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Abstract
There is a wide-spread perception that stringent measures to control CO2 emissions will
entail very high or even unaffordable costs to the society, and possibly, in the words of
former president Bush, threaten the "American way of life." The manner in which estimates
of the costs of reducing the emissions of CO2 are presented have generally contributed to
this belief.

Presented in another way, a completely different picture emerges. There is almost complete
consensus among long-term energy modellers that it is possible to reduce the emissions of
CO2 significantly below the present level, while at the same time increasing GDP per capita
severalfold over the next century. The difference in the average annual growth rate between
a case with unconstrained use of fossil fuels, and a severely restricted fossil fuels scenario
would at most amount to a few hundredths of a percent in the long run! Some even argue
that the long-term objective to significantly reduce global CO2 emissions could be obtained
at zero costs to the society.

This paper reviews several studies of the costs of reducing the CO2 emissions. It focuses
on how technological development has been dealt with in the models. Generally, the price
and performance of alternative technologies have been assumed to be exogenous, whereas
they will depend significantly on the extent to which these technologies are employed.
However, some studies do model technological change endogenously, e.g., by expressing
costs as a declining function of accumulated investments in the technology. Four such
studies are reviewed .The main policy implication is that policy makers need to create
markets for these technologies in order to avoid "lock-out" of potentially superior
technologies and to enable learning-by-doing, which will bring costs down.

Technological development is an important factor when assessing the cost-efficiency of
alternative emission reduction paths leading to atmospheric stabilization of CO2
concentrations. It has been argued that deferring emission reductions is more cost-efficient.
The arguments upon which that conclusion is based are reviewed, and it is concluded that
atmospheric CO2 stabilization at safe levels requires early action. By exploiting the natural
turnover of the existing capital stock and all "no-regrets" options, as well as by assuring
growing markets for renewables, we send the necessary signals to the financial markets
that gradually sharpened reductions are to be expected over the coming decades.

The paper also stresses the short-run potential for cost-free reductions by more properly
taking into account other environmental problems related to the use of fossil fuels.
However, in the long-run, it is argued that technical change may reduce these problems so
much that large cuts in fossil CO2 emissions can not be justified on these grounds.
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frtca@fy.chalmers.se. I thank Robert Ayres, Bjorn Andersson and Niclas Mattsson for critical reading of the
manuscript. The author is, of course, the sole responsible for any remaining errors. Financial support from the
Center for the Management of Environmental Resources (CMER) at INSEAD, Fontainebleau, France, and the
Swedish Council for Planning and Coordination of Research is gratefully acknowledged.
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Models reviewed

Authors	 Model name or abbreviation used in this paper,
Edmonds & Reilly [1985]	 ERB
Edmonds et al [1992]	 SGM
Grubb et al [1995], Chapuis et al [1995]	 DIAM
Goulder [1995]	 Goulder model
Johansson et al [1993b]	 RIGES
Jorgenson & Wilcoxen [1993] 	 DGEM
Lazarus [1993]	 FFES
Manne & Richels [1992]	 Global 2100
Marne et al [1995]	 MERGE
Mattsson & Wene [1996]	 GENIE
Messner [1995]	 MESSAGE
Nordhaus [1994]	 DICE
OECD [Burniaux et al, 1992a] 	 GREEN
Peck & Teisberg [1993]	 CE1A
Rutherford [1993]	 CRTM
Whalley & Wigle [1991]	 WW

Glossary

AEEI	 Autonomous Energy Efficiency Improvements
BaU	 Business as Asual
CGE	 Computable General Equilibrium models
CFC	 Chlorofluorocarbons
ESUB	 Elasticity of substitution
GHG	 Greenhouse Gases
IPCC	 Intergovernmental Panel on Climate Change
Gton	 Gigaton (Billions of ton)
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1. Introduction

Carbon dioxide, methane, nitrous oxide and several other gases have the property to absorb
long-wave heat radiation that is emitted by the earth. This means that their presence in the
atmosphere alters the radiative balance of the earth. In their absence, the world would be a
much colder place. At present, human activities such as the combustion of fossil fuels and
deforestation, give rise to increasing emissions of these so called greenhouse gases
(GHG). The atmospheric concentration of CO2 is around 30% higher than its pre-industrial
level, for methane the corresponding value is more than 140 % higher and for nitrous
oxide, it is approximately 15% higher. Further, the concentrations of all these gases are
increasing.

This means that anthropogenic emissions of various greenhouse gases enhance the natural
greenhouse effect. There is no uncertainty about this fact. A century ago, Arrhenius [1896]
and others with him, pointed out that higher concentrations of CO2 would alter the radiative
balance of the earth. Arrhenius even estimated the expected temperature change from a
doubling of the pre-industrial concentrations (and found it to be around 6°C).

Scientists attempt to predict how various climate variables will be affected by increasing
levels of greenhouse gases in the atmosphere. At present, there is wide agreement that the
uncertainty range for the equilibrium temperature change related to a doubling of the CO2-
equivalent is 1.5-4.5°C [IPCC, 1990, 1996a]. However, note that this range is rather
wide: an average global temperature of 3°C colder than at present is approximately half
ways to an ice age.

More uncertainty surrounds regional impacts, such as local temperature changes,
precipitation, soil moisture, windiness, and ecological impacts of these changes, e.g.,
impacts on biodiversity and the possible spread of tropical diseases.

The expected climatic changes have caused a lot of concern and at present there is strong
pressure to reduce the emission of greenhouse gases. The debate centers on CO2, since it is
the most important greenhouse gas. CFCs are already being phased out (at no great cost)
for other environmental reasons, and the atmospheric concentrations of these gases are no
longer increasing. Further, the depletion of the ozone layer associated with the CFCs has
been shown to partly offset the enhanced radiative forcing from the CFCs themselves
[Ramaswamy et al, 1992]. The two other important greenhouse gases CH4 and N20 are
more difficult to control and their radiative impact is likely to be small compared to that of
an unconstrained use of fossil fuels. However, this does not mean that they are
unimportant. If we manage to stabilize atmospheric CO2 concentrations at 350 ppmv, then
the radiative forcing of CH4 and N20 may exceed that of CO2, possibly even if the also
these emissions are constrained. Thus, any policy to reach lower stabilization target must
simultaneously consider other greenhouse gases, in particular CH4 and N20.

The dominant source of CO2 emissions is the combustion of fossil fuels. At present
deforestation represent an important 30% but it will be of minor importance if the
combustion of fossil fuels increase as most long-term energy models suggest and if
measures to reduce the destruction of tropical rain forests are fully implemented. The IPCC
IS 92 scenarios, for instance, project that the accumulated emissions of CO2 from fossil
fuels over the next century will reach 700-2000 Gton C (depending on the scenario)
whereas emissions from deforestation will amount to 30-90 Gton C [Leggett et al, 1992].

Hence, if we are going to avoid significant climatic changes, we will have to put stringent
measures on the CO2 emissions from the energy sector. For instance, if we want to
stabilize the atmospheric concentrations of CO2 at the present level, it would be possible to
emit 290-430 Gton C over the period 1990-2100. On an annual basis this means a
reduction by around 50% from the present level. From the year 2100 and onwards, almost
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no emissions at all would be possible.

The demands to reduce the emissions of CO2 have inspired several economists to study the
economic costs of achieving this goal. Important references here include [Edmonds &
Reilly, 1985], [Whalley & Wigle, 1991], [Burniaux et al 1992a], [Edmonds et al, 1992],
[Manne & Richels, 1992], [Wilcoxen & Jorgenson, 1993] and [Goulder 1995]. All these
studies project future energy demand by extrapolating past trends in highly aggregated
parameters and lack a detailed description of end-use technologies. Such studies are often
labelled as top-down models. There is also a large literature taking its departure from a
detailed analysis of various end-use technologies and obtain total energy demand by
aggregating from the bottom. Consequently, these studies are often referred to as bottom-
up studies. Influential work along these lines includes, e.g., Lovins & Lovins [1981],
Goldemberg et al [1987] and Krause et al [1993].

There are already several surveys of cost-reduction studies, e.g., Boero et al [1991],
Nordhaus [1991], Cline [1992], Beaver [1993], Dean & Holler [1993], Gaskins & Weyant
[1993], Grubb et al [1993], Wilson & Swisher [1993], Kydes et al [1995], Zhang &
Folmer [1995] and IPCCs major review of mitigation cost studies [Hourcade et al 1996].

Cline [1992] contains a careful description of nine global and regional macroeconomic
models, and a careful description of the results obtained by several bottom-up (or
engineering studies) as well as estimates about the costs of carbon sequestering via
afforestation. The estimates from these studies are synthesized into a single cost formula
for the reduction of CO2 (given as a function of time and the magnitude of reduction).
Nordhaus also synthesizes his survey into a cost-abatement function [see Nordhaus 1994].
Beaver [1993] makes a structural analysis of the models in the Energy Modeling Forum-
12, whereas Wilson & Swisher [1993] contains an exploration into the debate about the
different results obtained by top-down and bottom-up modellers. Zhang & Folmer [1995]
provide a classification and a discussion of the pros and cons of various approaches to
modeling the costs of reducing CO2 emissions. A similar study, albeit confined to long-
term energy models, is given by Kydes et al [1995]. Grubb et al [1993] and Hourcade et al
[1996] thoroughly summarize the literature of cost-abatement studies.

A major effort has also been carried out by the Energy Modeling Forum 12 (EMF 12) and
the OECD to compare different models. Various modellers were asked to standardize
assumptions about future population growth, GDP growth etc. so as to facilitate
comparisons between the different models. OECD reviewed six major models that focused
on global costs, whereas EMF included 13 models, assessing cost on either a global or a
regional level. Standardized assumptions generally tend to reduce the divergence between
the different modeling results. The results from the EMF and OECD exercises are presented
in Gaskins & Weyant [1994] and OECD [1993], respectively, with summaries in Gaskins
& Weyant [1993] and Dean & Holler [1993], respectively.

In this survey, I focus on issues related to technological change. One of the most important
aspects determining the costs of reducing the emissions is the development of alternative
supply and end-use technologies. In the real world, technological development and social
development interact. Technological development is a result of social pressure, research
and "learning-by-doing" (as stressed by Arrow [1962]). Technological changes, in turn,
play an important role in affecting social development. In the case of energy technologies,
the concern about the greenhouse effect, and other environmental problems related to fossil
fuels, have already increased R&D on renewable energy technologies. These efforts will
obviously reduce the costs of such technologies. Thus, the price, performance and quality
of such technologies, will be a function of the effort, or even the social commitment, to
reduce the emissions, i.e., the cost of alternative technologies is endogenous to how we
choose to deal with climate change.
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However, in most of the major models dealing with the cost of reducing CO2 emissions,
the costs of alternative technologies are assumed exogenously given. This assumption is of
particular importance for the newly inflamed debate on timing, i.e., given a particular
emission budget, how we should allocate the emissions over time. Wigley et al [1996]
argue that it might be more cost-efficient to postpone emission reduction into the future,
partly because alternative energy technologies would become cheaper over time. Richels et
al [1996] support this argument using four different models. This does not mean that the
authors suggest a wait and see policy. Instead, they argue for increased research on
alternative technologies. However, their modelling results hinge partially on an assumed
exogenous development of alternative renewable technologies. It is unlikely that such a
development will take place in the absence of actual and increasing market shares for these
technologies, see e.g., Grubb [1996].

A more proper understanding of the dynamics of technological change is important for
resolving the issue of timing. I review some models that provide important insights as
regards the dynamics of the energy system. These papers include work by e.g., Anderson
& Bird [1992], Williams & Terzian [1993], Messner [1995], Grubb et al [1995], and
Mattsson & Wene [1996].

The paper is structured as follows. In the next section (2), I discuss possible interpretations
of the aggregate cost estimates and argue that the way the results are presented is partly
responsible for the wide-spread misperception that a transition to a renewable energy
system will require severe cuts in our present material standard of living. Section 3 contains
a taxonomy of long-term studies of our future energy system. In section 4, I discuss how
these models have generated scenarios for the future energy system, and in particular
aggregated energy demand and resulting CO2 emissions. In section 5, I discuss the
assumptions about technological development that has been made in these studies, and in
particular the costs of renewable energy supply and energy-efficient end-use technologies.
Generally, technological development has been assumed exogenous to the efforts involved
in reducing the emissions. However, some models, as mentioned above, have tried to
endogenise technological change in the energy sector, and these attempts are reviewed in
section 6. The issue of endogenise technological change is especially important for the
debate about the time path of the emissions. This debate is reviewed in section 7. Section 8
contains some conclusions and suggestions for future research.
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2. Does it really cost so much to reduce CO2 emissions?

Modeling exercises aimed at predicting the costs of reducing the emissions of CO2 over the
next century are uncertain. First, one would have to estimate how the emissions of CO2
would increase over time in the absence of any measures aiming at reducing them, i.e., one
would need to know the "business-as-usual" emissions. Secondly, we would need to
estimate how the economy would respond to cuts in carbon emissions. In order to do that,
we need to be able to predict the structure of our future economies, the cost of alternative
energy technologies, etc. It is hardly surprising that substantial differences exist between
the various cost-estimates.

Obviously, all modellers are aware of that projections over the next 100 years or so are
extremely difficult and inherently uncertain. So, the central issue is how the model results
should be interpreted and what insights we can derived from them. Manne & Richels
[1994] write that the estimates of the costs of reducing the emissions of CO2 have "spanned
so wide a range that they have provided limited guidance to policy-makers."

Estimates of the costs of reducing the emissions of CO2 are generally presented in terms of
annual GDP losses, or as the present value of all future losses associated with a given
carbon constraint. The estimates in terms of annual GDP losses are generally below 5% of
projected GDP even for rather high reductions rates, and the present value costs often count
in trillions of USD. Presented in this way, these estimates tend to create the impression that
we have to make cuts in our material standard of living in order to reduce the emissions. To
some, the cost-estimates are perceived as unaffordable.

But presented in another way, a significantly different picture emerges. There is almost
complete consensus2 amongst energy modellers that stringent carbon controls are
compatible with a significant increase in per capita incomes both in the non-industrialized
and the industrialized countries of the world.

In the OECD-comparison of six major global models, the per capita income in the world is
5.4 times higher than at present [OECD, 1993, p 145], and the annual cost to freeze the
global emissions at around 4 Gton C/yr (66% of the present level) is around 1-2% of
baseline GDP by the year 2050 and 5% by the year 2100 (Dean & Holler [1993, fig 3]).
This implies that we can manage the greenhouse effect while we at the same time become
5.1 times richer on a per capita basis. The average difference in per capita growth rates is
0.046%/year. This difference is far less than the annual fluctuations. It is so small that it
will not be possible even in retrospect to determine whether we actually experienced a cost
or not.3

The difference between a case with an unconstrained use of fossil fuels, and a case with
strong restrictions on the use of fossil fuels would amount to a difference in per capita
growth rates of the order of a few hundredths of a percent. In other words, if the potential
growth rate in the society is 2.5%/year, and carbon constraints reduce GDP in the year
2100 by five percent, than any level of GDP (in the "no-constraints" case) will just be

2One exception here is Trainer [1996] who argues that the costs of renewable energy sources will be an order of
magnitude higher than most analysts seem to believe, and that this cost will be so high that it effectively impedes
future growth.
3These results are representative for most top-down models. Bottom-up models generally find lower or even zero
costs. However, from the perspective presented above, one could say that both top-down and bottom-up models yield
very similar estimates: neither of the approaches yields costs that over the long run could be distinguished from the
general noise in the global economy.
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postponed by a couple of years.4 Observations along these lines have also been made by
Schelling [1992], Schneider [1992], Andersson & Bird [1992] and Grubb et al [1993].

So, in what sense will this information be useful for policy makers? In order to answer this
question, it is important to remember the context in which these modeling exercises are
carried out. Environmental problems in general are more and more being recognized as one
of the most important challenges for the next century. And the use of fossil fuels stand out
as one of the most critical problems. We are not only talking about CO2 emissions; other
problems such as acid rain, local air pollution, metal emissions, other greenhouse gases
etc. are also closely linked to the use of fossil fuels.

There is mounting pressure to take action to reduce emissions, but the speed in action is
still fairly low. One of the reasons for this, is the opposition from some politicians and
representatives from some business sectors that cry out loud when measures to reduce CO2
emissions are being discussed. Equally, or maybe even more important, is that there is a
genuine public concern that such measures will reduce the material standard of living (in
absolute terms), might force people into unemployment, or in the words of Bush during the
UNCED meeting in Rio de Janeiro: "threaten the American way of life."

Also William Nordhaus has contributed to this misperception. According to him "a vague
premonition of some potential disaster is insufficient grounds to plunge the world into
depression" [Nordhaus, 1990].

Thus, although actual numbers are uncertain, I would like to reverse Manne & Richels
argument. The modelling results are extremely pertinent to policy since they effectively
discard the wide spread impression that carbon constraints would require actual welfare
losses from the present level. instead, the models clearly say that such constraints are
compatible with a significantly increased material standard of living and they do not
threaten to plunge the world into depression, and they do nat threaten the 'American way
of life." This way of presenting modeling result deserves widespread attention since it
would increase acceptance towards carbon mitigating policies.

Finally, the impressive long-run growth rates in all the models are obviously extrapolations
from past trends. The high GDP per capita levels implied in the end of next century could
of course be questioned: partly because of the worsening environmental situation and
additional resource constraints imposed by a global population consuming several times as
much as we do at present. However, this does not change the fundamental conclusion
above: a transition to renewable energy sources will only marginally affect societal
development paths, be they high growth or zero growth.

2.1 Implications for modelling and policy making

All this does not by itself mean that we should immediately engage in strong emissions
reduction programs, nor does it mean that it is easy to do so. After all, a few hundredths of
percent in economic growth rates will eventually amount to trillions of dollars and it is often
argued that this money could be used for more pressing needs, e.g., poverty mitigation,
vaccination, education and clean water programs in developing countries (see e.g.,
Nordhaus [1993a], Schelling [1992] and others). Obviously, these things are pressing and
important. But so far, we have no idea of how emission restrictions would affect these
important issues. The models employed to estimate total costs of reducing CO2 emissions

40nly a high rate of impatience on behalf of the society could reasonably justify that this is not a price worth paying
in order to avoid the enhanced greenhouse effect. Interestingly, impatience expressed as the utility discount rate or the
pure rate of time preference, turns out to be crucial also for the outcome of any cost-benefit analysis of climate
change (see Cline [1992] and Azar & Sterner [1996]).
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are simply too aggregated to be able to say anything about the impacts on basic human
needs in developing countries.

How, then, should policy makers proceed? And what relevant insights may modelers bring
to the negotiating tables? I think that there are three sets of fundamental issues that need to
be resolved.

The first deals with short-run and/or transitory issues. These include questions about
carbon leakage, coordination between countries, adjustment costs, how taxes will affect
employment, investments and inflation. These issues are all very important and further
modeling is needed in order to fmd smooth ways of dealing with these short-run impacts
on the economy. If, for instance, a program aiming to cut carbon emissions can be
constructed so that also employment increases, then the costs of the carbon reductions may
be partly or completely offset, or even reversed. Finding smart strategies to deal with short-
term costs and ways to facilitate burden sharing, is also important from a political
perspective. If the carbon constraints turn out to be costly for a majority of the population,
policy makers may have a difficulty in getting reelected. And the risk of being voted out of
office may turn out to be an effective impediment against taking action. On the other hand,
this issue should not be overstated: being "green" may also be a way of capturing votes, in
the same sense as being "green" on the market may increase your competitiveness against
other companies.

The second issue deals with technological change. If the long-run costs of significantly
reducing the emissions of CO2 are going to be as small as the models suggest, then we
need (to develop) low-cost "back stop" supply technologies and highly efficient end-use
technologies. But which policies and incentives will create a political economic setting
which enhances this technological development? Much focus need to be put on
understanding technological development in this context.

The third issue deals with policy making in the greenhouse. Above, I have argued that the
costs of reducing the emissions will only amount to noise in the global economy. The same
argument could be made as regards the estimates of the benefits of reducing the emissions
of CO2. Although very uncertain these benefits are typically estimated to lie around 1.5%
of global output for a temperature increase of 2.5°C, and possibly 6% for a temperature
increase of 5°C (if damage is assumed to be quadratic in temperature change and no global
catastrophic impacts are assumed to occur), see Ayres & Walter [1991], Cline [1992],
Nordhaus [1994], Fankhauser [1995] and Tol [1995].

However, many of the estimates of the costs of climatic changes are blind to the very
impacts that cause concern (see Azar [1996] for a detailed discussion). Lind [1995] points
out that "the typical way in which the cost-benefit problem is posed obscures the basic
choices we should be evaluating." It is not consumption at the margin by already rich
people that causes concern. Rather, it is basic human needs that lie at the heart of the debate
about the greenhouse effect I believe that the next important challenge for long-term energy
modellers will be to evaluate how a strategy aiming at reducing the emissions of CO2 could
be compatible with a more rapid satisfaction of basic human needs in developing countries.

In this paper, I focus on the second issue. The primary purpose of the paper is to review
the models that have explicitly attempted to model technological change and where this
literature seem to develop. However, before doing so, it is helpful to review the most
influential models of the costs of reducing CO2 and how these models have dealt with
technology: both as regards the development of renewable energy technologies and which
choices that have been made for the most important technology parameters.
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3. A taxonomy of models of the cost of reducing CO2 emissions

What energy future lies ahead? There are two fundamentally different ways of painting the
future. The first approach "projects" the future by extrapolating past trends. Such models
can be employed to estimate the costs of deviating from the projected future, e.g., to
estimate the costs of reducing the emissions of CO2. However, it can be argued that the
projective approach does not project the future since the uncertainty about some key
parameters are so large that almost any energy future could be "projected." Thus, Edmonds
et al [1992] write that the "purpose of a formal model is to provide a consistent,
reproducible framework in which to examine possible scenarios." However, since much
effort is generally put into estimating "correct" values for critical parameters, e.g., the
autonomous energy efficiency parameter, the base case projection is generally perceived as
an actual forecast of the future, and by consequence, any deviation from that would entail
costs.

The other approach could be called normative. Here, an ideal future is described and
different ways of reaching the goal are discussed. Obviously, this technique does not
project the future. Even if it is shown that the painted scenario is technically and
economically feasible, the painted scenario may just be one out of many possible futures
and the challenge to policy makers is then to implement policies that will take us to the most
attractive one. The future is generally recognized as inherently uncertain — and more
importantly — a matter of choice. This approach to the long-term decision making is
generally referred to as "backcasting" [Robinson, 1982].

Hereafter, I focus mainly on the projective approach, but results from some normative
scenarios are also reported. Models aiming to estimate the costs of reducing the CO2
emissions are dominated by the projective approach. First, the energy future in the absence
of measures to control CO2 emissions are projected, and then the cost of deviating from
this projection is estimated.

There are several different models aiming at both projecting the future and estimating the
costs of deviating from it but there is no unique way of classifying models of the costs of
reducing the emissions. Grubb et al [1993] provide a classification of these models along
six dimensions: (i) top-down vs. bottom-up; (ii) short-term transitional vs. long-term
equilibrium; (iii) energy vs. general economy; (iv) optimization vs. simulation; (v) level of
aggregation and finally (vi) geographical coverage, trade and "leakage". In this paper, I
consider long-term models of the following types:

* Computable General Equilibrium (CGE) models

* Aggregate optimization models

* Partial equilibrium energy sector models

* Bottom-up analyses

Models related to the first three types have recently been reviewed by Kydes et al [1995].

3.1 Computable General Equilibrium models

Computable General equilibrium (CGE) models are based on microeconomic theory. Firms
minimize costs and individuals maximize utility, and , prices equilibrate demand and supply.
These models contain both energy and non-energy sectors, and are often very
desegregated: the model by Jorgenson & Wilcoxen [1993], for instance contains 35
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industrial sectors in the US. Trade between different countries may also be carefully
represented. Given the detailed representation of the economy, CGE models often tend to
loose on detail when it comes to energy technology. In general, it seems that an increased
level of detail with respect to some aspect implies less detailed description of other aspects.

CGE models are more appropriate for long-term analyses than for short-term analyses,
since the assumption about the economy being in equilibrium and with optimal allocation of
factors excludes, at least to some extent, adjustment costs (although this could be corrected
for by making capital less mobile in the short run, as is done in e.g., Goulder [1995]).

Long-run CGE models of the costs of reducing CO2 emissions include the Dynamic
General Equilibrium model (DGEM) by Jorgenson and Wilcoxen [1993], the General
Environmental model (GREEN) by the OECD [Buniiaux et al, 1992a], the Goulder-model
[Goulder 1993, 1995], the Pacific Northwest Laboratories Second Generation Model
[Edmonds et al 1992] and Whalley & Wigle [1991, 1993]. All these models focus on the
US except for the model by Whalley & Wigle and the GREEN model which also estimate
global costs.

3.2 Aggregate optimization models

Aggregate optimization models often contain a more detailed representation of the energy
sector combined with a highly aggregated description of the general economy, most often a
macroeconomic production function (of capital, labor and energy) producing one single
output. Optimization is carried out by maximizing (discounted) intertemporal utility of
consumption.

A prominent example of an aggregate optimization models is Global 2100 developed by
Marine & Richels [Marine & Richels, 1992]. It is a global model with a time horizon
extending to the year 2100. The world is divided into five regions, and except for trade in
crude oil, all regions are treated independently. 5 In each region, a dynamic non-linear
optimization model called ETA-Macro is employed. ETA is an Energy Technology
Assessment model which is a relatively energy technology detailed linear programming
model minimizing energy costs, while Macro is a macroeconomic production function, in
which energy enters as a factor of production. Energy use is determined by the interaction
between ETA and Macro, and the so-called autonomous energy efficiency improvement
parameter (described later on).

Global 2100 forms the basis for several other models, e.g., the Carbon Emission
Trajectory Assessment (CETA) developed by Peck & Teisberg [1993] and the Carbon
Rights Trade Model (CRTM) developed by Rutherford [1993]. Together with Mendelsohn,
Mamie and Richels have also developed Global 2100 into MERGE [Mamie et al, 1996] a
full general equilibrium model. The MERGE model also includes a damage function related
to climate change based on the assumptions in Nordhaus's DICE model [Nordhaus [1994]
so that the model can be used in a cost-benefit framework to estimate optimal emission
abatement.

3.3 Partial equilibrium energy sector models

One of the most influential partial equilibrium models focusing on the energy sector is
probably the Edmonds-Reilly-Barns (ERB) model developed in the early eighties
[Edmonds & Reilly, 1985; Edmonds, et al 1986]. It is a global model that divides the
world into nine regions. Energy demand is determined by three exogenously specified

51n later versions of the model the possibility of trade in carbon rights has been incorporated [Manne, 1993].
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inputs: GDP, exogenous end-use energy efficiency improvements, energy prices (taking
into account taxes, subsidies, and tariffs). Base GDP is calculated as the product of labor
force and labor productivity. The major strength of the model is a rather detailed description
of the energy system, which optimizes the supply of energy to meet the given demand. The
impact of changing energy prices on GDP is expressed by a GDP feedback elasticity,
which may differ from region to region.

3.4 Bottom-up analysis

The models discussed above are often referred to as top-down models since the energy
demand in the economy is projected using highly aggregated macroeconomic parameters.
Instead, the approach generally taken by bottom-up modellers is to specifically analyze
where, how and for what purpose the energy is used in the economy. Total energy demand
can then be obtained as a sum of the energy demand in each sector. Krause et al [1993, ch
11.5] provide a thorough step-by-step description of this way of estimating societal energy
demand. Emphasis is put on the potential to increase the energy efficiency in the conversion
of physical energy sources (e.g., fuels) to the demanded energy services. The bottom-up
approach minimizes the total costs associated with the satisfaction of the identified demand
for various energy services, and it is sometimes also referred to as least-cost energy
planning.

Generally, bottom-up analysts tend to find much larger potential for cost-free or even
negative cost options for reducing the emissions of CO2. Prominent work along these lines
include studies by Lovins & Lovins [1981], Goldemberg et al [1987] and Krause et al
[1992, 1993]. Lovins & Lovins [1981, p 433] argue that increased energy efficiency could
"support present or greatly expanded world-wide economic activity while stabilizing
climate and saving money". In order to explain why these "free lunches" are not being
enjoyed, bottom-up analysts (and others with them) put an emphasis on various market
barriers to energy efficiency and "lock-in" or "lock-out" phenomena [Krause et al, 1993, ch
11.4; Howarth & Andersson, 1993; Ayres, 1994]. The main policy implication that can be
drawn from these studies is that there are large opportunities for cost-free CO2 reductions,
but these will not be captured unless specific policies are directed to ensure this outcome.

Bottom-up studies have been criticized for not properly having taken into account that (i)
increased GDP level will cause new demands, (ii) when energy costs go down as a result
of increased energy efficiency, people may increase their level of use (the so-called rebound
effect), (iii) there may be 'hidden costs' that are not revealed when analysing the markets
for energy efficiency (e.g., information costs), and (iv) the alternative technology may not
be a perfect substitute.
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4. Business-as-usual projections and normative energy scenarios

In order to determine the cost of limiting the emissions of CO2 to a particular level, we need
to know the emission rates in the absence of any measures to control emissions, i.e., what
is sometimes called the business-as-usual projection or the baseline emissions.

Historically, most long-term energy projections focused on energy per se. However,
several studies also examined possible future CO2 emission trajectories more closely. Early
attempts here include, e.g., IIASA [1981], Lovins et al [1981], and Nordhaus & Yohe
[1983] to mention but a few. Keepin [1986] provides a critical review of these and other
early studies. The growing awareness of the greenhouse effect as an important
environmental problem, inspired a significantly increased interest in long-term CO2
projections. Such projections have been used or developed in three different contexts: (i)
studies aiming at estimating the cost of reducing CO2 emissions from a business as usual,
(ii) cost-benefit analyses of climate change (e.g., Cline [1992] and Nordhaus [1994]) and
(iii) pure scenario exercises (e.g., IPCC [1992]).

The top-down modelling approach to future CO 2 emissions is reviewed in sections 4.1-4.2
and the baseline emissions from some global cost-abatement studies are presented. In
Section 4.3, I present the main features of some scenarios, that were not developed in order
to estimate the cost of CO2 reductions, and the baseline emissions in two cost-benefit
analyses. In section 4.4, I discuss back-casting, which is an alternative approach to
unveiling the future, and illustrate this point with some bottom-up scenarios. Finally, I
discuss the importance of making materials-consistent energy scenarios and projections.
Environmental problems and a general scarcity of physical resources are expected to
accentuate over the next century, and this will force structural changes in our economies.
This must also be considered when paintings of the future are drawn.

4.1 Structural features

The following framework for discussing long-term energy and CO 2 projections is useful:

CO2 = P * (GGP/P) * (E/GGP) * (CO2/E)	 (1)

where E is energy use, P is global population and GGP is gross global production (i.e.,
"global" GDP). Here, only P is relatively certain over the next century. Most estimates
point to that we will reach around 10-11 billion people some time between 2050 and 2100.
Hopefully, stabilization will be achieved after that. If birth rates would drop immediately to
two children per woman, global population would still reach around 8 billion by the next
century.

Global GDP is the main driving force behind the increased emissions, but its value over the
next century is much more uncertain. Most modellers have essentially extrapolated past
long-term growth rates, combined with some levelling off over the next century. Both the
EMF-12 and OECD modeling projects have standardized growth rates so as to facilitate
comparisons across models. Global growth rates initially lie at around 3%/year and then
drop over time to approximately 2%/year over the latter half of the next century [OECD,
1993, p 145]. This implies that we, as a global average, would get five times richer on a
per capita basis by the end of next century and the total output would increase by a factor of
ten. Assuming that both the energy per output ratio and the CO2 emissions per energy use
remain constant, Eq (1) obviously yields that emissions will ten-fold, from the present level
of around 6 Gton C/year to 60 Gton C/year.

Until 1973 the energy to GDP ratio was generally considered to be constant, but since the
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oil crises in the seventies, a decoupling of energy and output has started to operate. There
seems to be broad consensus that the large differences various modellers obtain when
modeling future CO2 emissions can be attributed to the choice of parameter values
describing this decoupling process.

In macroeconomic models, this decoupling process is mainly described by the following
two parameters:

* the Autonomous Energy Efficiency Improvement (AEEI)

* the Elasticity of substitution (ESUB).

Other factors include the income elasticity of demand for energy and how primary energy
intensive new energy technologies are (e.g., switching to coal based synthetic fuels would
increase primary energy demands).

The AEEI-parameter is assumed to capture all non-price induced changes in gross energy
intensity. Grubb et al [1993] stress that this parameter has been "badly misnamed" since it
is not simply a measure of technical progress. It is also assumed to include structural
changes and policy driven uptake of more energy efficient technologies (due to regulatory,
not price-induced, incentives) [Grubb et al, 1993]. Several authors have, nevertheless,
focussed on the technical improvements alone. Manne & Richels [1992, p 164] limit AEEI
so that it cannot be higher than the growth rate in the economy, and Nordhaus [1994, 66-
70] links changes in the value of the overall carbon-to-GDP ratio to changes in the overall
productivity growth in the economy. This link between changes in productivity and the
AEEI effectively constrain the role of structural changes that reduce the energy intensity of
the economy.

Reductions in energy use due to price increases are assumed to be captured by the ESUB
parameter.6 ESUB is a measure of how the economy responds to price changes on energy:
the higher its value the more easily can the economy substitute capital and labor for energy.
When energy costs are small compared to GDP, then ESUB approximates the absolute
value of the price elasticity of demand for energy.

Now, depending on the value assumed for each of these parameter, significantly different
emission projections are obtained. Most studies put AEEI in the range 0-1%/year, and
accumulated over 100 years, this seemingly small difference turns out to make a big
difference (the 1%/year case would yield an energy demand at around 37% of the zero
case). Whalley & Wigle use zero percent, and given their GDP level of about ten times the
present level, they project emissions to reach 65 Gton C/year in the year 2100. The same
assumption about future GDP levels, assuming no price-induced substitution away from
energy or fossil fuels, and putting AEEI=0.5%/year, would yield emission at around 40
Gton C/year. This is approximately the same value that Manne & Richels using Global
2100, Edmonds, Reilly & Barns using the ERB-model and Rutherford using the CRTM-
model obtain (when using this value for the AEEI) [see Dean & Holler, 1993]. Using
AEEI=1%/year would yield 24 Gton C/year, and this is essentially the value obtained in
Global 2100 and in the Edmonds-Reilly-Barns model (when using AEEI = 1%/year).

However, this strong correlation between emissions and the AEEI is partly coincidental. If
we look at GREEN, we find CO2-emissions in the year 2050 as high as 19 Gton C/yr
despite the fact that AEEI is put to 1%/year. Their estimate is higher than Manne & Richels

6Formally, the elasticity of substitution (ESUB) between two factors, say E and K, is given by a[log(FJK)]/a[fefE),
where f is the production function and lower subscript indicate partial derivatives. Assuming profit maximisation,
i.e., fK/fE =pK/pE, where pj is the price with respect to factor j, we see that ESUB gives the change in the relative
input of energy to capital as a function of the change in relative prices.
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standard case and Edmonds-Reilly-Barns model with 0.5%/year. One reason for this is that
GREEN maintains the present distorted structure of energy prices. If energy subsidies are
removed from the former Soviet Union, China and the rest of the world, then emissions in
the business-as-usual projection would go down to 15 Gton C/yr [Dean & Holler, 1993, p
29].

Mother reason is that we must also take into account how energy prices affect demand (via
the ESUB parameter) and how the carbon intensity of the energy supply changes (as a
function of relative prices between various energy forms). Most models (including
GREEN) assume rising energy prices over time, and this induces a substitution away from
energy towards other factors, i.e., the ESUB parameter adds to the reduction in energy
intensity already obtained by AEEL However, Dean & Holler [1993, table 5] report
decoupling rates of the global energy intensity for several models that lie much below their
assumed AEEL For instance, in Global 2100, AEEI = 0.5%/yr world wide in the period
2050-2100, but at the same time, energy intensity is not reduced at all. Similar observations
can be made for the ERB-model and the GREEN-modeL For the ERB model, this can be
explained by larger than unity income elasticities of demand for energy in developing
countries (J. Edmonds, personal communication, June 1996), but in Global 2100 unitary
income elasticities are assumed. Instead, the main factor explaining why the energy
intensity does not decrease as rapidly as one might first expect in Global 2100 is that there
is heavy dependence on coal-based synthetic fuels beginning in the middle of the next
century. These fuels are considerably more primary energy intensive than the conventional
oil which they replace, since there are energy losses associated with the conversion of the
coal to synthetic fuels (R. Richels, personal communication, September 1996).

Finally, as can be seen from the fourth factor in equation 1, CO2 emissions from the energy
system can also be reduced by decarbonising the energy supply, i.e., by interfossil fuels
substitution, or by switching from fossil carbon based fuels to CO2-neutral energy
technologies (which of course gives the highest degree of emission reduction). Switching
from coal and oil to methane reduces CO2-emissions since the energy content of methane
per atom of carbon is higher than that of oil which in turn is higher than that of coal. The
possibility of interfuel substitutability can either be captured by optimizing models which
seek to cost-minimize the energy supply or by using an aggregate energy bundle in which
various forms of energy can substitute for each other. The interfuel elasticity of substitution
parameter determines how easily this substitution can occur in a model.

4.2 Parametric values

Obviously, the AEEI and the ESUB are not physically measurable quantities. Rather, they
are aggregate measures that describe overall trends in the economy. In trying to obtain
values for AEEI and ESUB top-down modellers have studied past trends for GDP, energy
use and energy prices in order to establish possible values for these parameters
econometrically. However, it has turned out to be a rather difficult exercise and there is a
wide-spread recognition and unease in the modeling community that uncertain parameters
have such a tremendous impact on the projections. Manne & Richels [1994] write that it is
"disquieting that the results are sensitive to modest changes in factors that are inherently
uncertain."

4.2.1 Autonomous Energy Efficiency Improvement (AEEI)
As regards the AEEI, Dean & Holler [1993, p. 20] note that "there is relatively little
backing in the economic literature for specific values for the AEEI parameter" and conclude
(p. 27) that the "inability to tie down this parameter to a much narrower range than this is a
severe handicap in trying to predict the future emission path for CO2 with any precision, an
uncertainty which needs to be recognized." Wilson & Swisher [1993] write that "with a
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simple equation containing a small number of degrees of freedom and careful data selection
one can produce an experiment that justifies whatever AEEI one likes within very broad
ranges."

Secondly, it goes without saying that the future is not bound by past trends. Even if we
could agree on the correct value for the past, they will not be able to capture possible future
structural changes in the economy due to changing consumption patterns, saturation effects
etc. In the words of Wilson & Swisher [1993]: "The global petroleum economy has existed
for roughly thirty years. Thirty years of data are not sufficient for extrapolating trends 110
years into the future."

In Table 1 below, I portray the different values for AEEI various modellers have used
when forecasting long-run energy demand.

Table 1. Values for AEEI and ESUB
Model AEEI [%/yr] ESUB between Global CO2 Global CO2

energy and other emissions in the emissions in the
factors year 2050 year 2100

Global 2100 0.5a) 0.3-0.4b) 15 40
WW 0 0.7 not availabled) 65
ERB 1 not applicablee) 12 23
GREEN 1 0.6c) 19 not availabled)
a) Initially different values in different regions, but they all converge to 0.5%/year in the year 2050.
b) This higher value is for the OECD region, the lower for the rest of the world.
c) This value refers to the elasticity of substitution between energy and capital. This bundle is then nested
with labor using a Cobb Douglas function (which has a unitary elasticity of substitution).
d) The WW model does not contain any description of the dynamics between the present and the year 2100.
GREEN only runs to the year 2050.

e) ERB is a partial equilibrium model so the ESUB parameter is not applicable. Instead, energy demand as a
function of prices is given by an aggregate energy price elasticity. The mean ERB value for this parameter
is -0.645 [Edmonds et al, 1986, p 11 & 29]. Note that ESUB is approximately equal to the absolute value
of the price elasticity of demand for energy [Cline, 1992, p 157].

4.2.2 Elasticity of substitution (ESUB)
As regards the value for the elasticity of substitution between different inputs into the
production function, similar difficulties exist. Further, there is not one single elasticity of
substitution, but the estimates have to be made for each sector in the economy. An
important distinction must also be made between the short-run and the long-run elasticity
of substitution. Short-run values are generally about one tenth of their corresponding long-
run values [Dean & Holler, 1993, 17], reflecting that the "ease" of substitution between
different factors increases the longer the adjustment time is.

A further complication is that different models may model the production function
differently with different combinations of elasticities. For instance, most models (e.g., the
Global 2100 and the WW model) nest an aggregate capital and labour bundle with an
aggregate energy bundle, whereas the production function in GREEN first nests an
aggregate energy bundle with a capital/fixed factor bundle to produce a composite output
that is nested with labour. The relative merits of different ways of nesting various factors
are discussed further in Burniaux et al [1993, p 75] and Manne & Richels [1992, 130-
131]. Numerical values for the aggregate elasticity of substitution between different factors
are given in Table 1.

The baseline emissions are not as sensitive to changes in the ESUB parameter as they are to
changes in AEEI [Manne & Richels, 1994]. However, ESUB is a significant determinant
of the costs associated with a reduction of the CO2 emissions, and of the tax or price
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increase on carbon that is required to obtain this reduction. This is discussed further the
Section 5 below.

Finally, the way the elasticities are used imply that there is a symmetry in the response to
changes in energy prices: in the sense that if the price goes up and then comes down, the
final energy demand will be the same as before the price change. However, there are
several studies that challenge this view, since it has been observed that increasing energy
prices will induce increased energy efficiency which will remain even if the prices return to
their initial level [Grubb et al, 1995, p 420-421].

4.3 Main features from some scenarios and cost-benefit analyses

IPCC has developed six different scenarios (usually referred to as IPCC IS 92a-e) for the
global future use of energy [Leggett et al, 1992], and the main features of these scenarios
are shown in Table 2. The total decoupling of CO2 emissions from GDP growth due to
reduction in energy intensity and carbon intensity lie in the range 1.2-1.5%/yr in all
scenarios.

Recently IIASA and the World Energy Council (WEC) finished a major study called Global
Energy Perspectives to 2050 and beyond [IIASA/WEC, 1995]. An overview of their major
findings is given by Grubler et al [1996]. Three cases were considered, A which is referred
to as a high growth scenario, B the middle course, and C which is ecologically driven. The
results for each of the three cases are presented in Table 2.

Table 2. The IPCC and the IIASA/WEC scenariosa).
Scenario GDP

Growth
[%/year]

Energy
decoupling

[%/year]

Reduct. in
CO2/energy

[%/year]

Growth of
C-emissions

[%/year]

Emissions in
2100

[Gton C/yr]

Accumulated
emissions
1990-2100
[Gton C]c)

IPCC -
IS 92a 2.3 1 0.2 1.1 20 1400
IS 92b 2.3 1 0.2 1.1 19 1300
IS 92c 1.2 0.7 0.6 -0.1 4 700
IS 92d 2 0.8 0.7 0.5 10 900
IS 92e 3 1.1 0.2 1.7 35 2050
IS 92f 2.3 1 0.1 1.2 26 1700

IIASA/
WEC
Ab) 2.5 1 0.3-1.4 0.1-1.2 7-22 980-1720
B 2.1 0.8 0.6 0.7 14 1190

Cb) 2.2 1.5 0.9 -1 2 580-590
a)Note that all parameters are average values over the next century. The energy decoupling term consists
both of price induced (ESUB) and non-price induced (AEEI) processes. The reduction in C intensity in the
energy supply varies between the different scenarios, partly because of various assumptions about the fossil
fuels resource base (which also affects the energy decoupling parameter via the price mechanism) and the
price of alternative technologies.
b) Case A consists of three different scenarios with different assumptions about the attractiveness of fossil
fuels. Also Case C consists of different scenarios (two) but the energy use and the CO2-emissions are
approximately equal for these two cases.
c) The accumulated emissions only include emissions from fossil fuels. According to the IPCC scenarios,
emissions from deforestation would add another 30-90 Gton C.

The studies by IPCC and IIASA/WEC can also be compared with the corresponding values
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by Nordhaus [1994] and Cline [1992]. Analyzing the trend for global carbon intensity over
the past 60 years Nordhaus estimates this ratio to have declined by 1.25%/yr [Nordhaus,
1994, 66-70]. Further, he assumes this ratio to decline over time (at the same rate as the
Hicks-neutral exogenous productivity growth declines in the economy). The resulting
average value for the decoupling of carbon emissions and total output over the next century
is 0.5%/yr, and emissions in the business-as usual case reach 23 Gton C/yr by the year
2100.7

In Cline's baseline scenario global emissions reach 22 Gton C/yr in the year 2100 (and
continue to climb until 57 Gton C/yr in the year 2275), meanwhile global income by the
year 2100 reaches 8 times the present level (and 26 times in the year 2275) [Cline, 1992,
pp 288-289]. This correspond to an average decline in C intensity equal to 0.8%/yr over
the first 100 years (and 0.4%/yr over the whole time period). In addition to this, Cline also
takes into account the possibility of cost free carbon reductions (estimated at around 22% of
baseline emissions). Whether these opportunities should be included in the business as
usual trend or not might be one of the reasons for the diverging opinions between top-
down and bottom-up analysts about the scope for cost free emission reductions. If these
opportunities were included in the baseline scenario the C intensity would decline by 1%/yr
instead of 0.8%/yr over the next century and 0.5%/year instead of 0.4%/yr over the whole
analysis.

4.4 Normative scenarios and back-casting

The inherent difficulties involved in attempts to capture the future has also inspired a lot of
critique in the literature (see Keepin [1986] and references therein). One problem in
particular is that projections, which generally assume a high level of carbon emissions,
frame our way of thinking about the future. In particular we tend to assume the necessity of
using a lot of fossil fuels. Any departure from such a scenario would then almost
automatically entail high costs. This also frames our thinking about realistic goals for the
final stabilization level of CO2 in the atmosphere. Given that the projections almost
mechanistically paint the future as an extrapolation of past trends, very high CO2 emissions
seem necessary and we seem forced to conclude that ambitious goals such as stabilization
of the atmospheric concentration of CO2 at the present level are automatically ruled out as
unrealistic. Thus projections may have a powerful influence on which solutions policy
makers perceive as achievable.

In contrast to scenarios based on extrapolating past trends, several authors have proposed
the use of normative scenarios or so-called back-casting [Robinson, 1982a, 1982b; Ayres,
1993; Swahn et al, 1996]. The fundamental difference between forecasting and backcasting
is that back-casters paint a picture of the future and then discuss how we should act now in
order to reach it.

The purpose of this kind of scenario is not to say what will happen. Rather they have been
developed in order to show that a sustainable energy future is possible. The importance of
these models lies then in the fact that they widen our frame of imaginable futures and the
policy options that lie in front of us.

Scenarios based on this method include the Fossil Free Energy Scenario [Lazarus, 1993], a
study carried out by Stockholm Environment Institute (SEI) for Greenpeace, a scenario for
a sustainable use of energy by van Ettinger [1994], and the Renewables Intensive Global
Energy Scenario (RIGES) by Johansson et al [1993b]. In the GreenpeacelSEl study, CO2
emissions from fossil fuels fall from their present level by 52% by 2030 and 71% by 2075.

'In the DICE model, CFCs and CO2 are treated jointly. Hence, the above value also includes a small, around 10%,
contribution from CFCs that are expressed as C-emissions.
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In the year 2100 emissions from the energy sector are phased out and aggregate emissions
are kept below the total amount that can be emitted if we want to stabilize the emissions at
the present level (approximately 290-430 Gton C over the period 1990-2100). The energy
to GDP ratio falls with 2.5%/year until 2030, thereafter it declines at 0.5%/year. This
means that the increased demand for energy services are initially delivered by a much
higher rate of energy efficiency improvement, whereas over the latter part of the next
century new supply technologies (solar and wind energy) become to play a more and more
dominating role. The scenario is developed using both top-down macro economic models
and bottom-up analyses of technological options for efficient energy technologies.

van Ettinger's sustainable energy scenario has similar features although its terminal year is
2050. At that time energy related emissions of fossil fuels have dropped by fifty percent.
Both van Ettinger and Greenpeace assume standard levels of GDP and population growth
in both developing and developed countries. In both scenarios the use of nuclear power is
phased out by the year 2020.

A similar role is played by RIGES, developed by Johansson et al [19934 In their scenario
which also covers only the first half of the next century, emissions of CO2 are cut to 75
percent of their 1985 level, while the global economy grows by a factor of nine over the
same period. This reduction is obtained by both increased energy efficiency and a rapid
expansion of renewable energy, in particular biomass for fuels (around forty percent of the
supply in the year 2050) and intennittents for electricity (around one third of the supply in
the year 2050). Johansson et al argue that this transition to renewable energy could be
achieved at "no additional costs" (p. 1). However, the authors point out that this does not
mean that the scenario will "realize" by itself. On the contrary, policy interventions, e.g.,
the removal of barriers, would be needed to enable us to reach this goal. This means that
the RIGES should be seen as a scenario of what the future could be like, rather than as a
projection of what it will look like. Finally, this level of reduction would not stabilize
atmospheric concentrations at the present level, unless emissions are dropped substantially
over the second part of the next century.

The costs of fossil fuels does not change significantly in the RIGES scenario and the price
of renewable substitutes are assumed competitive with fossil fuels, so as an approximation,
I attribute the entire decoupling of energy demand from GDP growth to the AEEI
parameter. If so, we find an implicit value for AEEI to be 2.8%/year for fuels and
1.4%/year for electricity over the first half of the next century.

4.5 Energy and materials consistent scenarios

One fundamental problem associated with forecasts of future energy demand based on
aggregated parameters relating energy to output is that they contain no explicit discussion of
what the energy would be used for, nor how a ten-fold increase in global income would be
allocated among consumption categories. Instead, GDP is a crude measure simply
extrapolated from present trends, and so are the two decoupling factors AEEI and ESUB.
Therefore, top-down long-term energy models need to be complemented by an explicit
discussion of the composition of demand in the future. Only then would it be possible to
discuss the energy demand in such an economy.

Environmental and resource considerations were often invoked as arguments against long-
run exponential economic growth. Economists, too, generally recognize that material
intensive growth will not be compatible with sustainability. Instead, it is argued that growth
may continue, but not in materials intensive sectors. Rather, the growth will have to be
confined to sectors such as information technology, services and the alike. Given their low-
materials intensity, these sectors are also likely to have a much lower degree of energy
intensity. Thus, we can expect substantial structural changes in the future that will enforce
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the energy intensity of the economy to decline rather rapidly even in the absence of
measures to control CO2 emissions. Hence, if based on past data, AEEI and ESUB would
probably underestimate the extent to which expected structural changes in the economy will
reduce energy intensity in the future.

Resource constraints exist both for metals and renewable materials, due to limited resources
in the earth crust and the limited area of bioproductive lands. It is rather clear that a ten-fold
increase in global income can not be accompanied with a sustained ten-fold increase in
resource extraction. Resource scarcities will prevent this from happening. Further, since
materials can not be destroyed (except in nuclear reactions), extracted resources from the
earth crust, such as metals and phosphorous, will eventually turn into waste and pollution
in the ecosphere. Already the present rates of releases of metals and chemical substances,
waste production etc. are threatening long-run sustainability.8

This means that environmental and resource constraints will prevent materials intensive
sectors from growing with income as they have over the past decades. Instead, the future
society need to develop a much higher materials productivity, when converting the material
use into the services we demand, and increase the recycling of goods. There is, for
instance, a call to reduce the materials intensity of our Western economies by a factor of 10
[Factor 10 Club, 1994] and the term dematerialisation9 is on its way to enter the political
agenda.

Given these constraints, the demand for input materials to the materials intensive sectors
will to an increased extent have to be covered by recycled materials. This means that the
future sustainable society is likely to be characterized by closed, or nearly closed, materials
cycles.

This will tend to reduce overall demand for energy. For instance, the production of one ton
of steel from iron ore requires around 240 kWh of electricity, and 4900 kWh of fuels
(coal), whereas the production of steel from recycled scrap requires more electricity (690
kWh/ton) but only 200 kWh fuels/ton [Wirsenius & StrOmbeck, 1988]. Morris &
Canzoneri [1992] report that recycling of all solid materials in the US would save 1.8 El
annually.

On the other hand, it could be argued that complete or nearly complete closure of societal
materials cycles in the society would be infeasible or unreasonably expensive, and beyond
some point also rather energy intensive. The tradeoffs have not been analysed to date.
Another mechanism that would operate in the opposite direction is that lithospheric
materials in the future will have to be mined from lower and lower concentrations, and this
will lead to higher energy demand.

Further, when developing energy scenarios and/or projections, a consistent treatment of
materials and energy flows are necessary. Consider, for instance, the potential for using
biomass for energy purposes. Here, a consistent analysis must consider the total demand
for biomass, i.e., biomass for food, materials and energy, simultaneously, while at the
same time taking biodiversity concerns into account. A recent attempt along these lines is
provided by Berndes & Wirsenius [1996]. Further, the restrictions on fossil carbon imply
that emissions of CO2 from the use of plastics must be considered. Today, we use around
0.25 Gton C/year for plastics, but if the income elasticity for plastic products is unity and

8For instance, the anthropogenic extraction of metals from the earth crust exceeds the natural weathering rates from
the earth's crust to the ecosystems for at least twelve metals [Azar et al , 1996] .
9Here, transmaterialisation would be a more appropriate term since we will have to move away from and sometimes
phase out some materials, but in the process of doing so, we will have to increase the use of other materials. Other
materials, e.g., nitrogen for fertilisation will by necessity increase when the demand for food more than doubles over
the next century.
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we assume the same recycling rate, then total use would climb to 2.5 Gton C/yr by the end
of the next century. 10 (A major part of these plastic products can, of course, be burnt when
recycling is no longer possible.) But 2.5 Gton C/yr is still a too high level if we want to
stabilize the atmospheric concentrations (almost irrespective of level). This means that in
the long-run, plastic products too must be obtained from biomass. This would then add to
the competition for biomass.

Finally, it is important to stress that even very high levels of energy use can be compatible
with environmental concerns. It is not the energy supply and use as such that produces
environmental pollution, rather it is the materials use involved in the supply and distribution
of the energy as well as the material flows that are driven by this energy use, that cause
environmental problems. This might seem obvious, but the reason for emphasizing this fact
is that there is a wide-spread perception that we have to reduce energy "consumption" in
order to become more sustainable. Basing our future energy system on direct conversion of
solar energy could provide almost unlimited amounts of energy."

wIf we assume that all citizens of the world will enjoy the material standard of living prevailing in Sweden, this
would in combination with a 70% degree recycling of plastics still imply an annual use of 1.3 Gton C/yr Berndes &
Wirsenius [1996].
"The solar radiation to the earth contains around 10,000 more energy than the global society uses. Land requirements
would not be a scarce resource as regards the possibility to harvest this energy flow for societal use. Solar cells
covering around 10% of the Sahara would be sufficient to satisfy the present global energy demand. However, for
some types of PV-cells, severe resource constraints are likely to effectively impede them from becoming a dominant
energy technology in the future (Andersson et al [1996]). It is also pointed out that the a-Si cell (without Ge) would
not encounter such constraints.
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5. The costs of CO2 reductions

In the past section, I reviewed some projections and scenarios for the emissions of CO2
over the next century. This is one very critical factor determining the costs associated with
reducing the emissions to any given absolute level. Other factors include how easily the
global economy substitutes capital and labor for energy (see section 5.2), the prices of
alternative supply technologies (5.3), the possibility of increasing energy efficiency in end-
use technologies (5.4) and external costs associated with fossil fuel use (5.5). All these
factors are technology related. A fifth important factor is the possibility of a "double
dividend" via tax shifts and the removal of subsidies (5.6). Before discussing these issues,
I review and discuss the cost-estimates in some of the models presented in earlier chapters.

5.1 A review of results

Often, modellers use different assumptions about exogenous variables such as labour
productivity, population growth and, as we saw in the earlier chapter, the autonomous
energy efficiency improvement parameter (AEEI). This has made comparisons between
different models difficult. In order to facilitate comparisons between different models, both
the Energy Modeling Forum (EMF 12) and OECD have asked various modelers to
standardize their assumptions about important exogenous parameters such as population
growth, and potential growth rates.

The estimates of the costs of reducing the emissions of CO2 are generally expressed in
terms of losses in GDP in relation to the otherwise realized GDP level. Two exceptions
here are the GREEN and the Whalley & Wigle models, which express losses in terms of
Hicksian equivalent variation (EV).

Table 3 displays estimates from the OECD comparison of global models. Several different
emission reduction schemes were investigated, but here we look at the costs of stabilizing
the emissions at the present level.

Table 3. Global cost to stabilize CO2 emissions as a percentage of baseline global GDP.a)
Model 2020 2050 2100 A growth rate A growth rate

(1990-2050)c (1990-2100)c
ERBb) 0.3%	 (50) 1.5% (200) 3%	 (500) 0.025%/yr 0.037%/yr
Global 2100 0.8% (120) 2%	 (280) 4.2% (200) 0.033%/yr 0.023%/yr
GREEN 0.8% (100) 2%	 (200) n.a 0.033%/yr n. a .
CRTM 0.3% (100) 0.8% (200) 3%	 (200) 0.013%/yr 0.023%/yr
Source: Dean & Holler [1993, Figure 3].
OFigures in bracket give the required carbon tax in USD/ton C to stabilize the emissions.
b)The ERB estimate of the costs of reducing emissions are based on a feedback elasticity between energy
and GDP. This elasticity differs from region to region, reflecting their different economic structures (e.g.,
oil exporting countries benefit from higher oil prices) and it was originally not intended as a measure of the
societal costs of reducing the emissions.
c) The table gives the difference in average growth rate over the next century that produces the final
difference in GDP in the year 2050 and 2100, respectively.

Comparing the estimates for the ERB-model and Global 2100, one finds that in the year
2050 the costs and the required carbon taxes to stabilize the emissions of CO2 at the present
level are higher in Global 2100. One reason for this is the higher base line level in Global
2100, 15 Gton C/yr compared to 12 Gton C/yr in the ERB model. However, in the year
2100, the required carbon tax is significantly higher in ERB (500 USD/ton C) than in
Global 2100 (200 USD/ton C), whereas the costs of achieving this reduction is still higher

21.



in Global 2100. Reducing the emissions even further would require sharply rising carbon
taxes and costs in ERB. The main reason for the higher costs and tax requirements for low
emission targets in the ERB model, is that it lacks carbon free backstop technologies. Also
the WW model lacks backstop technologies.

It may also be interesting to compare these estimates with the global cost-reduction
functions used by Cline [1992] and Nordhaus [1994]. Both Cline and Nordhaus have
obtained their estimates by thorough literature studies, but only Cline includes bottom-up
estimates. Cline [1992, p 229] estimates the global cost-reduction function to be

C=x'*(0.0678-0.00039*(t-2024))* global output

where x' is the percentage reduction below the "cost-free" 22% reduction and t is time
(expressed in year, the expression is calibrated against the year 2024). Thus, we have a
cost-reduction function that declines (linearly) over time. This reflects the expectation that
the costs of renewable energy technologies will decline over time. Now, given Cline's
baseline emissions of 22 Gton C/yr [Cline, 1992, p. 290], and cost-free reduction
opportunities of 22%, the cost of stabilizing CO2 emissions at 7 Gton C/yr becomes 1.8%
of GDP in the year 2100.

Nordhaus [1994, p 64] finds more or less the same cost in that year. He assumes the global
cost abatement function to be given by

0.0686 * x2.89* global output.

where x the fraction of the base line emissions that are reduced (no cost-free reductions are
available in his model). Given his base-line emission in the year 2100 of 23 Gton C/yr, one
finds that the cost to stabilize emissions at 7 Gton C/yr is equal to 2.3% of global output at
that year. Both Cline's and Nordhaus's estimates are lower than the estimates given in
Table 3.

Marine & Richels [1994] have polled several energy analysts about their opinion about
possible values for some important factors determining the costs of reducing the emissions
of CO2. These include potential GDP growth, AEEI, ESUB, and the price of renewable
energy technologies. The respondents estimates were used in a probabilistic analysis of the
costs of stabilizing the CO2-emissions using Global 2100. The annualised cost was
estimated to lie in the range 0.2%-6.8% of global economic output, with an expected cost
equal to 1.5%.

5.2 The importance of substitution

One important factor determining the cost of reducing the emissions is how easily the
global economy can substitute away from fossil carbon based fuels. There are several
levels of substitution that are important:

5.2.1 Substitution in tastes - endogenising preferences
One critique against bottom-up studies is that they tend to omit new uses of energy, e.g.,
electrically heated water beds. On the other hand, people may, in the future, be less interested
in devoting income to such products. In an economic analysis where preferences are fixed
exogenously based on the present preferences, such a change in consumption patterns would
obviously be costly. But if tastes change, this could happen at no cost.

In all economic analyses of the cost of reducing CO2 emissions, preferences are assumed to be
exogenously given. However, there is substantial evidence that preferences can be influenced.
In fact, there is a whole industry — advertising — which is based on that assumption. Today
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people spend parts of their additional income on energy intensive products, but this fraction is
may very well change over time. As regards environmental problems in general and CO2
emissions in particular, there is already a trend towards changing preferences. Some people
travel by public transportation instead of driving their own cars. They buy environmentally
friendly products even if they are more expensive, and more and more people sort their
garbage, just to mention a few examples. More important, most of them do this without
experiencing it as something costly, rather they seem to derive benefit from doing something
they consider to be good. This change in preferences is obviously a result of the debate about
environmental problems. Now, given that this debate is likely to persist, it is not unlikely that
the shift in preferences will also continue.

There is a strong tradition within economics to assume that taste and individual utility
functions are exogenously given, but a change may be on its way. In his American Economic
Association presidential address, Victor Fuchs [1996, p. 16] states: "I believe there is an
analogy between economics of value and the economics of technology. Over the past several
decades some economists have begun to treat technology as endogenous. Now, a similar
effort must be undertaken for values."

There is an equally strong tradition in economics to consider individual utility merely as a
function of that individual's level of income. This likely to be an oversimplification. Individual
well-being is strongly dependent upon other people's income — in two seemingly
contradictory directions. First, for any given level of income, we tend to be happier if we
know that we are richer than our neighbour, or if we know that our country is richer than our
neighbouring countries, or even better, if we are richest in the world. On the other hand, if our
neighbour is very poor, or if there are people in the world starving, we feel bad about it. Most
people would be happier if nobody on this planet was starving. The latter observation is the
case for altruism: other people's utility functions may also enter one's own utility function.
This is generally not considered in economics (see e.g., Johansson [1996] for a recent
discussion of altruism in the context of environmental economics).

I believe that this has important implications for the debate about the cost of reducing CO2
emissions. Assume a case A where the global economy is ten times prosperous than at present
but without jeopardizing the global climate. Further, assume a case B, where the global
economy is 10.5 times richer but also emitting 20 Gton C/yr. I think that the value the citizens
in case A derive from knowing that they do not inflict harm on others or on future generations
is much higher than the 5% difference in income levels. It could be argued that this aspect
belongs to the benefits side of the economic debate about climate change. But, here the point
lies in the value people derive from acting well, rather than in avoiding the physical
consequences of the emissions.

5.2.2 Substitution on the production side of the economy
The second potential for substitution lies on the production side of the economy. Here
different levels may be discussed, e.g., (i) interfossil fuel substitution, (ii) substitution
between fossil and CO2-neutral energy technologies, (iii) substitution between different
production factors, (iv) substitution on an infrastructural level, e.g., by organizing society so
as to reduce the amount of transports required to deliver the same service.

On the production side, modellers have been more careful than on the consumption side. The
first three of the above possibilities for substitution have generally been taken into account. In
Table 4, I illustrate to which extent the reduction in CO 2 emissions is due to each of these
issues for some well-known models. (The fourth topic could also be modelled by adding a
social planners perspective that could organize cities in a way that would reduce the need for
transportation in general. This is, for obvious reasons, more difficult to model.)
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Table 4. Decomposition of emission chan esa)
Region Model IC-intensity

of fuels
1 Share of C-
free fuels

Energy
1 intensity

I Reduction
in output 

ERB	 20	 44	 33
USA GREEN	 13	 14	 71	 2

Global 2100	 20	 32	 45	 4
ERB	 19	 49	 30	 3

Other OECD GREEN	 19	 24	 55	 2
Global 2100	 18	 45	 35	 2
ERB	 41	 32	 22	 5

China GREEN	 15	 1	 84	 1

_... Global 2100	 10	 54	 30	 5source: wean tiouer	 , p
a) The table shows the percentage contribution to the reduction of CO2 emissions in the year 2020 for a
scenario where the emissions are reduced with 2%/yr in relation to the baseline emissions.

Assumptions about the elasticities of substitution do not only determine where in the
economy substitution away from carbon occurs, but also the total costs of reducing the
emissions. For instance, if the elasticity of substitution parameter (ESUB) between the
labour-capital bundle and the aggregate energy input is put to 0.8 instead of 0.4 the costs
associated with a doubling of the energy price are approximately halved (under the
assumption that the value of energy input is 5% of total output). Manne & Richels [1994, p
51] conclude in their probabilistic analysis of expert judgements that the ESUB is "the
second most influential parameter" affecting the cost-estimates.

5.3 Costs of renewable supply technologies

The factor that will ultimately determine the cost of substituting away from fossil fuels is
the cost, performance and development timing of fossil carbon free energy technologies.
Here, it is important to draw distinctions along two dimensions: electricity generation
versus fuels, and back-stop technologies versus partial substitution.

Regarding electricity generation, it seems that technologies competitive with coal-based
electricity generation will be available in a not too distant future. Wind energy is already
gaining market share, and the cost of electricity at good wind sites is lower than the cost of
electricity generated from new fossil-fuel plants [Johansson et al, 1993b, p 19]. But wind
energy can not be expected to be the dominant electricity source in the world. One potential
candidate for this is direct conversion of solar energy into electricity, but with present
costs, this technology is not competitive with that of coal-based electricity. However, the
cost is falling rapidly towards competitive levels. Amoco & Enron have proposed to DoE
an investment in a 100 MWp PV plant in the Nevada, that is expected to reduce prices to 5-
6 cents.

If intermittent energy technologies such as wind and PVs are to dominate the global
electricity supply, then some storage system will be needed. One possibility here is storage
in batteries or hydrogen that could later on be converted back into electricity using fuel
cells. This would, as a rule of thumb, double the total costs.

As regards fuels, biomass is likely to provide hydrogen at costs that are competitive with
hydrogen derived from coal [Williams, 1996]. Thus, biomass can be expected to play an
important role in the transition to a renewable energy system. Biomass is also the dominant
energy supply in RIGES [Johansson et al, 1993b], and this large biomass supply is one of
the reasons explaining why RIGES find lower cost estimates than do, for instance, Global



2100. 12 But biomass for energy is controversial since it would have to compete with other
purposes such as food, materials and space for biodiversity. There is even a concern that
agricultural output will not be sufficient to support a global population of ten billion people
eating the same diet as we do in the West at present. Thus, the extent to which biomass will
be able to provide energy when all other needs have been satisfied is still unclear. It is
clear, however, that biomass can not be considered a back-stop technology providing fuels
to the global economy. Let us consider an optimistic scenario, where the demand for
energy services in the developed world remains constant, and poor countries reach our
levels. Assume further structural changes and increased energy efficiencies that would
reduce primary energy demand by a factor of five, then the global energy use would be 400
EJ/yr (the energy use per capita in the OECD region is presently 200 GJ/year [TEA, 1995]).
In order to supply half of this with biomass energy, approximately 700 Gha of crop lands
would have to be devoted to energy plantations (assuming an average yield of 300
GJ/ha/yr). This amount of land is approximately 50% of the presently cultivated area.
Keeping in mind that global population will double and that will more than double the
demand for food (a shift in the diet towards more meat can be expected), one can realize
that other energy technologies will have to play an important role. A more detailed
discussion of the expected demand for biomass for various competing end uses is provided
in Bemdes & Wirsenius [1996].

One potential back-stop candidate is a PV-hydrogen system. Such an energy system would
in the long-run have to compete with synfuels from coal. Current studies suggest that the
price of PV-hydrogen will be roughly twice as high as that from hydrogen derived from
coal (see Table 5).

Finally, hydrogen production can also be based on the energy content in fossil fuels. In this
process – thermochemical conversion of the fuel – CO2 is obtained as a by-product, and if
it turns out possible to store this CO2 in a way that prevents it from reaching the
atmosphere 13 , then also fossil fuels could become a non-carbon backstop technology
[Williams, 1996]. Note that hydrogen could also be derived from biomass, and this would
make biomass energy a CO2-sink. Williams argues that thermochemical conversion of
fuels, be it biomass, methane or coal, to hydrogen is significantly cheaper than producing it
via an electrolytic process as would be the case in PV-hydrogen energy system.

Costs for various back-stop energy supply technologies are given in Table 5. The reason
for focusing on backstop technologies is that (i) it gives an upper limit on the costs
associated with a phase-out of carbon emitting energy technologies, (ii) these technologies
are likely to be employed if we are going to supply the world with sufficient amounts of
energy and (iii) the focus of this study is on long-run costs associated with climate change.
This does not imply that non-backstop technologies will not be important. Rather, over the
first half of the next century, we can expect that measures to mitigate climate change will to
a large extent originate from non-back stop technologies such as biomass, possibly with the
exception of PV generated electricity (that at peak demand is likely to play an increasingly
important role already in the first couple of decades of the next millennium).

From Table 5, we can also evaluate the maximum long-run tax necessary to phase out the use
of fossil fuel. In the EMF 12/OECD project, it is 8.3 USD/GJ (the difference between carbon

121n Global 2100, a maximum biomass supply capacity of 50 EJ/yr is assumed [Manne & Richels, 1992, 169-170]
whereas the assumed supply in RIGES is more than three times larger.
13Storage in the oceans is one potential option and this would prevent atmospheric CO2 concentrations from
reaching very high levels during the transient phase before equilibrium between the oceans and the atmosphere has
been established. This means that the potential for ocean storage is worth investigating in more detail. However,
when equilibrium is reached, after a thousand years, approximately 15-20% of the total emissions will end-up in the
atmosphere. Thus, even if storage in the oceans is fully employed, atmospheric concentrations could very well double
if all fossil fuels reserves are consumed.
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Table 5. Prices of backstop technologies.
Study Liquid fuel (USD/GJ)a)	 Electricity (US cents/kWh)

Carbon based Carbon freeb) Carbon based Carbon
free

EMF-12	 8	 17	 7.5	 7.5
IPCC [1996b]	 13	 25-35b)	 n.a	 3-60

based synfuels and CO2-neutral liquid fuels), and given a carbon emission coefficient of
0.04 GJ/ton C, the required tax would be equal to 208 USD/ton C (in the long run). Note,
however, that Global 2100 assumes large gas reserves in the former Soviet Union (that can
not be traded in their 1992 version of the model) so the required tax to phase out fossil fuels
in that region is significantly higher (approximately 750 USD/ton C).

OThe price in USD/barrel is obtained by multiplying the estimate above with 6.2. In the EMF/OECD
project the present oil price is assumed to be 4 USD/GJ (26 USD/barrel) and assumed to rise by 1 USD/GJ
per decade until it reaches 8 USD/GJ where it remains constant (since that is the price of the carbon based
backstop).
Wile carbon free liquid fuel is assumed to be PV electricity converted to hydrogen. For biomass the
corresponding cost would be 12-15 USD/GJ [IPCC, 1996b, Figure 19-5]. This estimate is somewhat
higher than the 8 USD/GJ Global 2100 uses for liquid fuels derived from biomass in their Global 2100.
chile estimate is for the year 2030 under the assumption of a solar insolation of 1800 kWh/yr.
0As reported in [Weyant, 1994]. These estimates are also used in the OECD project. These technologies
become available in the year 2010. Most economic models in the OECD project used energy prices from
EMF 12, two exceptions are WW and ERB who do not have any back-stop technologies.

There are no backstop technologies in the WW and the ERB-models. This means that the
carbon taxes needed to obtain sharp reductions may reach very high levels.

Finally, comparing the back-stop costs of carbon free fuels in the EMF guidelines and the
estimates by IPCC [1996b], indicates that, most top-down modelers have not
overestimated the costs of carbon free back-stop energy technologies.

5.4 High efficiency end-use technologies

We do not demand energy per se. Rather it is the energy service we can get by converting one form
of energy into another that is of interest. For instance, it is not electricity as such, but lightning that
is obtained by converting electricity in a lamp, that is desired. This means that an increase in the
demand for lightning, or any other energy service, can be satisfied by an increase either in the
energy supply or in the end-use energy efficiency.

Further, energy can not be produced nor consumed, only converted between various forms. When
we say that we consume energy, we actually mean that we consume its quality, or in technical
terms, its exergy content. High quality forms of energy include electricity and chemical energy, and
low quality forms include low-temperature heat. Thus, it is important to distinguish between
various forms of energy. For instance, a phase out of Sweden's nuclear power plants would not
require the same amount of newly installed power generation capacity since, more than a third of
the electricity generated in nuclear power plants is used for heating.

Both these aspects, the efficiency in converting energy and the importance of using the right energy
form for the right purpose, create a huge potential for reduced primary energy supply while
providing the same supply of energy services. A huge variety of specific examples of technological
options for increased energy efficiency is provided by , e.g., Weizacker et al [1995].

Although the technical potential for increased energy efficiency is real and unchallenged, there is
vivid debate about its economic potential. Bottom-up modellers usually find a larger potential for
cost-effective energy savings, than do top-down modellers. However, there are no structural
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features of top-down modellers that prevent these from assigning higher energy-GDP decoupling
rates than obtained in bottom-up models. For instance, choosing a high value for the autonomous
energy efficiency parameter (AEEI), say 2%/year, this would yield a cost-effective potential for
increased energy efficiency (including structural changes in the economy) that reduces energy
demand by a factor of ten by the end of the next century.

However, modelling energy efficiency opportunities by assuming an exogenously specified AEEI
gives a too crude measure of the potential for energy efficiencies to be useful as a guide for policy
makers, and here we focus on three reasons for that.

5.4.1 Exogenous specification may miss the point
By assigning a very low value for AEEI, say zero, then future energy demand and associated CO2
emissions will grow rapidly and reach very high levels (as was illustrated in section 4). Policy
makers may erroneously conclude that it is impossible to bring down the emissions to safe levels.
On the other hand, if rather high values are assumed (say 2-3%/year), then business-as-usual
emissions in the models will be so low that policy makers may think that the problem will be solved
almost automatically. This would definitely be misleading since the full economic potential for
energy efficiency improvements, is not likely to be captured unless specific policies are adopted so
as to ensure that this happens (Howarth & Andersson [1993], Krause [1993] and Ayres [1994]).

Instead, the potential for increased energy efficiency need to be modelled as an endogenous
function of the efforts put into removing various barriers to energy efficiency. The AEEI parameter
includes all non-price driven policies to speed up diffusion of energy efficient technologies, but
since it is used in an equilibrium framework in which the market system ensures that cost-efficiency
is obtained, policy driven uptake of more energy efficient technologies may seem unnecessary.

5.4.2 Dynamic modelling of response to higher energy prices warranted
Similarly, models need to be developed so as to take into account price driven technology
improvements. At present, higher energy prices do lower energy supply since capital and labour
would substitute for energy, but there are no dynamic effects in the sense that higher energy prices
are likely to speed up both private and government financed R&D on more energy efficient
technologies. This needs also to be included in the models. A recent study along these lines has
been carried out by Oravets & Dowlatabadi [1996]. They conclude that the AEEI should be
replaced by an energy efficiency response model, in which increased energy efficiency is a function
of energy prices. (In the following section, I review some models where technical change, mainly
on the supply side, is assumed endogenous.)

5.4.3 Free lunches or economic equilibrium
Bottom-up modellers often argue that there is a huge potential for cost-free reductions beyond the
energy-GDP decoupling rates we have experienced, whereas top-down modellers have a stronger
belief that the market system will tap most, if not all, options for cost-effective energy efficiency
improvements.

When assessing whether this is the case, it is obviously not enough to observe that the existing
end-use energy technologies, residential or industrial, is less energy efficient then the best available
technology, even if other attributes, e.g., price and performance are equal. The reason, of course,
is that technologies improve over time whereas energy technologies have a non-zero life time. A
more rapid turn over of the capital stock would close this efficiency gap, but beyond some point
only at very high costs. However, even when having taken this aspect into account, it may still be
shown that there is a large potential for free lunches. Top-down modellers often criticize bottom-up
studies for failing to recognize that alternative technologies may not be perfect substitutes and that
there may be hidden costs associated with the uptake of more energy efficiency technologies. But
Ayres [1994] reviews numerous cases where it is clear that increased energy efficiency, beyond
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what is tapped by the market system, could actually save money. Ayres also reviews studies of
win-win cases from other environmentally sound activities, such as increased recycling.

These observations point to a more fundamental disagreement: if there are large opportunities for
win-win cases, then our economies can not be Pareto-efficient, they can not be in equilibrium
[Ayres 1994].

But if that is the case, a potential for win-win cases is likely to exist wherever one looks for it.
Thus, it may be argued that there exists opportunities with even higher rates of return than in the
energy-efficiency business. But these are less likely to be captured, since there is in the case of
improved energy efficiency, also an external factor, the greenhouse effect, that creates an additional
incentive, a raison d'être to search and tap this potential.

5.4.4 Some concluding comments
The above discussion bears strong relevance for the defmition of business-as-usual. One
definition would be to assume that the business-as-usual projection is also the optimal
future. If that is done, there would by definition be no free lunches (which does not mean
that there would not be any cost-efficient options for reducing the energy intensity in the
economy: these are captured by the AEEI).

If, on the other hand, business-as-usual is assumed to be an estimate of baseline emissions
where we fail to enjoy our free lunches, as we have until present, then we would need to
add these opportunities as a cost-free option to the cost-abatement function (as Cline does,
see section 4.3, where I also estimate how incorporating this no-cost choice affects the
value for the AEEI).

One potential reason explaining the gap in cost-estimates between top-down and bottom-up
modellers, is the disagreement about the business as usual emissions (Wilson & Swisher,
1993). Thus, modellers must be explicit about the defmition and the choice of business-as-
usual emissions when arguing that there is scope for cost-free reductions.

I would prefer business-as-usual to mean what would happen in the absence of any
additional policies to combat global warming. Most people also use business as usual in
this sense, but this should be clearly stated. By doing so, each modeller would have to be
explicit about his or her assumptions also about the existence of free lunches. At present,
modellers can always argue that these opportunities are already included in the business-as-
usual projection. Being more explicit could perhaps clarify debate, but not necessarily
narrow the gap since one of the reasons for it stems from a fundamentally different view
about whether the market system is in equilibrium or not. Also, the risk of misperception
would be reduced, since policy makers then could be confronted with two scenarios, one in
which no additional policies are adopted to enhance uptake of energy efficient technologies,
and another where this is done. By being explicit on this point, the need for such policy
measures would be highlighted.

5.5 Other externalities associated with fossil fuels

Apart from causing an increase in atmospheric CO2 contents, the combustion of fossil fuels
have other harmful impacts. These impacts can be divided into health effects,
environmental effects and effects on artefacts, e.g., buildings. The effects can further be
divided into local, regional and global. Table 6 provides an overview of these impacts.

Fossil fuels contain vast quantities of heavy metals and other elements. In Azar et al
[1996], we show that the flows of elements associated with the extraction of fossil fuels
dominate over the amounts that are mined for several elements, e.g., Al, V, Li, Ga, Be,
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Hg, Si, B, Ge, S, Se and, of course, C.

The combustion of fossil fuels gives rise to emissions of acidifying substances, SO2 and
NON, and emissions of health and environmentally hazardous substances such as
particulate matter. It has been estimated that industrial and traditional energy activities
combined account for about 35% of all human emissions of particulate matter, 43% of the
hydrocarbons, 93% of oxides of nitrogen and 75% of the oxides of sulphur [Holdren,
1987].

Holdren [1987] estimates further that "the fractions of total anthropogenic emissions
accounted for by energy are: lead, 64%; mercury, 20%; cadmium, 27%; nickel, 66%.
Figures for arsenic are too incomplete to permit deducing a meaningful percentage, but it is
significant that mobilisation from coal burning amounts to half the global primary
production of this metal." All the metals mentioned above have severe negative health and
environmental consequences.

Furthermore, the combustion of fossil fuels is responsible for approximately 25% of the
anthropogenic emissions of methane and nitrous oxide, although the uncertainty ranges are
wide for both substances [IPCC, 1995]. Emissions of non-methane hydrocarbons and
nitrogen oxides contribute indirectly to the greenhouse effect since these substances
enhance the tropospheric concentration of 03 which is also a greenhouse gas.

Table 6. An overview of different impacts of emissions (other than CO2) due to
combustion of fossil fuels.
Impacts from the
use of fossil fuels

Health Environment Artefacts

Local Particulate, 03,
hydrocarbons

03 SO2

Regional heavy metals,
radioactive
emissions

SO2, 03, NON,
heavy metals

SO2

Global UV-radiation N20 (GHG and Hurricanes as a
through ozone ozone depleting) result of GHGs
losses (N20) CH4 (GHG) emissions

All these costs must obviously be taken into account in any assessment of the cost of
reducing CO2 emissions. However, monetizing environmental damage is controversial,
and disagreement on how or if that should be done is likely to persist. Still, several
attempts have been made to estimate these "secondary benefits" of reducing the use of
fossil fuels, e.g., Ayres & Walters [1991], Alfsen et al [1992], Pearce [1991] and others.
These attempts are reviewed by Ekins [1996] who notes that despite the fact that these
secondary benefits are generally recognized as important among climate analysts, neither
Cline nor Nordhaus include these aspects in their analyses. Nordhaus does not even allow
the depletion of the ozone layer be a reason strong enough to phase out CFCs at no net-
cost. None of the macroeconomic models covered in this paper, has explicitly included
secondary benefits.

Based on his review of studies of secondary benefits, Ekins [1996, 18] concludes that the
economic value of secondary benefits lie in the range 250 to 400 USD/ton C. Ekins
concludes that the secondary benefits of reducing the use of fossil fuels are "of the same
order of magnitude as gross abatement costs for significant levels of abatement". Ekins
notes that his lower estimate, for instance, would justify, when compared to the cost-
abatement function used by Nordhaus, a reduction of the emissions of CO2 with
approximately 70%.
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A similar observation could also be made as regards tropical deforestation, which at the
moment contribute with approximately 30 % of all CO2 emissions. The reduction of these
emissions could be justified by the concern for tropical forests alone.

However, one has to make a distinction between the short-run and the long-run. In the
short run, it is clear that the secondary benefits will add to the arsenal of arguments
justifying CO2 emissions reduction. In the long run, this argument is not necessarily as
important as it is today. In response to the demand for higher environmental standards,
cleaner fossil fuel technologies are beginning to emerge: oxygen-blown gasifiers are very
clean, and using such technologies rather than more traditional ones is not likely to affect
the price of electricity generation significantly [R. Williams, personal communication, May
1996]. Similarly, hydrogen derived from coal is likely to be one of the cheapest ways of
obtaining liquid fuels after the oil era. Thus, although more effort is needed in analysing
environmental impacts of 'clean' coal technologies, it seems safe to conclude that any large
reduction of fossil fuels over the long run, will have to be justified by a concern for CO2
emissions per se.

5.6 Taxes and subsidies

The use of taxes is generally seen as a cost-efficient means of obtaining a given
environmental goal, irrespective of how that goal has been set. There is also a literature
suggesting that there is an additional benefit related to the use of taxes: the revenues can be
used to lower other distortionary taxes and thereby possibly lowering the overall costs of
the tax system, see e.g., Pearce [1991]. Nordhaus [1993b] obtains that the optimal tax in
the DICE model is almost ten times higher when the tax is recycled in a way that reduces
burdensome taxes in the economy compared to a case where no such schemes are pursued.

When analysing the effects of taxes on carbon fuels, and the economic impact of various
schemes to recycle these taxes, it is important to distinguish between short run and long run
effects. In the long run, CGE models are more useful than other types of models discussed
in this paper. However, short run impacts are difficult to capture in CGE models, since
they generally assume full equilibrium, whereas economies the real world are not in
equilibrium. If the focus is on the short run, then it is more appropriate to use
macroeconomic models that focus on the links between various macroeconomic variables.
Here it is especially important to understand how unemployment may be affected by
changes in tax rates. An increase in the employment rates will not only create a much more
positive public attitude towards measures to reduce CO2 emissions, but may also more than
offset the costs associated with emission reductions. Further, if the taxes are used to
stimulate investment, this may also boost growth and (in the short run) partly or totally
offset the economic losses associated with the introduction of the tax.

Under the assumption of equilibrium (including full employment) one can analyze whether
it will be possible to obtain a double dividend, in the sense that the cost of the tax is more
than offset by the benefits of reducing other taxes. The central issue here is whether the
distortionary effect of carbon taxes is higher than the distortionary effects of capital or labor
taxes. Using a CGE model for the US economy Goulder [1995] reaches the opposite
conclusion from that of Nordhaus. The main reason for that is that Nordhaus's model does
not contain any explicit representation of the tax system. In particular, "the model does not
contain distortionary taxes, it does not account for the costs associated with interactions
between the carbon tax and the remaining distortionary taxes in the economy" 14 [Goulder,
1995, p. 274].

14h is even so that "the optimal carbon tax is lower than would be the case if there were no pre-existing factor taxes"
[Goulder, 1995, p. 274].
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In Goulder's model, such interaction can be analysed and two central conclusions emerge:
First, using the carbon tax revenues to lower other distortionary taxes does reduce (but not
eliminate) the overall costs associated with the carbon tax. Second, "for any given use of
revenues, welfare costs rise significantly with pre-existing tax rates."

Jorgenson & Wilcoxen [1993] also fmd that a carbon tax that is used to reduce other
distortionary taxes will "reduce the overall burden of the tax." There is even a possibility
that "GDP would actually increase if the revenue were used to reduce taxes on capital."

A topic closely related to the taxation of carbon is the significant amount of energy
subsidies that exist in several countries around the world. Burniaux et al [1992] write that
averaged over the whole globe, fossil fuels are subsidized: "the average subsidy rate ranges
from 17% for coal to 32% for gas." It is only in the OECD countries, apart from the US,
that a small net tax exists (data from 1985). In the US the net subsidy in that year was 3
USD/ton C, in China 28 USD/ton C, India 47 USD/ton C and the former USSR 175
USD/ton C. However, the authors point out that the estimates are uncertain.

Just as taxes are distorting markets, so are subsidies. Burniaux et al [1992] estimate (using
the GREEN model) that the removal of these subsidies would, as noted earlier (section 4),
reduce baseline emissions in the year 2050 by around 25% while at the same time being
beneficial to the economy. However, again caution is warranted when drawing conclusions
from these studies, because the high level of aggregation makes it difficult to see what is
happening on a micro level. There is, for instance, evidence that the removal of kerosene
subsidies in India, which would be seen as positive to the economy and the environment in
most aggregated economic studies, would force the poor to burn more biomass instead
[Richard Baron, personal communication, June 1996]. If this were done without
replanting, it would actually increase the emissions of CO2 per unit of energy used.

Finally, the potential for achieving a double dividend by shifting taxes from labor to carbon
emissions, is hotly debated. Equilibrium models show that such a shift can reduce the costs
associated with the tax, but it is not likely to fully compensate for the costs. In the real
world, where disequilibria such as unemployment prevail, it cannot be ruled out that the
non-environmental benefits of a carbon tax may exceed the costs associated with it. On the
other hand, this cannot be the case in the long run (latter part of the next century). If the aim
is to phase-out the emissions of CO2 by the end of the next century, as stabilization of the
atmospheric concentrations at the present level would require, then the tax revenues would
also approach zero. This implies that the long-run non-environmental benefits of carbon
taxes may not be that decisive for the long-run cost of reducing the emissions. Once again,
substantial reductions of the use of fossil fuels, beyond what can be achieved by increasing
end-use efficiency and the use of cost competitive renewables, can only be justified by the
primary goal: to remove CO2-emissions.
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6. Endogenised technological change

The models reviewed so far have all assumed the development of renewable energy
technologies as exogenous. 15 However, this lacks some realism since the costs of
alternative technologies can be expected to depend on R&D expenditure and accumulated
experience in using these technologies.

In the "CO2-abatement" literature, there are some attempts to endogenise technological
change. Here, I focus on models where the costs of alternative energy technologies is
assumed to be a declining function of accumulated investment. Four such models in the
cost-abatement literature are reviewed16:

(i) a cost-simulation study by Anderson & Bird [1992];

(ii) a cost-benefit analysis of increased investments in the PV sector [Williams & Terzian,
1993];

(iii) an optimization model of the global energy supply system [Messner, 1995];

(iv) and, finally, an optimization model of the global electricity system [Mattsson & Wene,
1996].

All these models endogenise technological change by using experience curves. Another
approach that captures some other important features of the dynamics of the energy system
has been developed in a series of papers by Grubb and co-authors, e.g., Grubb et al
[1995], Chapuis et al [1995] and Ha-Duong et al [1996]. Their work is discussed below
and also in section 7, in which I review the debate about the time profile of emission
trajectories leading to stabilization of atmospheric CO2-concentrations. There is also a
theoretical literature addressing pollution and technological change in a formal manner, see
e.g., Bovenberg & Smulders [1994, 1995].

6.1 Learning by doing & experience curves

Experience curves describe cost development for various technologies as'a function of
cumulative investment, a proxy for experience, and they are used for planning and project
analyses in industries [Ayres & Martinis, 1992]. Generally, the experience curve is given
by

C=CoAb,	 (2)

where C is the cost per unit as a function of output and Co is the initial cost per unit, A is
cumulative investment (a measure of experience), and b is a parameter describing how fast
costs decline as a function of investment. It is common to express this progress in terms of
a progress ratio (PR). If costs are reduced to say 75% of its initial value for each doubling
of output, than PR is 75%. The parameter b is then given by b=ln(PR)/1n(2).

15However, some of these models, e.g., Global 2100, set a maximum expansion rate on new technologies. This
implies that the models may start investing in a technology even before it is competitive in order to enlarge the
market share once it is competitive. Grubb et al [1995] refer to this as a "quasi-endogenous effect".
`60ther examples of such models include the PRIMES-model [Capros, 1996 (but in its present version it can not be
used to assess risks of technology lock-in [Capros, personal communication, 11 June 1996]) and a model developed
by the US DOE, which is reported on at the WEB [EIA, 1996]. Also, the MERGE model is being developed so that
technological change is endogenised [R. Richels, personal communication, June 1996].
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Data for experience curves in various industries are presented in Ayres & Martinis [1992],
Williams & Terzian [1993] and Christiansson [1995]. Christiansson [1995] focuses on
wind and PVs. Below, I describe how the above mentioned studies have used learning
curves as a way of endogenising technological change in the energy sector.

6.2 A cost-simulation study

An early study endogenising technological change in the renewable energy sector is a paper
by Andersson & Bird [1992]. The study is global (with one developing and one developed
region) and the time horizon stretches to the year 2050. It is a simulation study of costs
associated with a transition to an energy system based on renewable energy supplies.
Electricity and fuels are treated separately.

Two scenarios are investigated. The first is a business-as-usual projection in which global
carbon emissions from the energy system climb steadily and reach 20 Gton C/yr by the
year 2050. In the renewable scenario, emissions rise to around 10 Gton C/yr in the period
2020-2030, but then start to decline and reach around 6 Gton C/yr in the terminal year of
the analysis. Both the energy demand and the market penetration of renewable energy
technologies are specified exogenously.

The cost of a transition to the renewable energy system is estimated as the difference
between the total costs in the energy sector for the two scenarios. This probably means that
costs are overestimated. In reality, higher energy prices would induce a shift towards other
factors. But this is not allowed for in the Anderson & Bird model since energy demand is
exogenous.

It is the costs of various renewable energy technologies that are endogenous in the model.
Anderson & Bird assume per unit costs to be a declining function of installed capacity. This
way of determining future price development for renewable energy technologies does not
yield estimates that differ significantly from other models where prices are specified
exogenously. Actually, in this simulation study, the costs of electricity and ethanol are
predicted to be somewhat higher than in the EMF-12/OECD specification.

However, the importance of a model lies more in the insights it can provide than in the
actual numbers it produces. The study illustrates the importance of learning-by-doing in
order to bring down costs. The authors point out that "the case for developing and
investing in the backstop technologies sooner rather than later is a sound one" (p. 19).

Further, the returns on R&D in renewable energy technologies may not come for decades.
This is beyond the planning horizon of most companies, and these returns will only be
partially captured by the companies that carry out the R&D. Therefore, Anderson & Bird
[1992, p 24] argue that there are good reasons for "introducing risk-share agreements
between the public and private sector in the relevant research areas, e.g., through tax relief
and through the public finance of experimental schemes."

6.3 A cost-benefit analysis of increased investments in the PV sector

In the RIGES scenario [Johanson et al, 1993b] which was discussed earlier in this paper,
renewable energy supply grew at a very rapid rate. The economics of such a rapid
development is analysed by Williams & Terzian [1993]. They develop a global scenario for
grid connected PVs for the period 1995 - 2020. Over this period PV capacity is assumed to
grow by 30%/year on average. By the year 2020, 400 GWp is installed world wide, and
PVs supply 6 percent of world electricity demand.
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Williams & Terzian carry out a cost-benefit analysis of this "accelerated development" of
PV technology. They find it not only to be technically feasible, but also justifiable from an
economic point of view. The costs of the program include the cost of incentives to invest in
PVs until prices are competitive, and of government R&D. The benefits of the programme
are measured as reduced expenditures on electricity. This includes the cost avoided by
displacing electricity that would otherwise have to be generated from conventional sources
and what the authors refer to as "distributed benefits", the fact that PV systems located
close to the consumers would reduce costs associated with, for instance, transmission and
distribution. The authors point out that other important benefits include reduced emissions
and increased energy security, but no attempts were made to monetize them.

When estimating reduced expenditures on electricity, one can not compare average costs for
fossil generated electricity and average costs of PV electricity. Instead, a detailed analysis
of the time profile of the demand curve is needed, since PV without storage is an
intermittent energy source. In particular, in many parts of the world, PV output and peak
demand tend to coincide in summer time, a fact which adds to the value of PV cells. The
avoided conventional generation cost is calculated as the least costly mix of fossil fuel
power (using the most advanced coal and natural gas power generating technologies) that
could substitute the PV-contribution.

The cost of PV cells is estimated using experience curves, as in equation (2) above. A
progress ratio of 80% is used in the central case, but other values are also tested. Over all,
the authors find benefit-cost ratios above unity (4-17 in the central case, depending on
assumptions about government R&D expenditures).

The insight we can get from this kind of study is that for the present costs of PV electricity,
no single utility has an incentive to invest heavily in grid-connected PVs, but still such •
investments are economically justified from a societal point of view. This illustrates the
risks of technology "lock-out", and stresses the importance of government policies that
create market shares large enough to prevent this outcome.

However, if the Amoco & Enron project (see section 5.3) proceeds successfully, we will
witness a major discontinuity in the learning curve 17. Private investments would then be
profitable already at this stage.

6.4 MESSAGE - endogenous learning in the global energy system

In the WEC/IIASA study of the future global energy system, three different classes of
scenarios were developed. The costs of various energy technologies were assumed to
decline at rates (that differed from scenario to scenario). The rates and the final levels were
exogenously specified. The energy supply was determined using MESSAGE, a technology
rich "bottom-up" model.

Exogenous specification of energy costs implies that energy technologies are adopted only
when prices have reached competitive levels. In this manner, costly investments that would
be needed in order to bring down the costs are avoided. This gives an unrealistic picture of
the transitional dynamics.

In order to improve this picture, MESSAGE has been extended so as to include
endogenised learning [Messner, 1995]. Two comparisons with exogenously specified price
developments were made. In the "static case" the investment costs of the new technologies
are assumed to remain at the 1990 level. In the "dynamic case" prices are assumed to

171t should be noticed that learning curves for solar cells are mainly based on crystalline silicon cells, whereas the
investment in Nevada will be based on a thin-film technology, amorphous silicon (combined with Ge).
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decline exogenously, as in case A of the WEC/HASA scenarios. Here, I review Messner's
comparison between the "dynamic" case and the "endogenous" case.

Learning curves for various energy technologies are constructed so that the final cost levels
correspond to those specified in Case A of the WEC/IIASA scenario constructions. In both
cases, MESSAGE chooses a supply of energy technologies that minimises discounted total
costs of the energy system. Comparisons between the "learning case" where technology
dynamics is endogenised and the "dynamic case" reveals one major difference: overall solar
electricity generation is the same (around 20% of the total electricity supply), but in the
"learning case" nearly all comes from PV whereas in the "dynamic case" 60% is from solar
thermal electricity generation.

The reason for this lies in the way the dynamic scenario specifies costs to decline. Here,
solar thermal generation is initially cheaper than PVs but the costs decline at a slower rate
than the costs of PVs. Initially (1990), the installation costs are 2900 USD/kW and 5100
USD/kW for solar thermal and for PVs, respectively, but by 2050, the competitiveness is
reversed: PVs costs 1000 USD/kW whereas solar thermal is slightly more expensive and
costs 1200 USD/kW.

How does this influence the optimization outcome? In the "dynamic case," investments in
solar thermal will dominate investments in PVs as long as costs are lower. This reflects a
fairly unrealistic view of the dynamics of new technologies. In this case, we do not have to
pay for the development of PVs. They just appear at a low cost at a given point in time. In
the "learning case" this aspect is taken into account. The optimization procedure finds that it
is optimal to carry out early investments in the PV sector in order to lower the prices (to the
prespecified level). In the learning case, PV penetration starts already in the year 2000
whereas we would have to wait for this to occur until the year 2020 in the dynamic case.
The model chooses the PV sector just because the final levels are lower than for the solar
thermal technology. Messner [1995, p 16] concludes that "early decisions for the
introduction of new technologies are essential in reaching good economic performance over
time."

Finally, total discounted cost in the learning case is lower than in the dynamic case. This
might seem counterintuitive given that we in this case also had to pay for the investments in
order to bring down the costs. However, the reason for these lower costs is that the
investments are carried out in such a way that costs are brought down to lower levels much
more rapidly than in the dynamic case. This is obviously a direct consequence of the way
the costs in the dynamic case were assumed to develop. Assuming a more rapid initial
decline to the predetermined final levels would alter this result.

6.5 GENIE - modeling endogenous learning in the global electricity supply
system

A study similar to that of Messner's has been developed by Mattsson & Wene [1996]. The
time horizon is 1995-2050 and focus is on the global electricity system. The world is
divided into four regions, each region having distinct load curves (depending on the
season) and distinct resource constraints, as regards gas and hydropower, and solar
insolation. Oil is traded freely.

Mattsson & Wene's model, called GENIE, puts the focus on the competition between two
emerging electricity generation technologies: PVs and fossil gas "powered" fuel cells. The
dynamics of these two technologies is governed by learning curves, whereas all other
supply technologies are assumed to have fixed investment costs, while fuel prices rise as a
function of cumulative extraction. Wind and biomass for electricity generation are not
considered. Electricity generated in PVs can either be used directly, or stored as H2 and

35.



then converted back into electricity using fuel cells. Hence, the PV-H2 technology benefits
from learning in the fuel-cell sector.

Electricity demand, and fuel demand for non-electric purposes, are specified exogenously.
Optimization is carried out so as to minimize the total discounted cost associated with
supplying the demanded electricity. This yields the baseline scenario. Here all conventional
technologies but hydropower are phased out. They are replaced by advanced coal
combustion and combined cycle gas turbines (CCGT).

Interestingly, the authors fmd a locally optimal solution with "negligibly" higher costs. In
this alternative base line scenario, gas powered fuel cells and PVs play an important role.
PV actually grows to the limit of demand for intermittent electricity generation, at the
maximum allowable rate (the model restricts all technologies from growing at a rate faster
than 30%/year). Almost 25% of the global electricity supply comes from PVs. Gas
powered fuel cells capture an even larger share.

The two fundamental different scenarios illustrate the importance of the risk of
technology "lock-in" 1 : Each utility may fmd it more profitable in the short run to invest in
"old" technologies. But from a societal perspective investments in alternative technologies
may be barely more costly than using traditional technologies. Further, switching to the
alternative supply technologies will, by the year 2050, accumulate much experience in these
technologies, and consequently, much lower costs associated with their use (and
significantly lower CO2 emissions). The authors conclude that "the decision maker in the
simplified world of our pilot model could therefore look upon investments in emerging
technologies as a 'no-regrets' policy."

A third scenario is also constructed. Once again, total discounted costs in the supply of
electricity is minimized. But here it is with the additional constraint that CO2 emissions
from the global electricity system should be kept constant at the 1990 level. The cost of
electricity in this scenario is only 3% higher than the optimal scenario. In this CO2
constrained scenario, both advanced coal and CCGT technologies are phased out by the
year 2040. Gas powered fuel cells, PV and even PV-H2 systems, in turn, become the most
important new technologies.

There are no prespecified levels of the ultimate costs of PVs and fuel cells. The most
important factor that prevents prices from reaching very low levels is an exogenous
restriction on the maximum penetration rate. This is one aspect that distinguishes the
GENIE model from the MESSAGE DI. The resulting investment cost for PVs in the
terminal year is around 500 USD/kW in the GENIE model.

6.6 The DIAM model

The DIAM model [Grubb et al, 1995; Chapuis et al, 1996] is a highly aggregate model that
can be used to estimate the optimal global emission trajectory of CO 2 emissions. The model
contains a function describing the cost of climate change and a cost-function for the cost of
reducing the emissions. The optimal emission trajectory is obtained by minimizing the
objective function, which is the discounted sum of the two cost functions.

The model resembles Nordhaus's DICE model. The fundamental difference as regards the
discussion about the dynamics of technology lies in the choice of cost-abatement function.
In Nordhaus's DICE model, cost is only a function of the absolute level of reduction, but
in the DIAM model, it is also a function of the rate of reduction, i.e.,

'8The risk of technology lock-in in general is analysed analytically in a paper by Ayres & Martins [1992].
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C = [(1 r)c1x2 + rc2±2 ] . Y	 (3)

Here, C is the cost abatement function, ci and c2 are cost parameters, xis the absolute level
of reduction from baseline and x is the rate of reduction. The parameter r determines to
which extent costs are due to the level of reduction and to which extent they are related to
the rate of reduction. Finally Y is global income. The parameters ciand c2 are determined
by calibrating the cost abatement function in DIAM [Chapuis et al, 1996] to Nordhaus cost-
abatement function. Hence, the total discounted costs for a scenario which reduces
emissions by 50% below baseline 30 years from now are equal for the two cost-abatement
functions. (The parameter ci is obtained when r is put to zero, and the parameter c2 is
obtained for r =1.)

Note that a high value for r (say # 1) means that most of the costs are associated with the
transition rather with the absolute change. For such values for the energy system would
be very "inert", but also encompass a high degree of adaptability: once the reductions are
carried out, there are no costs associated with the absolute level of reduction in the long
run. Thus, both inertia and adaptability are central in DIAM. Hence, the full name of the
model is Dynamics of Inertia and Adaptability Model.

The model does not contain any experience curves as such. But by defining the cost-
abatement function as a function of both the level and the rate of the reduction, DIAM
implicitly manages to capture issues related to endogenous technological change. For
instance, assume once again that r is equal to unity. Then all costs are related to the
adjustment process. Such costs may be interpreted as costs of technology development, or
higher costs for the alternative technologies during the transient phase.

For low values of r, DIAM [Chapuis et al, 1996] yields optimal emission solutions that
strongly resembles those of Nordhaus's. For r=0.1, emissions reach 18 Gton C/yr in the
year 2100. But for	 a different picture emerges. An almost immediate departure
from business as usual becomes optimal. Global emissions never exceed 9 Gton C/yr and
they decline to 8 Gton C/yr in the year 2100.19

In subsequent work [Ha-Duong et al, 1996], DIAM is used to analyze the issue of timing
the emission abatements, and this is discussed in section 7 hereafter.

6.7 Some summary remarks

The importance of endogenising the costs of alternative energy technologies does not lie in
that one may obtain other estimates of the costs of reducing the emissions. Obviously, any
total cost estimate obtained in a model with endogenous technological change, may also be
obtained with exogenous specifications of time dependent cost reductions.

Rather, endogenisation is important because it yields insights about the dynamics of
technological change. In particular, it enables us to model and hopefully better understand
issues related to lock-in of inferior technologies. As we have seen, investments in a

"this is of course an important insight, but note that the emission rates are still fairly high and would yield
significant climatic changes over the next century. Accumulate emissions over the next century would almost reach
900 Gton C. This is more than double the emission budget that would enable us to stabilise atmospheric
concentrations at the present level. This result hinges critically on their choice to put the discount rate equal to
5%/year [Chapuis et al, 1996].
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renewable energy technology may not be profitable for a single actor on the market, even if
that would be the case from a societal point of view. Thus, government intervention could
be warranted. In a model with exogenous technological change, prices could be specified to
decline and reach levels which would prevent lock-in. No government intervention would
be needed.

Models in which technological change is endogenised also tend to suggest that there is a
case for early investments in order to bring lower prices in the future. This stands in
contrast to models with exogenously specified technological change since they do not
require such initial investments: costs come down anyway free of charge. This is of course
an aspect that bears relevance for policy makers in general, but in particular it brings
important implications for the debate about the choice of emission paths towards
atmospheric CO2 stabilization, an issue which I explore more in detail below.

38.



7. Cost-effective emission paths towards atmospheric stabilization

A recent paper by Wigley, Richels and Edmonds (WRE) [1996] recently provoked much attention
and heated debate about climate change. They pointed out that there is a large degree of freedom as
regards the emission path we can choose in order to stabilize the atmospheric concentration of CO2.
If we want to stabilize the atmospheric concentrations at any given level, then we can either start
reducing the emissions now and continue to do so at a rather smooth pace. Or we can postpone
reductions and then reduce the emissions at a faster rate. Both paths could be chosen so that the
stabilization target is reached. The WRE-paper was written in response to a couple of IPCC
scenarios leading to stabilization [IPCC 1995]. In the IPCC scenarios, initial departure from IS 92a
(see Section 4) was assumed. But WRE pointed out that we could actually follow IS 92a for
another couple of decades and still be able to reach the final target.

The point that stirred up the debate was that WRE argued that it could be more cost-efficient to
choose to defer emission reductions. Below, I present the arguments put forward by WRE (7.1).
Some counter-arguments are discussed in subsection (7.2). Then I discuss certain additional issues
that are relevant to the choice of abatement paths (7.3). Some policy conclusions are given in
subsection 7.4.

7.1 Four arguments for delaying emission reductions

In their paper, Wigley et al [1996] raised three economic and one physical reason for delaying
emission reductions:

1) Positive marginal productivity of capital implies that the further in the future an economic
burden, the smaller the amount of resources we have to set aside today in order to finance that
future cost. In other words, the present value of a future cost is lower the further away it is, by the
logic of discounting.

2) The capital stock for energy transformation is typically long-lived. This means that an early
departure from business as usual could imply a too early phase-out of parts of the existing energy
capital stock. This could be costly.

3) Technical progress implies that the cost of alternative technologies will be lower in the future.
Hence it may be worthwhile to postpone emission reductions until low-cost alternatives exist.

4) The fourth reason has to do with the carbon cycle. The emission budget for any stabilization
target is somewhat larger the longer the emission reductions are deferred. This is because higher
initial emissions lead to higher initial atmospheric concentrations which, in turn, drive higher
migration rates into the ocean.20

Had the different emission trajectories yielded the same climatological impacts, we would only
need to consider the cost-efficiency of reaching the target. It is true that they ultimately give the
same atmospheric concentration. But during the transient phase the "deferral" case yields higher
concentrations and temperatures. This is also recognized by WRE who estimate that the difference
between their scenario and the IPCC scenario for stabilization at 550 ppmv [IPCC, 1995] would be
around 0.2°C over the next century and then vanish (since the same atmospheric concentration is
ultimately reached). Thus, the potential economic benefits of delayed reductions must be balanced

20It is true that delaying emission reductions gives rise to a higher emission budget over the next couple of
centuries, but the total emission budget leading to stabilisation when equilibrium between the ocean and the
atmosphere is established (this takes approximately 1,000 years) is independent of the path. Thus, higher emissions
over the next couple of centuries would have to be compensated by lower emissions during the remaining part of the
next millennium.
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against the additional cost caused by the higher interim temperature.

No formal economic modeling was provided in WRE. But such exercises can be found in an earlier
paper [Richels & Edmonds, 1995] as well as in subsequent work [e.g., Richels et al, 1996]. In the
latter paper, four different models were employed to analyze cost-efficient paths to a specified
emission target. The conclusions of WRE were shown to hold in each of the models. They also
widened the discussion about timing to cost-efficiency in general and explicitly modelled the
potential economic benefits of not only reducing the emissions when, but also where, it is cheapest
to do so.

Finally, Richels et al [1996] stress that their analysis "should not be interpreted as suggesting a 'do
nothing' or 'wait and see' policy". Instead, they observe that all stabilization targets imply lower
carbon emission over the long run. This has importance for near-term energy investments since
energy technologies are long-lived. Research, development and demonstration today is required in
order to develop low carbon energy technologies. They also conclude that any available 'no-
regrets' options should be adopted immediately, and finally, the lower the stabilization target, the
earlier is the need to start reducing the emissions.

7.2 A critical view of the WRE arguments

The conclusion that deferral may be more cost-efficient than an early departure from business-as-
usual has been challenged by several authors, e.g., Grubb . [1996] and Ha-Duong et al [1996].
Grubb [1996] provides a careful discussion of the important factors that need to be assessed before
concluding which strategy is preferable. He points out that for each of the issues mentioned above,
there are aspects favouring both deferral and early abatement and that the economic models
employed to support the WRE conclusion are biased in the sense that they lean more heavily on
factors favouring deferral.

Here, I will mainly discuss the second and the third argument for deferral, since these are more
central to this paper. However, I will begin with a few words on the first and the fourth arguments.
The first argument deals with discounting, and that is an issue that is of fundamental importance in
many other aspects of the economic debate about climate change. Although important also in this
context, the choice of discount rate is much more crucial in cost-benefit analyses of climate change.
Nevertheless, it may be worth criticizing the use of discount rates as high as five percent per year
[Richels et al, 1996]. In short, resources that are made available today by avoiding emission
reductions are not likely to be fully set aside, and reinvested over the next 20-30 years, and then
used to pay for emission reductions. This calls for the use of a discount rate based on the social rate
of time preference, where costs that actually affect the level of investments are multiplied by the
shadow price of capital (see Lind [1982]). Using this methodology, the effective discount rate is
likely to be significantly lower than the opportunity cost of capital (especially if the so-called pure
rate of time preference is put to zero).

As regards the fourth argument, it is very difficult to quantify the climatological and ecological
impacts of earlier climatic changes, due to uncertainties in the climate models. Even more difficult
is quantification in monetary terms. However, assume that costs are 1.5% of GDP for 2.5°C
temperature change and that they are linear in global temperature change and economic output,
economic growth to be 2%/year. Assume also a discount rate equal to 5%/year (in order to enable
comparisons with present value estimates of the benefits of deferral) and, assume, that the
temperature difference is 0.1°C on average over the next 200 years for the 550 ppmv stabilization
case (based on figure 3 in [Wigley et al, 1996]). Then, we get a very crude order of magnitude
estimate of the discounted global monetary benefits of early reductions, viz. one trillion USD.

7.2.1 Premature retirement of existing capital stock and the inertia of energy system
Now, let us consider WRE's second argument — the risk of premature retirement of existing
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capital stock if early reductions are enforced. However, if emission reductions are delayed, then the
global economy would become even more trapped in carbon intensive technologies. Grubb [1996]
estimates that in the WRE scenario for the 550 ppm case, they have to construct "an additional 4
Gton C/yr of capital stock over and above that anyway required for replacement." Thus, it seems
more cost-efficient to start reducing the emissions by exploiting the 'natural' capital stock turnover
beginning with the present21 . Delaying emission reductions also implies a higher maximum
reduction rate22, and this may increase costs associated with economic disequilibria (e.g.,
unemployment). Note that economic models used to estimate the long-run cost of reducing CO2
emissions (e.g., CGE models and optimal growth models), are poor in assessing transient effects.
This is simply because they were developed to study long-term trends and equilibrium allocations,
not short-term dynamics.

Both these issues, viz. premature retirement of existing capital stocks and economic
inefficiencies associated with rapid changes, become especially important if it turns out that we
have to stabilize the atmospheric concentrations at a much lower level than was initially anticipated.
(A discussion of how uncertainty about the stabilization constraint may affect the optimal emission
trajectory is given in subsection 7.3.1)

In conclusion, transient effects are important in assessing the cost-efficiency of various emission
trajectories leading to stabilization. But most energy-economy models are poor in capturing these
aspects. At present, it is not possible to properly quantify the costs associated with the transition.
Instead, the main policy implications that can be drawn are as follows,

(i) Increase the flexibility of the energy system, e.g., by avoiding long-term investments in fossil
carbon intensive energy structures.

(ii) Exploit natural capital stock turnover, so that a premature phase-out of existing capital stock
does not become necessary (as may be the case if much higher reduction rates appear necessary)

(iii) Send clear signals to the energy system so that planned reductions are clearly noticed by energy
companies and the financial markets.

7.2.2 Technological change
WRE's third argument relates to technological change: the emergence of cheaper carbon-free
technologies in the future implies an argument for deferring emission reductions. This argument
has been challenged by Grubb [1996] in three ways.

First of all, he emphasizes that we already at present have a wide range of cost-effective or near
competitive technologies. If properly employed, these could have a considerable impact on the
carbon emission trajectory. In particular, no-regrets options should be adopted immediately.23

Secondly, most economic models treat technological change as exogenous. This is done in spite of
the fact that most analysts acknowledge that technological development requires learning-by-doing,
as expressed already by Arrow [1962], in addition to formal R&D. Here, two questions arise: the -
first one deals with the policy implications of the observation that technological development

21Hourcade [1993] has pointed out that a gradual change, where new technologies that are self-reinforcing develop,
may yield substantially different projections about emissions and future technologies than first expected. Thus, early
action may have a significant impact on the emission trajectories at a low cost.
22Wigley et al write that for stabilisation targets at or above 550 ppmv, the maximum rates of emission reduction
are similar in both their and in the IPCC's emission trajectories, although it is more prolonged in the former.
23No disagreement between Grubb and WRE exist on this point. But, taking a closer look at the WRE trajectories
leading to stabilisation, one finds that they also include emissions due to deforestation. This amounts at present to
almost a third of the total emissions, and reducing a large part of these emissions should be considered as a no-regret
strategy.
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requires learning by doing. The other concerns the accuracy of modelling technological change as
exogenous. As regards the policy implications, WRE emphasize "sustained research, development
and demonstration today" to promote carbon-free energy technologies, whereas Grubb argues that
although this is important, it will not be enough. Instead, "it is in steering the markets that
governments can have the biggest impact on technology development".

As regards the accuracy of assuming exogenous technology change, the fact that technological
progress requires learning-by-doing does not automatically imply that exogenous modelling is
necessarily wrong (in this context). For several fossil carbon free energy technologies, there are
niche markets where they can thrive and prices may be expected to come down even if no particular
government action is taken today. For instance, we have already seen significant cost reductions in
various technologies, e.g., biomass, wind and solar energy. If solar cells continue to enjoy the
same market expansion rate as they do today 24, we may expect an installed capacity of 25 GWp in
the year 2020. This would hardly noticeably contribute to a reduction of the CO 2 emissions,
(slightly above 10 Mton C in the year 202025, i.e., around 0.1% of the expected emissions in that
year) but this expansion would nevertheless be enough to enable costs to decline from 4500
USD/kW to 1400 USD/kW (assuming a progress ratio equal to 81.6%). Assume a further 600
USD/kW of balance-of-system costs, which is roughly half of the present costs. Then, solar
electricity could be sold at 6 US cents/kWh (for an assumed life-time of thirty years). This is
competitive with fossil carbon-based technologies. Thus, in the case of solar cells, costs may come
down in time without any significant departure from business as usual emissions of CO2.

This means that an exogenous specification of costs may be acceptable in certain cases, at least as
long as it does not give the misleading impression that the costs will come down without growing
market shares. The important role for policy makers is to ensure that this actually happens.

This brings us to the third issue related to technological development, and it has to do with
clustering and "lock-out". If a given technology is too expensive to be commercialized, but has the
potential to become cheaper than its competitors over the long run, then government intervention
may be needed in order to stimulate markets so as to avoid a "lock-out" of that technology. This
conclusion can be drawn from the models reviewed in the last section, in particular the work by
Williams & Tertian [1993], Messner [1995] and Mattsson & Wene [1996]. In particular, this
aspect is important if niche markets do not exist, or if they are too small so that price reductions
take too long time to have an impact.

In conclusion, technological development is an important means for bringing down the costs of a
carbon low energy system. On the basis of available knowledge about technological development,
one may recommend the following policy measures:

(i) Send clear signals that substantial reductions in CO2 emissions will have to come, almost
whatever stabilization target we opt for. This will encourage market forces to increase their
expenditures on renewables and high-efficiency technologies;

(ii) Assure growing market shares (via taxes, regulation or subsidies) for a wide variety of fossil
carbon free technologies.

7.3 Additional issues

Apart from the initial arguments given in the WRE paper, there are some additional issues that need
careful consideration before choosing abatement paths. Here, we consider some of them: the choice

24At present at total of 500 MW has been installed and this capacity has grown with approximately 17%/year over
the last couple of years.
25Here, I have assumed that the solar cells are located in areas with a solar insolation of 2000 kWh/year/m2 and that
they replace coal fired power plants with an efficiency (heat value to electricity) of 40%.
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of stabilization target, uncertainty about the stabilization constraint, the political feasibility of
reaching the target and how endogenisation of preferences could affect the cost dynamics.

7.3.1 Choice of stabilization target26
The choice of stabilization constraint is of critical importance when analysing the potential for
reduction deferral. The reason for that is that the lower the stabilization target, the lower is the
allowable emission budget and, consequently, the potential for emission trading between different
periods of time. Hence, arguing in favor of delaying emission reductions also tends to imply an
argument in favor of higher stabilization targets. This means that the policy debate about timing
cannot be carried out in the absence of a discussion about stabilization targets.

IPCC [1995, 1996a] has discussed stabilization targets in the range 350-1000 ppmv27. Although
not intended, the impression may be created that 350 ppm or 450 ppm is an extreme level in the
low end and 750 ppm - 1000 ppmv is the corresponding upper extreme. Based on this
presentation, the level in between, around 550 ppm, will tend to be perceived as a reasonable
compromise.

Table 7: Expected temperature change for various atmospheric stabilization 	 targets.
Stabilization targets
CO2 concentration

Expected
temperature changea)

350 ppmv 0.8-2.5
450 ppmv 1.4-4.1
550 ppmv 1.8-5.4
650 ppmv 2.1-6.4
750 ppmv 2.4-7.3

a) The temperature change is based on the IPCC range of 1.5-4.5°C for a CO2 equivalent doubling. I have also
assumed 1 W/m2 radiative forcing from other greenhouse gases. No aerosols were assumed since these should be
phased-out for other environmental reasons.

Table 7 illustrates the expected uncertainty range for the global mean surface temperature changes
for several stabilization targets including an assumption of a combined radiative forcing of 1 W/m2
from other greenhouse gases, and no contribution from aerosols. (These should be phased out for
other environmental reasons.) It is illustrative to compare the values in the table to some other
benchmarks, e.g., an estimate of the natural fluctuations in the global mean surface temperature
change on time scales of less than a thousand years 0.5-1°C), Stockholm Environment
Institute's (SEI) estimate of a high risk temperature change (2°C) and, finally, the temperature
fluctuations associated with an ice age (5°C-10°C). The latter may be regarded as the natural
fluctuations on a time scale of 10,000 to 100,000 years.

Evidently, stabilization at 350 ppmv is expected to cause temperature changes larger than the
natural fluctuations on a time scale of a thousand years. If climate sensitivity is high, this
concentration may cause temperatures to climb above SEI's high risk level. Stabilizing at 450 ppmv
is likely to cause temperatures to exceed this risk level. Unless, it can be proven that higher
temperatures are safe or that the climate sensitivity is very low, I argue that we should now initiate
policies that will make it possible to stabilize concentrations at somewhere in the range 350 - 400
ppmv28 . This target may then be revised over time, if the climate sensitivity turns out to be much

26This section is based on joint work with Rodhe [Azar & Rodhe, 1996].
27IPCC [1995] presented scenarios leading to stabilisation in the range 350-750 ppmv, whereas IPCC [1996]
illustrated scenarios for stabilisation in the range 450 - 1000 ppmv.
28Note that stabilising CO2 concentrations at 350 ppm would not stabilise the climate at the present level,. This is
due to the fact that (i) we are already committed to higher rates of warming, (ii) other greenhouse gases N20 and CH4
are expected to increase over time, and (iii) the presence of aerosols reflects parts of the incoming solar radiation, but
this cooling effect will decline over time when SO2 emissions are reduced.
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lower than expected, or if higher temperatures are proven to be safe.

The global community has to act immediately to reach the 350-400 ppmv target. However, acting
does not necessarily require a substantial immediate departure from business-as-usual. The
important thing is that the action is clear enough to convince the financial markets that substantial
emission reductions will have to occur over the next couple of decades. However, convincing
signals will only be achieved if the action has an actual impact on the markets, i.e., by increasing
the share of renewable energy technologies and/or by firm political commitments that successively
stronger control measures will be introduced over time.

Thus, there is a vital distinction between "acting" and actually reducing emissions. One reason why
the debate about timing became so inflamed, may be that the WRE scenarios could be perceived to
imply that we do not even need to act at present. But if we are to make rather rapid reductions in the
future, then early action is needed.

7.3.2 Uncertainty about the stabilization target.
Suppose that we opt for a fairly high target, but find out, after a couple of decades, that it would
cause unacceptable damage. In that case, we would have to engage in a rapid departure from the
preplanned emission trajectory. Such rapid changes may force economic disequilibria and
premature retirement of existing capital stock, and then turn out to be much more costly then if
early action to reduce emissions had been launched from the beginning. Thus, uncertainty about the
choice of stabilization target is an important factor influencing the cost-efficiency of different
emission trajectories.

Ha-Duong et al [1996], formally model the impact of uncertainty on the optimal emission
trajectory. The expected stabilization level is assumed to be 550 ppmv, with a symmetric
probability around this goal (2,5% for 400 and 750, 10% for 450 and 700, 20% for 500 and 650,
and finally, 35% for 550 ppmv). Uncertainty about the stabilization level is completely resolved by
the year 2020. They use a modified version of the DIAM model. In particular, no cost-function
related to climate change is included. Instead, reductions are induced by a constraint on the
maximum allowable atmospheric concentration. Also they have included autonomous technical
change in the cost-abatement function so that the costs related to the level of reduction declines
irrespective of measures to reduce the emissions. The latter assumption enables DIAM to take into
account all of the four arguments expressed in the WRE paper. Ha-Duong et al find that adding
uncertainty to the problem implies that it is optimal to reduce emissions from business-as-usual at
an early point, so as to minimize the potential cost of having to reduce emissions much more
rapidly.

However, this result is disputed by Richels [1996] after running the MERGE-model under
uncertainty about the stabilization constraint. A similar conclusion is reached by Yohe & Wallace
[1995] who specifically analyze this question in a forthcoming paper. Also in Yohe & Wallace's
study, all uncertainties are resolved in 2020.

Fundamentally, their differing conclusions seem to stem from two features. First, Ha-Duong et al
included a small probability that we would have to stabilize at 400 ppm, whereas neither Richels
nor Yohe & Wallace did so. Yohe & Wallace, for instance, chose an uncertainty range as high as
550 - 850 ppm. Secondly, and probably even more important, Ha-Duong et al used 400 ppmv as a
ceiling. It seems that the fundamental driver for their result is the introduction of this ceiling. Even
an infinitely small probability that we have to stabilize at the 400 ppmv target would force the
model to an early departure from business-as-usual emissions. It would be interesting to run the
model allowing a temporary overshoot, in order to see if one would obtain the same qualitative
results.



7.3.3 Probability of reaching the target or - Political feasibility of alternative emission paths
leading to the same stabilization targets
The economic arguments for postponing emission reductions have sometimes been misunderstood
to imply that it is economically efficient to postpone reductions indefmitely. But, since there is an
upper limit on the cumulative amount of CO2 that we may emit, we have to start reducing the
emissions at some point. However, even if the economic arguments for deferral were convincing to
all parties in the debate, one would still need to discuss the political feasibility of the proposed
emission trajectories. Suppose that we would choose to defer emissions reductions until the year
2020, at which point substantial reductions would be needed. It is difficult to believe that policy
makers at that time will feel bounded by our decision to postpone all the effort to them. Rather,
they may consider the preplanned stabilization target too difficult to reach, and instead opt for a
higher stabilization target. Thus, deferring reductions has the clear but unquantifiable disadvantage
that it reduces the probability of reaching the preplanned stabilization target. This aspect has also
been formally modelled by Dowlatabadi [1996], who concludes that "under specific conditions,
delay can lead to a sequence of control measures which increase the probability of non-
compliance".

Experience supporting this view can be found from the Swedish debate about nuclear power. In
1980 a referendum and a subsequent decision by the Parliament decided that Swedish nuclear
reactors should be phased out by the year 2010. At present, those who do not support a phase-out
of nuclear power find it difficult to accept that they should be obliged to follow a decision made 15
years ago. Consequently, it seems unlikely at present that nuclear power will be phased out by the
year 2010.

7.3.4 Endogenising preferences and values
Preferences and values are most often assumed exogenous in economic analyses. However, as
pointed out in section 5.2, values are subject to change. This is relevant for the debate about timing
the emissions. Suppose preferences are endogenised. Arguing that a transition to a fossil carbon
free energy system is necessary would encourage a greater social acceptance for the measures
taken, than if decision makers argue that it is "optimal" to postpone reductions. This issue arises
also in relation to questions about the inertia of the energy system. Early signals are necessary in
order not to get too committed to carbon intensive energy technologies. Similarly, early signals
explaining the importance of carbon constraints are needed in order to increase social acceptance for
the transition to a renewable energy future.

7.4 Some summary remarks

The WRE conclusion that deferring emission reductions could be cost-efficient sparked a very
inflamed debate. Here, I have reviewed their four main arguments, and also critically reviewed the
counterarguments and some additional issues that are of importance in this debate. My two main
conclusions are as follows:

First, it is important to distinguish between actual emission reductions and action to reduce the
emissions or, in more general terms, between business-as-usual emissions and business-as-usual
policies. The concept of business-as-usual is generally perceived to encompass also the actual
policies accompanying a specific emission trajectory. Arguing in favor of following business-as-
usual for another two or three decades may then easily be perceived as following business-as-usual
policies, i.e., doing nothing. This is one important reason why the debate about timing became so
inflamed. But, a multitude of policies (and no-policies) may actually produce essentially the same
near-term emission trajectory. Even rather tough control measures, such as high carbon taxes,
could leave the emissions relatively unaffected in the near future, but still have a great impact in the
long run. Since energy systems are inert, we have to act now in order to get down the emissions in
the future. The more rapid carbon cuts considered necessary, the higher inertia we will face. If we
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are to reach stabilization targets in the range 350-400 ppmv, rather rapid cuts would be necessary
and a fair amount of inertia would be met. Thus, the actual emission trajectory leading to
atmospheric stabilization in the range 350-400 ppmv may turn out to lie closer to the WRE case
(assuming that all no-regrets options are used in that projection) than to the initial IPCC scenarios.

My second main conclusion is that the debate about timing cannot be carried out in the absence of a
discussion of actual stabilization targets. The higher the atmospheric stabilization target, the larger
is the potential to defer action and reductions. I have argued for stabilization in the range 350-400
ppmv. And if we opt for that level, we clearly need to take immediate action. Early action in the
form of creating market niches for renewable technologies 29, clear political commitments to
gradually augment carbon taxes over time and so forth, may be enough to create a preparedness for
larger reductions in the (near) future. Also, all no-regrets options should be exploited (including a
halt in deforestation rates). This also applies to the natural turnover of capital, in particular in
regions where the potential for cost-efficient renewable energy is already large, e.g., biomass in
Sweden, Canada and Russia. This will not necessarily imply a strong early departure from
business-as-usual emissions. But measures need to have some impact on the emission trajectory, if
the signals to the financial market system and the energy sector should be convincing.

29The niches should be large enough to have an impact on technology development, but this does not necessarily
imply, as we saw in subsection 7.2 that they are large enough to create a noticeable impact on the overall
emissions). For some technologies, such as biomass for heating, the technology is already mature and could be
employed on a larger scale, whereas solar cells could benefit a few generations of practice on smaller markets, before
being introduced on a much larger scale.
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8. Final conclusions

In this paper, I have reviewed several studies of the long-run cost of reducing CO2 emissions. Most
attention has been given to top-down (partial or general) equilibrium models, but bottom-up models
are also reviewed. I have in particular focussed on issues related to technological change, and the
following main conclusions have been drawn.

1.The way cost-estimates are presented is of crucial importance for the policy conclusions drawn
from them. Generally, they are stated in terms of reduction of baseline GDP projections, or in the
present value of future GDP losses (which may count in trillions of USD). This way of presenting
the results may create the impression that we have to make absolute cuts in our (material) standard
of living as a result of carbon constraints. Presented in another way, a very different picture
emerges. The difference in average growth rate over the next century between a case with no carbon
constraints, and a case with substantial reductions, counts only in a few hundredths of percent.
Irrespective of how stringent constraints we introduce, these models predict only a marginal impact
on the overall growth rates in the economy. By highlighting this latter perspective, it is made clear
that our energy future is a matter of choice — and this is important since these models are generally
perceived, by the general public and many politicians, as saying that it is too expensive to use
alternative renewable energy technologies (see section 2 and section 5.1).

2. So-called secondary benefits of carbon abatement, i.e., reduced emission of other pollutants such
as heavy metals, cancerogenic hydrocarbons and acidifying substances, and the potential to reduce
other distortionary taxes by the introduction carbon taxes, constitute two strong reasons for
reducing the use of fossil fuels. Most models have so far neglected secondary benefits, despite the
fact that they may have a considerable impact on the optimal reduction levels in the near-term future.
However, in the long run, technological improvements in coal and oil technologies may be expected
to substantially reduce the secondary benefits of carbon reductions. Carbon taxes have mainly been
analysed in equilibrium models and it is concluded that the benefits of reducing other taxes do
diminish, but not fully compensate for the cost of the carbon abatements. However, equilibrium
models are less appropriate for analyzing non-equilibrium effects, e.g., how carbon taxes may
affect unemployment rates. If carbon taxes increase employment (which is not too unlikely since
such taxes would raise prices on energy in relation to labor) this could actually reverse the cost-
estimates. (Remember that unemployment rates in Europe are 10%, while estimates of the costs of
reducing CO2 emissions are a few percent of GDP). But, for substantial reductions in fossil fuels,
the tax base on carbon will gradually diminish. In conclusion, revenues from carbon taxes and so
called secondary benefits are important for near-term policy making, but substantial long-run
reductions below the present levels of energy related CO2 emissions can only be justified by
concerns for climatic changes. Secondary benefits are discussed in section 5.5 and carbon taxes in
section 5.6.

3. Business-as-usual emissions in top-down models rely heavily on highly aggregate and inherently
uncertain parameters, in particular the autonomous energy efficiency parameter (AEEI). Although
attempts have been made to estimate this parameter from historical records, this is unsatisfactory
since the future is not bound by the past. The AEEI parameter is exogenous, and assumed to
capture all non-price driven reductions in energy intensity. Given the large uncertainty about its
value, it is unfortunate that a small change (say from 0 to 1%/year) yields changes in total emissions
by the next century that amounts to a factor of three (see section 4.1-4.2).

This way of predicting future energy demand is potentially misleading. First of all, it is poor in
dealing with situations where there is a large potential for cost-free energy efficiency improvements
that is not tapped by the market system. Setting a high value for AEEI could give the misleading
impression that this potential would be captured without policy measures to remove market barriers
that impede energy efficiency improvements. In short, policy makers may be led to believe that
emissions will come down automatically. Second, price-induced reductions in energy efficiency are
generally captured by the elasticity of substitution (ESUB) parameter. This improvement is
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forgotten if prices drop subsequently. However, this contradicts empirical evidence, and therefore,
a more realistic view of the dynamics of price-induced energy efficiency improvements is called for
(see section 5.4).

Further, business-as-usual forecasts need to explicitly analyze how other factors may affect future
energy demand, e.g., structural changes in our economies towards less material and energy
intensive sectors, more recycling and higher materials productivity in material intensive sectors (see
section 4.5).

Finally, but equally important, forecasts need to be complemented by back-casts and/or explicitly
normative scenarios. In back-casts, the future is painted as the authors would want to see it, and
then near-term policy conclusions are derived on the basis of what we need to do today in order to
reach the distant target This way of approaching the future may induce creativity and optimism
about the future, feelings that are too often suppressed by forecasts that too often tell you that
protecting the future from severe environmental problems costs you trillions of dollars (see section
4.4).

4. Most models assume the costs and performance of energy supply technologies to be exogenously
specified. However, a few models have endogenised technological change. If costs are
exogenously specified, then cost-minimizing models will only start investing in a specific
technology when the cost is lower than other competing technologies. But, if learning-by-doing is
central to achieving lower prices, then the costs may never come down. Thus, potentially superior
technologies run the risk of getting locked-out, unless specific policy measures are taken so as to
reduce this risk. Models where costs are exogenously specified may therefore be misleading, since
they neglect this risk. In models, where technological change is endogenised, investments in
potentially superior technologies start before they are cost-competitive, because this is necessary in
order to bring costs down. Since the market mechanism is, almost by definition, not equipped to
deal with this situation, policy measures that create market shares large enough to avoid lock-out
and enable learning-by-doing are necessary. This is especially important for technologies that unlike
solar cells, lack market niches where they are already at present competitive. For more on costs of
supply technologies (section 5.2), models that endogenise technological change (section 6), and the
importance of market niches (section 7.2.2).

5. The way technological change is modelled bears strong relevance for the debate about cost-
effective emission trajectories towards atmospheric stabilization of CO2. One of the reasons for
delaying reductions, is that we expect to have cheaper and better carbon-free energy technologies in
the future. But, these are not likely to appear automatically. R&D as well as market shares that
enable learning-by-doing, are of fundamental importance for these technologies to emerge. Policies
must be adopted that send clear signals to the market system that successively harder measures to
combat carbon emission are on their way. This will create clear incentives to increase R&D on fossil
free energy supply technologies as well as increased end-use energy efficiency. Initial steps along
these lines include capturing all no-regrets options, exploiting natural capital stock-over, avoiding
investments in long-lived carbon intensive technologies and carbon intensive infrastructure (e.g.,
transport system), an introduction of carbon taxes and/or other measures that stimulate the adoption
of competitive or near-competitive renewables such as wind, biomass and solar cells.

If we are to conduct policies that enable us to stabilize atmospheric concentrations in the range 350-
400 ppmv, as I have argued, then we need to implement all these measures at present. If we want to
stabilize at very high levels, then the mere time scales involved in the climate debate, make it clear
that immediate action or departure from business-as-usual is not necessary. Thus, a discussion of
cost-efficient emission trajectories cannot be carried out in the absence of a discussion of the
stabilization target (more details about the debate about timing emission reduction is given section
7.)

6. Preferences are exogenously given in energy-economy models, as in almost all economic
studies. But, preferences are likely to change along with an increased concern about environmental
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problems. For instance, rising concerns about climate change, may make individuals feel worse if
their way of living threatens the global environment. Individuals living in a society which relies
solely on renewable and environmentally friendly energy technologies, are likely to feel better than
individuals living in a very polluting society. If people's welfare is dependent upon how their
activities affect others and Nature, (which I believe) a transition to a renewable energy system could
actually increase welfare above what would be the case in the absence of carbon constraints. The
potentially lower level of material consumption would be offset by the utility derived by acting in a
sustainable manner. Thus, endogenising preferences is as important as endogenising technological
change (see section 5.2.1 and 7.3.4).

7. Finally, a word on the more fundamental questions related to the underlying propellants of
economy-wide productivity growth and technical change. This has not been dealt with in this paper,
but a more proper understanding of this question is of importance for climate change analysis. All
models projects the global economy to be an order of magnitude larger by the end of the next
century. Per capita growth is to some extent driven by capital accumulation, but most of it is just
"manna from heaven", i.e. an exogenously specified productivity growth. But what are the
fundamental forces behind this growth, and how do they relate to measures to reduce CO2
emissions? If R&D and technical change is, which most people assume, the forefront soldiers of
productivity growth, then a carbon constraint could trigger R&D and technical change, which could
increase overall productivity growth in the society.

However, this is of course less true if the increased R&D in renewables and energy efficiency
occurs at the expense of reduced R&D in the rest of the economy. But the notion of a fixed budget
for R&D seems not-realistic, especially in light of the overwhelming evidence that economies are
not at all in equilibrium.



9. References

Alfsen, K.,. Brendemoen, A., and Glomsrced, S., 1992. Benefits of climate policies:
some tentative calculations. Discussion paper no 69, Central bureau of statistics,
Oslo, Norway.

Andersson, B., Azar, C., Holmberg, J., karisson, S., & Lindgren, K, 1996. Material
constraints in a global energy scenario based on thin-film solar cells.Institute of
physical resource theory, Chalmers University of technology. Sweden.

Anderson, D. & Bird C.D., 1992. Carbon accumulation and technical progress - a
simulation study of costs. Oxford bulletin of economics and statistics 54, 1-29.

Arrhenius, S. 1896. On the Influence of Carbonic Acid in the Air upon the Temperature of
the Ground. The London, Edinburgh and Dublin Philosophical Magazine and Journal
of Science (fifth series, April), 237-276.

Arrow, K.J., 1962. The economic implications of learning-by-doing. Review of
economics 29, 155-173.

Ayres, R.U., 1993. Socio-economic modellingn and forecasting. Insead working paper
93/85, Insead, Fontainebleau, France.

Ayres, R.U., 1994. On Economic Disequilibrium and Free Lunch, Environmental and
Resource Economics4: 434-454.

Ayres R.U., & Walter J., 1991. The Greenhouse Effect Damages, Costs and Abatement,
Environmental and Resource Economics 1, 237-270.

Ayres, R. U, & Martinas, K., 1992. Experience and the life cycle: some analytical
implications. technovation 12, 465-486.

Azar, C., 1996. Four crucial issues related to the economics of climate change, In the
proceedings of the conference Ecology, Society, Ecology: In pursuit of sustainable
development. Universite de Versailles - Saint Quentin en Yvelines, Paris. May 23-
25.

Azar, C., Holmberg, J., & Lindgren, K., 1996. Socio-ecological indicators for
sustainability. Ecological Economics 18, 89-112.

Azar, C., & Rodhe, H., 1996. Targets for stabilization of atmospheric CO2. Forthcoming.
Azar, C., & Sterner, T., 1996. Discounting and distributional considerations in the context

of climate change. Ecological Economics, Forthcoming
Barns, D.W., Edmonds, J.A., & Reilly, J.M., 1993. The Edmonds-Reilly-Barns model,

in OECD, The costs of cutting carbon emissions, OECD, Paris.
Beaver, 1993. Structural comparison of the models in EMF 12. Energy Policy 21, 238-

248.
Berndes, G. & Wirsenius, S., 1996. Biomass for energy, food and materials in an

industrial society of 10 billion people. Institute report, institute of physical resource
theory. Chalmers University of Technology, Goteborg. Sweden.

Boero, G., Clarke, R. & Winters, L., 1991. The macroeconomic consequences of
controling greenhouse gases. A survey. Department of the environment, HMSO,
London.

Boyle, S., A global fossil free energy scenario: towards climate stabilization? Energy
Policy 22, 111-118.

Bovenberg, L & Smulders, S., 1993. Environmental quality and pollution saving-
technological change in a two-sector endogenous growth model. CentER for
Economic Research, Tilburg University, The Netherlands.

Bovenberg, L & Smulders, S., 1995. Environmental quality and pollution augmenting
technological change in a two sector endogenous growth model. Journal of public
economics 57, 369-391.

Broome J., 1992. Counting the Cost of Global Change, The White Horse Press,
Cambridge, UK.

Burniaux, J.M. Nicoletti, G & Oliveira-Martins, J., 1992a. GREEN: A global model for
quantifying the costs of policies to curb CO2 emissions. OECD Economic Studies
19, 50-92.

Bumiaux, J.M., Martin, J.P., Oliveira-Martins, J., 1992b. The effects of existing

50.



distortions in energy markets on the costs of policies to remove CO2 emissions.
OECD Economic Studies 19, 140-165.

Chapuis, T., Ha-Duong, M., & Grubb, M., 1996. DIAM a model for styduyng the
dynamics of Inertia and adaptability in the climate change issue. Submitted to the
Energy Journal

Christianson, L., 1995. Diffusion and learning curves of renewable energy technologies.
Working paper 95-126. HASA, Laxenburg. Austria

Cline W.R, 1992. The Economics of Global Warming, Institute of International
Economics, Washington D.C.

Capros, P., 1996. PRIMES and GEM-E3 Contribution to climate change policy debate.
National Technical University of Athens, Athens, Greece.

Dowlatabadi, H., 1996. Adaptive strategies for climate change mitigation: implications for
policy design and timing. Department of engineering & Public policy. Carnegie
Mellon University, Pittsburgh.

Dean, A. & Holler, P., 1993. Costs of reducing CO2 emissions: evidence from six global
models, pp 13-36 in OECD, The costs of cutting global emissions: results from
global models. (Earlier published in OECD economic studies 19, 1-47, 1992.)

Edmonds, J.A. & Reilly, J.M., 1985. Global Energy: Assessing the future. Oxford
University Press, New York.

Edmonds, J.A., Reilly, J. M., Gardner, R.H., & Benkert, A.,1986. Uncertainty in
Furutre global energy use and fossil fuel CO2 emissions 1975-2075.0ffice of energy
research, United States Department of Energy, Washington, D.C., US.

Edmonds, J.A., Pitcher, H.M., Barns, D., Baron, R & Wise, M.A., 1992. Modeling
future greenhouse gas emssions: the second generation model description. Pacific
Nortwest laboratory, Washington DC.

Energy Information Agency (EIA) 1996. Annual energy outlook 1996. DOEJEIA US
Department of energy, available on the Internet at http://www.eia.doe.gov/.

Ekins, P., 1996. The secondary benefits of CO2 abatement: How much emission reduction
do they justify? Ecological Economics 16, 13-24.

Factor 10 Club, 1994. Carnoules Declarations.
Fuchs, V. R. 1996. Economics, values, and health care reform. American Economic

Review 86, 1-24.
Gaskins, D.W., & Weyant, J.P., 1993. Model comparisons of the costs of reducing CO2

emissions. American Economic Review, Papers and proceedings 83, 318-323.
Gaskins, D.W., & Weyant, J.P., (Eds), 1994. Reducing global carbon dioxide emissions:

costs and policy options. Energy Modeling Forum, Stanford University, CA.
Goldemberg, J., Johansson, T.B., Reddy, A.,. & Williams, R., 1987. Energy for a

sustainable world. Wiley-Eastern, New Delhi, India.
Goulder, L.H., 1995. Effects of carbon taxes in an economy with prior tax distortions: an

intertemporal general equilibrium analysis. Journal of Environmental Management
29, 271-297.

Grubb, M., 1993. The Costs of Climate Change. Critical Elements. In: Kaya, Y.,
Nakicenovic, N., Nordhaus, W.D., & Toth, F.L. (Eds.) Costs, Impacts, and
Benefits of CO2 Mitigation, 153-166. Proceedings of a workshop held at HASA,
September 1992, Laxenburg, Austria.

Grubb, M., Edmonds, J., ten Brink, P and Morrison, M, 1993. The Cost of Limiting
Fossil Fuel CO2 Emissions: A Survey and an Analysis. Annual Review of Energy
and the Environment 18: 397-478.

Grubb, M., Chapuis, T., and Duong, M., H., 1995. The Economics of Changing Course.
Implications of Adaptability and Inertia for Optimal Climate Policy. Energy Policy
23, 417-431.

Grubb, M., 1996. Technologies, energy systems, and the timing of CO2 emissions
abatement: an overview of economic issues. Submitted to Energy Policy.

Griibler, A., Jefferson, M., and Nakcenovic, N., 1996. Global energy perspectives: A
summary of the joint study by the interntional institute for applied system analysis
and World Energy Council. Technological forecasting and social change 51, 237-

51.



264.
Ha-Duong, M., Grubb., M., & Hourcade, J-C., 1996. Optimal emission paths towards

CO2 stabilization and the cost of deferring abatement: the influence of inertia and
uncertainty, Draft, CIRED, Paris.

Howarth, R.B. & Andersson, B., 1993. Market barriers to energy efficiency. Energy
Economics 15, 262-272.

Hourcade, J.C., et al 1996. A review of mitigation cost studies. Chapter 9 in IPCC
Working Group III Second Assessment Report. Cambridge University Press,
Cambridge, UK

Hourcade, J.C., 1993. Modelling long-run scenarios. Methodology lessons from a
prospective study on a low CO2-intensive country. Energy Policy 21, 309-326.

IEA, 1995. Energy policies of IEA countries, 1994 review. International Energy Agency/
OECD, Paris.

IIASA, 1981. Energy in a finite world: A global systems analysis. Cambridge, Mass:
Ballinger.

IIASA/WEC, 1995. Global energy perspectives to 2050 and beyond, World Energy
Council, London.

IPCC 1990. Climate Change: The IPCC Scientific Assessment, Houghton, J.T., Jenkins
G.J., & Ephraums J.J. (Eds.), Cambridge University Press, Cambridge, UK

IPCC 1992. Climate Change 1992: The Supplementary Report to the IPCC Scientific
Assessment, Houghton, J.T., Callander B.A., & Varney S.K., (Eds.) Cambridge
University Press, Cambridge, UK

IPCC, 1995. Climate Change 1994, Radiative Forcing of Climate. Houghton, J.T., Meira
Filho, L.G., Bruce, J., Hoesung Lee, Callander, B.A., Haites, E., Harris, N., &
Maskell, K. (Eds). Cambridge University Press.

IPCC, 1996a. Climate Change 1995. The Science of Climate Change. Houghton, J.T., Meira
Filho, L.G., Callander, B.A., Harris, N., Kattenberg, A., and Maskell (Eds). Cambridge
University Press, Cambridge, UK.

IPCC, 1996b. Impacts, Adaptation and Mitigation Options , IPCC Working Group
II.Cambridge University Press, Cambridge, UK.

Johansson, T. B., Kelly, H., Reddy, A. K. N., & Williams, R.H., 1993a. (Eds)
Renewable Energy. Sources for fuels and electricity. Island Press, Washington,
D .C.

Johansson, T. B., Kelly, H., Reddy, A. K. N., & Williams, R.H., 1993b. Renewable
fuels and electricity for a growing world economy: defining and achieving the
potential. In Johansson, T. B., Kelly, H., Reddy, A. K. N., & Williams, R.H.
(Eds) Renewable Energy. Sources for fuels and electricity. Island Press,
Washington, D.C.

Johansson, 0., 1996. Welfare, externalities, and taxation; theory and some road transport
applications. PhD-dissertation no.63, Department of Economics, Goteborg
University, Sweden.

Jorgensson, D.W., & Wilcoxen, P.J., 1993. Reducing US carbon emissions: an econometric
general equilibrium assessment. Resource and Energy Economics 15, 7-25.

Lazarus, M., 1993. Towards a fossil free energy future - the next energy transition.
Stockholm Environment Institute, Boston Center, Boston, and Greenpeace
International, Amsterdam.

Lind, R. C., 1982. A Primer on the Major Issues Relating to the Discount Rate for
Evaluating National Energy Options. In Lind, R. C., et al., Discounting for Time and
Risk in Energy Policy. John Hopkins University Press, Baltimore.

Kaya, Y., 1989. Impact of carbon dioxide emission controle on GNP growth:
interpretation of proposed scenarios. Intergovernmental panel on climate
change/Response strategies working group, May.

Keepin, B., 1986. Review of global energy and carbon dioxide projections. Annual
Review of Energy 11, 357 -392.

Krause, F., Bach, W., & Kooney, J., 1992. Energy Policy in the Greenhouse, Earthscan,
London.

52.



Krause, F., with F, Haites, E, Howarth, R & Koomey, J., 1993. Cutting Carbon
Emissions: Burden or Benefit? International project for Sustainable Energy paths. El
cerrito, California.

Kydes, A.S., Shaw, S.H., & McDonald, D.F., 1995. Beyond the horizon: Recent
directions in Long-term energy modeling. Energy - the International Journal 20, 131-
149.

Lind, R.C, 1995. Intergenerational Equity, Discounting, and the Role of Cost-Benefit
Analysis in Evaluating Global Climate Policy. Energy Policy 23, 379-390.

Leggett, J., Pepper, W.J., & Swart, R.J., 1992. Emission scenarios for the IPCC: an
update. In Climate Change 1992: The supplementary report to the IPCC scientific
assessment. WMO/UNEP. Intergovernmental panel on climate change.Cambridge
University Press.

Lovins, A.B, Lovins, H.L. & Krause, F., Bach, W., 1981. Least Cost energy: Solving
the CO2 problem. Andover, Mass: Brick House.

Lovins, A.B., & Lovins, H.L., 1991. Least Cost Climatic Stabilisation. Annual Review of
Energy and the Environment 16, 433-531.

Marne A. S., & Richels R. G., 1992. Buying Greenhouse Insurance- the Economic
Costs of CO2 Emissions Limits, The MIT Press, Cambridge, Massachusetts.

Marine A. S., & Richels R. G., 1994. Costs of Stabilizing Global CO2 Emissions: a
Probabilistic Analysis Based on Expert Judgements, Energy Journal 15, 31-56.

Manne, A.S., Mendelsohn, R. & Richels, R G., 1995. MERGE. A model for evaluating
regional and global effects of GHG reduction policies. Energy Policy23, 17-34.

Mattsson, N & Wene, C-0., 1996. Assessing new energy technologies using an energy
system model with endogenised experience curves. J. Energy research, Forthcoming

Messner, S., 1995. Endogenised technological learning in an energy systems model.
Working paper 95-114. IIASA, Laxenburg. Austria.

Morris, J & Canzoneri, D., 1992. Recycling vs inineration: an energy conservation
analysis. Sound Resource Management Group, Seattle, Washington.

Nordhaus, W.D. and Yohe, G., 1983. Future paths of energy and carbon dioxide
emissions, in Changing climate, National Acadamy of Sciences, Washington D.C.

Nordhaus W. D., 1990. Greenhouse Economics: Count Before You Leap. The Economist,
(7 July), 19-22.

Nordhaus W.D., 1991. The costs of slowing climate change: a survey. Energy Journal
12, 37-65.

Nordhaus W.D., 1992. An Optimal Transition Path for Controlling Greenhouse Gases,
Science 258, 1315-1319.

Nordhaus W.D., 1993a. Pondering greenhouse policy. Science 259, 1383.
Nordhaus, W.D., 1993b. Optimal greenhouse-gas reductions and tax policy in the "DICE"

model. American Economic Review (Papers and proceedings) 83, 313-317.
Nordhaus, W.D., 1994. Managing the Global Commons: the Economics of Climate

Change. MIT Press, Cambridge, MA, USA.
OECD, 1993. The costs of cutting carbon emissions, OECD, Paris.
Oliveira Martins, J., Burniaux, J.M., Martin, J.P., & Nicoletti, G., 1993. The costs of

reducing CO2 emissions: a Comparison of carbon tax curves with green, pp 67-94 in
OECD, The costs of cutting carbon emissions, OECD, Paris.

Peck, S., & Teisberg, T., 1993. Global warming uncertainties and the value of
information: An analysis using CETA. Resources and energy economics 15, 71-98.

Pearce, D., 1991. The role of carbon taxes in adjusting to global warming. Economic
Journal 101, 938-948.

Pearce, D., 1992.The secondary benefits of greenhouse gas control. CSERGE Working
Paper 92-12. University College London, UK.

Schelling, 1992. Some economics of global warming, American Economic Review 82, 1-
13.

Schneider, S., 1993. Pondering greenhouse policy. Science 259, 1381.
Spash, C.L., 1994. Double CO2 and Beyond: Benefits, Costs and Compensation.

Ecological Economics 10, 27-36.

53.



Svensson, P., 1995. The sun will show its competitiveness, Ny teknik 23, 22-23. (In
Swedish)

Swaim, J., Holmberg, J., & Lindgren, K., 1996. "What role for normative scenarios and
backcasting in the development of a sustainable Swedish energy system." Institute
report 1996:05, Institute of physical resource theory. Chalmers. (In Swedish)

Oravets, M., & Dowlatabadi, H., 1996. Modeling US long-term energy intensity: an
exploration of technological change. 1996.2. Department of engineering & public
policy, Carnegie Mellon University.

Ramaswamy, V., Schwarzkopf, M.D. & Shine, K.P., 1992. Radiative Forcing of Climate
from Halocarbon-Induced Global Stratospheric Ozone Loss. Nature 355, 810-812.

Richels, R., 1996. Oral presentation at the IEA workshop on Quantified Limitation and
Reduction Objectives, Paris May 30-31.

Richels, R., & Edmonds. J, 1996. The economics of stabilizing atmospheric CO2-
concentrations.

Richels, R., Edmonds, J., Gruenspecht, H., & Wigley, T., et al 1996. The berlin
mandate: the design of cost effective mitigation strategies. Draft February 3, 1996.

Robinson, J.B., 1982a. Energy back-casting: A proposed method of policy analysis.
Energy Policy, 334-37.

Robinson, J.B., 1982b. Back-casting into the future: on the methodological and
institutional biases embedded in energy supply and demand forecasting.
Technological forecasting and social change 21: 229-240.

Rutherford, T., 1993. The welfare effects of fossil carbon restrictions: results from a
recursively dynamic trade model. In OECD, The costs of cutting carbon emissions,
OECD, Paris.

Trainer, F.E, 1995. Can renewable energy sustain affluent societies? Energy policy 23,
1009-1026.

van Ettinger, J., 1994. Sustainable use of energy: A normative energy scenario: 1990-
2050. Energy Policy 22, 111-118.

Weizacker, E.U., Lovins, A.B., & Lovins, L.H., 1995. Factor four. Targets for
sustainable development.

Weyant, J.P., 1994. Introduction and overview. In EMF 12 Reducing global carbon
dioxide emissions: costs and policy options. Stanford University.

Whalley, J. & Wigle, R., 1991. The International Incidence of carbon taxes, in Dornbush,
R & Poterba, J.M., Global Warming: Economic Policy Responses, pp 233-262.

Whalley, J. & Wigle, R., 1993. Results for the OECD comparative modelling project from
the Whalley-Wigle model, in OECD, The costs of cutting carbon emissions, OECD,
Paris.

Wigley, T., Richels, R. & Edmonds, J., 1996. Economics and environmental choices in
the stabilisation of atmospheric CO2 concentrations. Nature 379, 240-243.

Williams, R.H., 1996. "Fuel decarbonisation for fuel cell applications and sequestration of
the separated CO2." In Ayres, R., et al (eds) Ecorestructuring UN University Press
Tokyo, Japan.

Williams, R. H., & Terzian, G., 1993. A benefit-cost analysis of accelerated development
of photovoltaic technology. PU/CEES report no 281. Center for energy and
environmental studies, Princeton University. NJ.

Wilson, D. & Swisher, J., 1993. Exploring the Gap: Top-Down versus Bottom-up
Analyses of the Cost of Mitigating Global Warming. Energy Policy 21: 249-263.

Wirsenius, S., & StrOmbeck, A., 1988. Tax-transfer for a better environment, masters
thesis, Lulea University of Technology. (In Swedish.)

Yohe, G., & Wallace, R., 1995. Near-term mitigation policy for global change under
uncertainty: minimizing the expected cost of meeting unknown concentration
thresholds. Forthcoming in Environmental Modeling Assessment

Zhang, Z & Folmer, H., 1995. Economic approaches to cost estimates of the control of
carbon dioxide emissions. Paper presented at the sixth annual meeting of the
European Association of Environmental and Resource Economists, Umeä, Sweden,
June 18-20, 1996.

54.


	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21
	Page 22
	Page 23
	Page 24
	Page 25
	Page 26
	Page 27
	Page 28
	Page 29
	Page 30
	Page 31
	Page 32
	Page 33
	Page 34
	Page 35
	Page 36
	Page 37
	Page 38
	Page 39
	Page 40
	Page 41
	Page 42
	Page 43
	Page 44
	Page 45
	Page 46
	Page 47
	Page 48
	Page 49
	Page 50
	Page 51
	Page 52
	Page 53
	Page 54
	Page 55
	Page 56

