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global geochemical constraints on reservoir
leakage. An unexpected effect of heterogene-
ity among reservoirs is that the global carbon
problem can be solved with storage in reser-
voirs leaking at higher than expected levels.

3. We have built two new laboratory facilities to
explore CO2-brine-rock geochemistry. One is
for measurements of reaction rates at high pres-
sures and temperatures at core centimeter
scale. The other is for the study of molecular-
scale interactions at the fluid-mineral surface.

4. We have examined new ideas for short-time-
scale fertilization of small patches of the ocean.
We show that the CO2 actually removed from
the atmosphere is only about 10% or less of the
CO2 initially taken up by phytoplankton as a
result of fertilization; that uptake is spread over
a wide geographical area, making direct veri-
fication impractical; and that the potential ex-
ists for large negative effects on biological pro-
ductivity and fisheries far from the site of fer-
tilization.

5. We have described an alternative to the “cap-
and-trade” Kyoto agreement (called, “no cap,
but trade”) that would significantly reduce
costs and simplify enforcement.

The Carbon Mitigation Initiative (CMI) is a joint
project of Princeton University, BP, and The Ford
Motor Company whose purpose is to find solu-
tions to the carbon and climate problem.

During its first year the CMI engaged a staff of
over 50 participants, including 14 faculty in 6 de-
partments, 19 post-docs, 7 graduate students, 8
professional research and technical staff, and 3
visitors. It moved into newly renovated headquar-
ters in September.

The CMI initiated a research program on the cap-
ture, storage, science, and policy of carbon miti-
gation, together with a structure of governance to
direct and coordinate research and outreach.
These are described in detail in the accompany-
ing report. We identify some of the most signifi-
cant accomplishments of the first year below.

1. We show with models of hydrogen produc-
tion from fossil fuels with CO2 disposal that
cogeneration of electricity and hydrogen is a
promising route to economy-wide carbon miti-
gation. We also show that co-sequestration
with CO2 of contaminants such as H2S or SO2
could lead to lower costs.

2. We strengthen the scientific case for geologi-
cal sequestration with an analysis of the
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I. STRUCTURE

A. Brief History of the Agreement

The Carbon Mitigation Initiative began officially in
January 2001 and moved into its new space in
September. Its budget is $1.5 million per year from BP
and $0.5 million per year from Ford. The Princeton
team wrote a proposal in the Spring of 2000, and news
of the award came in the summer of 2000. BP allo-
cated an initial fund of $100,000 in October 2000. A
kickoff meeting was held in Princeton in December
2000.

B. Organization and Governance

The CMI program is divided into five sections: 1. The
Carbon Capture group focuses on the production of
CO2 and hydrogen from fossil fuel, distribution to se-
questration sites and the consumer, and hydrogen
combustion and safety. 2. The Carbon Storage group
focuses on the movement and chemistry of CO2 in
underground reservoirs, including leaks and risks to
drinking water and human health.  3. The Carbon
Science group investigates the global carbon and cli-
mate system and how it constrains the program of
mitigation required to solve the greenhouse problem.
4. The Carbon Policy group investigates the econom-
ics of carbon mitigation and the policies necessary to
achieve cost-effective solutions. 5. The Integrative ac-
tivity provides coordination and attacks crosscutting
problems.

The Co-directors of the CMI (Pacala and Socolow)
make all decisions jointly. They are assisted by Ranveig
Jakobsen and Elaine Kozinsky (both half-funded by
CMI). Each programmatic section has a group head:
Capture – R. Williams, Storage – M. Celia, Science – J.
Sarmiento, Policy – D. Bradford. Socolow and Pacala
share responsibility for the Integrative activity.

An Executive Committee meets monthly to steer the

program. It consists of the six group heads plus the
Director of the Princeton Environmental Institute (F.
Morel), which is the umbrella organization for all en-
vironmental programs at Princeton. The Executive
Committee develops research and funding priorities,
but the co-directors have the responsibility for final
decisions. An annual meeting of the three partners
will be held each January. Priorities and objectives for
the year will be finalized immediately following each
annual meeting.

Gardiner Hill and Ellen Stechel are the primary con-
tacts for BP and Ford, respectively. An advisory board
from other institutions provides strategic advice at the
time of the annual meeting.

All CMI researchers gather every Monday at 2 p.m.
for a one-hour seminar on research progress, typically
followed by an hour of discussion. These meetings
have been remarkably successful in building a cohe-
sive team.

C. Recruitment

At year’s end, we count 50 University researchers as
participants in CMI. Fourteen members of the faculty
in six departments are actively involved in CMI, and
several others are poised to join. We have successfully
recruited post-docs and graduate students, many al-
ready on campus and many more who have arrived
since we started. Figure 1 is a histogram showing the
times of joining CMI of the 19 post-docs, 7 graduate
students, 8 professional research and technical staff,
and 3 visitors – 37 in all. The academic year hiring
cycle dictates the pattern: Half (18 of the 37) joined
CMI during the summer or when the fall term began.

D. Interactions with BP/Ford

An important goal of CMI in our first year has been
to become familiar with BP and Ford. One or both of
the Principal Investigators visited BP offices in Lon-
don, Sunbury, Houston, Anchorage, Prudhoe Bay, and
Jakarta; we gave talks at all except for London and
Prudhoe Bay. In addition, two CMI leaders partici-
pated in the Carbon Capture Project’s Washington
meeting for non-governmental organizations. There
was a single four-person visit to Ford in Dearborn that
involved a wide cross section of the company, from
the Chairman to engineers working on hydrogen ve-
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hicles. We also participated in two Sunbury meetings
of BP’s Lower Carbon Growth Committee.

We have the goal of holding at least one meeting in
each of the research areas each year. In May, a BP-
Ford-Princeton meeting in Princeton focused on hy-
drogen production. In February and November, re-
ciprocal meetings in Houston and Princeton focused
on geological storage. A science meeting scheduled in
September was postponed until January 17, 2002, be-
cause of the events of September 11. Steps toward a
more interactive relationship on carbon policy were
outlined during the December visit of Peter Davies,
BP’s Chief Economist.

BP’s Group Technology Council held a meeting on
campus in May. We are pleased that the September

2002 meeting of BP’s Technology Advisory Council will
be held at Princeton, and that CMI will be one of the
foci of that meeting.

II. RESEARCH

Research results are presented below in five parts, cor-
responding to the five-part organization of CMI dis-
cussed above. Presentations at the Annual Meeting
will elaborate on these summaries. Expansions of these
presentations are found at the CMI website:
www.princeton.edu/~cmi/.

Figure 1: Hiring at CMI in Year 2001
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A. Carbon Capture and the
Hydrogen Economy

Hydrogen Production from Fossil Fuels
Our carbon capture program is focusing on process
and economic modeling of the co-production of H2
and electricity from fossil fuels. We are led to H2 as an
energy carrier from simple carbon accounting: roughly
half of fossil fuel carbon is dispersed to decentralized
facilities before use (to boilers, furnaces, stoves, and
vehicle engines) and half is used in centralized facili-
ties (in electric power plants and very large industrial
facilities like refineries and chemical plants). The unit
costs for capturing carbon from centralized facilities
will be far lower than for retrieving carbon once dis-
persed. Thus, if carbon dispersal can be avoided, then,
economy-wide, twice as much carbon will be avail-
able for affordable capture.

Distributing only electricity where we now distribute
carbon-based fuels is one way to avoid carbon dis-
persal. But probably cheaper and more versatile is an
economy where, not one, but two non-carbon energy
carriers are dispersed: H2 as well as electricity. Thus,
we are focusing much of the carbon-capture program
on understanding an energy system where, in cen-
tralized facilities, H2 and electricity are co-produced
from fossil fuels and where, as well, by-product CO2
is captured. We are exploring, in particular, low-cost
energy sources (coal, petroleum refining residuals),
where the first step is oxygen-blown gasification.
Natural gas systems will be investigated in CMI’s sec-
ond year. See Figure 2.

Our strategy for entering this field has been to model
a set of novel facilities, where one critical component
is a scale-up of what is today only in the laboratory,
but all other components are already commercial. The
laboratory component is a hydrogen separation mem-
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brane reactor, in which the water-gas shift (WGS) reac-
tion, CO+H2O → CO2+ H2, is promoted (and the equi-
librium is shifted to the right) by the continuous ex-
traction of the H2 reaction product. We are comparing
these facilities to those that use conventional gas-sepa-
ration systems – solvent absorption of H2S and CO2 and
pressure-swing adsorption (PSA) for H2 separation.

There are several candidate membranes. We have
focused on a non-porous intermediate-temperature
(400-500 C) thin-film, sulfur-tolerant palladium-cop-
per membrane. We (and other groups, including the
BP-led Carbon Capture Project) find that membrane
separation is promising, but no system yet identified
is a clear winner. Both for the base-case plant with a
membrane reactor and for the plant using conven-
tional technology, the production cost of hydrogen in
large plants, with sequestered CO2, is roughly 90 cents
per gallon of gasoline-equivalent (lower heating value),
or six dollars per gigajoule (higher heating value). Cost
analysis is found in a powerpoint presentation at the
CMI website. Related papers by Chiesa, Kreutz, and
Williams, in various combinations, are in preparation.

Our physical modeling uses Aspen Plus and GS. As-
pen Plus is widely used and versatile commercial soft-
ware, ideal for creating a community of scholars who
work to a common methodology. GS is process-mod-
eling software created by our collaborators at the
Politecnico di Milano to model advanced gas turbines
and combined cycles. Using the two software pro-
grams in parallel gives us systems models that are
superior to what either software could achieve on its
own.

We have explored many variations in overall design
and operation:

Co-sequestration of Sulfur (as H2S or SO2) along
with CO2
The cost of CO2 sequestration may fall if other gases
can be sequestered with the CO2. In the membrane
system, co-sequestering SO2 with CO2 avoids the cost
of flue gas desulfurization, but complicates removal
of the highly acidic condensate from the raffinate tur-
bine exhaust and drying and compressing the CO2/
SO2 mixture. In conventional technology systems, co-
sequestering H2S with CO2 avoids the cost of the H2S

absorption tower and the Claus plant for production
of elemental sulfur. Co-sequestration may be an at-
tractive option for pollutants other than sulfur, such
as chlorine, nitrogen, and mercury. The CMI Carbon
Storage Group is conducting a parallel investigation
of the effects of co-sequestration on saline aquifer in-
jection, geochemistry, and overall environmental risk.

Hydrogen Recovery Factor
Not surprisingly, the cost of hydrogen is a sensitive
function of both the value of byproduct electricity and
the hydrogen recovery factor (HRF, the ratio of sepa-
rated H2 to CO + H2 in the syngas). Plant profitability
has a broad maximum when the HRF is in the range
of 70-90%. As long as there are markets for the
byproduct electricity, higher values of CO-to-H2 con-
version and HRF are not required, thus substantially
relaxing the performance requirements of the mem-
brane reactor.

Hydrogen Backpressure (i.e., Permeate Pressure)
For a fixed pressure upstream of the membrane, there
are additional membrane area costs when the perme-
ate pressure is increased, but there are reduced capi-
tal and electricity costs because less compression of
the separated hydrogen is required to reach the pres-
sures needed to pipe the hydrogen from the plant to
consumers. Optimal backpressures are found to range
from 1.5 to 20 bar, depending upon assumptions about
the cost and H2 permeance of the membrane.

Raffinate Turbine Characteristics
The syngas, after hydrogen extraction, produces elec-
tricity in a “raffinate” turbine. We find improved effi-
ciency but little cost savings for a raffinate turbine
with an open steam circuit for blade cooling, relative
to uncooled blades. The same holds for operating the
raffinate turbine at a lower exhaust pressure.

Membrane Reactor Operating Temperature
We find that the system efficiency falls when the op-
erating temperature of the membrane reactor is in-
creased above the base case (base case = 475 C), for a
fixed steam-to-carbon ratio, because the base case sys-
tem is well heat- integrated, and raising the tempera-
ture requires either syngas combustion or expensive
syngas recuperators.
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Membrane Reactor Integration
At intermediate temperatures, the WGS reaction oc-
curs so rapidly that the membrane reactor effectively
acts as an upstream adiabatic WGS reactor, in which
most of the CO is converted to H2, followed by a mem-
brane permeator with only a slight degree of WGS
reaction. In order to avoid significant thermal gradi-
ents and catalyst changes in the delicate membrane
reactor, we have added a dedicated high-tempera-
ture WGS reactor so that most of the WGS reaction
occurs upstream of the membrane reactor.

Collaboration with Tsinghua University
In the second half of CMI’s first year, BP created a
research program at Tsinghua University (Beijing) and
Dalian Institute of Chemical Physics of the Chinese
Academy of Sciences. Some China funds are to be
used for work with Princeton, acknowledging a long-
standing Princeton-Tsinghua collaboration. Some
CMI funds were reprogrammed to respond to this op-
portunity.

In the past few months, as a result of visits back and
forth, joint work has begun on  polygeneration  strat-
egies – the co-production of clean liquid and gaseous
fuels, electricity, and chemicals from gasified coal. With
the goal of analyzing the component modules of al-
ternative polygeneration plants, our Tsinghua part-
ners have begun using Aspen Plus to create libraries
of energy conversion devices.

Polygeneration strategies, in the short term, should
produce cost-competitive clean energy, with major
benefits for local air quality. Moreover, these strate-
gies will foster the key enabling technologies for a tran-
sition over the longer term to a H2/electricity economy
with CO2 sequestration.

Infrastructure for Transmission of CO2 and H2
Also launched in the second half of CMI’s first year is
an “infrastructure project.”  Two new infrastructures
of transmission pipelines, one for H2 and one for CO2,
are implicit in the overall concept CMI is exploring.
The project is documenting how relative costs of pro-
duction, transmission and distribution, and prepara-
tion for use or disposal depend on scale, use of trunk
lines, pipeline pressures, value at point of use or dis-
posal, and co-sequestration specifications.

Hydrogen Combustion
CMI’s H2 combustion program has three main thrusts:
1) performance optimization of H2 combustion in heat
and power generation, 2) control of fire and explo-
sion hazards, and 3) use of H2 /hydrocarbon mixtures.
Specific issues of interest are high-pressure chemical
kinetics and flame dynamics of relevance to internal
combustion engines, ultra-lean combustion for en-
hanced efficiency and reduced NOx formation, self-
turbulization and transition to detonation, control of
explosion hazards, and benefits from adding hydro-
carbons to H2 and vice versa.

Experiments on the outward propagation of centrally
ignited flame spheres of lean mixtures shed light on
the onset of turbulence and the path to detonation.
Hydrocarbons and H2 differ: while the hydrocarbon
flame surface remains smooth and propagates steadily,
the H2 flame surface rapidly wrinkles and accelerates.
We are exploring whether addition of hydrocarbons
to H2 suppresses the development of flame wrinkles
and the transition to detonation.

New computations support the idea that hydrocar-
bon addition can significantly reduce the propensity
of H2 to sustain detonation. In simulations, the induc-
tion length of detonation waves of mixtures of H2 and
hydrocarbons is substantially increased with hydro-
carbon addition.

B. Carbon Storage in Deep
Saline Aquifers

During the first year of the CMI project, the Carbon
Storage Group (“Aquifer Group”) identified important
practical questions regarding CO2 storage in geologic
formations, formulated relevant science questions as-
sociated with these practical problems, assembled per-
sonnel to address these issues, and developed a set of
specific objectives and tasks to solve the problems.
Overall, two broad issues are being studied: 1) envi-
ronmental effects and safety, and 2) overall storage ca-
pacity available in deep saline aquifers. The first will
determine whether geologic storage is environmentally
acceptable. The second will determine whether it can
solve the carbon problem. An overview of each of the
major research thrust areas is summarized below.



CMI 2002 Annual Report               7

Development and Applications of a Parallel,
Multi-Physics Simulator
The Aquifers Group decided at the outset of the project
to develop in-house codes to simulate CO2 flow phys-
ics, geochemistry, and geomechanics. We have ex-
panded the capabilities of the finite element code
Dynaflow, developed over the past 20 years to solve
equations of fluid flow and geomechanics in porous
media (see http://www.princeton.edu/~dynaflow).
The code is parallelized and uses modern numerical
techniques that include local refinement and highly
efficient solvers. Into this code we have added two-
phase flow modules and equations of state appropri-
ate for CO2-brine systems. These equations of state
span the temperature and pressure ranges that allow
us to simulate CO2 migration from the deep injection
zone to near-surface regions associated with leakage.
We are adding geochemistry modules to this simula-
tor.

Potential Escape Pathways and Associated
Environmental Effects
One of the central tenets of our work is that leaks will
occur, and that we need to be able to deal with them
in an environmentally acceptable way. Our approach
includes the following steps: (1) identify all possible
escape pathways, (2) identify and quantify associated
environmental consequences of leaks, (3) quantify
leakage probabilities, and (4) estimate environmental
risks based on the quantitative information from the
previous steps.

Most of our efforts in the first year have focused on
identification and quantification of environmental
effects of leaks in shallow subsurface zones. We have
used a contaminant transport simulator, which in-
cludes a detailed geochemistry module, to predict the
effects of CO2 leakage on the water quality of shallow
freshwater aquifers. Our simulations show the extent
to which a CO2 leak reduces the pH of the aquifer
water and thereby mobilizes potential contaminants
such as metals. One specific case of CO2 leakage into
an aquifer containing the mineral, galena, indicates
dissolved concentrations of lead above drinking wa-
ter standards. We are also developing density-depen-
dent simulators to examine distributions of CO2 in
unsaturated soils. And we have initiated an experi-
mental program to investigate the soil geochemistry
of CO2-rich environments, using soil samples from
Mammoth Mountain, California, the site of a natural

CO2 leak, where extensive vegetation death has oc-
curred.

As part of this overall effort, we have written a manu-
script (Bruant et al., 2001) in which we lay out the
case for safe disposal of CO2 in deep saline aquifers.
The manuscript is available at the CMI website.

Laboratory and Field Investigations of CO2
Interactions with Geological Materials
We have initiated two laboratory measurement pro-
grams aimed at quantification of CO2-brine-rock
geochemical interactions. The first is a laboratory,
which has now been completed, in which reaction
rates can be measures at the core (centimeter) scale.
This facility can accommodate high pressures and tem-
peratures, and will allow us to determine reaction co-
efficients under conditions expected in deep saline
aquifers, as well as those expected in shallow fresh-
water aquifers. A second laboratory has been con-
structed in which molecular-scale reaction details can
be studied at the fluid-mineral surface. Most of the
first year was spent designing and building these labo-
ratories. We expect to run our first experiments early
in 2002.

Identification and Analysis of Candidate Field Sites
While many of the research efforts at Princeton in-
volve computational studies and laboratory experi-
ments, these efforts ultimately will be driven by data
from field sites. Initial investigations have identified
the Alberta Basin, in the Province of Alberta, as a good
test case for our initial computational and experimen-
tal efforts. Because Alberta requires all information
obtained during drilling to be turned over to the
Alberta Energy and Utilities Board (EUB), all infor-
mation is publicly available. Cores extracted from ex-
ploration wells must also be turned over to the EUB,
which maintains a Core Research Center where cores
from more than 50,000 wells, and drill cuttings from
more than 100,000 wells, are stored and are publicly
available. The Alberta Basin is also attractive as a test
basin because there are more than 30 ongoing acid-
gas injection sites within the basin. These injections
involve mixtures of CO2, H2S, and perhaps other
gases.

We plan to use at least one of the acid-gas injection
sites for detailed simulation studies. We also plan to
use samples provided by the Core Research Center to
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perform some of our geochemical experiments. We
have a visit to Calgary and Edmonton planned for
late January to arrange for core retrieval and to plan
details of the proposed experiments. Earlier visits have
established a good working relationship between
Princeton and the EUB, and a formal agreement is in
place, structured formally to be independent of CMI.

Hazardous Waste Regulation and the CO2
Regulatory Structure
To understand the regulatory framework that already
exists for deep fluid injections, we have studied the
regulatory structure for hazardous waste injection into
deep geologic formations. In a visit to EPA offices in
Texas, we read permit applications to assess the in-
formation included in those petitions. See the CMI
website for details.

Brine Management and Control of CO2 Migration
If massive amounts of CO2 are to be injected into deep
saline aquifers, a number of questions arise regarding
behavior, migration, and possible management of the
displaced brine. We are asking whether the brine can
be manipulated to improve control of CO2 migration
and to decrease probability of leakage. To answer this
question, we have conducted a simulation study in
which supercritical CO2 is injected into a formation,
and resident brine is manipulated (withdrawn and
reinjected) to provide more favorable pressure gradi-
ents. We find reductions in upward CO2 fluxes, lead-
ing to suggestions for possible injection designs to mini-
mize CO2 leakage. See Figure 3. Details may be found
in Guswa and Celia (2001), available at the CMI
website.

Figure 3: Mass of CO2 per unit volume as a function of radial distance and depth for continuous injection of CO2 at
20 kg/s, and injection of recirculated brine above the confining layer at 40 kg/s. Uniform layering of material
properties is assumed, with permeabilities of 100 mD in the receptor formation, 0.1 mD in the confining layer, and
100 mD in the unit above the confining layer.
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New Initiative:  CO2 Transport through Well
Cements
Analysis of potential escape pathways for injected CO2
makes clear that escape via existing wells may be one
of the major pathways. In the Alberta Basin, more
than 300,000 oil and gas wells have been drilled. Simi-
lar situations exist in West Texas and other locations.
If CO2 is to be injected into such formations, careful
analysis of CO2 transport through these boreholes must
be performed. Information is required about histori-
cal well completion and abandonment practices, the
physics and chemistry of CO2 transport in cements,
degradation of cements as a function of time, and the
effects of additional components like H2S on cement
reactions and properties. To address these issues, we
have included a new faculty member in our group,
George Scherer, a materials scientist knowledgeable
about cements. We are initiating a program of nu-
merical simulation and laboratory work to investigate
transport of CO2 through well cements and other ma-
terials of various vintages used to complete and plug
wells.

C. Carbon Cycle Science

The Carbon Science component of the CMI has three
functions:

1. It provides the carbon cycle science and cli-
matology necessary to determine how effectively a pro-
gram of mitigation will control atmospheric CO2 and
reduce global warming. How much sequestration is
enough?

2. It provides assessments and modeling studies
of alternatives to geological sequestration. The idea
here is to prevent the CMI from discarding a technol-
ogy too early, and to keep abreast of the activities of
other carbon mitigation groups. We cannot fully as-
sess the potential of geological sequestration without
understanding the alternatives.

3. It leverages the order-of-magnitude larger car-
bon and climate research program at Princeton and the
Geophysical Fluid Dynamics Laboratory to reduce un-
certainty about greenhouse warming and to anticipate
new developments that may shape public opinion.

How Much Sequestration is Enough?
At global scales, CO2 leaks from geological reservoirs

might be large enough to make sequestration counter-
productive. For example, a trillion tons of carbon
stored in aquifers that leak 1% per year would pro-
duce 10 billion tons of emissions annually, which is
more than current global emissions of 7 billion tons.
How small must leaks be if we are to solve a large
part of the global warming problem by geological se-
questration? The CMI calculated constraints on res-
ervoir leakage using models of carbon storage reser-
voirs and global models of natural carbon sinks
(Princeton ocean and terrestrial biosphere models).
Future fossil fuel consumption was assumed to be at
a level that would cause substantial warming in the
absence of sequestration (the 1996 IPCC S750 sce-
nario, in which atmospheric CO2 eventually reaches
750 ppm). The study then calculated the sequestra-
tion and leakage limits that would produce a maxi-
mum CO2 concentration of 450 or 550 ppm (the IPCC
S450 and S550 scenarios).

The surprising result is that leakage limits are much
less severe than expected because of heterogeneity
among reservoirs. The increased retention of low-leak-
age reservoirs more than compensates for the in-
creased losses from high-leakage reservoirs. For ex-
ample, the reduction from 750 to 450 ppm would re-
quire a mean leakage rate less than 0.1% per year if
all reservoirs were identical. In contrast, if leakage rates
were sufficiently variable across reservoirs, then the
reduction from 750 to 450 ppm would be possible even
with a mean leakage rate of 1% per year or more.
This study makes the scientific case for geological se-
questration considerably stronger. See our website for
more information.

Oceanic Iron Fertilization and Direct Injection
In the past year we have examined how fertilization
that is patchy  in space and time affects carbon cy-
cling. Definitive answers require better understand-
ing of the behavior of particles produced by fertiliza-
tion, after they have sunk below the surface layer of
the ocean. However, several of our preliminary re-
sults raise significant questions about the verifiability
and consequences of micronutrient fertilization as a
means of sequestering carbon: 1) In our models, only
2-10% of the additional particulate carbon flux to the
deep ocean resulting from fertilization is supplied from
the atmosphere. 2) Fertilization produces a compli-
cated pattern of air-sea carbon fluxes over a wide area;
these perturbation fluxes are small relative to natural
background fluxes, making direct verification of car-
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bon uptake impractical. 3) When carbon is exported to
great depth, the concomitant export of nutrients results
in a significant decrease in subsequent export produc-
tion; this may, over a period of a century, have a sub-
stantial negative economic impact on fisheries. See the
CMI website for additional information.

In our original proposal, our overall assessment of
direct oceanic injection of CO2 was that: 1) Direct
injection is an efficient way to sequester CO2 if the
injection is made deep enough. 2) The economic cost is
probably much higher than the cost of geologic
sequestration. 3) The ecological risks of direct injection
are potentially severe. (These risks are beginning to be
recognized by the scientific community; see Science,
Oct. 12, 2001.) We are now participating in an
international project to compare models of direct
oceanic injection of CO2. This project is resulting in
much improved estimates of the sequestration

efficiency for many injection sites and a much better
understanding of the uncertainties in these estimates.
(See the Figures on direct oceanic injection in the carbon
science power-point summary at the CMI website.)

Reducing Fundamental Uncertainty
The CMI also allocates the equivalent of four research-
ers (three post-docs and one technician) to critical
emerging areas of basic research in four areas:

High-Precision Measurement of Atmospheric Oxygen
to Quantify Natural Carbon Sources and Sinks
M. Bender’s group has completed construction of two
automated oxygen samplers. See Figure 4. One is in-
stalled on Ka’Imimoana, a NOAA research ship op-
erating in the equatorial Pacific. If we are to deploy
these instruments on BP ships, we will require im-
proved cooperation from BP shipping.

Figure 4: Shipboard Automated Atmospheric Oxygen Sampler
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Improved Methods to Estimate CO2 Sources and Sinks
on Land and in the Oceans
Critical to improving the accuracy of estimates of the
magnitudes of carbon sources and sinks is better
knowledge of the movement of CO2 in the atmosphere
and/or oceans. We are developing methods to pro-
vide such knowledge, including methods that depend
on Bender ’s oxygen and argon measurements. The
research has a potential application in locating leaks
from geologic storage reservoirs.

The Link between Ice Ages and Atmospheric CO2

We cannot be confident in our capacity to predict the
future of atmospheric CO2 or its climatic effects until
our models can explain what has occurred in the past.
The history of CO2 levels during recent ice ages and
interglacial periods, revealed by ice cores, provides a
natural test case: atmospheric CO2 was lower during
ice ages than during interglacial periods, thus caus-
ing additional cooling during ice ages. A central un-
answered question is: What caused the concentration
of CO2 to change? The same question is crucial to un-
derstanding the feedbacks associated with anthropo-
genic CO2 additions. Using the stable isotopes of ni-
trogen in deep sea sediments to study the history of
ocean nutrient cycling, Sigman and his colleagues have
developed the hypothesis that during ice ages the polar
ocean is stratified, both in the Antarctic and in the
Subarctic Pacific, preventing the release of biologically
sequestered carbon from the deep ocean and thus low-
ering the concentration of CO2 in the atmosphere.
Sigman’s group is currently testing this hypothesis
with new data and evaluating physical mechanisms
for the link between climate cooling and polar strati-
fication. The urgency of this work is enhanced by the
fact that ocean general circulation models, a widely
used tool for ocean climate prediction, do not appear
to confirm a causal connection between global cool-
ing and polar stratification. If Sigman’s hypothesis is
correct, then the simulation of polar processes by these
models is functionally unreliable.

Climate Change and Land Use
We have completed the development of two models
that predict the effects of land use on the weather. A
preliminary result is that land use change in the U.S.
over the past 300 years has cooled the climate. Thus,
the observed warming in the U.S. would have been
greater without land use change. We are currently
sifting among the possible  alternative explanations
for this effect. Also, the GFDL/Princeton team is on

track to complete the development of its Earth system
model (atmosphere-ocean-land) by the end of 2002.
We will thus have an exciting new tool to investigate
the complex feedbacks that govern the carbon and
climate system.

More information about these projects is found at the
carbon science section of the CMI website.

D. Carbon Policy

During the last year, the Carbon Policy Group, the
newest group of CMI, has focused on three interre-
lated projects. First, we developed a general economic
framework to analyze the economically optimal tim-
ing and extent of CO2 sequestration. The analysis sug-
gests that the technological option of CO2 sequestra-
tion reduces the economically optimal CO2 concen-
trations considerably. The extent of CO2 sequestration
is affected by several factors, most importantly the
marginal abatement and sequestration costs, the rate
of cost reduction with increased installed capacity,
and the economic damages imposed by climatic
change.

The economic damages imposed by climatic change
are important, because larger climatic damage in-
creases the optimal abatement cost at the margin. Ex-
pected climate damage, however, is very uncertain.
This uncertainty motivates the second research
project, the analysis of the economically optimal re-
sponse to climate thresholds. Damage from gradual
and slow climate change is usually estimated to be
relatively low. Damage from abrupt climate change
may be more important, because its surprising nature
and speed are obstacles to adaptation. We focus on a
particular (some would argue, the most likely and
relevant) climate threshold, a collapse of the ocean
circulation system.

Our third research project is an exploration of a prom-
ising alternative to the Kyoto-style cap and trade ap-
proach to greenhouse gas control. Specifically, we
develop a “No Cap, But Trade (NCBT)” approach.
The proposed alternative has two main advantages
over the Kyoto agreement. First, enforcement is sim-
plified. Countries can freely choose the extent of their
emissions reduction, just as suppliers of ordinary goods
and services choose the extent of their contribution to
a project like national defense. Second, the sharing of
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the financial burden is transparent, instead of implicit
in the caps.

Two invited talks were given at meetings of the
National Research Council’s Committee on Abrupt
Climate Change. Further information about the policy
program is at the CMI website.

E. Integration

The most difficult challenge in assuring the creativity
of a group as diverse as CMI is to develop an inte-
grated research program, rather than a loose collec-
tion of separate projects. Weekly research meetings of
the entire CMI have been effective in welding together
the CMI’s components. These have been exciting, with
obvious cross-fertilization. Perhaps the best example
is the work on the physics, atmospheric consequences,
economics, and policy of leakage from underground
reservoirs.

The Carbon Storage Group first characterized the most
likely modes of leakage, using their initial models of
CO2 in geological reservoirs. As injected supercritical
CO2 moves horizontally, some will become sequestered
more or less permanently, because it will dissolve or
become trapped physically. CO2 that escapes from the
reservoir will do so when the moving front encoun-
ters an end to the capping formation or a conduit such
as a fault or an old well with a failed concrete seal.
The material will then migrate upward, spreading

horizontally as it moves, until it encounters another
relatively impermeable layer, and the whole process
will begin again. Thus, a fraction of the material in-
jected into a reservoir will never escape, the remain-
ing fraction will escape with some distribution of time
lags, and both the permanently retained fraction and
the distribution of time lags will differ from reservoir
to reservoir.

The Carbon Science Group has taken this character-
ization and integrated it into global models of the
regulation of future atmospheric CO2. As reported
above and at the CMI website, these models show
that limits on the rate of leakage are much less restric-
tive than anticipated in our original proposal. In other
words, a reduction of future atmospheric CO2 by 200
or 300 ppm should be possible even with initial aver-
age leakage rates between 1% and 10% per year. Not
surprisingly, a critical parameter turns out to be the
fraction of injected CO2, on average, that becomes
chemically or physically trapped. The Carbon Stor-
age Group is working on establishing the value of this
fraction. The Capture and Storage Groups, jointly, are
extending the work for situations where sulfur is co-
sequestered, exploring the implications of larger leaks
of H2S or SO2 implied by larger than expected limits
on CO2 leaks, and searching for ways to increase the
dissolution of CO2, SO2, and H2S in saline aquifers.
For the Policy Group, the beneficial effect of hetero-
geneity is an instance where uncertainty has positive
economic value.




