Carbon Management: Implications for R & D in the
Chemical Sciences and Technology (A Workshop

Report to the Chemical Sciences Roundtable)
Chemical Sciences Roundtable, Board on Chemical

Sciences and Technology, National Research Council
ISBN: 0-309-50305-1, 236 pages, 8 1/2 x 11, (2001)
This free PDF was downloaded from:
http://www.nap.edu/catalog/10153.html

Visit the National Academies Press online, the authoritative source for all books from the
National Academy of Sciences, the National Academy of Engineering, the Institute of
Medicine, and the National Research Council:

Download hundreds of free books in PDF

Read thousands of books online for free

Purchase printed books and PDF files

Explore our innovative research tools — try the Research Dashboard now
Sign up to be notified when new books are published

Thank you for downloading this free PDF. If you have comments, questions or want
more information about the books published by the National Academies Press, you may
contact our customer service department toll-free at 888-624-8373, visit us online, or
send an email to comments@nap.edu.

This book plus thousands more are available at www.nap.edu.

Copyright © National Academy of Sciences. All rights reserved.

Unless otherwise indicated, all materials in this PDF file are copyrighted by the National
Academy of Sciences. Distribution or copying is strictly prohibited without permission
of the National Academies Press <http://www.nap.edu/permissions/>. Permission is
granted for this material to be posted on a secure password-protected Web site. The
content may not be posted on a public Web site.

THE NATIONAL ACADEMIES

Advisers to the Nation on Science, Engineering, and Medicine



http://www.nap.edu/
http://www.nap.edu/permissions/
http://www.nasonline.org/site/PageServer
http://www.nae.edu/nae/naehome.nsf
http://www.iom.edu/
http://www.iom.edu/
http://www.nationalacademies.org/nrc/
http://www.nap.edu/agent.html
http://www.nap.edu
mailto:comments@nap.edu
http://www.nap.edu

Carbon Management: Implications for R & D in the Chemical Sciences and Technology (A Workshop Report to the Chemical Sciences Roundtable)
http://lwww.nap.edu/catalog/10153.html

Garhon Management: Implications for R&D
in the Chemical Sciences and Technology

A WORKSHOP REPORT
TO THE
CHEMICAL SCIENCES ROUNDTABLE

Chemical Sciences Roundtable
Board on Chemical Sciences and Technology
Division of Earth and Life Studies

National Research Council

NATIONAL ACADEMY PRESS
Washington, D.C.

Copyright © National Academy of Sciences. All rights reserved.



Carbon Management: Implications for R & D in the Chemical Sciences and Technology (A Workshop Report to the Chemical Sciences Roundtable)
http://lwww.nap.edu/catalog/10153.html

NOTICE: The project that is the subject of this report was approved by the Governing Board of the National Research Council,
whose members are drawn from the councils of the National Academy of Sciences, the National Academy of Engineering, and
the Institute of Medicine.

Support for this project was provided by the National Science Foundation under Grant No. CHE-9630106, the National
Institutes of Health under Contract No. NO1-OD-4-2139, and the U.S. Department of Energy under Grant No. DE-FGO02-
95ER14556. Any opinions, findings, conclusions, or recommendations expressed in this material are those of the authors and
do not necessarily reflect the views of the National Science Foundation, the National Institutes of Health, or the U.S. Depart-
ment of Energy.

International Standard Book Number 0-309-07573-4

Additional copies of this report are available from:

National Academy Press Board on Chemical Sciences and Technology
2101 Constitution Avenue, NW 2101 Constitution Avenue, NW

Box 285 NAS 273

Washington, DC 20055 Washington, DC 20418

800-624-6242 202-334-2156

202-334-3313 (in the Washington metropolitan area)
http://www.nap.edu

Copyright 2001 by the National Academy of Sciences. All rights reserved.

Printed in the United States of America

Copyright © National Academy of Sciences. All rights reserved.



Carbon Management: Implications for R & D in the Chemical Sciences and Technology (A Workshop Report to the Chemical Sciences Roundtable)
http://lwww.nap.edu/catalog/10153.html

e NATIONAL ACADEMIES

National Academy of Sciences
National Academy of Engineering
Institute of Medicine

National Research Council

The National Academy of Sciences is a private, nonprofit, self-perpetuating society of distinguished
scholars engaged in scientific and engineering research, dedicated to the furtherance of science and
technology and to their use for the general welfare. Upon the authority of the charter granted to it by the
Congress in 1863, the Academy has a mandate that requires it to advise the federal government on
scientific and technical matters. Dr. Bruce M. Alberts is president of the National Academy of Sciences.

The National Academy of Engineering was established in 1964, under the charter of the National
Academy of Sciences, as a parallel organization of outstanding engineers. It is autonomous in its
administration and in the selection of its members, sharing with the National Academy of Sciences the
responsibility for advising the federal government. The National Academy of Engineering also sponsors
engineering programs aimed at meeting national needs, encourages education and research, and recog-
nizes the superior achievements of engineers. Dr. William A. Wulf is president of the National Academy
of Engineering.

The Institute of Medicine was established in 1970 by the National Academy of Sciences to secure the
services of eminent members of appropriate professions in the examination of policy matters pertaining
to the health of the public. The Institute acts under the responsibility given to the National Academy of
Sciences by its congressional charter to be an adviser to the federal government and, upon its own
initiative, to identify issues of medical care, research, and education. Dr. Kenneth 1. Shine is president of
the Institute of Medicine.

The National Research Council was organized by the National Academy of Sciences in 1916 to
associate the broad community of science and technology with the Academy’s purposes of furthering
knowledge and advising the federal government. Functioning in accordance with general policies deter-
mined by the Academy, the Council has become the principal operating agency of both the National
Academy of Sciences and the National Academy of Engineering in providing services to the govern-
ment, the public, and the scientific and engineering communities. The Council is administered jointly by
both Academies and the Institute of Medicine. Dr. Bruce M. Alberts and Dr. William A. Wulf are
chairman and vice chairman, respectively, of the National Research Council.

Copyright © National Academy of Sciences. All rights reserved.



Carbon Management: Implications for R & D in the Chemical Sciences and Technology (A Workshop Report to the Chemical Sciences Roundtable)
http://lwww.nap.edu/catalog/10153.html

Copyright © National Academy of Sciences. All rights reserved.



Carbon Management: Implications for R & D in the Chemical Sciences and Technology (A Workshop Report to the Chemical Sciences Roundtable)
http://lwww.nap.edu/catalog/10153.html

CHEMICAL SCIENCES ROUNDTABLE

RicHARD C. ALKIRE, University of Illinois at Urbana-Champaign, Chair

MarioN C. THURNAUER, Argonne National Laboratory, Vice Chair

Avrexis T. BELL, University of California, Berkeley

DaryLE H. Busch, University of Kansas

MARCETTA Y. DARENSBOURG, Texas A&M University

MicHAEL P. DoyLE, Research Corporation

BRruck A. FinLayson, University of Washington

MicHAEL J. GoLpBLATT, Defense Advanced Research Projects Agency

RicHARD M. Gross, Dow Chemical Company

EsiNn Gurari, National Science Foundation

L. Lours HeGgepus, Atofina Chemicals, Inc.

ANDREW KALDOR, Exxon Mobil

Fuint LEwis, American Chemical Society

Mary L. ManbicH, Bell Laboratories

RoBERT S. MARIANELLI, Office of Science and Technology Policy

ToBIN J. MARKS, Northwestern University

JoE J. MaYHEW, Chemical Manufacturers Association

WiLLiam S. MiLmaN, U.S. Department of Energy

NoriNE E. Noonan, U.S. Environmental Protection Agency

JANET G. OsTERYOUNG, National Science Foundation

Nancy L. PArRenTEAU, Organogenesis, Inc.

MicHAEL E. RoGers, National Institute of General Medical Sciences

HratcH G. SEMERJIAN, National Institute of Standards and Technology

PETER J. STANG, University of Utah

D. Amy TRAINOR, Zeneca Pharmaceuticals

JEANETTE M. Van Emon, U.S. Environmental Protection Agency National Exposure Research
Laboratory

IstaH M. WARNER, Louisiana State University

Staff

RutH McDiarmip, Senior Program Officer

SyBIL A. PaIGE, Administrative Associate

DoucLas J. RaBER, Director, Board on Chemical Sciences and Technology
Scortt C. JEnkINs, National Research Council Intern

Copyright © National Academy of Sciences. All rights reserved.



Carbon Management: Implications for R & D in the Chemical Sciences and Technology (A Workshop Report to the Chemical Sciences Roundtable)
http://lwww.nap.edu/catalog/10153.html

BOARD ON CHEMICAL SCIENCES AND TECHNOLOGY

KENNETH N. Raymonp, Co-Chair, University of California
Joun L. ANDERSON, Co-Chair, Carnegie Mellon University
JosepH M. DESIMONE, University of North Carolina and North Carolina State University
CaTHERINE C. FEnsELAU, University of Maryland

ALICE P. Gasr, Stanford University

RicHARD M. Gross, Dow Chemical Company

Nancy B. Jackson, Sandia National Laboratory

GeorcE E. KELLER II, Union Carbide Company (retired)
SanGTAE Kiv, Eli Lilly and Company

WiLLiam KLEMPERER, Harvard University

THoMAS J. MEYER, Los Alamos National Laboratory

PauL J. REIDER, Merck Research Laboratories

LynN F. ScHNEEMEYER, Bell Laboratories

MARTIN B. SHERWIN, ChemVen Group, Inc.

JEFFREY J. StrOLA, Eastman Kodak Company

CHRISTINE S. SLOANE, General Motors Research Laboratories
ARrNoLD F. STANCELL, Georgia Institute of Technology
PETER J. STANG, University of Utah

Joun C. TuLLy, Yale University

CHi-Huey Wona, Scripps Research Institute

STEVEN W. YATEs, University of Kentucky

Staff

DoucLas J. RABER, Director

RutH McDiarmiD, Program Officer
CHrisTOPHER K. MURPHY, Program Officer
SyBIL A. PaIGE, Administrative Associate

Vi

Copyright © National Academy of Sciences. All rights reserved.



Carbon Management: Implications for R & D in the Chemical Sciences and Technology (A Workshop Report to the Chemical Sciences Roundtable)
http://lwww.nap.edu/catalog/10153.html

Preface

The Chemical Sciences Roundtable (CSR) was established in 1997 by the National Research Coun-
cil (NRC). It provides a science-oriented, apolitical forum for leaders in the chemical sciences to discuss
chemically related issues affecting government, industry, and universities. Organized by the NRC’s
Board on Chemical Sciences and Technology, the CSR aims to strengthen the chemical sciences by
fostering communication among the people and organizations—spanning industry, government, univer-
sities, and professional associations—involved with the chemical enterprise. The CSR does this prima-
rily by organizing workshops that address issues in chemical science and technology that require
national attention.

The topic “Carbon Management: Implications for R&D in the Chemical Sciences” was selected by
the Chemical Sciences Roundtable in response to concern that the chemical sciences community should
be prepared to respond in the event that a policy decision might be implemented in the area of carbon
management. The workshop, entitled Carbon Management: Implications for R&D in the Chemical
Sciences, brought together leaders in chemistry and chemical engineering from government, academia,
and industry to gather information and explore possible roles that the chemical sciences R&D commu-
nity might play in identifying and addressing underlying chemical questions that might arise if govern-
ment action were taken to regulate carbon dioxide output or fossil fuel consumption. The workshop
focused not on the debate over whether we have seen anthropogenically driven climate change or what
the climate change effects might be, but on how the chemical community could prepare for and react to
a possible national policy of carbon management.

The chapters in this report are the authors’ own versions of their presentations, and the discussion
comments were taken from a transcript of the workshop. In accord with the policies of the CSR, the
workshop did not attempt to establish any conclusions or recommendations about needs and future
directions, focusing instead on issues identified by the speakers. The views and opinions of authors
expressed herein do not necessarily represent the views of the NRC or any of its constituent units.

Alexis T. Bell and Tobin J. Marks
Workshop Organizers

Vil
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Summary

Alexis T. Bell
University of California at Berkeley

and
Tobin J. Marks
Northwestern University

Considerable international concerns exist about global climate change and its relationship to the
growing use of fossil fuels. Carbon dioxide is released by chemical reactions that are employed to
extract energy from fuels, and any regulatory policy limiting the amount of CO, that could be released
from sequestered sources or from energy-generating reactions will require substantial involvement of
the chemical sciences and technology R&D community.

Much of the public debate has been focused on the question of whether global climate change is
occurring and, if so, whether it is anthropogenic, but these questions were outside the scope of the
workshop, which instead focused on the question of how to respond to a possible national policy of
carbon management. Previous discussion of the latter topic has focused on technological, economic, and
ecological aspects and on earth science challenges, but the fundamental science has received little
attention. The workshop was designed to gather information that could inform the Chemical Sciences
Roundtable (see Appendix C) in its discussions of possible roles that the chemical sciences community
might play in identifying and addressing underlying chemical questions.

OVERVIEW: ECONOMICS AND OTHER DRIVERS FOR CARBON MANAGEMENT

The first session was devoted to setting the context of the workshop—the broad view of the
problem, including its magnitude; the motivations for a carbon management policy; the interplay be-
tween public, private, and government sectors in the areas of policy; and the strategic issues and options
associated with energy production and use, as well as CO, separation and sequestration.

James Edmonds, from Pacific Northwest National Laboratory, presented the motivations for carbon
management (see Chapter 1). He articulated the theme that carbon management may prove to be one of
the greatest challenges of the twenty-first century since, driven by climate change issues, the global
energy production and utilization system will have to undergo radical transformation during this period.
He suggested that the need to stabilize the atmospheric CO, concentration implies that net anthropo-
genic carbon dioxide emissions—the contributions to the ocean-atmosphere in excess of the CO, uptake
by other parts of the carbon cycle—must decline to zero. This technological premise, in conjunction

Copyright © National Academy of Sciences. All rights reserved.
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2 CARBON MANAGEMENT

with the need to carry it out in a cost-effective manner, would have several important near-term impli-
cations for the character of efficient policy development. Using the premises that there are sufficient
economic fossil fuels to last for the next century and that continued economic development will ensure
a continued growth in energy demand, he described existing patterns for world use of low-cost fossil
fuel and identified the need for a portfolio of technologies that will change those patterns. He argued that
investments to develop those technologies and their associated infrastructure will require funding a full
spectrum of R&D, coordinated among many nations and with the participation of both public and
private sectors. However, he showed that global energy R&D has declined over the last 15 years. In his
view, public policy will play an important role in signaling the need for new technologies and in
facilitating their development and deployment.

David Thomas of BP Amoco discussed various options for CO, mitigation and presented the
approach that BP has taken (see Chapter 2). He presented examples of methods for reducing energy
consumption from various manufacturing processes practiced by BP and described possible separation
technologies for the CO, that is emitted. Separation of CO, could occur early, in capture from natural
gas, or much later, from combustion processes. He also described options for storing CO, safely,
particularly in geological formations. Thomas reiterated Edmonds’s point that mitigation techniques
must be cost-effective if they are to be widely adopted.

Brian Flannery of ExxonMobil (see Chapter 3) pointed out that concerns about anthropogenic
emissions of CO, and their possible effect on climate change have led to policy proposals that would
dramatically restrict future emissions. He revisited some of the issues discussed by Edmonds and
provided a historical perspective on energy use, energy decarbonization and energy efficiency. His talk
emphasized the magnitude of the problem and time scale for penetration of new technologies. He
presented several scenarios that could lead to CO, stabilization at various levels over the next century,
noting that the associated social, environmental, and economic costs would be sensitive to the availabil-
ity and performance of new technologies. He emphasized that effective implementation of any new
energy technology would require extensive infrastructure development, and that any policy requiring
stabilization of atmospheric CO, concentrations would depend on development and widespread global
implementation of technologies that are not commercially available today. He identified a twofold
chemical R&D focus that would enhance our ability to assess the extent and consequence of climate
change and would contribute to the development of appropriate advanced technologies.

Opportunities for carbon emissions control in the electric power industry were addressed by John
Stringer of the Electric Power Research Institute (see Chapter 4). He emphasized that the problem is
very large, that the dominant worldwide generation fleet will increasingly consist of fossil fuel-fired
thermal stations, and that no clearly superior methods for carbon management currently exist. On that
basis, he concluded that research on multiple candidates—including combustion systems, nuclear en-
ergy, and renewable energy—will be critically important. He highlighted the importance of having a
long-range roadmap for planning the supply of electricity for the next 50 years, since most of the world’s
current generating capacity would be replaced during that period. He described options for reducing
CO, emissions associated with power generation and discussed the issues associated with the principal
fuels: petroleum, natural gas, and coal. He summarized opportunities for CO, capture, particularly for
coal-fired plants and identified the issues associated with alternative sequestration strategies. Finally, he
reiterated Edmonds’s point that a commitment to emissions mitigation should not be made too soon, lest
the approach prove unsuitable or unachievable at a reasonable cost.

In the panel discussion following the first session, an effort was made to focus on identifying a
research agenda in chemical sciences and engineering that would be aimed at reduction of CO, emis-
sions. Nevertheless, the majority of the discussion concerned the economics of carbon mitigation, and
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participants reported that simple steps, such as fuel switching, are occurring. Several participants ex-
pressed the need for creative and innovative research to lay the foundations for the next generation of
technology—as argued by Brian Flannery, current approaches appear unlikely to succeed in the near
term.

SCIENCES R&D ISSUES IN MANAGING PRODUCED CARBON DIOXIDE

The presentations in the second session of the workshop were centered on the efficient use of carbon
resources that could lead to a reduced contribution to the CO, pool. The presentations covered a number
of perspectives, ranging from laboratory research to industrial policy. Strategies suggested to accom-
plish the goals ranged from a system of renewable fuels that could avoid CO, emissions to a system that
would rely on fossil fuels with separation and sequestration of the CO,.

Carol Creutz of Brookhaven National Laboratory reviewed the use of carbon dioxide as a starting
material for organic synthesis, for potential industrial chemical applications, and as a feedstock for fuel
production (see Chapter 5). She put this in perspective by comparing the estimated net anthropogenic
increase of 13,000 million tons of CO, added to the atmosphere annually with the annual total of 110
million tons transformed into chemicals—mainly urea, salicylic acid, cyclic carbonates, and polycar-
bonates. She suggested that increased use of CO, as a starting material would be desirable, potentially
producing a positive—although small—impact on global CO, levels. Use of supercritical CO,, a hydro-
phobic solvent that can replace organic solvents in a number of applications, could consume additional
amounts. Reactive use of CO, is limited by the fact that it is very stable, and energy must be supplied to
drive most transformations. Dr. Creutz suggested that renewable energy sources be considered in driv-
ing CO, utilization, such as direct hydrogenation to CH,OH or CH, via a variety of routes, including
photochemistry. She concluded her presentation by identifying several areas of ongoing and future
research directions that could lead to CO, utilization in new polymers.

James A. Spearot of General Motors discussed advanced engine and fuel systems for minimizing
CO, generation (see Chapter 6). The goal of the automotive industry is to respond to the global demand
for the freedom provided by modern transportation technology and thereby achieve sustainable
“auto-mobility.” He suggested that for society to continue to enjoy the benefits of personal mobility, we
will need long-term energy forms that are renewable and vehicle technologies that have zero impact on
the ambient environment. He discussed reduction of carbon emissions by improving the efficiency of
vehicles and propulsion systems—through the auto industry-government program known as the Partner-
ship for a New Generation of Vehicles (PNGV). Various improvements in fuel economy might be
obtained through use of lightweight bodies, advanced combustion technologies, and advanced transmis-
sions. In addition to combustion engines, fuel cell-powered vehicles operating with either gasoline or
hydrogen could provide significant efficiency improvements and CO, emission reductions, but the
penetration of hydrogen-fueled vehicles would require the development of a hydrogen infrastructure.
Spearot reported that significant progress has been made, but he cautioned that future emission stan-
dards, particularly for NO, and particulates, might limit utilization of some of the near-term advanced
technologies. Advanced propulsion systems also will require advanced fuel compositions, and the use of
hydrogen—the ultimate fuel—will require significant advances in on-board hydrogen storage as well as
the development of a fuel delivery infrastructure. Spearot also suggested that biomass-based ethanol
could represent a CO, conservation option, but this was challenged by Flannery, who earlier had
presented a different perspective (see Chapter 3).

John Turner of the National Renewable Energy Laboratory discussed renewable energy storage,
generation, and utilization (see Chapter 7). He proposed that advanced renewable energy systems may

Copyright © National Academy of Sciences. All rights reserved.
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provide the basis for a sustainable energy supply without net anthropogenic emission of CO,. He argued
that large-scale implementation of renewable energy technologies could eliminate the need for CO,
sequestration by reducing the use of—and ultimately eliminating the need for—fossil-based energy
production. The renewable energy systems he discussed include photovoltaics, solar thermal (electric
and thermal), wind, biomass (plants and trees), hydroelectric, ocean, and geothermal. He described the
impressive growth of wind power, particularly on wind farms. He emphasized the need for energy
storage technologies that would overcome the intermittent nature of several of the renewable energy
sources, as well as the need for basic research in all aspects of renewable energy generation. One option
he emphasized for energy storage was electrolysis for renewable hydrogen generation.

David W. Keith of Carnegie Mellon University (Chapter 8) spoke about industrial carbon manage-
ment to permit the continued use of fossil fuels for energy. Industrial carbon management links pro-
cesses for capturing the carbon content of fossil fuels while generating carbon-free energy products such
as electricity and hydrogen and sequestering the resulting carbon dioxide. The energy content of the
fossil fuels would first be separated from their carbon content in one of three separation schemes: post-
combustion capture (combustion in air followed by removal of CO, from the combustion products),
oxyfuel (separation of oxygen from air followed by combustion in pure oxygen and CO, capture), and
pre-combustion decarbonization (with a first step of reforming the fuel to produce hydrogen and CO,
followed by capture of the CO,). The third alternative has the advantage that a power plant could sell
zero-CO,-emission hydrogen for a hydrogen infrastructure. In all cases, CO, sequestration is the sub-
stantive challenge. For such technologies Keith estimated the cost of electricity to be about 2-3 cents per
kilowatt-hour more than from current technologies, roughly comparable with the cost of electricity via
wind, biomass, or nuclear power. He argued that the advantage of industrial carbon management is its fit
with the existing infrastructure for power generation and distribution, and he suggested that a carbon tax
might provide the economic driver to accelerate this approach.

The discussion following this session brought up the issue of biological sequestration of carbon.
David Thomas questioned whether regional politics might influence national decisions on sequestration,
and David Keith suggested that biological sequestration could have a significant short-term impact.
There was extensive discussion among the panel and participants on the costs and challenges for
hydrogen storage and renewable energy sources.

EFFICIENT UTILIZATION OF CARBON RESOURCES

The third session of the workshop was devoted to the efficient utilization of carbon resources. Two
perspectives were presented: the first was devoted to efficient utilization of hydrocarbon resources in
“traditional” chemistry, and the second focused on using plants as the feedstock for making chemicals
and polymers.

Leo Manzer of DuPont (Chapter 9) described how selective industrial catalytic oxidation could be
used to reduce carbon losses from processes for making olefins and oxygenated products. He began by
noting that catalytic oxidations usually exhibit selectivities for desired products of less than 90% and
account for much of the CO, released from chemical processes. He illustrated how reductions in CO,
emissions could be achieved by several means, including a two-step oxidation process in which a
hydrocarbon is oxidized anaerobically by the catalyst and the partially reduced catalyst is then reoxidized
in a separate step. Such processes have been found to yield higher product selectivities than those
obtained from aerobic oxidation. Higher product selectivities can also be achieved by using alternative
oxidants such as hydrogen peroxide (H,0,) and nitrous oxide (N,O), but the cost of these oxidants
would have to be reduced significantly before they could become commercially attractive compared to
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oxygen. He described the potential use of hydrogen-oxygen mixtures for selective oxidation but noted
that serious safety issues would have to be addressed. Manzer also showed how creative new catalytic
technologies could be used to achieve higher product yields and reduced CO, emissions. He also
suggested that the use of CO, as a mild oxidant is an interesting new development to be pursued.
However, he argued that it is not economical to replace existing chemical plants, so financial incentives
would be needed to commercialize improved technologies.

The theme of efficient utilization of hydrocarbon resources was continued by Harold Kung from
Northwestern University (Chapter 10), who noted that oxidation catalysts exhibiting higher selectivities
are needed for processes such as the oxidative dehydrogenation of alkanes to olefins and the selective
oxidation of alkanes to oxygenated products. Kung observed that the hydrogen-to-carbon ratio of most
petrochemicals is higher than that in crude oil, so hydrogen must be added to make these products. Since
hydrogen is produced by the steam reforming of methane, a process that generates CO,, reducing the
consumption of hydrogen would lead to a reduction in CO, emissions. He illustrated several alternatives
by which oxygenated products might be produced to minimize the loss of hydrogen as water, and he
urged the development of novel processes that minimize the consumption of energy. For example, if
acetic acid could be produced by direct heterogeneous carbonylation of methanol, then the energy
required to separate acetic acid from the water solvent, a considerable component of the energy con-
sumption, could be avoided. Opportunity also exists to develop new strategies for reforming liquid fuels
to produce hydrogen for fuel cells.

The production of polylactic acid (PLA) from cornstarch was addressed by Patrick Gruber of Cargill
Dow (see Chapter 11). PLA was chosen as a target for process development because it exhibits adequate
performance as a commodity polymer and would command a reasonable market price. Since CO, is
fixed in crops to make starch, the starting material for PLA comes from a renewable source. Gruber
addressed the market opportunities and potential for PLA and the relationship between the production of
PLA and the net consumption or production of CO,. Currently there is market demand for PLA in three
areas: fibers, packaging, and chemical products. Long-range opportunities also exist for converting
lactic acid, the monomer for PLA, into a variety of commodity and specialty chemicals, as well as
polymers other than PLA. Gruber projected that in its first year of operation, the cradle-to-pellet
emission of CO, for the production of PLA would be comparable to that for the production of polypro-
pylene, but with further process development, PLA production would become a net consumer of CO,.
His overall conclusion was that products made from renewable resources, such as PLA, offer advan-
tages over the petrochemical-based products that they would replace, and he argued that the develop-
ment of successful renewable resource-based products will require the skillful combination of expertise
in fermentation and biotechnology with that in more conventional chemistry and polymer science.

John Frost of Michigan State University described the production of chemicals from plants (see
Chapter 12). He began with the observation that virtually all commercial chemicals are synthesized from
petroleum feedstocks; very few are isolated as natural products from plants or produced microbially
from plant feedstocks. He argued that there is enormous opportunity for the production of chemicals
from renewable feedstocks and, hence, a net consumption of CO,, since plants can be thought of as
immobilized forms of CO,. His strategy is based on the development of new syntheses and synthetic
methodologies compatible with the use of water as the reaction solvent. Also critical would be effective
interfacing of microbial catalysis with chemical catalysis and the discovery and use of genes encoding
biosynthetic enzymes. Frost illustrated the opportunities for his approach with a number of examples.
Shikimic acid is a key intermediate in the synthesis of Tamiflu, an effective anti-influenza drug, but is
available in only limited quantities. He showed that shikimic acid could be synthesized from readily
available starting materials via a biosynthetic route. Examples were presented also of how one might
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synthesize hydroquinone and adipic acid from glucose. Frost ended his presentation with a call for
chemists to view construction of microbial catalysts as an activity every bit as central to chemical
synthesis as the development of inorganic and organometallic catalysts. Both Frost and Gruber empha-
sized the need for broadly trained scientists who understand chemistry and can move across disciplinary
boundaries.

The panel discussion following the third session began with the question of how the issues presented
by the speakers could be translated into a research agenda for the chemical sciences. In response to
questions about the use of computer modeling, the speakers indicated that this was an important compo-
nent of industrial research, but it is just one component. Several participants asked if the increasing
national emphasis on biologically related research might undermine progress in the physical sciences.
Manzer and Gruber indicated that industry needs scientists who can work across the boundaries of the
disciplines, and others suggested that future success in carbon management would require broad efforts
at understanding the chemistry of CO, in both biological and geological contexts.

The contributions in this report from the workshop speakers indicate that a program of carbon
management would pose enormous challenges. Several speakers described ways that R&D could reduce
the amount of CO, that is generated by chemical industry. While it was noted that this is only a small
fraction of the total amount of anthropogenic CO, (see the discussion following Chapter 2), reductions
could be economically important to the chemical industry if a carbon management policy were to be
established. Several speakers pointed to ways that R&D in the chemical sciences and engineering might
lead to reduction of emissions by the power and transportation sectors, which are responsible for the
preponderance of CO, generated by human activity.
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Carbon Management: The Challenge

James A. Edmonds, J. F. Clarke, and J. J. Dooley
Pacific Northwest National Laboratory!

The Framework Convention on Climate Change (FCCC) was negotiated in Rio de Janeiro in 1992
and entered into force on March 21, 1994. It has been ratified by 186 parties, including the United
States.? The ultimate objective of the FCCC is set forth in Article 2:

The ultimate objective of this Convention and any related legal instruments that the Conference of the
Parties may adopt is to achieve, in accordance with the relevant provisions of the Convention, stabiliza-
tion of greenhouse gas concentrations in the atmosphere at a level that would prevent dangerous anthro-
pogenic interference with the climate system. Such a level should be achieved within a timeframe suffi-
cient to allow ecosystems to adapt naturally to climate change, to ensure that food production is not
threatened and to enable economic development to proceed in a sustainable manner.

In addition, Article 3 of the FCCC specifies that, . . . policies and measures to deal with climate
change should be cost-effective so as to ensure global benefits at the lowest possible cost.”

The FCCC established many important principles but left most of the critical details to be worked
out by later conferences of the parties to the convention. For example, the objective of the convention is
the stabilization of the concentration of greenhouse gases, but the level at which they should be stabi-
lized is not specified. There is as yet no scientific basis for preferring one concentration limit to another,

IDisclaimer: This report was prepared as an account of work sponsored by an agency of the U. S. government. Neither the
U. S. government or any agency thereof, nor Battelle Memorial Institute, nor any of their employees makes any warranty,
express or implied, or assumes any legal liability or responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not infringe privately owned rights.
Reference herein to any specific commercial product, process, or service by trade name, trademark, manufacturer, or other-
wise does not necessarily constitute or imply its endorsement, recommendation, or favoring by the U.S. government, any
agency thereof, or Battelle Memorial Institute. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the U.S. government or any agency thereof. (Pacific Northwest National Laboratory, operated by Battelle
Memorial Institute for the United States Department of Energy under Contract DE-AC06-76RLO 1830.)

2As such it differs from its more controversial cousins such as the Kyoto Protocol, which was negotiated in 1997 under the
FCCC, but has not entered into force.
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and there likely will never be.? Preindustrial concentrations of carbon dioxide, for example, were in the
neighborhood of 275 parts per million volume (ppmv). They had risen to 368 ppmv by 1999. Under a
variety of scenarios this concentration rises to anywhere from 500 to more than 700 ppmv over the
course of the twenty-first century.*

The natural carbon cycle governs the relationship between emissions and concentrations. Anthropo-
genic emissions originating from net changes in land-use and fossil fuel oxidation initially enter the
atmosphere but are eventually partitioned between the atmosphere and the ocean. While the oceans
ultimately take up much of the net release, a fraction of any net emission remains in the atmosphere for
more than a millennium. As a consequence, the preindustrial level of 275 ppmv concentration of CO, is
no longer accessible in the present millennium without reversing the net flow from fossil fuel oxidation
and land-use change.

Stabilizing the concentration of CO, in the atmosphere therefore implies that net emissions ulti-
mately fall to zero from present levels, which are in excess of 6 petagrams of carbon per year (PgC/yr).>
It is cumulative emissions that matter. Therefore, the particular time path of emissions will depend on
the concentration to which atmospheric CO, is limited. It also means that to satisfy the cost-effective-
ness objective of the FCCC, emissions may rise before finally declining. Emissions trajectories consis-
tent with five alternative concentration limits are shown in Figure 1.1. Key characteristics associated
with emissions paths consistent with CO, concentrations limits are shown in Table 1.1.

FACTORS SHAPING FUTURE GLOBAL CARBON EMISSIONS

Understanding the key drivers of historic and future carbon emissions is critical to developing
policies to control emissions. Yoichi Kaya developed a simple analytical framework to understand the
relationship between population, economic activity, energy, and emissions. He observed a simple iden-
tity that has significant analytical power:

C = (C/IEY*(EIY)*(YIN)*N.

In this equation, C = carbon emissions per year, E = energy consumption per year, ¥ = GNP per
year,® and N = population. It implies that the rate of change in carbon emissions is simply the sum of the
rates of change of carbon intensity (C/E), energy intensity (E/Y), per capita income (Y/N), and popula-
tion growth.

By using the above equation, historical trends can be examined and future analysis dissected.
Figures 1.2 throughl.5 show population, GNP per capita, energy intensity, and carbon intensity for
historical and forecast years. Data for forecast years are taken from Pepper et al. (1992), which docu-

3There are multiple greenhouse-related gases. These include water vapor, carbon dioxide, carbon monoxide, methane,
nitrous oxide, odd nitrogen compounds, the chlorofluorocarbons and their replacements, and aerosol compounds. Carbon
dioxide is the most important human-released greenhouse gas from the perspective of potential change in future climate. Its
principal source of emissions is fossil fuel use, however, land-use change in general and deforestation in particular also play
important roles.

4See for example IPCC (1996a) and Nakicenovic et al. (2000), although the latter gives only emissions and cumulative
emissions calculations.

51 Pg = 1 billion tonnes.

OIn this equation GNP refers to “gross world product.” Therefore we use GNP to mean the value of all new final goods and
services produced in the world in a given year. We continue to use the acronym GNP to avoid confusion with the concept of
global warming potential (GWP), which is also found in the literature.
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FIGURE 1.1 Net annual anthropogenic carbon emissions paths consistent with alternative CO, concentration
limits and the assumed population growth from the IS92a scenario of the Intergovernmental Panel on Climate
Change. The curve marked 1S92a assumes no CO, concentration limit. The specified limit occurs in the year
2150.

ments the Intergovernmental Panel on Climate Change (IPCC) 1S92 scenario series.” Historical declines
in carbon intensity and energy intensity have been more than offset by increases in population and GNP
per capita. IPCC carbon emissions scenarios shown in Figures 1.2-1.5 span a range of trajectories. Most
cases exhibit higher carbon emissions at the end of the twenty-first century than in 1990. All cases
exhibit higher CO, concentrations at the end of the twenty-first century than in 1990. The range of

TABLE 1.1 Characteristics of Potential Emissions Trajectories That Limit Cumulative Atmospheric
CO, Emissions

Ceiling (ppmv)

350 450 550 650 750

Date when emissions are lower in the control Today 2007 2013 2018 2023
case than in the reference case, IPCC 1S92a

Maximum global emission (PgC/yr) 6.0 8.0 9.7 11.4 12.5

Year of maximum global emissions 2005 2011 2033 2049 2062

Annual rate of long-term emissions decline (%) — 1.1 0.8 0.6 0.5

Cumulative emissions, 1990 to 2100 (PgC) 363 714 1,043 1,239 1,348

TThe 1S92 scenarios are a set of assumptions, the more significant of which concern population, economic growth, rate of
end-use energy intensity improvement, and elasticity of demand for energy in developing nations.
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FIGURE 1.2 Global population scenarios.

emissions scenarios developed by Nakicenovic et al. (2000) is similar to that explored by Pepper et al.
(1992), in Figure 1.6.

Contrary to popular belief,? there is no practical resource limit to human ability to load fossil fuel
carbon into the atmosphere. While the resource base of conventional oil and gas is limited, the amount
of carbon stored in fossil fuels is not. Table 1.2 describes the distribution of carbon in fossil fuel
resources. The amount of carbon stored in the form of conventional oil and gas is only about half the
mass of carbon existing in the atmosphere. The amount of carbon stored in the form of coal resources
could exceed the amount of carbon in the atmosphere by as much as an order of magnitude. Further, the
80
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FIGURE 1.3 Global GNP per capita under various scenarios.

8See for example Kaku (1997, p. 277)—“Within the next thirty years, fossil fuels will become increasingly scarce and
prohibitively expensive.”
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FIGURE 1.4 Energy-GNP ratio under different scenarios.

amount of carbon stored in the form of unconventional liquids and gases exceeds the carbon stored in
the form of coal. There is no serious prospect for “running out” of fossil fuels during the course of the
twenty-first century. Therefore, the idea that society will soon develop noncarbon energy forms to
provide for growing energy demands, because there is no fossil fuel alternative, is unlikely.

TECHNOLOGY IN A REFERENCE FUTURE

Energy technology is assumed to evolve dramatically in reference scenarios, a feature that can go
unappreciated. The 1S92a scenario, for example, assumes that noncarbon energy forms are sufficiently
inexpensive that by the end of the twenty-first century, approximately 75% of all electricity is provided
by non-carbon-emitting sources. Similarly, commercial biomass is assumed to grow to the point that it

’ _
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FIGURE 1.5 Global carbon intensity under various scenarios.
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FIGURE 1.6 Range of IPCC IS92 anthropogenic carbon emissions under various scenarios.

provides more energy than did all oil and gas production in the year 1990. This all happens in a
“business-as-usual” scenario in which there is no explicit policy to address climate change. At the same
time, end-use energy intensity continues to fall to less than half of the level in 1990. To understand the
impact of these technological changes on the reference case, we have calculated the emissions under
static 1990 technology assumptions and compare these with the reference scenario IS92a. The results of
this calculation are shown in Figure 1.7.

The impact of assumed technological change on carbon emissions is huge. Yet the reduction in
emissions brought about by these expected developments is insufficient to stabilize CO, concentrations.
Figure 1.7 shows a path that stabilizes CO, concentrations at 550 ppmv. The selection of this concentra-
tion is arbitrary. As discussed earlier, other concentration limits could as easily have been selected. The

TABLE 1.2 Carbon Content of Fossil Fuel Energy Resources Potentially Available After 1990

Range of Additional Resources plus

Resource Resource Base Occurrences Additional
Energy Form Base (PgC) Estimates (PgC) (PgC) Occurrences (PgC)
Conventional 0il% 170 156-230 200 156-430
Conventional gas? 140 115-240 150 115-390
Unconventional gas? 410 — 340 750
Coal®b.c 3,240 — 3,350 3,240-6,590
Tar sands and heavy oils&:d 720 600-800 — 600-800
Qil shale®¢ 40,000 — — 40,000
Gas hydrates? — — 12,240 12,240

aIPCC (1996b p. 87).

bAssumes 50% unrecoverable coal in the resource base.

¢Range estimates are not available due to the abundance of the resource.
dRogner (1996).

¢Edmonds and Reilly (1985).
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FIGURE 1.7 Comparison of carbon emissions and CO, concentrations with and without technological change
and compared to a 550-ppmv CO, limit.

principal virtue of this particular number is that it happens to be approximately twice preindustrial
concentration levels and much work in the climate sciences has employed this value.

The excess of carbon emissions associated with any reference trajectory over those needed to limit
the concentration to some prescribed level can be thought of as defining a “gap.” Clearly the technology
mix must change for that gap to be closed. Either new or improved energy technologies, or both, will be
needed to close the gap.

THE ENERGY SYSTEM WITH AND WITHOUT AN EMISSIONS CEILING

To begin to explore the role of technology in filling the gap, we first construct a reference energy
system and compare its evolution to an alternative path with a CO, concentration limit. We have
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developed two alternative reference scenarios for global population, economy, energy, and agriculture.
The first assumes a transition from the present conventional oil and gas-based world to a future world
dominated by coal. This is a standard vision of the future (IPCC, 1995). We call this “coal bridge to the
future” (CBF). The second reference case assumes that oil and gas, which are economically unattractive
today, become available in the future, thus implying a world that continues to be dominated by oil and
gas. We call this “abundant oil and gas” (AOG). This case is also known as “oil and gas future” (OGF).

Both of these energy worlds evolve against a background of continued productivity improvement in
energy production, transformation, and end use. These two paths represent the two generic global
energy system developments that are interesting from the perspective of climate policy. Either the world
can continue to develop using oil and gas as the “backbone” of the global energy system, or it can
transition to coal. In both of these cases, other energy forms play important and, in cases such as solar
energy, growing roles as the future unfolds. However, the backbone of the world’s energy system
remains fossil fuels.

The two reference scenarios, CBF and AOG, depicted in Figure 1.8, paint alternative pictures of the
overall energy system, although total primary energy and carbon emissions are similar. In CBF, the
transition from conventional oil and gas to coal is accompanied by an increase in the price of liquids and
gases (due to the higher cost associated with manufacturing coal-based synfuels and syngas) during the
first half of the twenty-first century. This leads to lower future energy consumption in end-use applica-
tions, but the employment of a greater amount and more carbon-intensive primary energy implies
relatively high primary energy demands and carbon emissions.

In the AOG scenario, oil and gas prices remain low because usable resources are never exhausted.
The lower energy prices imply a higher level of final energy consumption, but the lower carbon content
of the primary energy inputs to the system leaves carbon emissions similar to those of the CBF scenario.
We also note that the lower energy prices imply a smaller contribution by renewable energy forms.

Our two reference cases, CBF and AOG, exhibit continued growth in fossil fuel emissions. This
growth, in turn, is inconsistent with eventual stabilization of CO, concentrations. Because we do not
know whether or at what level concentrations will eventually be stabilized, we explore constraints that
include 450, 550, 650, and 750 ppmv, as well as reference, (i.e., unconstrained) carbon accumulation.

A third, generic global energy system development path entails an evolution away from fossil fuels
toward conservation, renewable, and nuclear energy forms (Shell Oil, 1995). This reference case is
uninteresting from the perspective of this chapter because its accomplishment implies the stabilization
of greenhouse gas concentrations in the reference case. There are no policy implications. The market
takes care of everything.”

We compute the cost of achieving each of these alternative objectives under a specific policy
regime. This policy regime assumes a coalition of all of the world’s nations to mitigate emissions,
though there may be compensating transfers of income among nations. At any point in time, we show all
economic agents in the model, in all regions. A common value of carbon is to be included in all
economic decision making.!? This strategy minimizes the cost of emissions mitigation at each and every
point in time.

9Although it is possible, we consider a self-stabilizing reference case unlikely. Fossil fuel resources are abundant, and
although costs have been highly variable in the short term, they have proved relatively stabile over the long term.

10The value of carbon is the premium associated with net carbon emissions that should be employed in all internal planning
by energy producers and users to satisfy the associated carbon constraint.

Copyright © National Academy of Sciences. All rights reserved.



Carbon Management: Implications for R & D in the Chemical Sciences and Technology (A Workshop Report to the Chemical Sciences Roundtable)

http://lwww.nap.edu/catalog/10153.html

CARBON MANAGEMENT: THE CHALLENGE

15

1,800

1,600

1,400

1,200

1,000

800

Exajoules per year

600

400

200

CBF

Nuclear

Solar
Hydro
Biomass

Coal

Natural Gas

QOil

0
1990 2005 2020 2035 2050 2065 2080 2095

1,800

1,600

1,400

1,200

1,000

800

Exajoules per year

600

400

200

Nuclear

Solar

Hydro
Biomass

Coal

Natural Gas

Qil

1990 2005 2020 2035 2050 2065 2080 2095

FIGURE 1.8 Reference case energy emissions for the coal bridge to the future (CBF) and abundant oil and gas
(AOQG) scenarios. AOG is also known as oil and gas future (OGF).
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Costs of achieving stable carbon concentrations could be significantly greater if policy interventions
undertake expensive emissions mitigation too early in the twenty-first century or if significant portions
of the world remain outside the coalition.!!

Interactions between population, economy, energy, agriculture, land use, greenhouse gas emissions,
and atmospheric dispositions are modeled using MiniCAM 98.3. This is an updated version of the
MiniCAM model described in Edmonds et al. (1996, 1997). The energy component of the MiniCAM
98.3 has its origins in Edmonds and Reilly (1985). The energy module has been extended and upgraded
on numerous occasions. The most recent enhancements are documented in Edmonds et al. (1986) and
Kinzey et al. (1998).

TECHNOLOGIES AND THE EMISSIONS GAP

For the gap to be filled with technologies that are not in the reference case, two things must come to
pass. First, there must be a credible expectation that the emission of carbon to the atmosphere will be
limited. This can be accomplished in a number of ways. Most of the alternatives are economically
inefficient. That is, they require more resources to be expended than necessary and thereby foreclose
more options than necessary. In the analysis presented here, we assume an economically efficient
solution, not because we believe it to be the most likely outcome, but rather because it is unique. There
are many ways to be inefficient.

Beyond a commitment to limit carbon concentrations, there must also be a parallel commitment to
control cost. Without cost control, the commitment to limit emissions will either flag or be abandoned.
The principal beneficiaries of CO, concentration limits are not those presently alive, but rather those
who will be alive in the future, especially in the second half of the twenty-first century. Also, while
altruism is alive and well in the world, like other goods it is in limited supply. If the cost of limiting CO,
concentrations remains low, both lower concentrations and more current consumption can be had
compared with a more costly regime. New and improved technologies that allow emissions of carbon to
be controlled are an important source of cost control.

In addition to the advances that are assumed in the reference cases, we introduce several other
technologies that are potentially important in a world of CO, concentration limitation. These include
technologies that allow carbon to be captured and sequestered, capturing the carbon either directly at the
source or at sites far removed from the emission and using either terrestrial or geological sinks.

CO, Capture from Electric Power Generation

It has long been known that CO, can be captured from the exhaust stream of a combustion cycle.
However, the capture of CO, from the waste stream of a plant requires energy and capital investments.
We assume that the efficiency of carbon capture will increase with time (i.e., new and improved
technologies and processes will come on-line that reduce the energy penalty associated with powering
the capture systems). Herzog et al. (1997) state that the eventual integration of these systems into the
overall design of new fossil-fueled power plants—such as integrated gasification combined cycle (IGCC)
power plants—holds forth the promise of reducing the cost of CO, capture significantly. Further, recent
research indicates that targeted basic science programs could lead to advancements that over time would

Manne and Richels (1997) have shown that deviation from a cost-effective path can multiply the cost of complying with
an atmospheric concentration ceiling such as 550 ppmv. Richels et al. (1996) showed that, if significant regions remain outside
an emissions control regime, costs escalate.
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improve the performance and reduce the costs of these systems (Dooley and Edmonds, 1997). We
assume that the phasing in of these more efficient capture technologies occurs gradually and is com-
pleted 50 years after the initiation of carbon capture.

In addition to the energy cost of capture, there are additional capital investment requirements for a
CO, capture system. Our cost estimates are based largely on the work of Gottlicher and Pruschek (1997)
and their comprehensive survey of more than 300 studies of CO, removal systems from fossil-fueled
power plants. Gottlicher and Pruschek’s estimates of the performance of these CO, removal systems are
based on the “present status of the technology,” and therefore we once again adopt the same assumption
about costs decreasing over time. Given the wide range of cost reported by Gottlicher and Pruschek
(1997), we adopt a midrange cost from their survey (see Table 1.3).

CO, Transport Costs

For the foreseeable future, the vast majority of research for disposal applications is likely to be
focused on understanding and mitigating environmental concerns that arise from disposal and is un-
likely to be directed at reducing the cost of disposal (Freund and Ormerod, 1997). Freund and Ormerod
(1997) cite estimates for transport and disposal cost that range from $4.7 to $21 per ton of CO,
depending upon whether the sequestration is to take place in a nearby depleted oil and gas well or a
deep-sea trench that is located some distance from an onshore fossil-fueled power plant. In the absence
of research that pairs current and future power plant sites with disposal sites on a global basis, we will
assume an intermediate value of $55 per tonne of carbon ($15 per tonne of CO,) for all transport and
disposal costs and hold this cost constant throughout the time period under study.

CO, Capture and Disposal Costs for Fuel Transformation Technologies

CO, will also have to be captured from fuel conversion facilities such as plants for the conversion of
coal to synthetic liquids and gases. Herzog et al. (1997) state that the cost of CO, capture from refineries
will be comparable to or greater than the cost of capture from fossil-fueled power plants. Therefore, we
assume that all conversion facilities and refineries will have performance characteristics similar to those
for coal-fired plants. We summarize our assumptions for capture and disposal in Table 1.3.!2 The values

TABLE 1.3 Assumed Cost and Performance of Carbon Capture and Disposal

Coal Oil and Gas
Energy penalty for carbon capture? 37% declining to 9% 24% declining to 10%
Additional investment costs for capture systemb 54% declining to 33% 54% declining to 33%
Transport and disposal cost® $55/tonne of C $55/tonne of C
Efficiency of capture? 90% 90%

aHerzog et al. 1997.
bGottlicher and Pruschek 1997.
¢Freund and Ormerod 1997.

I2Note that the figures listed in Table 1.3 for “energy penalty for carbon capture” and “additional investment costs for
capture system” are largely consistent with midrange estimates of these parameters published by the International Energy
Agency Greenhouse Gas Programme (1996).
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in Table 1.3 are not representative of any given capture and sequestration system configuration but
rather are meant to be averages for the entire suite of carbon capture and disposal technologies and
systems that could be deployed in any number of possible combinations.

Fuel Cell Technology

Fuel cells are a complementary technology to carbon capture and sequestration. They allow hydro-
gen to be employed as a fuel for transportation, as well as disperse production of heat and power. In the
absence of fuel cell technology, the transportation sector depends on batteries and fuels from biomass
for emissions mitigation. Fuel cells are assumed to be capable of delivering electricity to both stationary
and mobile applications. Our assumptions regarding fuel cell technology are given in Table 1.4.

Soil Carbon

Cole et al. IPCC, 1996b) estimate that between 40 and 80 Pg of fossil fuel carbon emissions might
be offset in existing croplands by applying soil carbon sequestration techniques over the course of the
next 50 to 100 years. The estimates for cropland assume the restitution of up to two-thirds of the soil
carbon released since the mid-nineteenth century by the conversion of grasslands, wetlands, and forests
to agriculture. The experimental record confirms that carbon can actually be returned to soils in such
quantities: carbon has been accumulating at rates exceeding 1 tonne per hectare per year in former
croplands planted to perennial grasses under the Conservation Reserve Program (CRP) (Gebhart et al.
1994). Soil carbon increases ranging from 1.3 to 2.5 tonne per hectare per year have been estimated in
experiments on formerly cultivated land planted to switchgrass, a biomass crop (Brown et al., 1998).

Managed forests, wetlands, and rangelands provide further opportunity for significant carbon stor-
age. For example, when agriculture is converted (or allowed to revert) to forest vegetation in systems
with very little management to improve growth, soil carbon may accumulate at rates ranging from near
zero to 7 tonnes per hectare per year. In temperate regions, gains range from 0.2 to 0.6 tonne and average
about 0.3 tonne per hectare per year (Jenkinson, 1971). Gains in tropical and subtropical forests are
greater, ranging from 1.0 to 7.4, with an average of 2.0, tonnes of carbon per hectare per year
(Ramakrishnan and Toky, 1981).

Many soil carbon-conserving practices are currently being implemented for reasons other than CO,

TABLE 1.4 Assumed Performance of Various Hydrogen Production Methods

Levelized Cost for O&M and

Energy Input-Output Ratio Capital ($/GJ H, produced)
Coal“ 1.292 4.66
Natural gas? 1.115 1.72
oilb 1.2 3.0
Biomass? 1.3 4.44
Electrolysis? 1.1 2.36

aWilliams (1995).
bKaarstad and Audus (1997).

NOTE: O&M=operation and maintenance.
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mitigation, such as to control erosion or to reduce production costs or labor. However, impediments to
more widespread adoption include costs of initial investment in equipment, fear or reluctance to adopt
new technologies, and increased risks during the adoption transition phase. Financial incentives could
substantially increase the rate of adoption of carbon-sequestering practices and potentially provide a
significant addition to farm income. We have not developed a cost of emissions mitigation schedule for
these technologies. In many circumstances, these technologies can be expected to penetrate the market
even in a reference scenario since their adoption yields a net benefit. Clearly, further work is required.
In addition, we ignore the problem of institutional mechanisms to ensure that the required change in
agricultural practices is actually carried out. The purpose of this exercise is to examine the potential
contribution of soil carbon capture to an overall strategy of global carbon management.

For the purposes of this analysis, we assume that 40 to 80 PgC are offset over the course of the next
century. Given that the rate of carbon uptake by soils is highly nonlinear,!3 we assume that the rate of
uptake is four times greater in the initial year of activity than 100 years later.

Aforestation and Reforestation

The forestry sector is modeled explicitly in MiniCAM. As the extent of forested lands expands and
contracts, the associated stocks of carbon change endogenously with implied fluxes. When carbon is
valued, land use changes endogenously. Carbon stocks in forests tend to accumulate, other things being
equal; however, the model does not accumulate carbon in forests indefinitely. Rather, these stocks are
harvested and employed as commercial biomass to offset fossil fuel use.!#

Geologic Sequestration of CO,

Several types of reservoirs could be employed for long-term storage of CO,. The most obvious are
oil and gas wells—both active and depleted—from which much of the CO, originated in the form of
fossil fuel, but this reservoir is limited in capacity. Larger reservoirs are also potentially available,
including saline geological formations, caverns, salt domes, and deep oceans. Herzog et al. (1997) have
estimated the capacity of various reservoirs (Table 1.5).

Of these, oil and gas reservoirs are the most attractive. Active oil wells can utilize the carbon dioxide
in tertiary recovery, and CO, can be used as a sweep gas to promote the production of methane from
certain types of coal deposits. Furthermore, because these geological formations have already demon-
strated their ability to hold oil and gas, there are no obvious environmental consequences to long-term
storage in such locations. The same cannot be said for deep oceans and deep saline geological forma-
tions. Those sites, although promising, hold potential uncertainties in retention and environmental
impacts.

Ocean disposal presents special problems. In addition to the problem of verification, oceans are only
a partial reservoir. In recalling the earlier discussion of the carbon cycle, introducing CO, into the ocean
through dispersion implies that a fraction of this quantity is committed to the atmosphere as well. The

13This nonlinear behavior is the consequence of the uptake rate of soils. While initially high, it declines with time as soil
carbon content approaches the equilibrium, preindustrial level. We ignore potential interactions with atmospheric CO, con-
centrations.

HForest products can also be used in a variety of applications that prevent or delay their oxidization, such as building
materials, railroad ties, and telephone poles. However, the scale of forest products potentially available under a program that
removed significant quantities of carbon from the atmosphere would quickly lower the price of these products to zero.
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TABLE 1.5 Estimates of Global Carbon Storage Reservoirs

Range (PgC)

Carbon Storage Reservoir Low High
Deep ocean 1,391 27,000
Deep saline geological formations 87 2,727
Depleted gas reservoirs 136 300
Depleted oil reservoirs 41 191

ocean can be a permanent reservoir only if mechanisms can be found to isolate the carbon from the
larger patterns of ocean circulation. The quantities of carbon captured over the course of the next
century in the carbon-constrained scenarios examined here thus do not strain the potential capacity of
total reservoirs.

However, while we recognize the potential of carbon capture and sequestration technologies to add
an important new element to the set of climate mitigation technologies, it is also important to point out
that these are part of a larger suite of technologies whose composition varies over time and space. The
deployment of geological carbon capture and sequestration technologies may be limited by physical or
technical considerations. It may also be limited by public acceptance, either locally or in general.
Research can begin to address technical concerns, but experience will ultimately be needed to determine
the acceptability of these technologies.

Sequestration of Carbon in Solid Form

None of the problems associated with sequestration are encountered if carbon is removed in the
form of a solid. Lackner et al. (1995, 1997, 1999), for example, have investigated technologies that
render the carbon as rock. As such it is highly stable, unlikely to return to enter the atmosphere, and for
all practical purposes permanent.

Steinberg (1983, 1991, 1996,) and Steinberg and Grohse (1989) have examined processes that
remove carbon in elemental form. Unlike the Lackner processes that react the carbon to rock, the
Steinberg process leaves the carbon in a form that could potentially react if it is not properly disposed.
However, if returned to depleted coal mines or other remote sites, the carbon could be monitored easily
and verification of its location would be simple.

We have not explored these technologies in this analysis. Both are more expensive than the alterna-
tives described earlier. However, they offer attractive monitoring and verification characteristics that
may ultimately prove crucial.

FILLING THE EMISSIONS GAP

As noted earlier, stabilizing the concentration of carbon in the atmosphere requires global net
carbon emissions to the atmosphere to peak then decline. In the model, this is accomplished by imposing
a tax on the emission of carbon, which in turn induces technology substitutions relative to the reference
case. A variety of policy instruments are available to society to signal the value of carbon. A tax is
chosen because it leads to an economically efficient (least-cost) solution. However, without some signal
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from society that cumulative emissions will be limited, some variant of the reference case will emerge.
In contrast to the suite of technologies that deploy in either the AOG or the CBF reference case, a wide
range of low- and non-carbon-emitting energy technologies deploy more aggressively when CO, con-
centrations are limited.

One way to depict the role of technologies that become more important in an efficient emissions
limitation regime is to associate the carbon emissions reductions with the appropriate technology. This
is done for a 550-ppmv CO, concentration limit against a background of AOG and CBF in Figure 1.9.
In this figure, emissions reductions are measured as the avoided carbon release associated with in-
creased deployment of each technology. For example, as the carbon tax rises, more and more commer-
cial biomass comes onto the market relative to the reference case and displaces carbon-emitting fuels
(relative to the reference case). Thus, as time passes an ever-widening biomass wedge fills part of the
gap. If a non- or low-carbon-emitting technology does not increase its absolute deployment as the value
of carbon increases, no contribution is recorded by this method. As we show this approach can be
extremely illuminating in some instances but can underrepresent the contribution of a technology in
other instances.

Abundant 0il and Gas (R0G)
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FIGURE 1.9 Comparison of technologies that fill the gap under alternative reference scenarios and a 550-ppmv
CO, limit. Abscissa in millions of tonnes of emitted carbon displaced by conservation, sequestration, and alter-
nate energy-producing technologies.
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Several observations are worth making about these cases. We begin with the AOG case. First,
technologies such as carbon capture and sequestration, commercial biomass, and hydrogen fuel cells
that fill the gap are, with the exception of energy conservation, not presently significant contributors to
the global energy system. Carbon capture and sequestration technologies, which expand dramatically,
deploy only when carbon is valued. They do not deploy in a reference case. The presence of these
technologies as a package reduces the minimum cost of achieving a 550-ppmv concentration limit by
more than a factor of two.

Second, the technology portfolio changes over time. For example, soil carbon capture and seques-
tration are relatively important early on due to their low cost. Over time, their role declines due to both
the exhaustion of the activity’s potential and the rapid expansion in magnitude of the carbon emission
mitigation requirement.

Third, some technologies are more important when others are also available. Hydrogen fuel cells are
used extensively in conjunction with the capture and sequestration of carbon from the natural gas
feedstock being used to obtain hydrogen. Natural gas, CH,, is inexpensive in the AOG scenario. Since
natural gas is mostly hydrogen, it is relatively easy and inexpensive to remove the carbon and sell the
hydrogen. Without the ability to sequester the carbon and keep it out of the atmosphere, fuel cells would
be far less effective in filling the gap.

Fourth, some technologies expand their relative importance without expanding their absolute de-
ployment. Solar and nuclear power are examples of technologies whose relative importance increases,
but whose absolute deployments are roughly comparable in both the reference case and the carbon
concentration limit case. Both dramatically expand their share of power generation capacity between the
reference and the 550-ppmv-ceiling case. (In 2095, non-carbon-emitting power generation is 50% of
output in the reference case, but it grows to 80% in the 550-ppmv-ceiling case.) This increase in relative
importance without expanded absolute deployment is the consequence of the interaction of conservation
and power generation technologies. The expanded deployment of energy conservation leads to a reduc-
tion in the rate of growth of electricity demand. With a lower rate of expansion, the shift in technology
from fossil fuel power generation toward non-fossil fuel power leaves the rate of growth of non-fossil
fuel power technologies approximately the same as in both the reference and the CO, limit cases. As a
consequence, the gap figure does not appropriately credit the contribution of solar and nuclear technolo-
gies to stabilizing the concentration of CO,. That understanding requires a deeper analysis.

Regional Diversity

The world is not a homogeneous place, and technology deployment varies strongly across regions
and over time. Regional analysis indicates China, for example, has a relatively smaller expansion than
India in the deployment of commercial biomass technology. Differences in technology expansion rates
and emphasis can be traced to the multitude of resource, cultural, institutional, and policy environments
that exist around the world.

Effect of Alternative Reference Technology Backgrounds

The paths of economic and technological development are difficult to predict. Contrast the CBF and
AOG cases, for example. They differ by only one assumption—that lower grades of more abundant oil
and gas become available at approximately current prices. This one assumption drives important differ-
ences in the technologies that are deployed to limit CO, emissions.

If we focus on the change between the reference case and the carbon-limited case, we see both
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similarities and differences between CBF and AOG in Figure 1.9. In both CBF and AOG, soil carbon
plays an important role early in the twenty-first century, but the role of carbon capture and sequestration
from hydrogen production is greatly decreased in the CBF case compared to AOG. In contrast, the direct
effects of energy conservation induced by the carbon tax are smaller in the CBF case than in AOG. After
all, because cheap oil and gas are not available in the CBF reference case, end-use energy is already
more expensive, and many conservation measures have already been implemented.

However, the indirect effects of energy conservation are significantly greater. Since much of the
end-use energy in the CBF case is either electricity or synthetic liquids and gases derived from coal,
there is an energy conversion penalty. Every joule of energy conserved at the point of use conserves 1 to
2 joules of the original fossil fuel resources—primary energy. Thus, significant reductions in emissions
are associated with a smaller synfuels industry, which in turn is the direct consequence of increased
energy conservation.

Commercial biomass production plays a more important role in both the AOG and the CBF cases.
The higher energy prices imply greater profitability for commercial biomass, but the expansion is
greater in the CBF case.

RISK MANAGEMENT

Stabilizing the concentration of greenhouse gases requires that the global energy system undergo
radical change over the course of the twenty-first century. Reference energy systems by the end of the
twenty-first century are dramatically different energy systems that stabilize the concentration of atmo-
spheric CO,. The nature and composition of future energy systems are subject to many uncertainties.

Critical uncertainties include reference technology evolution (how good will the reference technolo-
gies turn out to be?), policy uncertainty (what concentration will ultimately be chosen, either explicitly
or implicitly, as the concentration limit?), institutional uncertainty (what institutional mechanisms will
be utilized to limit cumulative emissions—cap and trade, taxes, regulations?), regional diversity (what
technologies will be needed in different regions around the world?), and investment uncertainties
(which investments in R&D will be made, which will succeed, and which will fail?).

If the future technology evolution were known, and a technology portfolio were to be deployed
rationally over space and time, the problem of framing a set of technology R&D investments would be
difficult enough. Yet even under these relatively simple circumstances, our results show that no single
technology dominates society’s response to climate change. A regionally and temporally variable mix of
technologies will emerge to form the global response to climate change. The existence of a multitude of
additional uncertainties, only some of which are subject to human influence, greatly complicates the
selection of an R&D portfolio that lays the foundation for a effective technological response to carbon
management.

Only investments in energy R&D can create a technology portfolio to address a cumulative emis-
sions limit, and although the results of R&D investments are uncertain—it is impossible to predict the
benefit of each dollar invested—successful investments yield large social benefits. Figure 1.10 shows
the reduction in minimum, present discounted cost of satisfying alternative concentration limits as solar
photovoltaic technology improves. Depending on the reduction in cost and the concentration limit, the
present discounted minimum cost reduction ranges from tens of billions of dollars to trillions of dollars.

The cumulative nature of the relationship between emissions and concentrations of CO,, coupled
with the nature of technology transitions, dictates that investments in energy R&D are required in the
near term. Energy systems take from 50 to 100 years for a modal change (see, for example, Marchetti,
1979; Hifele, 1981; Nakicenovic et al. 1998). For example, Figure 1.11 shows the penetration of the
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FIGURE 1.10 The value of improving solar electric power technologies relative to a reference case cost of 8
cents per kilowatt-hour in 2020.

automobile into the French transportation system. It took half a century for the now-dominant technol-
ogy to capture half of the market. Market penetration on a global scale takes longer.

Table 1.1 indicates that depending on the limit placed on the atmospheric concentration of CO,, the
date at which global emissions peak ranges from 2005 to 2062. This in turn implies that beyond those
“peak” dates, new investments in capital stocks to provide energy services must be predominantly non-
carbon emitting. That is, additions to the energy-related capital stock must improve end-use energy
efficiency, provide energy with non-fossil energy forms, or provide a mechanism by which to capture
and sequester carbon.
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FIGURE 1.11 The changing composition of French transport since 1800. NOTE: (TGV = modern high-speed
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A constraint on the concentration of CO, therefore carries implications for energy R&D. First, it
must be broad based. Multiple energy technologies play important roles in limiting cumulative emis-
sions of carbon. No single technology ever captures more than a fraction of the global energy system
market. Furthermore, it is impossible to know a priori even the relative importance of different technolo-
gies. The multitude of uncertainties that characterize a century-scale analysis provides an infinite set of
potential combinations of technology deployments.

Fortunately, decisions need not be taken today that would remain in effect over the next century.
Rather, decisions taken today shape the options available at the next decision point. As time proceeds,
knowledge grows. This growth in knowledge will ultimately lead to “technology maturation” in some
areas but will also suggest new potentially useful R&D investments in others. This is the principle of
“act-then-learn-then-act.”

GLOBAL ENERGY R&D

We have found that the long-term value of energy technology improvement is high. However,
current energy R&D is declining, is not coordinated internationally, and has yet to significantly incorpo-
rate a climate change motivation.

Nine nations account for more than 96% of the industrialized world’s public-sector energy R&D
investments. Examining trends within the energy R&D programs of these nations (Figure 1.12) can
provide some insight into the world’s commitment to energy R&D.

The United States and Japan carry out about 80% of current energy R&D. This is a dramatic shift
since 1985, when Europe accounted for more than a third of the total. Energy R&D programs carried out
under the European Union’s Framework Program have also declined 10% in real terms over this time
period.

Comparing these data is complicated by the problem of exchange rate valuation. Using purchasing
power parity exchange rates shows that although the composition of Figure 1.12 changes, the qualitative

5.5
5.0
4.5
4.0
3.5
3.0
25
2.0
1.5

Billions of Constant 1995 US Dollars

10 |

5 | :
R
0 | N o

FIGURE 1.12 Public-sector energy R&D expenditures, 1985 and 1995 (millions of constant 1995 U.S. dollars).
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TABLE 1.6 Public-Sector Energy R&D (purchasing power parity exchange rates in dollars)

United European United
Year States Japan Union Germany Kingdom Canada Total
1985 3,269 2,366 749 1,470 424 8,279
1986 3,052 2,433 515 1,168 424 7,592
1987 2,658 2,106 281 866 424 6,336
1988 2,657 2,217 518 801 371 6,565
1989 2,902 2,285 425 736 357 6,705
1990 3,427 2,185 317 737 299 195 7,161
1991 3,255 2,216 378 679 257 210 6,995
1992 3,335 2,234 364 602 219 205 6,960
1993 2,807 2,288 275 523 195 205 6,293
1994 2,944 2,449 355 441 151 199 6,539
1995 2,856 2,532 412 425 87 201 6,514
1996 2,465 2,621 497 431 76 195 6,285
1997 2,160 2,511 485 394 58 254 5,862
1998 2,084 2,394 474 396 51 183 5,582
% Decline, 36 -1 37 73 88 6 33
1985-1998 (1990-1998)

SOURCE: Dooley and Runci (2000).

character does not. In fact, the trend toward lower investment in energy R&D has, if anything, acceler-
ated in some nations (Table 1.6). Only in Japan do energy R&D budgets rise over the period since 1998.

The general decline in global energy R&D is not restricted to the public sector. Where data are
available for the private sector, a similar pattern is observed. For example, the United States experienced
an even steeper decline in private sector energy R&D than in public-sector funding. From 1985 to 1996,
public-sector funding in the United States declined by 25%. Private-sector energy R&D declined by
more than 40%.

The decline in energy R&D is not particularly surprising. Since 1981, the real price of oil has
decreased in the United States. In 1986, the oil price fell precipitously. In an environment in which the
scarcity value of energy has declined, the expected return on investments in energy R&D declines as
well. More recently, the electric power sector has experienced dramatic institutional changes. Deregula-
tion has proceeded on many fronts, with Europe leading the way. The deregulation of power generation
changed the incentive structure for the power sector by shifting emphasis away from long-term consid-
erations toward short-term profitability. Energy R&D investments, the preparation for the long term,
have declined accordingly.

The decline in investments might be considered an appropriate reflection of the energy situation
were it not for the fact that it does not incorporate a serious consideration of the value of energy R&D
in meeting long-term climate goals. If limits were expected for the concentration of CO,, then the value
of energy R&D would have to rise accordingly.

Technologies whose deployment expands dramatically when the concentration of CO, is limited are
of particular interest. Figure 1.13 shows energy R&D in two groups—technologies that are of broad
general importance regardless of whether or not climate change is an issue and technologies for which
climate change can be extremely important in shaping their deployment.
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FIGURE 1.13 Global energy R&D expenditures in 1995 (billions of constant 1995 U.S. dollars).

Energy R&D is no more homogeneous than the energy system it serves. It is composed of invest-
ments undertaken by both public- and private-sector agents. It includes investments that range from
basic energy-related sciences to technology deployment. Building an R&D portfolio requires the
inclusion of investments across this full spectrum. The most difficult components of the portfolio are
those that occur at the interface of the public and private sectors. Here there are more numerous lessons
in how not to proceed than in how to proceed. The potential for “technology pork™ is an ever-present
danger (Cohen and Noll, 1991). More important than wasted resources represented by political R&D are
the wasted opportunities to prepare useful options for the future. This is particularly true in light of the
long-term, sustained nature of the carbon management problem.

THE CHALLENGE

Climate change constitutes one of the principal challenges of the twenty-first century, and one of the
major dimensions of this challenge is technological. Net human carbon dioxide emissions to the ocean-
atmosphere must eventually decline to zero for its concentration to be stabilized. This follows from the
fact that long-term, steady-state concentrations are determined by cumulative emissions, not by the
emissions rate. As such, CO, is fundamentally different from other greenhouse gases. This feature of the
climate problem has several important, near-term implications for the character of efficient policy
development.

Atmospheric stabilization requires fundamental change in the global energy system. The present
global energy system relies primarily on fossil fuels. Reliance on fossil fuels grew steadily during the
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preceding century, and there are sufficient economic fossil fuel resources to enable this trend to continue
throughout the twenty-first century. The continued spread of economic development will ensure a
continued expansion in the demand for energy services. To stabilize the concentration of CO, requires
the development of cost-effective, low- and non-carbon-emitting energy technologies. In short, an
energy technology revolution is needed unlike any in history. The specter of climate change can be
avoided by limiting the atmospheric concentration of carbon dioxide, but this will be possible only by
developing technology that will change the way in which the world uses low-cost fossil fuel resources,
with an associated increase in the cost of energy. This is not the usual motivation of private-sector
technology development.

This revolution will not happen by magic. It will occur only because investments were made to
develop the technologies. Public policy will play an important role both in signaling the need for new
technologies and in facilitating their development and deployment.

Investments will be needed that span the full spectrum from basic energy-related sciences to tech-
nology demonstration, and it will be important to reverse the present decline in global energy R&D. Yet,
given that a new global energy system is needed to address a global problem, it will also be necessary to
coordinate the R&D efforts of many nations and of both the public and the private sectors. Contributions
will be needed from both the public and the private sectors. Perhaps the most daunting challenge will be
to adequately incorporate public-sector motivation for carbon management into private-sector R&D
decision making.

Finally, while a strategy to develop and deploy technology will be essential to a program to mini-
mize the cost of addressing climate change, it is just part of a larger portfolio. That larger portfolio
includes scientific research, emissions limitation, and adaptation to climate change. As progress is made
in these areas, the R&D portfolio must also be able to evolve. Given the complexity and time frame of
the climate problem, flexibility is of the essence.
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DISCUSSION

George Helz, University of Maryland: I just wanted you to clarify something related to Figure 1.1. I
thought you said that to stabilize CO, in the atmosphere, emissions had to go to zero, which I would
interpret to mean that all carbon oxidation has to stop, and I don’t think that’s what you really meant.

James Edmonds: No.
George Helz: Could you clarify what you meant by emissions?

James Edmonds: Let me suggest a really simple model to work with. Suppose you’ve got two buckets
and you put all the carbon on the planet in two buckets. One is a terrestrial fossil fuel bucket, and the
other is an ocean-atmosphere bucket. The net transfer from the terrestrial fossil fuel bucket into the
ocean-atmosphere bucket has to go to zero, but that doesn’t mean oxidation is going to zero. You’ve got
a carbon cycle that has a lot of offsetting entries in it, but the net flow has to go to zero for the
concentration to be stable.

Geraldine Cox, EUROTECH: I'm going to be politically incorrect and ask about one of your assump-
tions, and that is on population growth because it really wasn’t explicit. To me, population growth or the
challenge it presents is going to be the overriding fact in all of this.

James Edmonds: Thank you for bringing that up. You are absolutely right, demographics is going to be
one of the absolutely critical things over the course of the century. We don’t know how it will play out,
but it is really interesting. We have been holding a series of workshops on demographics because we are
convinced that you are absolutely right—that this is a central issue. It may be that what we have is a
problem that, over the course of the century, looks very similar to the problem that we have today—
relatively high fertility rates outside of Organization for Economic Cooperation and Development
(OECD) countries and a growing population. Underlying that scenario is a world population of 11
billion.

Recently, most population numbers have been revised downwards. The best estimates are below 10
billion, reflecting the rapid decline in fertility rates around the world, in both developed and developing
countries. So it reflects some success in a variety of different dimensions. The numbers have been
declining. Tom Schelling at the University of Maryland suggested that the biggest problem facing us is
keeping the rate of population growth from overwhelming the resource base. We may end the twenty-
first century with the fertility rate dropping through the floor, while we try to maintain a population on
the planet.

Furthermore, this is 100 years, and there is a revolution in the biological sciences. What does that
revolution mean? Well, it may mean that if you are born in the middle of the century and you don’t meet
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an end by stepping out in front of truck, or getting into an altercation with your neighbor, you may, for
all practical purposes, live forever.

So you may have a really different demographic out there at the end of this century than anybody is
thinking about. It is a really important question.

Alan Wolsky, Argonne National Laboratory: This is a very simple question. You spoke in terms of
CO, concentrations, but I know that if you paint the window with three coats of black paint, the second
and third coats aren’t nearly as efficacious as the first coat. In a simple theory, the effect might be an
exponential relationship. What is the “first coat” of CO,? What’s the concentration of CO, beyond
which it doesn’t really matter whether you add more CO, to the atmosphere?

James Edmonds: Are you asking when the temperature would increase to a point that it wouldn’t
matter anymore, or is the question one of when does it no longer pay to control and you ought to just let
it ride?

Alan Wolsky: It’s the simple first question.

James Edmonds: The artistry of the FCCC goal was that it said just don’t do anything dangerous, and
you’re asking, I think, “What is dangerous?” That question has not been answered.

Alan Wolsky: Let me illustrate my question by asking another and giving a speculative answer. We
know water is a greenhouse gas. We know water is given off when you burn methane. So why aren’t
people upset by increasing the amount of water in the atmosphere? I speculate that the correct answer is
that there is already so much water in the atmosphere, that the likely anthropogenic increment doesn’t
matter.

James Edmonds: It’s a simple question. It doesn’t have a simple answer.
Alan Wolsky: Does it have an order-of-magnitude answer?

James Edmonds: Yes, if you say I think that if we ran most of the crop models at concentrations of
1,200 parts per million, you would have a hard time keeping agriculture operating. Nobody has actually
done that, as far as I know, and it sounds like dinner conversation.

Klaus Lackner, Los Alamos National Laboratory: I'm really very much in agreement with you on
the issue that we have to go down to zero in emissions. I do want to point out, on the other hand, the
scales of the other carbon reservoirs and how long it would take to flood them. This is something you
didn’t point out, even though you have the numbers there. Vegetation contains roughly 600 gigatons of
carbon, which corresponds to only about 100 years of fossil energy output at the current rate of emis-
sion.

Similarly, the ocean contains about 1,000-1,500 gigatons of carbon in the form of CO,, and dou-
bling this would change the pH from top to bottom by roughly 0.3. So overall, these other reservoirs,
(ocean, biomass, and soil), which naturally are sinks, cannot really take up all of the carbon emitted. The
scale at which we are generating CO, is very large compared to the size of the natural reservoirs.

James Edmonds: That’s exactly right, except for the ocean, of course.
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Carbon Dioxide Mitigation: A Challenge for the
Twenty-First Century

David C. Thomas
BP Amoco Corporation

Life requires energy to survive. All living things consume fuel, generate the energy they need, and
emit waste products. Our society is no different from the smallest one-cell organism in that we search for
fuel and consume it to generate the energy we need to survive. The common denominator is that the
primary fuel is carbon-based and the dominant waste is CO,. As our society grows, its desire for more
energy grows. Over the past 150 years, we have consumed enormous amounts of carbon-based fuels in
developing our civilization. Increasingly, society has become concerned with the impact our actions are
having on the planet and its ability to sustain our continued development.

The twentieth century was characterized by the development of an active environmental agenda that
demonstrated society’s concerns for clean air and water, minimizing waste and developing recycling,
controlling chemical and radioactive emissions, and protecting endangered species. These concerns had
dramatic effects on how we live and carry out our business affairs. As our understanding of this agenda
matured, other concerns with an even greater potential for impact on the world have emerged. Climate
change, deforestation, availability of plentiful potable water, biodiversity, and the interactions between
them may be the defining environmental issues for the twenty-first century.

Climate change issues became an active topic for both scientific and political debate during the last
decade. The recent Sixth Convention of the Parties of the United Nations Framework Convention on
Climate Change (COP-6) meeting showed the intensity of concern and the range of viewpoints among
the earth’s nations. Some people counsel for mitigation action now, while others argue for more definite
signs of climate change before taking action. The scientific community around the world is evaluating
the validity of the climate change claims, critiquing approaches to mitigation, and developing mitigation
options and strategies. The political community is developing equitable policies to share the burden of
mitigation among the world’s peoples. It needs the results from the scientific community as the basis for
the decisions that will affect the lives and livelihoods of billions of people. The public, on whose behalf
these activities are occurring, shows a wide range of understanding about climate change—extending
from those who are largely unaware of the issue to those who are well informed.

The business community shows the same range of concern and understanding. Some are barely
aware of the issue, whereas others have been involved in the discussion from the beginning. Many
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companies view the climate change issue as a threat to their existence and economic health; others see
potential opportunities. All are concerned that mitigation will raise the cost of the goods and services
they provide to the public, with negative consequences for all.

INDUSTRIAL GOALS

The prospect of global climate change is a genuine concern for the public and one that BP shares.
The amount of CO, in the atmosphere is increasing and the temperature of the earth’s surface is rising.
Although there is uncertainty about the magnitude and consequences of these developments, the balance
of informed opinion is that humans are having a discernible effect on the climate, and scientists believe
that there is a link between the amount of CO, in the atmosphere and increased temperature. Faced with
this uncertainty, BP believes that adopting a precautionary approach to climate change is the only
sensible way forward in these circumstances. BP proposes to make real, sustainable, and measurable
changes in its business practices. This is why BP has set for itself a voluntary goal to reduce its direct,
equity share emissions of greenhouse gases by 10% from a 1990 baseline by 2010.

BP is active in a broad range of climate change issues in both the policy and the scientific arenas.!
BP engineers and scientists study the effects our businesses have on greenhouse gases, water manage-
ment, and biodiversity. We sponsor internal and external research that adds to both our understanding of
business opportunities and our scientific understanding of environmental issues. BP Solar is the largest
manufacturer and marketer of photovoltaic devices for producing electricity from solar radiation.” BP
Energy provides energy management services to diverse businesses worldwide. BP recently sponsored
the Hydrogen Interactive—First Contact as a way to introduce our interest in hydrogen as a fuel source
and provide a forum for discussion and debate about the hydrogen economy.? BP’s refining and market-
ing arm is developing clean fuel technology and innovative marketing concepts that introduce and
showcase technologies to the consumer.* We have worked with Environmental Defense to develop an
emission-trading methodology and market within the group as a learning and implementation tool.> This
list of actions and activities is not exhaustive but gives a flavor of the voluntary actions that BP is using
to support our group’s commitment to its environmental responsibilities.

BP’s reduction goals are even more aggressive when projected business growth is considered. The
targeted 10% reduction below our 1990 baseline translates into a real reduction of more than 30% in
projected 2010 CO, emissions. It is even more daunting when one considers that there are no economic
incentives outside our internal goals. Many of our business activities involve partnerships with other
companies that do not share our specific goals. Many of our partners are working through the process to
develop targets that make sense for their companies, and we are gratified by the positive reception that
our goals have received. Our discussions suggest that many companies are going through the same
evaluative process that BP began in the 1990s.

In Chapter 1, Jae Edmonds presents predictions of climate change over the next several centuries.®
This chapter discusses the approach that BP has taken to address the growing worldwide concern about
carbon management or CO, mitigation.

CO, mitigation as a way to reduce man’s impact on the environment is in its earliest stages of
development. Economic incentives to mitigate CO, are rare and must be developed. These incentives
can come through revenue streams from useful products, savings from the CO, mitigation activity,
taxation, or government-sponsored emission-trading programs.

Companies cannot remain viable if they disadvantage themselves economically with respect to their
competitors. Present CO, management projects concentrate on emission reductions from current opera-
tions through energy efficiency improvements, operating practice changes, or process changes. These
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actions must compete with other investment opportunities within the company and must generate a
favorable return on the capital or operating funds invested.

Figure 2.1 provides a schematic view of the relative capital investments that will be needed to
mitigate large amounts of CO,. Mitigation costs will increase as the simpler options are completed. It
will be necessary to reduce the costs of new mitigation technologies to ensure implementation. Our
overall goal is to extend the low-cost curve while reducing the slope of the curve for higher-cost options.
BP is active in addressing each of the technical directions indicated.

BP’s CO, management strategy can be stated simply as follows:

* Reduce energy consumption from manufacturing our products, develop cost-effective separation
technologies for the CO, we do emit, find ways to use CO, in beneficial ways, and finally store any
remaining CO, safely. Figure 2.2 shows the overall approach schematically. In addition to implement-
ing CO, reduction options now, we are also developing needed technology improvements in separation
and storage.

e Lead development of a viable CO, emission trading credit system to ensure that the lowest-cost
options for abatement of CO, are found and implemented. BP’s approach to this important option is
described on its Web page and is not discussed further in this chapter.’

CO, EMISSION REDUCTION

Emissions reduction is the starting point for any mitigation program. This involves taking a fresh
look at ongoing operations to challenge standard operating practices from the new perspective of
reducing CO, emissions. Each plant or refinery strives to optimize its operations for efficient production
of the desired product. In the past, this process has not specifically included reduction in CO, emissions.
BP has reviewed many of its operations and continues to do so through an ongoing program of energy

Separationand ¢
sequestration, * o

Total capex

New technologies

Minimize flaring
Methane emission elimination
| Energy efficiency

GHG reduction (million tonnes CO2 equivalent per year)

FIGURE 2.1 Relative capital expenditures needed for greenhouse gas emission reductions. y-axis represents
relative capital investment: upper curve; technology of 1990; lower curve; technology of 2000.
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FIGURE 2.2 Strategic options for CO, reduction.

management. We have found numerous opportunities to minimize emissions through changes in pro-
cesses, equipment, or procedures. A few examples follow:

» Site energy audits and implementation of energy management technologies have reduced refin-
ery emissions by 5% through careful attention to energy consumption and measurement of energy
performance parameters.

* One business unit saved $265,000 per year and reduced emissions by 8,000 tonnes a year by
challenging the practice of maintaining spare capacity in on-site electricity generators. It developed
procedures to balance the load between two turbines rather than running lower loads on three. The
procedure includes regular rotation of the load and shutdown of the spare turbine. The procedure allows
longer intervals between maintenance, less wear, and routine maintenance on the spare turbine while
keeping it ready for rapid startup.

* Fired heater tubes can be fouled with certain crude oil components, thus reducing heat transfer
efficiency, increasing pressure drop, shortening run times, and increasing operating and maintenance
costs. Specially designed springs installed in the tubes increased heat transfer by 50%, reduced fouling
by 70%, and doubled run length. Fluid passing through the tubes makes the springs vibrate so that they
continuously scrape the inside of the tubes, keeping the tubes cleaner.

* Boiler and fired heater tubes develop scale on the fired side of the tube. Past procedures required
furnace shutdown for cleaning on a regular basis. On-line cleaning with combustible abrasives allows
treatment without shutdown. With on-line cleaning, one refinery experienced a CO, emissions reduction
of 1,800 tonnes per year, $60,000 fuel per year savings, $300,000 per year yield improvement, $800,000
per year throughput increase, and an overall 1.5% improvement in efficiency for the unit.

* A petrochemical complex implemented improved divided wall column technology. Energy effi-
ciency increased by 30%, CO, emissions were reduced by 30%, and capital equipment costs were
reduced by 10%.

* New turbine technology that allows us to take advantage of the pressure drop as fluid is brought
into a terminal is generating 3 MW (e) (megawatts of electrical power) of extra electricity from previ-
ously wasted energy.

* BP participated in the development of a new biphase turbine that converts reservoir energy to
shaft power by passing reservoir fluid through a multistage turbine. It saves 10% in weight and area in
cramped offshore platforms.

* Flaring (burning) of waste hydrocarbon streams has been routine practice from the earliest days
of the oil and chemical industry because it is the safest disposal method. When CO, emission reduction
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targets challenged this routine practice, opportunities to reduce emissions while enhancing revenue were
found. An offshore business unit aggressively reviewed its procedures and found larger volumes of
salable gas being burned than previously believed. Ways to capture the gas were developed and are
being implemented. The business unit is well along in eliminating all nonemergency flaring while
generating substantial extra revenue. Full implementation will reduce CO,-equivalent emissions by
more than 2 million tonnes per year.

* Replacement of conventional gas-actuated valves to control flow from gas wells with no-loss
systems eliminated cold venting of methane from a large production operation. This change gave the
business unit an additional 5 million standard cubic feet per day of sales gas.

These examples are only a few of those found within BP. Other companies evaluating their opera-
tions through the filter of a CO, mitigation challenge will undoubtedly find similar improvements they
can make. Energy efficiency improvements have allowed BP to reduce its emissions by more than 5%
in the past two years. Efficiency improvements and process changes provide substantial reductions in
emissions and play a major role in CO, mitigation. However, they will not be sufficient to reduce world
emissions to the needed levels. This reduction will require a combination of energy efficiency, capture,
and storage of large volumes of CO, for very long periods.

CO, SEPARATION

Norway’s Statoil operates the only purpose-built plant designed to capture CO, and to store it in
geologic formations. Norway implemented a carbon tax system in the early 1990s as part of its response
to climate change concerns. The Norwegian carbon tax provided the economic driver to motivate Statoil
and its partners to invest in a platform, separation and compression equipment, and an injection well.
Carbon dioxide injection began in 1996 with approximately 2.2 million tonnes of CO, being stored by
late 2000. The plant separates CO, from natural gas produced from the Heimdal formation in the
Sleipner field to increase the fuel value of the sales gas to meet customer and pipeline specifications.
Normal practice would have been to vent the separated CO, to the atmosphere.

CO, separation plants intended specifically for large-scale CO, separation and storage have not
been built. Several vendors build and sell plants for relatively small applications, such as food and
chemical processing. These plants have a capacity range of 100 to 1,000 tonnes per day. These processes
use a basic chemical—usually an aqueous organoamine—to interact with the acidic CO,. The resulting
mixture is heated to recover the amine and CO, streams. Costs depend upon the required CO, purity and
availability of process heat used in the separation process.

CO, mitigation plants will have to be 10 to 100 times larger than present plants. We believe that at
least 1 million tonnes per year (about 2,740 tonnes a day) is the minimum capacity that will provide the
needed economies of scale and that world-class plants will be larger than 4 million tonnes per year.
Preliminary engineering estimates suggest that the cost of separating CO, from combustion gases ranges
from around $65 to more than $200 per tonne of CO, separated when capital and operating costs are
included. Definitive cost estimates are inherently site and process specific. BP believes that the cost of
greenfield separation facilities will have to provide CO, capt