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And God said, Let us make man in our image, after our
likeness: and let them have dominion over the fish of the sea,
and over the fowl of the air, and over the cattle, and over all
the earth, and over every creeping thing that creepeth upon the
earth.

So God created man in his own image, in the image of
God created he him: male and female created he them.

And God blessed them, and God said unto them, Be
fruitful and multiply, and replenish the earth, and subdue it:
and have dominion over the fish of the sea, and over the fowl
of the air, and over every living thing that moveth upon the
earth.

— Genesis, 1:26,27,28
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Abstract

This thesis is comprised of four articles, each dealing with issues regarding energy
systems and climate change. Together, the articles represent a progression of analytical
thought which was stimulated by issues which were being raised and debated in research
and policy arenas over the four-year period during which the articles were written.

The progression starts with the presentation of a methodology for identifying and
comparing fossil-fuel-based energy-system sources of greenhouse-gas emissions. This
methodology encourages the analyst to follow the chain of emissions from the point of
the end-use technology back to the extraction of the fuel from the earth. A method is
presented for computing the direct and indirect radiative forcings of emissions of carbon
dioxide, nitrous oxide and methane and comparing them in terms of their carbon-
equivalent radiative forcing potential as a common unit. This method emphasizes the
importance of considering the differences in rate as well as the total long-term potential
of climate change that result from the various fuel-cycles. Examples are provided which
illustrate application of the method in comparisons of the carbon-equivalent emissions
from coal-, oil- and natural-gas-based electricity and combined heat and power
production assuming near-, medium- and long-term perspectives.

The second article provides a systematic approach to calculating the net cost of
avoiding greenhouse-gas emissions by adopting individual supply- and demand-side fuel-
switching and energy-efficiency measures instead of proceeding down business-as-usual
energy patns. Individual measures are grouped and ranked to form scenario packages
for which total and average costs of avoided carbon-equivalent emissions increase in
conjunction with increasing quantities of avoided emissions. Examples are presented
based on previous analyses of energy-conservation and fuel-switching potentials in
Sweden, the United States and the State of Karnataka, India. A key finding is that there
appears to exist significant emission-avoiding potential that can be exploited at a net
economic benefit to society. This potential is insufficient, however, to achieve the
approximately 60 percent emission reductions required to stabilize atmospheric
concentrations of the greenhouse gases.

The suggestion that changes can be made to energy systems leading to significant
levels of avoided carbon dioxide emissions at little or no cost to society has been refuted
by economic theoreticians, based on the assumption that in free-market societies energy
systems reach equilibrium at the point of maximum economic benefit. Their writings
warn that policies aimed at avoiding greenhouse-gas emissions will incur exorbitant costs.
The third article in this thesis explores the gap between the findings of econometric and
engineering analyses of the cost of mitigating global warming. Their conflicting
conclusions are found to stem from the broad differences in paradigm and perception
that are endemic to the academic disciplines from which the modelers and their models
derive.

The fourth and final article returns from the theoretical to the applied. A case
study of the potential to use ethanol produced from sugarcane as a transportation fuel
in Thailand is used to illustrate an integrated approach to evaluating components of
alternative energy systems. The approach emphasizes the broad range of issues — such
as human health, trade balances and global warming — that are important to such
evaluations when performed within the context of sustainable development.



Context and Summary

In 1990 the Intergovernmental Panel on Climate Change (IPCC) published its
Scientific Assessment.1 This document stated unambiguously the IPCC's findings that
the contributing scientists were certain that human activities are substantially increasing
the atmospheric concentrations of the greenhouse gases (carbon dioxide (CO2), methane
(CH4), nitrous oxide (N2O) and chlorofluorocarbons (CFCs)) and that these increases
will enhance the greenhouse effect, thereby causing additional warming, on average, of
the Earth's surface. The document states further, that the IPCC participants calculate
with confidence that to stabilize atmospheric concentrations of the greenhouse gases at
today's levels would require immediate reductions in anthropogenic emissions amounting
to over 60 percent for the long-lived gases, and a 15 to 20 percent reduction in emissions
of CH4. These statements implied a need for major changes to the world's commercial
energy systems, as they are the source of nearly 60 percent of all anthropogenic emissions
of greenhouse gases and rely on fossil fuels for 95 percent of their primary energy
supply.2 Despite the IPCC's daunting conclusions, the formulation of national and
international policy responses has been hindered by the need for analyses of issues
regarding what can and needs to be done, and by economic concerns.

The underlying assumption throughout the four articles in this thesis is that the
threat that manmade energy systems pose to the global climate are sufficient to warrant
action: hence the article titles, each of which begins with an active verb. Much of the
impetus for formulating, coordinating and supporting response strategies resulting in such
action must take place within the policy arena. Each of the four articles, therefore, aims
to provide analysis of relevance to policymakers as well as to researchers pondering
issues in the field of energy and environment. It is the goal of each of the articles to
provide the reader with in-depth methods and tools for doing his/her part to actively
participate locally and regionally in a world-wide effort to understand the options, issues,
opportunities and constraints of strategies and measures for mitigating global climate
change, and to contribute to the establishment of energy systems that are compatible
with sustainable development.

In the early 19th century, J.B.J. Fourier theorized that the Earth's atmosphere is
like the glass of a greenhouse, impeding the escape of long-wave radiation to space,
thereby keeping the planet's surface warm. By the end of the 19th century S. Arrhenius
had concluded that water vapor and CO2 in the atmosphere are responsible for
maintaining the average surface temperature on Earth 33°C (60°F) warmer than it would
otherwise be in their absence. He also estimated that doubling the atmospheric
concentration of CO2 would increase the Earth's average surface temperature by five to

J.T. Houghton, G.J. Jenkins and JJ. Ephraums (eds.), Climate Change: The IPCC Scientific
Assessment. Cambridge University Press, Cambridge, 1990.

For emission sources, see: DA. Lashof and D.A. Tirpak (eds.), Policy Options for Stabilizing Global
Climate: Report to Congress. United States Environmental Protection Agency, Office of Policy, Planning and
Evaluation, December 1990. For commercial primary energy production see: United Nations, 1990 Energy
Statistics Yearbook. United Nations, New York, 1992.



six degrees centigrade (9°F). Forty-three years later, in 1939, G.S. Callendar reported
that changes in the atmospheric concentrations of CO2 may have been partly responsible
for climatic changes over geological history, and that coal consumption in the 20th
Century has been accompanied by a rise in the mean temperature of colder regions of
the Earth.3

By the fall of 1989, when the research behind Article I in this thesis was initiated,
much of the current scientific knowledge regarding the role of increased concentrations
of greenhouse gases in the atmosphere in perturbing the Earth's climate was already
established. Computerized global circulation models were being used to simulate climate
impacts resulting from changes in the composition of the atmosphere. In 1977 the
National Academy of Sciences published a study estimating that average surface
temperature would increase by 3°C ± 1.5°C (2.7 to 8.1 °F) in response to a doubling of
atmospheric concentrations of CO2. In 1985 scientists from the National Center for
Atmospheric Research (NCAR) concluded that the combined effect of other greenhouse
gases could be as large as that of CO2. The scientific community reported that some
surface warming was inevitable and sounded an alarm, in a variety of forums, espousing
the importance of adopting policy measures aimed at reducing both the magnitude and
the rate of anthropogenically-induced climate change. World-wide concern over this
issue was reflected in calls for a global convention on climate change in such forums as
the World Conference on the Changing Atmosphere, the United Nations General
Assembly, and the Economic Summit of the Group of Seven Major Industrialized
Countries.

The energy sector had been identified as the largest single contributor of
greenhouse-gas emissions in the industrialized world. The 14th Congress of the World
Energy Conference (WEC) published projections suggesting that continued economic
growth would result in 76 percent growth in global primary energy demand by the year
2000 and that, even with a three-and-a-half-fold increase in global nuclear power
capacity, energy-sector CO2 emissions would increase by 69 percent. This analysis
reflected generally-held views of the future which persisted amongst energy planners.
Efforts to encourage divergence from the WEC paradigm in consideration of the risks
of enhancing the greenhouse effect were hindered by the lack of systematic tools for
evaluating and comparing the relative climate impacts of existing and alternative energy
options.

Comprehensive accounting methods were needed for appropriately attributing
emissions to their respective paths for delivering energy services. Although atmospheric
chemists had provided data describing the individual radiative forcings of the greenhouse
gases in the atmosphere as well as their interactions and atmospheric residence times,
common units were needed for comparing the climate impacts of energy-system
emissions of the gases once they were accounted for. The aim of the research in Article
I was to contribute methodologically to meeting those needs. The three key aspects of
the approach put forward in the article are: accounting for emissions from the full fuel
cycle (from mining/extraction through the delivery of the demanded energy service),
expressing the relative impacts of emissions of different gases in common units, and
addressing the rates of climate change that would result from following different energy
paths as well as the total long-term impacts.

Article I begins with a description of the stages in the fossil fuel cycles of energy

Historical information on the sequence of findings and events listed here and below are taken from,
G.C. Kaye, "Global Climate Change Timeline," Global Environmental Change Report, July 1990.



systems at which emissions of greenhouse gases can occur. Significant emission sources
commonly left out of analyses at the time — such as methane emissions from coal mines
and natural gas distribution pipelines — are described and roughly quantified. This
discussion is followed by a summary of the respective radiative forcing potentials of CO2,
CH4 and N,O: three greenhouse gases with important emission sources in the energy
sector. Here a relatively simple approach to expressing the direct and indirect global
warming potentials of CH4 and N2O as CO2-equivalents is presented in order to enable
the comparison of fuel cycles with different quantities and combinations of emissions of
these greenhouse gases. This approach is based upon the atmospheric residence times
of the respective gases and their direct and indirect (through the production of other
greenhouse gases) radiative forcings relative to those of CO2. The atmospheric residence
times are used to incorporate a time perspective into the comparison of emissions of
each of the gases. The radiative forcing of one unit (mole or gram) of CH4 in the
atmosphere relative to that of one unit of CO2, for example, diminishes as the time
perspective of the comparison increases, because of the much longer atmospheric
residence time of CO2.

The methodological discussions in Article I are followed by examples of their
application. Comparisons are made of the radiative forcings resulting from a range of
fossil fuel and technology combinations for systems producing electricity and combined
heat and power production. These comparisons illustrate the added dimension of the
importance of energy efficiency in determining the climate impact of such systems. In
the concluding section, natural-gas exploitation is found to be less offensive from a
greenhouse perspective than the use of oil or coal when compared on a per MJ basis.
The forcing effects of CH4 and N2O for all three fuels are found to be significant,
although less than that of CO2. As with CH4 emissions from leaking natural-gas
pipelines, however, measures for avoiding these emissions may in some cases be more
readily available and less costly to implement in fossil-fuel-based systems than those
aimed at avoiding emissions of CO2.

The research upon which Article II is based was originally performed to provide
an invited contribution to the Second World Conference on Climate Change, held in
Geneva in October of 1990. The aim of conducting this study was to promote
recognition of, and constructive exploration into, possibilities to start to implement
climate change mitigation measures, by providing a widely-applicable framework for
comparing their costs on an avoided carbon-equivalent basis.

Article II provides a systematic approach to calculating the net cost of avoiding
specific quantities of greenhouse-gas emissions by adopting integrated packages of
individual supply- and demand-side fuel-switching and energy-efficiency measures instead
of proceeding down business-as-usual energy paths. The approach is illustrated by
applying the methodologies in Article I and net cost calculations to scenarios from other
studies estimating energy efficiency and fuel-switching potentials and costs in Sweden,
the United States, and the State of Karnataka in India. Net costs are defined for each
measure as the difference between the cost of adopting the measure and that of adopting
a business-as-usual, or base-case, approach. Similarly, net avoided emissions are defined
as the emissions that would result from the base case less those that would result from
adopting the alternative measure. In some cases, the base-case scenarios assume the
implementation of already-established policies for changing existing energy systems.

The net costs of avoiding emissions by adopting individual measures are calculated
as the ratio of each measure's net cost to its net avoided emissions. The results for the
individual measures are ranked and combined in packages to form cost-of-avoided-



carbon-emission curves for which total and average costs of avoided carbon-equivalent
emissions increase in conjunction with increasing quantities of avoided emissions. A key
finding of this stu Jy is that there appears to exist significant emission-avoiding potential
that can be exploited at a net economic benefit to society. Even larger levels of
emissions can be avoided by investing up to the break-even point, where the total cost
of the investments equals the resulting economic savings. These potentials are not
sufficient, however, to achieve the approximately 60 percent emission reductions required
to stabilize atmospheric concentrations of the greenhouse gases. Neither are much of
the identified potentials likely to be achieved under prevailing market conditions.
Recognizing this to be the case, the types of government-level policy measures that would
be required to bring about adoption of the cost-effective measures are described.

Policymakers' economic concerns have not been allayed by the writings of
researchers studying the costs associated with adopting energy-sector response strategies.
Top-down analysts apply a macroeconomic modeling approach to the response-strategy
costing problem and conclude that market intervention aimed at mitigating global
warming will be expensive for society. Bottom-up analysts apply a disaggregate approach
to modeling energy supply and demand, alternatives for changing both, and the costs of
those alternatives. They conclude that much can be done to mitigate global warming at
little or no cost to society. Rather than serving to alleviate policymakers' concerns
regarding response-strategy costs, these conflicting conclusions have added a degree of
uncertainty to the policymaking process.

The source of the disparity between the top-down and bottom-up studies is the
subject explored in Article III. The impetus for the work was to see whether or not these
two analytical approaches are reconcilable. Our approach to answering this question was
to begin by describing and providing critical analyses of the strengths and weaknesses of
the methodologies of each in modeling energy supply and demand, and defining the
boundaries or scope of their studies. We then compared these descriptions in search of
underlying differences in assumptions and approach.

In comparing top-down and bottom-up methodologies, we found important and
fundamental differences in the modelers' approaches to several aspects of addressing the
research problem, ranging from the formulation of the questions they set out to answer
to the nature of their input data describing energy markets. While top-down analysts
question the extent to which energy prices would have to change to achieve a desired
market response, bottom-up analysts question the extent to which greenhouse-gas
emissions can be reduced at little or no cost. Similarly broad differences are found in
the modelers' perceptions as to which of the model inputs describing energy systems are
fixed constants, which are parametric variables that can change, and which are decision
variables that can be changed.

To find the reasons for these differences we found ourselves referring back to the
paradigms that are endemic to the academic disciplines from which the modelers and
their models derive, and to the original purposes for which the models were designed.
With these reference points in mind, we found it unremarkable that the models and their
results are difficult to compare, let alone reconcile. In summary we conclude that a real
and unbridgeable gap between the modeling approaches does exist. Moving forward
from there, we provide observations regarding the ways in which this gap is manifest in
the political debate over whether or not to pursue policies aimed at mitigating global
warming.

Article IV of this thesis illustrates another of the conclusions of Article III: it is an
artificial exercise to estimate the costs of mitigating global warming in isolation, either



from the top-down or from the bottom-up. This is true as a general rule, but is
especially critical to evaluations of energy-system alternatives in the developing country
context. The focus of this fourth study is on describing elements of a broad-based
integrated approach to preparing such evaluations. The aim was to address a range of
issues, including health, social and environmental impacts, as well as market
competitiveness, from the perspective of sustainable development. Aspects of the
approach are explored in the article through an illustrative case study of fuel-switching
to biomass-based ethanol as an alternative transportation fuel in Thailand. Fuel-
switching to ethanol is used in the study as an example of one of a class of measures
which can be adopted to simultaneously address the aims of improving urban air quality,
reducing import expenditures (and increasing fuel self-sufficiency), and providing a new
market for domestically-produced agricultural products.

Of the four articles in this thesis, the last most clearly demonstrates the inherently
interdisciplinary nature of efforts to formulate specific response strategies for mitigating
anthropogenically-induced climate change. Raising and addressing the wide variety of
issues associated with adopting a biomass-based alternative transportation fuel required
a basic understanding of, and ability to communicate with experts regarding, key aspects
of related research fields such as agronomy, land-use planning, transportation planning
and growth, and urban air pollutants and their health impacts, as well as those associated
with transportation-sector emissions of greenhouse gases. The article also provides the
reader with a general sense of the level of depth and detail required to provide scenarios
estimating even the order of magnitude of the potential to produce and utilize an
alternative fuel. Providing a conclusive analysis of the ethanol option was beyond the
scope of this work. Doing so would require a much more detailed study, including cost
estimates for both the implementation of the measure and for added and avoided costs
associated with impacts on health, society, the environment and the national economy.

It is not clear how mankind can bring about the level of change required to
prevent further perturbation of ihe global climate system. The articles in this thesis do
demonstrate, however, that viable approaches are available for formulating energy-system
responses that can begin to move us in that direction, and in the direction of sustainable
development. Truly confronting the challenges of doing so will become easier when we
abandon our role as subduers of the planet and embrace instead the role of its stewards,
for there can be no winners in a continued contest to conquer the planet.
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