generation” biofuels
such as corn ethanol and soybean based biodiesel. There are several reasons why bio-
mass, at least in its current forms, is unlikely to produce in the future the large amounts
of (net) carbon neutral energy expected just a few years ago. These reasons include: (a)
the effect on food stocks and prices caused by devoting large amounts of cropable land
to energy crops (Pimentel, 2009; Wise et al, 2009); (b) the enormous amounts of water
that large scale biomass production will require (Bernedes, 2002; Gerbens-Leenes, et al,
2009); (c) evidence that on a life cycle basis the net energy from biofuels output is not
much greater - and in some cases may be less - than the energy inputs into producing
the biofuels (Farrell, et al, 2006; Pimentel and Patzek, 2005); (d) indications that convert-
ing land from pasture to energy crops may release carbon from the soils in amounts that
substantially outweigh any prospective reductions in emissions that conversion from fossil
to biofuels is expected to produce (Searchinger et al, 2008, Fargione, et al, 2008).

The realization that “first generation” biofuels may do little or nothing to reduce emis-
sions (or energy use) has led in two directions: (i) to focus on biomass as a solid energy
source for generation of electricity rather than as a liquid biofuel for use in vehicles; (ii)
R&D into the possibility of “second generation” biofuels from cellulosic by-products of
primary feedstocks, to switchgrass, to algae. Each has potentially important limitations. In
the case of solid biomass, finding sufficient forest that can be dedicated to electricity pro-
duction may be limited to a few places in the world. In the case of “second generation”
biofuels, these will require technological breakthroughs and even then their scalability is
in doubt. We will be hard put to produce enough net energy from biomass by 2050 to
reduce emissions by an estimated 0.3 GtC.

Solar and wind. Currently, these two potentially substantial sources of energy supply only
a tiny fraction (less than | %) of the world’s energy. The reasons go far beyond their
higher costs (Love, 2003; Love et al, 2003; Denholm and Margolis, 20073, b)). Beyond
reducing production costs, three big hurdles need to be overcome (in ascending order of
difficulty and importance). (1) Direct current lines need to be constructed to carry solar
and wind energy from the areas of highest insolation and wind speeds to the populous
areas where most consumers are located - often a 1000 km or more distant. (2) More
flexible, “smarter” grids will be needed to cope with the variability inherent in wind and
solar power. (3) Because of their intermittency and variability, even with “smart grids”,
solar and wind power are unlikely to be able to supply much more than 10-15% of grid-
based electricity (net of energy used in “spinning reserve” back-up) without the develop-
ment of utility-scale storage. To overcome scalability barriers, scientific and technological
breakthroughs will be needed (Lewis, 2007a). Assuming that in the next couple of dec-
ades sufficient investment is put into the electric grid infrastructure and into researching
and developing large scale storage for solar and wind-powered electricity generation, it
is possible/conceivable that by 2050 these two renewable sources could together supply
500-700 GWe, and displace up to 1.5GtC.
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8. Geothermal. Geothermal power is an excellent source of power in those few areas (such
as Iceland) where hot springs are abundant. Not surprisingly, it is currently a very limited
source of power. With technological changes it is possible to increase the availability of
geothermal for generation of electricity. Moreover, if new buildings are fitted with proper
piping at time of construction, geothermal could eventually become a widespread means
of space-conditioning, moderating, to a degree, the growth of demand for electricity. By
2050, it may be conceivable that geothermal could displace .5 to | GtC

9. Ocean Wave Energy. There is growing interest in harvesting electric power from ocean
waves. The amount of energy in the oceans’ waves is large, but it is very dilute, and only
a fraction is economically viable - assuming many technological problems can be over-
come. One estimate of the viable resource in the US is equal to about 6% of current
electricity demand. Because wave energy is concentrated at low frequencies, efficient
conversion and transmission to a grid is difficult (Scruggs and Jacobs, 2009). The marine
environment creates other problems including seawater corrosion, marine organism
fouling, and large loads imposed by big storms on wave energy converters. Ocean wave
energy might displace 0.1 GtC.

Taken altogether, current energy technologies, if hugely scaled up, might get us halfway toward
a stabilization path by 2050 - but only a fraction of the way toward achieving stabilization by
2100. One way to see why this so is to refer back to Table | and note there the large amount
of carbon-free energy built into the B2 emission scenario. That the B2 scenario is not atypical
is evident from Figure 2. Unfortunately, perceptions differ. One reason is that many analysts
assume rates of energy efficiency improvement and energy intensity decline much greater
than can be sustained globally over an extended period of time. As Hoffert et al (1998) dem-
onstrate, there is a trade-off between the amount of carbon-free energy required to stabilize
climate and the rate of energy intensity decline. Figure 3, based on Hoffert et al (1998), indi-
cates the relationship. (The trade-off in Figure 3 is based on an assumed global rate of GDP
growth of a little over 2.4% (1990-2100) and atmospheric stabilization of CO, at 550 ppm.)

As Figure 3 indicates, the amount of carbon-free energy required to achieve stabilization is
very sensitive to the global rate of energy intensity decline. The amount required fora 1.0%
rate of energy intensity decline is twice that required of a |.5% rate of decline, which in turn is
approximately twice the level required if the rate of energy intensity decline is 2.0%. Hoffert
et al (1998) thought that the global economy might achieve a |.0% rate of energy intensity
decline for the 110 year period 1990-2100, a rate that reflects past trends. But many sce-
narios utilize no-policy rates of energy intensity decline substantially in excess of 1.0%. Here
are some facts:

I In general, the SRES scenarios build in high rates of energy intensity decline. Of the 40
scenarios (from 4 basic families, Al, A2, BI, and B2) 32 had |10 year (1990-2100)
built-in energy intensity declines greater than the |.0%/yr rate used in the BAU 1S92a
scenario. It is likely that, on balance, the energy intensity declines in many of the SRES
scenarios are highly unrealistic. If so, they have contributed to a major understatement by
the IPCC of the magnitude of the energy technology, and by extension climate stabiliza-
tion, challenge.
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2. Baksiand Green (2007) have devised a method, using mathematically exact formulas, for
computing aggregate energy intensity decline from changes over time in the efficiency of
different energy-using sectors and their relative contributions to GDP and energy use.
They found that even dafter applying stabilization policies, it would be difficult to substan-
tially exceed a 1.0%/yr global, average, rate of energy intensity decline over 1990-2100-
-or about |.1% on a 100 year (2000-2100) basis. Yet eighty percent of the pre-policy
SRES scenarios build in | 10 year global average annual rates of energy intensity decline
that exceed 1.0%/yr (and 75% exceed 1.1%).

3. The Baksi-Green calculations of an approximately |.0% rate of decline in energy intensity
(1990-2100) assume global average energy efficiency increases in industry, commerce,
and transportation of 200%, (300% for cars and light trucks), 300% in residential uses,
but less than a 100% in the efficiency with which electricity is generated (Lightfoot and
Green, 2001). The calculations also assume that over the course of the 21 century,
there are very large reductions in the GDP and energy shares of energy intensive indus-
tries, a rise in the energy share for electricity generation, and a substantial rise in the GDP
share of the commercial sector reflecting the increasing importance of services.

4. The formulas generated by Baksi and Green (2007) can be used to demonstrate that only
about 20% (bounds of 10 and 30 percent) of the global energy intensity decline can be
contributed by sectoral shifts from higher to lower energy intensive uses. The rest must
come from energy efficiency improvement, which means widespread adoption of the
best available technology plus technological change. While at the individual country level
sectoral shifts can contribute considerably more than 20% of energy intensity decline, at
the global level there is a lot of cancelling out as energy-intensive industries move from
one part of the world to another.

5. Baksi and Green (2007) also demonstrate that achieving very high, century-long, rates
of energy intensity decline (ones that would substantially reduce the amount of carbon-
free energy needed for stabilization) require improvements in energy efficiency that are
almost surely physically impossible. For example, Baksi and Green show (supra, Table
4) that a 2.0% rate of decline (the Bl marker scenario has a 2.13% average annual rate
of decline, 1990-2100), requires sectoral energy efficiency improvements ranging from
450to 1100 %.

The IPCC (2001) technology readiness claims were contested by Hoffert et al. (2002). One
reason for the clash is that the methodology developed by Hoffert et al. (1998) avoids the
trap of “built-in” emission reductions endemic to the IPCC emission scenario baselines. In
Figure 3, the calculation of carbon-neutral energy requirements is based on the rate of
growth of global GDF given the explicitly accounted for average annual rate of decline in
energy intensity. In this way, the baseline in Figure 3 (the 2100 curve) is the equivalent of a
“frozen” technology baseline.

The second reason revolves around the scalability of current carbon-neutral technologies.
The scalability issue, emphasized by Hoffert et al. (2002), recognizes that while some tech-
nologies are not yet scalable because they are still at the R&D stage, others although appar-
ently “on the shelf” are nevertheless not yet scalable. In some cases scalability is limited
because of the lack of an “enabling technology”. An example of an “enabling” technology
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is grid integration and storage for intermittent and variable solar and wind power. These
potentially large, but dilute energy sources are not only land-intensive (Lightfoot and Green
2002), but of limited use without storage. Electric utilities generally will not be able to meet
any more than about 10% of non-peak electricity demand from directly supplied, intermittent
or variable sources. While pumped hydro, hydrogen, and compressed air energy storage can
provide some storage potential, we are still very far from a good, reliable, and scalable means
of storage for electricity generation and supply.

Figure 3: Energy Efficient-Carbon-Free Power Tradeoff
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Similarly, CCS faces scalability issues on the storage side. While studies suggest that there is
potentially plenty of storage capacity for CO, emissions captured and geologically seques-
tered in the foreseeable future (Herzog 2001; IPCC 2005), as a practical matter, each geo-
logical storage site needs to be checked for leakage potential. This will require a potentially
time-consuming effort by a large number of geologists. Detailed examinations cannot be
ignored: carbon dioxide leakage would not only limit the effectiveness of CCS, but create
a public hazard because CO, in concentrated form is an asphixiant that disperses slowly if a
leak occurs, especially if the wind is not blowing. It is true that there are a number of small
scale examples of CCS, but there is nothing even remotely approaching the scale required for
CCS to contribute significantly to reducing future net CO, emissions. Finally, “conventional”,
once-through, nuclear fission is not only limited by Uranium 235 supplies (MIT, 2003), but
faces political and technological limitations with respect to storage of the large amounts of
radioactive waste that would be generated even if nuclear simply maintained its current 17%
share of global electricity generation.

Storage is not the only “enabling” technology that is required to make a number of carbon-
neutral energy technologies viable. Other examples include retrofit technologies for the large
and rising number of coal-fired plants, especially those in China, India and the US, or as an
alternative, CO, capture from the air (Lackner, 2003; Pielke, 2009). While nuclear electric
generation is an obvious low carbon-emitting alternative to coal, large-scale expansion will
greatly increase the incentive to reprocess nuclear “waste”. However, doing so will require
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some means of “spiking” the resulting plutonium to make it too hot to handle by terrorists,
and a means of preventing nuclear proliferation. While the latter clearly involves political inge-
nuity, it also involves science and engineering developments, as is indicated by the apparent
technological as well as political hurdles ahead for the US-promoted Global Nuclear Energy
Partnership (GNEP). (Tollefson 2008) [The key reprocessing facet of GNEP has recently
been cancelled.]

Once the scalability problem is understood, it is easier to see why there is still a large tech-
nology gap between usable carbon-neutral energy with current technologies and the amount
required for climate stabilization. Green et al. (2007), build on Hoffert et al. (1998), in an
attempt to measure the “advanced energy technology gap” (AETG), the gap between the
carbon-neutral energy required for stabilization and the carbon-neutral energy that could be
supplied from “conventional” carbon-neutral sources. “Conventional” carbon-neutral energy
technologies include: hydroelectricity (subject to site limitations); once-through nuclear fission
(subject to uranium 235 supplies as well as security, political and waste storage limitations);
solar and wind without storage; some biomass, geothermal, tidal and wave (ocean) energies.
The authors found that “conventional” carbon-neutral energy sources might, in a stretch,
supply 10-13 TW by 2100. Liberally assuming 13 TW from these “conventional” sources, we
still need 15-25 TW of power from advanced technologies (the AETG) to reach the 28-38
TW of carbon emission-free energy required by 2100 to stabilize at 550 ppm, assuming a 2.4
% rate of growth of GDP (1990-2100). These findings support the Hoffert et al. (1998, 2002)
claim that major breakthroughs in new as well as existing energy technologies and sources will be
required for stabilization at 550 ppm, and even more so for stabilization at 450 ppm.

IMPLICATIONS OF FAILING TO ADDRESS THE
TECHNOLOGY CHALLENGE

If, as seems likely, the SRES emissions scenarios have made CO, stabilization appear much
easier than it will be (Green and Lightfoot 2002, Pielke et al 2008), then there are important
implications for climate policy. First and foremost, achieving large reductions in global CO,
emissions requires a veritable energy technology revolution. An implication is the need for a
technology-based climate policy.

A second implication involves the relationship between a carbon-price policy and a technol-
ogy policy. Instead of the carbon-price policy carrying the main load of emission reduction,
carbon prices should be viewed as playing two supportive roles: (a) as a means of raising
revenues to finance the publicly financed component of the energy technology race without
which stabilization is unachievable; and (b) as a way of sending a forward price signal that will
be increasingly powerful as the carbon price slowly rises and as new technologies appear “on
the shelf” (a form of what Yohe et al 2008, term “when” flexible mitigation). These considera-
tions suggest a carbon tax that starts low and rise very gradually over time.

In thinking about climate policy, an important distinction should be made between technolo-
gies that are “on the shelf” and therefore are deployable now (if it were economically advan-
tageous to do so), and those that either (a) require further development before deployment
is possible; or (b) are still at the basic R&D stage; or (c) have not yet been thought of (Sanden
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and Azar, 2005). Carbon prices are likely to be effective in inducing deployment of technolo-
gies that are “on the shelf”, but may well be ineffective inducements to invest, long-term,
in technologies that still require basic R&D. The success of basic R&D is typically uncertain.
This will have a major impact on the market’s evaluation of it. Even if R&D proves an initially
uncertain technology to be viable, it may take decades before it is ready for deployment.

Many climate policy modelers give an important role to induced technological change (ITC).
The basic idea is that a strong carbon price will induce the private sector to make investments
in energy R&D and technological changes that allow firms to reduce their carbon emissions.
The payoffs from these investments is the carbon emission permits that do not need to be
purchased (or if allocated can be sold to other firms) and/or the carbon taxes avoided.

In our work we make an important distinction where ITC is concerned. Carbon prices are
given a central role in the adoption of on-the-shelf, ready to deploy technologies. But we are
much more skeptical about the role of ITC where basic R&D and the testing of untried tech-
nologies are concerned - especially where the time frames are many years or even decades
rather than a few years and success is highly uncertain.

Our distinction between the role of market-based policies where technologies are “on-the
shelf” and those requiring basic research and development (see Sanden and Azar, 2005) is
mirrored in a recent paper by Blanford (2009, in press). Blanford puts the issue nicely:

“Market-based abatement policies are effective mechanisms for bringing about the
diffusion of existing technologies and can even spur incremental improvements
through learning and induced applied R&D. Thus abatement policy is a mechanism
for getting technologies ‘off-the-shelf’. However, because of long time frames and
limited appropriability in basic research, a second mechanism is required to put new
abatement technologies ‘on-the-shelf’. The implementation of a technology strat-
egy for a long-term environmental problem such as climate change is a challenging
policy task.”

The distinction that Blanford (2009) is making can be framed as the difference between demand-
side” and supply-side influences on energy technologies. The demand side is found to be
strong where “on-the-shelf” technologies are concerned, but for longer-term breakthrough
technologies a supply-side, technology-based policy approach is required. The demand side
versus supply side distinction is the basis for a very useful paper by Nemet (2009).

Nemet's paper is one of the very few we have found that moves beyond theory and indirect
empirical evidence to an actual case study. Nemet examines the role of “demand pull” and
“technology-push” impacts on investments in the development of wind turbine technology.
Nemet finds little evidence of a demand-pull influence. Most of the technology develop-
ment appears to have been a response to government programs in the early and mid-1970'’s
to pursue energy independence and reduced reliance on foreign oil, and to have preceded
increased demand for wind power (Nemet, 2009). Citing earlier work by Dosi (1988) and
Kemp (1997), Nemet concludes that “These results fit with earlier work suggesting incre-
mental innovation is more likely to respond to demand-pull than to technology-push and that
non-incremental innovation is more responsive to technology-push” (Nemet, 2009:707).
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Finally, a study by Hoffmann (2007) found little impact in the first round (2005-2007) of the
EU emission trading scheme (ETS) on large scale, long term investments by the German
electricity industry. Like Blanford and Nemet, Hoffmann found that the German electricity
industry “does make low carbon investments with limited risks” such as retrofits or “invest-
ments with an inherent option character (R&D)” (Hoffmann, 2007:472). Perhaps the weakly
applied first phase of the EU ETS does not allow us to pass judgment on the long-term R&D
and infrastructure effects of a much tighter set of emission caps than those that evolved in
the 2005-2007 period. Still, Hoffmann’s findings resonate with the view that carbon-pricing is
unlikely to provide a strong inducement to the private sector to undertake long-term, inher-
ently risky and uncertain investments in the development of breakthrough technologies.

An interesting question is whether price-induced technological change has led to any major
technological breakthrough. An answer in the affirmative is not supplied by any of the climate-
energy-economy literature we have seen. Yet, Held et al (2009, in press) state that “the inclu-
sion of endogenous technological change led to results showing remarkably low mitigation
costs for ambitious climate protection targets....” Why is this so, given the apparent lack of
empirical evidence linking technology breakthroughs to either targets and/or carbon pricing?

An answer may reside in an ITC modeling comparison study carried out by Edenhofer et
al (2006). Eight of the ten models explored by Edenhofer et al include “learning-by-doing”
(LBD). Learning-by-doing can be a powerful influence in reducing costs as the scale of pro-
duction increases. This is evident from a series of case studies (none referred to by Edenhofer
et al) including: airframe production (Wright, 1936); “Liberty ships” (Searle, 1945, Lucas,
1993); semiconductors/microchips (Scherer, 1996). However, these studies apply chiefly to
manufacturing operations. It is a huge (and probably unjustified) leap to applying LBD to many
of the activities most critical to the appearance of new energy technologies: research, devel-
opment, testing, and deployment.

It may also be significant that, in the Edenhofer et al (2006) model comparison, six of the
ten models include a backstop technology. Including a backstop technology effectively solves
the energy technology problem by assumption. What the “backstop” technology assumption
does is to assure that raising the carbon price sufficiently will bring forth an unlimited supply of
carbon emission-free energy. When the LBD and backstop assumptions are taken together,
it is not surprising that ITC appears powerful even though no evidence for such an influence
has been induced. It is all by assumption!

There is an additional problem. As Montgomery and Smith (2007) have demonstrated, pri-
vate funding of long-term R&D encounters a “dynamic” (time) inconsistency. Generally, cur-
rent governments cannot tie the hands of future governments to cover the potentially large
(as well as uncertain) up-front R&D investment costs for technologies that may or may not
prove successful and deployable decades hence. The Montgomery and Smith and Sanden and
Azar (2005) papers therefore imply that “induced technical change” may be less important
than one might gather from IPCC WG III, Ch. | | (Barker et al. 2007). Further, to these con-
siderations we may add a “political” time inconsistency between a 4 to 5 year election cycle
and the decades-long time scale for the development of deployable and scalable carbon-
neutral energy technologies. The nature of the R&D required and the time inconsistencies
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inherent in a long term investment problem, suggest that the price system has limitations as
a tool of climate policy.

Current climate policies appear to be influenced by a perception that the technologies required
for stabilization are already “on the shelf”, or almost so. In 2001, in its Summary for Policy Makers
(SPM) IPCC WG Il argued that “most model results indicate that known technological options
could achieve a broad range of atmospheric CO, stabilization levels, such as 550 ppmy, 450 ppmy,
or below over the next 100 years, but implementation would require associated socio-economic
and institutional changes” (IPCC, 2001, p.8). The IPCC defined “known technological options” as
“technologies that exist in operation or pilot plant stage today...” (supra p.8n). In 2007, with only
slightly more caution, IPCC AR4 states in the SPM of its Synthesis Report (SYR) that “There is high
agreement and much evidence that all stabilization levels assessed can be achieved by deployment
of a portfolio of technologies that are currently available or expected to be commercialized in
coming decades...” (IPCC SYR 2007, p.20).

In contrast to these general assessments, there are numerous reports and studies that detail
what needs to be done to current carbon-neutral technologies to make them ready to be
deployed and/or scalable. (Some of the findings are summarized in the preceding section.
Also see Barrett, 2009.) The inconsistency between careful analyses of technological readi-
ness and the claims of IPCC WG Il is traceable to a number of factors. One is the crucial issue
of how scalable they are. A pilot plant operation may not be a good indicator of scalability.
Another factor is some technologies that are deemed ready, such as nuclear electric and
post-combustion CCS, face long ramp up times - and cost is a nagging concern as well. In still
others, such as wind and solar, scalability awaits “enabling” technologies such as grid integra-
tion and storage. In short, there is a large gap between current readiness and deployability
on the scale required for substantial reductions in global emissions. That “gap” has important
implications for attempts to quickly push down global carbon emissions in the absence of the
ready-to-deploy, scalable technologies (what we term “brute force” mitigation)

A “thought experiment” helps to illustrate. Suppose the emission reduction target is a 80%
reduction in global emission from current levels by 2100. To reach the 2100 t