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Overview
The Carbon Mitigation Initiative (CMI) at Princeton University is a 10-year, 20 million dollar project 
sponsored by BP and Ford Motor Company.  The goal of the university-industry partnership is 
to find solutions to the carbon and climate problem that are safe, effective and affordable.  Now 
entering our 6th year, our researchers are speeding progress in the areas of carbon science, carbon 
capture, carbon storage, and carbon policy.

The Capture Group assesses technologies for capturing CO2 emissions from fossil fuels 
used in electricity, hydrogen, and synfuels production. Other research areas include 
studies of alternative fuel combustion and analysis of renewable energy.

The Storage Group studies potential risks of injecting CO2 underground for permanent 
storage. Models of subsurface carbon dioxide behavior and laboratory studies of well 
cement degradation are helping the group evaluate that risk.

The Science Group collects data from the oceans, the atmosphere, ice cores, and the land 
biosphere to study how natural sources and sinks of carbon have varied in recent and 
ancient times, and how they will respond to future climatic change.

The Integration Group synthesizes research discoveries and explores the policy 
implications of carbon mitigation strategies. It also works to communicate issues of 
carbon and climate to industry, government, NGO’s and the general public.

Led by CMI Co-Directors Stephen Pacala and Robert Socolow, the group has grown 
to include over 60 researchers. Together we are building a comprehensive view of the 
challenges of carbon mitigation - and how they can be overcome.

For more information, contact
Ranveig Jakobsen 
CMI Administrator and  Assistant to Professor Stephen Pacala
Department of Ecology and Evolutionary Biology
Princeton University
Princeton, NJ 08544
USA

e-mail: ranveig@princeton edu
voice: (609) 258 - 3832
fax: (609) 258 – 6818

http://www princeton edu/~cmi
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Executive Summary
The Carbon Mitigation Initiative (CMI) at Princeton University has concluded its fifth year.  Having established roots in multiple 
departments around the university, we now have a mature research program with a strong core group of mitigation experts.   Our 
team has made substantial progress toward achieving our original goals, in the process becoming a recognized force in the field of 
carbon capture and storage (CCS).

Evolution of Research
In the first years of the grant, our groups developed and improved new tools for making observations, 
built and refined computer models for simulating the carbon cycle and CO2 injection, explored the 
economic potential of a wide array of capture technologies, and investigated novel ways to motivate 
carbon mitigation.  Our researchers have used lessons learned in these early studies to identify issues 
that are important to moving mitigation forward.  

These key issues will be the focus for the next 5 years of research as we create systems and mechanisms 
to promote mitigation and further characterize natural carbon sinks.

• The capture group has identified opportunities for cost-effective CO2 capture in electricity, 
hydrogen and synfuels plants and is moving forward with research in fossil fuel-biomass 
schemes that take advantage of the “negative emissions” that come from storing photosynthetic 
carbon underground.  The team is also comparing alternative options for using CO2 captured in 
electricity and fuels production to support enhanced oil recovery and thereby move forward with 
CCS technology deployment in the near term. It is also exploring baseload electricity strategies 
based on wind and natural gas as competition for fossil fuel power generation with CCS. 

• The storage group has completed studies on cement durability, which have shown that cements 
are highly susceptible to attack by CO2-rich fluids.  The team is refining their experiments to more 
accurately represent sequestration conditions and has developed a model to predict the actual 
character of injection fluids likely to interact with well cements. Researchers have also developed 
fast semi-analytical models and coarse-resolution models with upscaling to incorporate these 
well-scale findings into large-scale simulations of CO2 injection.

• The science group has been reducing uncertainties about the impacts of rising CO2 and global 
warming on carbon sinks and ocean chemistry and biology. Extended observations of the O2/N2 
ratio of air and new inversion modeling capabilities have helped to narrow estimates of sources 
and sinks of CO2.  Modeling studies have also laid the groundwork for a new software system 
linking carbon-cycle models with observational data.  Finally, modeling studies, observations 
of biological carbon fluxes, and paleoclimate data are shedding light on the controls of ocean-
atmosphere CO2 exchange, resulting in a new proposed mechanism contributing to glacial-
interglacial climate change.  

• The integration group has characterized environmental and economic impacts of rising greenhouse 
gas emissions and proposed new ways to motivate mitigation.  In addition, the outreach effort 
has grown substantially in response to the “stabilization wedges” concept.  Through conferences, 
workshops, and work with the popular media, we have introduced a wide variety of audiences - 
from CCS experts to policymakers to high school students – to the idea that existing technologies 
can substantially cut emissions.
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The Future 
Over the near future, our researchers plan to head in new directions while continuing to explore the 
implications of their earlier work.

The capture group will be exploring a wide range of gasification energy options for making electricity 
and fuels, ranking them according to their economic prospects and mitigation potential. Their goal 
is to catalyze megascale fossil fuel and biomass-based projects to be brought on line within the next 
decade. They will investigate and compare high and low intensity bioenergy production strategies. 
They will also investigate the potential for wind energy with compressed air storage as a competitor 
for coal gasification with CCS, and revisit the economics and CO2 storage implications of mitigation 
via all-electric cars and plug-in hybrids. And finally they will explore potential roles for synfuels in 
helping to provide clean cooking fuels to the 2.6 billion people worldwide currently cooking with 
coal and biomass.

The storage group will be using their new geochemistry module to simulate the interaction of 
carbonated brine with cement in a well and its impact on well integrity.  As samples become available, 
they will also continue durability testing to see how in situ aging affects cements’ resistance to attack.  
The results of these well-scale studies will then be incorporated into large–scale models to assess the 
risk of leakage for representative field sites.

The science group will continue to quantify ocean and land carbon fluxes with improved models and 
new measurements, and will use lessons learned in inversion modeling studies to build a “Carbon 
Observing System” that tracks changes in carbon sources and sinks. The team will also use new 
datasets to explore the role of polar ocean stratification in glacial/interglacial CO2 changes, and 
continue geoengineering “truth squad” investigations of the efficacy of deep sea CO2 injection and 
iron fertilization.

The integration group will expand its “stabilization wedges” analysis by investigating the impacts 
of scale-up of individual wedges and re-assessing the likely future of CO2 emissions.  In addition, 
the group will look for intersections in environmental and energy security arguments for carbon 
mitigation, and scout early opportunities for wedge deployment. On the policy side, the group 
will be evaluating systems for early detection of climate thresholds and continuing work on the 
environmental impacts of rising greenhouse gas emissions.

The following report reviews the achievements of the past 5 years and outlines our plans for the 
future.  Having made considerable progress on our original goals, we look forward to tackling the 
next generation of problems.
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CMI in the CCS Community
While some of our members are veterans of the carbon mitigation effort, many others were new 
to the field at the start of the Initiative. Over the past five years, however, CMI as a whole has 
become a strong presence in the CCS community.  One example of this is our representation at the 
flagship CCS meetings, the NETL Annual Conference on Carbon Capture & Sequestration and the 
International Conference on Greenhouse Gas Control Technologies, at which CMI researchers have 
presented dozens of papers.

Our team members also serve as members of national and international advisory groups.  Steve 
Pacala and Jorge Sarmiento of the Science Group are helping shape the U.S. Carbon Cycle Science 
Plan.  Michael Oppenheimer (Integration) has served as a lead author for the Third and Fourth 
Assessment Reports of the Intergovernmental Panel on Climate Change, and Robert Williams 
(Capture) was a lead author of the IPCC’s just-released Carbon Dioxide Capture and Storage report.  
Eric Larson (Capture) is a member of the Federal Biomass R&D Technical Advisory Committee that 
advises the Departments of Energy and Agriculture on bioenergy activities. 

In addition, our researchers are helping to guide the demonstration projects in carbon capture and 
storage.  Co-Director Rob Socolow is a member of the In Salah science advisory committee and 
a National Academy of Sciences panel evaluating the U.S. Department of Energy’s Sequestration 
Research program. Tom Kreutz of the Capture Group is a member of the Technical Experts Group 
providing input to the FutureGen project, and Mike Celia (Storage) is helping to review the Weyburn 
EOR project in Saskatchewan.

Finally, CMI researchers are collaborating with colleagues at many universities around the world, as 
well as government laboratories and non-profit organizations:

Capture
- Tsinghua University, Beijing
- Politecnico di Milano
- Harvard University
- Dartmouth College
- UC Davis
- National Resources Defense Council
- Environmental Defense
- University of Calgary

Storage
- Alberta Geological Survey
- University of Bergen
- Schlumberger
- Rocky Mountain Oil Testing Center
- Los Alamos National Laboratory
- Lawrence Livermore National Laboratory
- National Energy Technology Laboratory

Science
- Columbia University
- Scripps Institute of Oceanography
- Geophysical Fluid Dynamics Laboratory
- United States Geological Survey
- Geoforschungszentrum Potsdam
- Bowdoin College
- NOAA Earth System Research Laboratory
- Atlantic Oceanographic and Meteorological 

Laboratory 
- Pacific Marine Environmental Laboratory
- UCLA

Integration
- Penn State University
- Environmental Defense
- International Energy Agency
- World Wildlife Fund
- AJW, Inc. (Sarah Wade, consultant)
- The Climate Group

Details of these collaborations are provided in the body of this report.
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In Memoriam
In 2005, CMI lost two valued members of our team.  Their professional and personal contributions to our effort will be sorely missed.

David Bradford
David Bradford, who co-led the CMI Policy Group with Michael 
Oppenheimer, died on Feb. 22nd from extensive injuries sustained while 
escaping from a fire in his home two weeks earlier. 

David was a professor of economics and public affairs and an authority on 
taxation issues.  A member of Princeton’s faculty since 1966, he focused on 
public sector economics, and also served three U.S. presidents. As a member 

of the Council of Economic Advisers under the first President Bush, David worked on a broad range 
of issues in areas such as the environment, telecommunications, health care and financial institutions, 
as well as taxation. While serving in the Department of Treasury under President Ford, Bradford 
directed a study that resulted in the publication “Blueprints for Basic Tax Reform,” which is widely 
regarded as the forerunner of the major U.S. income tax reform enacted in 1986.

David’s CMI-related research dealt with the economic impacts of rising greenhouse gas emissions 
and mechanisms for motivating carbon mitigation, the results of which are included in the body of 
this report.   What may not come through, however, are the irreplaceable good humor and warmth 
he brought to the CMI community along with his considerable prestige and intellect.  We will all 
miss him.

Kenneth Hass
Kenneth Charles Hass, CMI’s liaison with Ford Motor Company, died in 
Ann Arbor, Michigan, on June 1st after a long, courageous and graceful 
bout with cancer. At the time of his death, he led sixty physicists, chemists, 
and engineers as Manager of the Physical and Environmental Sciences 
Department at Ford Motor Company.

A Ph.D. in theoretical solid-state physics, Ken made theoretical contributions to many Ford projects. 
The most significant work from a scientific and societal perspective were his groundbreaking density 
functional theory studies of NOx adsorption and catalysis on metals, zeolites, and oxides and of 
the bulk and surface structures and hydration of aluminas. These issues are central to air-quality 
improvement technologies, including automotive emission controls.

In 2001, Ken became the manager of the Chemical and Environmental Sciences Department, and 
beginning in 2002 he led the organization formed by its merger with the Physics Department. Ken 
responded to the challenging times in the automotive industry by arguing successfully that critical 
research areas such as environment, energy, safety, and new materials demanded long-term support 
from Ford.

Ken will be remembered as a first-rate scientist and a leader possessing outstanding vision and 
integrity.  We at CMI will miss having him as our advocate at Ford, and more so as a colleague and 
friend.
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The Capture Group
The goal of the capture group is to assess the feasibility of and potential technology costs for bringing about a low-carbon energy 
economy.  Originally focused on the production and combustion of hydrogen and synfuels, the research of this group has expanded to 
include the carbon mitigation potential of biomass, wind power, and hybrid fossil-fuel/renewable schemes.  In addition, the group is 
seeking novel ways to both lower costs and motivate the transition to a low-carbon economy.

Research Highlights:
• Modeling results indicate carrying out CO2 capture and storage (CCS) at competitive cost requires 

a much lower CO2 emissions price for making H2 than for making electricity from coal.

• Contrary to conventional wisdom, which is that a H2 economy for transportation will be launched 
with decentralized H2 production at refueling stations without CCS, our analysis shows that 
H2 produced via slip streams at large coal gasification combined cycle plants with CCS would 
probably be less costly. 

• Modeling of synfuels systems shows that if the CO2 generated at conversion plants is vented, 
greenhouse gas emissions would be almost double rates for hydrocarbon fuels derived from crude 
oil. With CCS, the GHG emission rates would be about the same as for crude oil-derived fuels.

• Modeling results suggest that liquid fuels and electricity produced from biomass energy crops 
via gasification would not be competitive without a climate mitigation policy, but would be very 
profitable at a carbon price of $100 per tonne. 

• The greenhouse gas mitigation potential, the potential for making low GHG-emitting liquid fuels, 
and profitability would all be enhanced considerably if CCS is carried out for biomass gasification 
energy systems.

• A study of synfuels production has shown that co-processing some biomass with coal to make 
liquid fuels plus electricity with CCS can reduce the GHG emissions associated with the production 
and use of the synfuels to near zero at costs that are quite attractive in the presence of a $100 per 
tonne carbon price.

• Analyses suggest that both using captured CO2 for enhanced oil recovery and enacting a low-
carbon obligation for coal electricity would be effective strategies for gaining early “technology cost 
buydown” experience with gasification energy and CCS technologies without large government 
expenditures.

• A study of “baseload” wind power with compressed air energy storage suggests that its low 
dispatch cost and low natural gas consumption rate could make it competitive with both natural 
gas combined cycle power and coal gasification combined cycle power with CCS at a $100 a tonne 
carbon price.

• Studies of hydrogen combustion have shown that doping with hydrocarbon gases could both 
reduce problems with “knock” in H2-fueled internal combustion engines and decrease the 
potential for explosion of hydrogen in storage.
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Fossil-Fuel Based Strategies for Electricity, Hydrogen,  
and Liquid Fuel Production

Understanding fossil-fuel based polygeneration strategies was one of the primary foci at the beginning 
of the Initiative, and continues to be a core strength of the program.  

Hydrogen and electricity production from fossil fuels
Research early in the grant focused on electricity and hydrogen (H2) production at large centralized 
plants, using performance and cost models to investigate the potential of various plant designs and 
operations.  Early studies of H2 and electricity generation from coal with carbon capture and storage 
(CCS) using novel H2 separation membrane reactors gave way to research on similar plants that 
employ “commercially ready” gas separation technologies, as it was found that membrane reactors 
did not yield substantial economic benefits relative to conventional technologies.

Another early focus was the competition between coal and natural gas in producing low-carbon H2 
and electricity, both with and without CCS.  The researchers found that electricity from coal-based 
power plants with CCS is generally more expensive than power from natural gas combined cycle 
(NGCC) plants that vent CO2, requiring a carbon price of the order of $100 per tonne of carbon 
(tC) for coal to be competitive with natural gas.  (The exact value depends upon the price of natural 
gas and the load factor of the NGCC unit.)  For H2 production, though, coal was competitive with 
natural gas at a significantly lower carbon price, because much of the hardware needed for carbon 
capture already exists in hydrogen plants.  The group also found that co-capture and co-storage of 
sulfur-bearing species - either H2S or SO2, depending on the system - along with the CO2 has the 
potential to lower the cost of H2 and/or electricity by 3-4%, further improving the relative economics 
of coal-based plants with CCS.  The cost of avoided CO2 emissions from these plants is significantly 
smaller than that estimated for NGCC with CCS.

The capture group also studied how H2 produced at large,centralized facilities could be distributed to 
users.  Tom Kreutz and Joan Ogden (formerly of CMI, now at U.C. Davis) determined that delivery 
of H2 will likely be economical for urban centers, where the majority of the population lives, but not 
for rural areas with low population densities.  Their study found that the high costs of transporting 
H2 gas through pipelines or liquid H2 by truck, coupled with low demand, will likely hinder market 
penetration into rural areas and present significant obstacles to making H2 fuel as convenient as 
gasoline without breakthroughs in H2 storage technology.

Because large facilities dedicated to H2 production would not be practical in the early stages of the 
evolution to a “hydrogen economy,” capture group researchers have recently shifted focus to study 
the cost-effectiveness of alternative routes. Conventional wisdom holds that early H2 production 
would occur through small-scale steam reforming of natural gas at many decentralized stations, 
avoiding the large costs associated with transporting H2.  A drawback of this scheme is that CCS is 
not economically viable in small scale, distributed systems, so this transitional technology would 
provide only modest reductions in carbon emissions.  

Alternatively, small amounts of H2 fuel could be produced at large H2-powered central electric 
power plants where CCS is economical, then provided to nearby fleets of H2 vehicles.  This year, 
Tom Kreutz has shown it would be practical and cost-effective to provide virtually carbon-free H2 

Capture
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in small amounts from domestic coal resources—by producing small “slipstreams” of H2 at large 
coal integrated gasification combined cycle (IGCC) plants equipped with CO2 capture and storage. 
He showed that pressurized H2 bled off in variable amounts at these plants, purified in pressure 
swing adsorption units, and transported by truck (or pipeline) to refueling stations is economically 
competitive with locally generated H2 from reformed natural gas. With this strategy, H2 can be 
produced from coal – an inexpensive, abundant, and indigenous resource - with near zero GHG 
emissions for transportation even in the early phases of a H2 economy (see Figure 1).  However, the 
option does require incentives to make coal IGCC plants with CCS economically viable.

Figure 1   Comparing H2 costs for alternative production options 
for the transition to a hydrogen economy 

The cost to consumers at refueling stations is presented for a 
coal H2 case involving the production of 1 tonne per day of 
slipstream hydrogen (99 999% purity) at a central facility (that 
also produces 362 MWe of power) and delivery of this H2 to a 
refueling station 24 miles away as a compressed gas that is 
transported by truck  

Assuming natural gas and coal prices of $8 0 and $1 34 per GJ 
(HHV), respectively and a carbon price of $100/tC, the figure 
shows that the cost of H2 to consumers via this approach is 
much less than H2 provided via current steam methane 
reforming (SMR)  technology and comparable to the cost of H2 
produced via hoped-for future SMR technology 

0

1

2

3

4

NRC SMR
(current)

NRC SMR
(future)

Slipstream
H2 (coal)

Carbon tax (at 100 $/tC)

Carbon disposal (at 5 $/tCO
2
)

Refueling station & storage

Compressed H
2
 truck transport

H
2
 compression into trailers

Fuel price (NG=8.9 $/GJ HHV,
coal=1.5 $/GJ HHV)

Plant O&M

Plant capital

H2 Flow:             0.48 tonne/day                  1 tonne/day

Cincinnati, OH
(distance: 24 mi)

C
os

t o
f D

el
iv

er
ed

 H
2 

($
/k

g)



CMI Carbon Mitigation Initiative 15

Minimizing the Emissions of Coal-based Synfuels 
There is growing interest in coal synfuels as a result of rising global demand for liquid fuels, high oil 
prices, oil supply security concerns, the abundance of low cost coal, and the commercial availability of 
technologies for making synfuels.  Coal liquids would be simultaneously economically attractive for 
investors and disastrous for society from a climate perspective—because the GHG emission rate for 
coal synfuels produced with CO2 vented is about twice as large as for crude-oil-derived hydrocarbon 
fuels.  Capture researchers in partnership with colleagues at Tsinghua University are carrying out 
research aimed at understanding better the performance, costs, and emissions characteristics of 
alternative synfuels technologies and opportunities for climate change mitigation via CCS. 

Initially the Tsinghua/Princeton collaboration focused on producing methanol and dimethyl ether 
(DME) via coal gasification. Methanol is widely used as a chemical and in some parts of China 
there is interest in its use a transportation fuel. There is considerable interest in China in DME as 
a cooking fuel and also, for the longer term, as a super-clean fuel for use in compression-ignition 
(diesel) engines for motor vehicles.

Our initial research showed that “polygeneration” systems that make liquid fuels plus electricity 
are often more cost-effective than systems that make liquid fuels alone. The research also showed 
that some of the carbon in the coal feedstock will often be removed as relatively pure CO2 from the 
syngas as a standard part of the synthetic fuel production process. Costs both with CO2 vented and 
with CCS were estimated.  It was found that, as an “acid gas management strategy,” co-capture and 
co-storage underground of H2S and CO2 to the extent of about 30% of the carbon in coal might be 
less costly than the alternative of capturing H2S and CO2 separately, then converting the H2S to 
elemental sulfur and venting the CO2 to the atmosphere.

During 2004, the research on making DME from coal via polygeneration was extended, in an effort 
led by Larson and Williams, to an analysis of systems that involve full as well as partial capture of 
CO2 for underground storage. This research showed that although the GHG emission rate for DME 
when the CO2 is vented would be about twice that for the crude oil-derived fuel displaced, with CCS 
the GHG emission rate could be reduced to a level comparable to that for the crude-oil-derived 
fuels. 

During 2005 the group’s coal synfuels production modeling was extended to an analysis of the 
production of Fischer-Tropsch (F-T) liquids (synthetic gasoline and diesel) from bituminous coals—
without and with CO2 capture and storage (CCS). This activity was led by Williams and Larson in 
collaboration with Haiming Jin of Dartmouth College.

F-T liquids offer the advantage over both H2 and DME that F-T liquids deployment requires little 
or no change in transportation refueling infrastructure.  As in the case of prior research on DME, 
the group’s focus has been on “polygeneration” systems that make electricity as a major co-product.  
Their work shows that, as for DME, the GHG emission rate for F-T liquids with CO2 vented is much 
higher than for hydrocarbon fuels derived from crude oil (Figure 2, top) but with CCS the GHG 
emission rate can be reduced to about the rate for crude oil-derived fuels (Figure 2, middle).

Our economic analysis shows that, in the absence of a strong climate mitigation policy, CCS could 
still be attractive economically if the CO2 captured in synfuel projects were used for CO2 enhanced 
oil recovery.  Further discussion is provided in “Toward Early Experience with CCS” on page 17.

Capture
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Figure 2  Carbon and energy balances for making and using Fischer-Tropsch liquids + electricity with alternative 
systems, along with fuel-cycle-wide greenhouse gas emission rates

The mine-to-wheels greenhouse gas (GHG) emission rates are in CO2 equivalent units   (The small emissions arising in 
transporting F-T liquids to final consumers and in refueling are not included )  For comparison, the well-to-wheels 
GHG emission rates associated with making and using gasoline and diesel from crude oil in the US are estimated to 
be 25 6 and 26 1 kgCequiv/GJ by the GREET model of Argonne National Laboratory  

For the coal + biomass option the biomass input fraction was chosen such that the mine-to-wheels GHG emission 
rate allocated to F-T liquids would be the same as for H2 made from coal with CO2 capture and storage  
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Toward Early Experience with CCS
Because motivating CCS with aquifer storage for coal-based energy systems currently requires a 
market valuation of GHG emissions of about ~ $100/tC, a large amount of GHG emissions might get 

“locked in” before a carbon policy is in place that makes CCS economically attractive to investors. 
For example, if the 1400 GWe projected to be built worldwide, 2003-2030, were built without CCS, 
the lifetime CO2 emissions of these new coal plants would be more than a 40% increment over the 
cumulative CO2 emissions from burning all fossil fuels from the beginning of the industrial era in 
1750 through the year 2000.  Finding strategies to advance and buy down the price of carbon capture 
and storage is one new focus of the capture group’s work.

Previously, the Capture Group helped William Rosenberg of Harvard develop his 3-Party Covenant 
(3 PC) scheme to facilitate construction of the first few IGCC plants, which are a critical step in 
moving toward coal power with carbon capture and storage. The 3 PC scheme involves a low-cost 
subsidy in the form of a government loan guarantee that reduces financing costs, so that electricity 
generation costs are less than for conventionally financed coal steam-electric power plants, even 
for the very first IGCC units built. This incentive scheme became a key element in the new national 
energy policy that resulted from the passage of the Energy Policy Act of 2005 (EPACT 2005).  It 
appears that gasification technology will start to be deployed for power coal power generation as a 
result of this and other incentives in EPACT 2005 and the growing recognition that gasification is 
key to low cost CCS for coal power.

Much of ongoing industrial activity relating to coal IGCC plants that are expected to be built during 
the next few years is aimed at designing the plants to be CO2 “capture ready.”  Concerned that this 
represents an inadequate near-term response to the climate change challenge, Williams and David 
Hawkins of the Natural Resources Defense Council have been developing a policy proposal for an 
early CCS action strategy that is not dependent on having a climate mitigation policy in place that 
values CO2 emissions at a price of the order of $100/tC. Specifically they have proposed introducing 
a national coal low-carbon generation obligation for U.S. coal electricity modeled after the familiar 
Renewable Portfolio Standard. Under the proposed low-carbon generation obligation, each retail 
power supplier would be required to provide a growing fraction of coal power generation with CCS 
in its electricity supply portfolio every year. 

Under this scheme, each retail electricity provider would either generate low-carbon coal power, 
purchase such power from independent electricity suppliers, or purchase credits in a tradeable credit 
market. The credit value would reflect the cost increment for coal power with CCS, and selling these 
credits would make it profitable for coal power generators to pursue CCS. The incremental cost for 
CCS would increase generation costs at low-carbon coal power plants, but the low-carbon generation 
obligation would spread these costs over all ratepayers.  

Williams and Hawkins proposed that the obligation be a growing percentage of total coal power 
generation.  They showed that if the obligation is large enough to cover all new coal generating 
capacity expected to be built during 2012-2020 (increasing from 0.3% of total coal power generation 
in 2012 to 9.3% by 2020), the maximum increase in the retail electricity price under the proposed 
obligation during this period would be quite modest—comparable to the annual fluctuation in the 
national average retail electricity price. 

Capture
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Biomass-Based Strategies for Electricity and Liquid Fuels Production
The Capture Group’s Eric Larson has been part of an initiative to assess the long term potential of 
biomass-based energy in the United States, particularly for meeting transportation needs.  In the 

“Role of Biomass in America’s Energy Future” (RBAEF) project, researchers from ten U.S. institutions 
have been analyzing the economics and environmental impacts of large biomass facilities that would 
use thousands of tons of biomass per day to meet a substantial portion of United States’ transportation 
energy needs.  

Biomass produced on a sustainable basis is essentially a carbon-neutral energy source because the 
CO2 emitted was absorbed from the atmosphere during photosynthesis and will subsequently be 
re-absorbed by future biomass growth.  Larson’s research carried out under the RBAEF project 
explored the production of both electricity and liquid fuels from biomass via gasification (e.g.,  
Fischer-Tropsch diesel and gasoline) in plants that would consume 5000 tons per day of plantation-
grown switchgrass (a fast-growing species native to the Great Plains) using gasification technology 
that is near commercially ready.  

The results show that liquid fuels and electricity produced in these plants could lead to substantial 
reductions in GHG emissions per unit of biomass consumed (see B-FT-Vent and B-IGCC-Vent 
options in Figure 3, middle).  However, in the absence of a climate mitigation policy, the economic 
prospects are poor—even with a $50 a barrel price (see B-FT-Vent and B-IGCC-Vent options in 
Figure 3, bottom).  In contrast, if CO2 emissions are valued at $100/tC, these options are attractive 
economically (see B-FT-Vent and B-IGCC-Vent options in Figure 3, bottom), but the GHG emissions 
mitigation potential per unit of biomass consumed is much diminished (see B-FT-Vent and B-IGCC-
Vent options in Figure 3, middle).  The lower potential for GHG emissions mitigation at $100/tC 
arises because the electricity that would be displaced (assumed to be the least costly electricity 
generation option at that carbon price) would have a much lower GHG emission rate than the 
electricity displaced at $0/tC.

In an effort to see how higher GHG emission rate reductions might be realized for biomass energy 
under a climate mitigation policy, this RBAEF activity was followed up with analyses exploring 
the prospects for CCS at bioenergy conversion plants. With CCS, systems that convert biomass to 
fuel and/or electricity are net negative CO2-emitting energy supplies, because photosynthetic CO2 is 
being stored underground.  In an activity led this year by Larson in collaboration with Haiming Jin 
of Dartmouth College, the group carried out detailed process design, simulation, and cost estimation 
for large dedicated facilities that would produce electricity and/or fuels from switchgrass, with and 
without CCS.  Synthetic fuels considered in their analyses are Fischer-Tropsch diesel and gasoline 
blendstocks, dimethyl ether, and hydrogen.  Williams then joined Larson and Jin in evaluating the 
strategic implications of CCS for bioenergy systems, the results of which are summarized in Figure 
3. 

Including CCS for bioenergy has a dramatic impact on the GHG emissions reduction benefit per 
unit of biomass consumed at a $100/tC carbon price—up 11.5X for power generation (compare 
B-IGCC-CCS and B-IGCC-Vent in Figure 3, middle) and up 2.5X  for the coproduction of F-T 
liquids and electricity (compare B-FT-CCS and B-FT-Vent in Figure 3, middle). It is assumed in 
these calculations that the negative emissions arising from underground storage of bio-CO2 offset 
emissions from crude oil derived energy products.  This implies that the effective amount of low 
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The C/B-FT-CCS option is that described in 
Figure 2 (bottom)   The B-FT options make F-T 
liquids + electricity from biomass   The 
bioenergy CCS options capture and store CO2 
accounting for 50% and 90% of the biomass 
carbon for the B-FT and B-IGCC (biomass 
integrated gasifier combined cycle) options, 
respectively; for these it is assumed that the 
CO2 stored offsets CO2 emissions from crude 
oil-derived hydrocarbon fuels 

The GHG emissions reduction rate depends on 
what energy systems are displaced  It is 
assumed that the liquid fuels displaced are 
gasoline and Diesel derived from crude oil and 
that the electricity displaced is the least costly 
alternative at a given carbon price—assumed 
to be a C-IGCC (coal integrated gasifier 
combined cycle) plant with CO2 vented (right 
bars) at $0/tC and wind/CAES power plants at 
$100/tC (left bars) 

Real internal rate of return on equity assuming 
a 55/45 debt/equity ratio, coal and biomass 
prices of $1 35 and $3 0 per GJ (HHV), a CO2 
price (in $/Mscf) that is 3% of the oil price (in 
$/barrel), and an electricity coproduct value 
equal to the power generation cost for a coal 
IGCC-Vent plant at $0/tC and for a coal IGCC-
AqS plant at $100/tC 

Figure 3  Comparing alternative bioenergy options
Alternative options are compared with regard to the potential for producing liquid fuels with low GHG emission 
rates (top), GHG emissions reduction potential (middle), and the internal rate of return on equity (bottom) 

Capture
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GHG emitting liquid fuel provided per unit of biomass is much larger than for the cases with CO2 
vented, and that the maximum rate of providing low-GHG-emitting liquid fuels is realized for the 
option that generates no biofuels whatsoever—the B-IGCC-CCS option (see Figure 3, top). 

Hybrid Fossil-Biomass Options for Electricity and Fuels  
The results of the Capture Group’s studies on coal synfuels and biomass have prompted the researchers 
to examine strategies that combine the strengths of both in hybrid fossil fuel-biomass schemes.

Liquid Fuels from Coal and Biomass with Low GHG Emissions 
Although the manufacture of coal synfuels with CCS can reduce the fuel-cycle-wide GHG emission 
rate to approximately the rate for hydrocarbon fuels derived from crude oil, a much larger reduction 
in the emission rate would be required if coal synfuels are to play a major role in providing liquid 
fuels in a climate-constrained world. Deep reductions in emissions might be realized by exploiting 
the negative emissions potential of biomass energy systems with CCS as discussed above.

In 2004, Williams led the exploration of one strategy that involves offsetting GHG emissions from 
production and use of DME from coal with CCS with negative emissions from separate biomass 
energy systems with CCS.  The analysis showed that the most cost-effective emissions offset strategy 
would involve deploying biomass gasification power plants with CCS (the B-IGCC-CCS option 
in Figure 3). Making CCS costs attractive with this strategy requires large-scale biomass energy 
conversion systems and probably dedicated energy crops.  

During 2005 this analysis was extended by Williams, Larson, and Haiming Jin to explore the 
coprocessing of coal and biomass to make F-T liquids in polygeneration plants.  This strategy would 
make it feasible to exploit the negative energy potential of bioenergy production with CCS even with 
biomass waste resources that are widely distributed on the landscape (such as various crop and forest 
product industry residues), by exploiting the scale economies of coal energy conversion. 

The basic idea is to make H2 from the biomass via gasification to blend with H2-deficient coal-derived 
syngas to help realize the H2/CO ratio needed in making F-T liquids. The negative CO2 emissions 
that arise when the CO2 coproduct of biomass-derived H2 is stored underground (along with CO2 
from gasified coal) can offset the CO2 emissions that arise when the synfuel is eventually burned. 
The GHG emissions associated with the production and use of synfuels are thus reduced to near 
zero. When GHG emissions are valued at $100/tC this option is likely to be the least-costly way of 
making synfuels using coal with aquifer storage, with a plant-gate  production cost of about $1.5 
per gallon of gasoline equivalent.  This cost is significantly less than both the current refinery-gate 
cost of making gasoline from imported oil and the cost of conventional biofuels such as biodiesel or 
cellulosic ethanol. 

To make a given amount of low GHG-emitting synfuels from coal plus biomass in this manner 
would require less than half as much biomass input as is required in making conventional biofuels. 
The same conclusion holds for the B-IGCC-CCS and B-FT-CCS options discussed in the previous 
section (see Figure 3, top and middle).  Thus CCS pursued for both coal/biomass hybrids and biomass-
only systems makes it feasible for bioenergy to play a much larger role in climate change mitigation 
than is feasible with conventional biofuels.  
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Near-Term Opportunities
Pairing gasification energy systems with CO2 enhanced oil recovery (CO2-EOR) could provide a 
market-based mechanism for motivating early CCS action. If new gasification energy facilities are 
built near sites where crude oil production could be increased via CO2-EOR, the captured CO2 could 
be injected into mature oil reservoir to increase oil production and thus enhance plant economics 
for gasification energy.  At the same time, this strategy would make CO2-EOR more profitable by 
exploiting the low cost CO2 that can be provided by gasification systems.

Figure 4 shows that CO2 capture with the sale of CO2 for EOR would be quite profitable without 
subsidy for both coal IGCC plants and coal F-T liquids polygeneration plants at oil prices of $35-
$40 a barrel or more and with a $0/tC value for GHG emissions.  For the synfuels options, the 
profitability would be comparable for coal and coal/biomass polygeneration plants (compare the 
coal FT-EOR option for $50 a barrel oil in Figure 4 with the C/B-FT-EOR option in Figure 3). For all 
options the rate of return on equity is positive even for very low oil prices, so that there is essentially 
zero risk of bankruptcy as a result of inability to service debt.

How big an opportunity is this? Current oil production techniques recover on average 34% of the 
original oil in place in a U.S. oil field. Recent studies carried out for the U.S. Department of Energy 
show that it is economically feasible to increase this percentage to 42% with current CO2-EOR 
technology. Today CO2–EOR amounts to 0.21 million barrels/day (MMB/D), and most CO2 supplies 
come from natural CO2 wells. In many regions what limits additional projects is the availability 
of low-cost CO2.  If copious quantities of low-cost CO2 were available, CO2-EOR based on current 
technology could support a production rate of 4.3 MMB/D over a 30-year period—about 4/5 of the 
current level of total US crude oil production.

Much of the needed low-cost CO2 could be provided by gasification energy plants. To illustrate 
the possibilities, suppose, as a thought experiment, that aggressive effort leads, by 2025, to a CO2 

-EOR production rate of 4.3 MMB/D of oil. Suppose that initially the CO2 is provided by a 50/50 
mix of coal IGCC plants and coal plants that make F-T liquids + electricity, and that after 2015 
all the required CO2 is provided by synfuels + electricity plants fueled with coal and biomass.  In 
this thought experiment each barrel of synfuels produced via polygeneration would support the 
production of 4 barrels crude oil via CO2-EOR.  For all synfuels plants built after 2015 the GHG 
emission rate for the synfuels would be only 1/5 the rate for crude oil-derived hydrocarbon fuels (see 
Figure 2, bottom).  The GHG emission rate for the electricity produced in all the deployed plants 
would be only 1/10 of that for average coal power plants. 

The total amount of gasoline and diesel produced from CO2–EOR and synfuels would be sufficient 
to supply more than 2/5 of the fuel consumed by all US light-duty vehicles in 2025. The coproduct 

“decarbonized” electric generating capacity is equivalent to 2/5 of total new coal generating capacity 
expected to be built by 2025. The amount of biomass required under this thought experiment is 
sufficiently modest that “waste” resources alone are adequate—the biomass required by 2025 
amounts to less than 2/5 of the biomass currently available in urban wood wastes and residues of the 
forest product and agricultural industries.

Capture
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Figure 4  Real internal rate of return on 
equity for gasification energy systems vs 
oil price * 

At $0/tC a coal IGCC plant is the most 
profitable option for selling CO2 for EOR at 
low oil prices, but for oil prices greater 
than $50/barrel a coal plant making F-T 
liquids + electricity is more profitable, and 
both are more profitable at all oil prices 
than making F-T liquids + electricity with 
CO2 vented   At $100/tC  plants making F-T 
liquids + electricity from coal + biomass 
with CO2 capture are quite profitable [even 
with aquifer storage (CO2–AqS)] despite 
the assumed high biomass price because 
of the large “negative CO2 emissions” 
credit for bio-CO2 stored underground 
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*For all options the assumed debt/equity ratio is 55/45, and the feedstock prices are $1.35 and $3.0 per GJ (HHV) for coal and biomass, 
respectively.  For the CO2–EOR cases it is assumed that the CO2 price (in $ per thousand standard cubic feet) is 3% of the oil price 
(in $ per barrel). The reference $50/barrel oil price is the levelized oil price during 2010-2040 based on the Energy Information 
Administration’s Annual Energy Outlook 2006 forecast. The reference 14% real rate of return on equity is for Base Case financing, so 
that greater returns are regarded as especially attractive.

The CO2-EOR option represents a “niche” opportunity, to be sure, but it is sufficiently large that 
exploitation of this option could lead to significant “buy-down” of costs for gasification and CCS 
technologies. As a result of field experience (learning by doing), costs might be significantly less than 
at present by the time it becomes necessary to pursue widely aquifer storage of CO2 .  
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Wind Energy
Wind power has the potential to generate large amounts of electricity, but the intermittency of wind 
poses an increasingly significant challenge as the wind share of total power increases.  Moreover, 
much of the very best and largest wind resources are remote from electricity demand centers.

These two concerns about wind have been addressed over the last two years in an activity led by Jeff 
Greenblatt (now at Environmental Defense) and Samir Succar, with contributions from Williams, 
Socolow, and David Denkenberger. The group’s study found that wind’s intermittency and remoteness 
can be dealt with, at a price premium, by firming up the wind power to provide baseload electricity, 
and then transporting that baseload electricity from large wind farms to distant demand centers via 
dedicated high voltage electric transmission lines. 

Two wind power firming strategies were investigated and compared to a natural gas combined 
cycle plant providing baseload power: wind energy backed up by dedicated natural gas simple cycle 
and combined cycle generation; and wind energy with compressed air energy storage (CAES).  In 
the CAES option, excess wind power is used to compress air and store it in underground caverns. 
During times of low wind, air is withdrawn and heated by burning fuel (e.g., natural gas) to power 
a turbine and generate electricity. Overall, fuel consumption is only one-quarter of that in a natural 
gas combined cycle plant.

The group’s general methodology enables cost comparisons to be made under a variety of physical 
and market conditions. The group found that by increasing the value of GHG emissions, wind in 
combination with one of these backup strategies becomes increasingly attractive relative to the 
natural gas combined cycle option in providing baseload power. Increasing natural gas prices and 
decreasing wind turbine cost also strengthen the competitiveness of baseload wind power. The 
findings of this activity are summarized in Figure 5.

The analysis presented in Figure 5 is for system-wide capacity factors determined by the forced 
outage rate for each technology.  In real energy markets, capacity factors are instead determined 
by relative dispatch costs (fuel cost plus variable operation and maintenance costs), such that plants 
with the least dispatch cost are dispatched first. Dispatch costs are lower for the wind-CAES option 
than for all other options considered, including alternative coal power options, as shown in Table 1. 
This finding suggests wind-CAES has the potential to provide baseload electricity at the least total 
cost per kWh, because its deployment would force down the capacity factors of the alternatives via 
dispatch competition.  This outlook also suggests a substantial growth opportunity for natural gas, 
because wind-CAES makes it feasible for natural gas to compete in baseload power markets despite 
prospects for high natural gas prices. 

One concern with deploying large amounts of wind power is its possible impact on global and 
regional climate.  A study by Steve Pacala’s team in the Science Group incorporated the effects of 
massively deployed wind turbines on climate and suggested that wind energy production would 
have minimal impact on global average surface temperature, even if wind power was scaled up to 
produce 20 trillion watts of electric power (an amount twenty times the entire generating capacity of 
the United States).  On regional scales, however, simulations indicate that temperature changes of up 
to half a degree Celsius and small but significant changes in precipitation might occur.

Capture
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Table 1: Costs and Emissions for Alternative Baseload Electricity Technologies

Gas: $5/GJ LHV, Coal: $1 4/GJ LHV, Wind: 650W/m2, Wind Transmission: 750km HVDC 

Technology CF .(%) GHG .
emissions .

(gCequiv/kWh)

$0/tC $100/tC $0/tC $100/tC

Total .cost
(¢/kWh)

Dispatch .cost
(¢/kWh)

Average coal plant - 276 - - 2 16 4 93

Coal IGCC, CO2 vented 85 237 3 96 6 33 1 80 4 17

Coal IGCC, CO2 capture and storage 85 53 5 62 6 14 2 83 3 36

NGCC 85 120 4 60 5 80 3 46 4 66

Wind + Natural Gas 85 58 5 23 5 81 2 15 2 70

Wind + CAES Storage 85 23 5 74 5 98 1 42 1 66

Figure 5: Economics of Baseload Wind Power

The four central figures show the comparative economics and least-cost technology under varying conditions 
among three baseload electricity options (1) natural gas combined cycle (NGCC)  (2) wind energy backed by 
dedicated natural gas simple cycle and combined cycle generation (yellow and green) and (3) wind energy with 
compressed air energy storage (CAES)   Since all three technologies use natural gas as a fuel, the carbon prices in the 
top figure can also be expressed as an effective fuel price that adds the carbon price to the direct fuel price (top axis)  
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Combustion of Alternative Fuels
Chung Law and Yiguang Ju have carried out fundamental research on hydrogen and dimethyl ether 
combustion to pave the way for use of alternative fuels in the transportation sector.  Chung Law 
also addressed the safety issues in handling and storage of hydrogen gas by analyzing the explosion 
hazards associated with the sudden release of high pressure a hydrogen jet into air.

Hydrogen Combustion
Proponents of a hydrogen economy envision using hydrogen gas as an energy carrier to be used 
in mobile applications, such as cars and trucks.  Although hydrogen use in fuel cell technology 
is envisaged in the long run, a more immediate environmental friendly alternative is the use of 
hydrogen gas in conventional internal combustion engines (ICE’s), which would be adapted to the 
new gas characteristics.

Chung Law and colleagues have carried out detailed studies of the characteristics of hydrogen gas 
ignition and flame properties at high initial pressures, corresponding to realistic engine conditions.  
Because hydrogen gas is light and has a low initial density at ambient pressure, hydrogen ICE’s are 
usually operated at high pressures (i.e., supercharged conditions) in order to obtain greater power 
per unit volume.  In the early years of the grant, the team determined the conditions for hydrogen 
ignition and hydrogen flame propagation.  They found that the flame surface at higher pressures 
becomes unstable, leading to cellular pulsations.  The effect was found to increase the flame speed 
and burning rate of fuel, a beneficial aspect of hydrogen use in ICE’s promoting the power of the 
engine.  Later efforts of the group focused on formulating theoretical models for the flame surface 
instability aimed at capturing their observations.  

Hydrogen gas can sometimes be too easily ignited under supercharged conditions, creating 
undesirable high pressure shock waves in a phenomenon known as engine knock. Chung Law and his 
group proposed a new strategy to limit knock while maintaining the desirable aspects of hydrogen 
combustion.  They showed that dilution of the hydrogen gas with a heavier fuel such propane may 
eliminate the propensity of the flame to be destabilized by reducing the flame sensitivity.  This finding 
implies that use of hydrogen/propane mixtures could reduce the need for supercharging required in 
an engine, reduce the tendencies for the detrimental events of knock and pre-ignition, and lower the 
potential for explosion of hydrogen in storage.

The team also developed a new approximate model for the flame stability by simultaneously 
considering the two different stability-controlling mechanisms: the hydrodynamic mechanism of 
instability, which is enhanced at higher pressures, and the thermal-diffusive mechanism, which is 
controlled by the disparity of the heat diffusivity with respect to the mass diffusivity of the fuel.  The 
model was found to be in good agreement with experimental observations of the onset of instability 
in outward growing spherical flames. 

To investigate the consequences of the coupled hydrodynamic and diffusive instabilities on the 
flame dynamics beyond the stability boundary predicted by their model, the team carried detailed 
numerical simulations of the dynamics of flame evolution.  The key parameters were identified to 
be the ratio of fuel to heat diffusivities and the sensitivity of chemical reactions to temperature 
fluctuations.  At high fuel diffusivities (i.e., large hydrogen to propane ratio), results show that the 
interaction between these two modes of instabilities yields distinct evolutions of cell splitting, merging, 

Capture



Fifth Year Report – 200626

growth, local extinction, and lateral motion.  These elemental processes also dramatically increase 
the burning rate through hydrodynamic fluctuations and increase of flame surface area.  Thus the 
extent of hydrodynamic instability could control the burning rate and improve fuel efficiency.  

The group further studied the flame dynamics corresponding to low fuel diffusivity encountered 
when the proportions of propane are considerable.  The non-linear evolution of the flame captured 
numerically was found to consist of regimes of stable cell propagation, periodic pulsating cellular 
flames, and irregular pulsating cellular flames as the chemical sensitivity is increased.  It was also 
found that unsteady pulsating flames can propagate faster than the ideal laminar flame.  This 
implies that fast burning rates can also be obtained with significant propane addition, but without 
introducing the propensity to fast ignition and knock obtained at lower propane addition.  This 
extended the range of chemical control of the flame dynamics considered previously.

An important aspect of the hydrogen economy is the safety associated with storage and handling 
of a light and highly reactive gas.  The accidental scenario of a high pressure jet release from a 
punctured storage tank or high pressure line was investigated.  The release of high pressure hydrogen, 
characterized by a low molecular weight and high sound speed, yields a very strong shock transmitted 
into the surrounding air.  Dilution with propane also helps reduce this hazard.  In the pure hydrogen 
case, the shock heats the air by several thousands of degrees, depending on the hydrogen storage 
pressure.  The contact and mixing between the discharging hydrogen and hot air creates a serious 
ignition potential.  The initial work of Law’s group aimed at characterizing the strengths of the jet-
driven shock waves, in order to determine if the local temperature is conducive to ignition.  Time 
evolution of the jet discharged flowfield was also obtained theoretically and verified by detailed 
numerical simulations.  The knowledge of the temperature field evolution permits future assessment 
of the ignition of the hydrogen-air mixing layer via direct numerical simulations and/or analytical 
tools.

Dimethyl Ether (DME)
In a related project, Yiguang Ju has led an effort to study the combustion of dimethyl ether (DME), a 
synthetic liquid fuel under consideration in the Capture Group’s coal synfuels generation work.  The 
research measured the flame speed data of DME at normal and elevated pressures and demonstrated 
that the previous DME kinetic models were not able to reproduce the experimental results. These 
experimental data contributed to a successful new DME mechanism development in Prof. Dryer’s 
group. In addition, the group also found that a small amount of DME addition in methane and 
natural gas can significantly shorten the ignition delay time. This conclusion suggests that natural 
gas can also be used in homogeneously charged compression ignition engines (HCCI) by doping 
with a small amount of DME. 

The group’s simulation also demonstrated that a lean DME-air mixture behaves much differently 
than mixtures of other large hydrocarbon fuels.  They found that the combined effect of radiation 
and flow stretch results in many new flame regimes, which significantly modify the actual burning 
limit of DME. Moreover, the experimental study of a DME jet diffusion flame showed that, contrary 
to the prevailing theory, a DME flame cannot be lifted even at a Schmidt number larger than unity. 
The experimental observation and theoretical analysis led to a general conclusion that the unique 
DME liftoff property also applies to other oxygenated fuels.
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The Storage Group
If the carbon dioxide that results from the combustion of fossil fuels can be stored underground instead of released to the 
atmosphere, the world could continue to use coal, oil, and gas with minimal climate impact. To that end, the CMI Storage Group is 
using computer models and laboratory experiments to evaluate the effectiveness and safety of geological CO2 sequestration in saline 
aquifers.  After completing assessments of geochemical aspects of underground storage, the team is now focusing on studies of 
cement integrity and strategies for estimating potential leakage risks.

Research Highlights:
• Flow-through and batch experiments have demonstrated that standard well cements are highly 

susceptible to attack by CO2-rich fluids.

• A collaboration with the Rocky Mountain Oil Testing Center and Schlumberger resulted in 
successful retrieval of cement samples from a 19 year-old well for durability testing.

• High-pressure experiments on cement durability have been initiated in collaboration with the 
National Energy Technology Laboratory.

• The Dynaflow model has been modified to simulate 3-phase equilibrium conditions encountered 
in supercritical CO2 sequestration and interaction of brines with cements.

• New upscaling techniques have been developed to incorporate the effects of hundreds of wells in 
coarse-resolution simulations of CO2 injection.

• Fast semi-analytical models have been developed for estimating total reservoir leakage in 
environments with large numbers of wells.

• At a workshop hosted by Princeton, leading experts in injection modeling agreed to focus 
simulations on a test case using data from a common field area in Alberta. 

• Geochemical investigations have shown that sequestration via carbonate mineral formation may 
be difficult to achieve in real aquifers.
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Cement Integrity
Oil and gas fields offer an appealing opportunity for storage, since their existence proves that a 
seal can keep hydrocarbons contained for millions of years.  Seismic and borehole data in well-
explored areas also offer considerable insight into the nature of subsurface strata.  However, since 
oil-producing areas in North America have been punctured by many thousands of existing wells, 
the seal integrity of well cements is a critical factor in determining whether CO2 will stay stored, or 
leak up through these potential conduits to the surface.

Flow-through experiments of cement corrosion
George Scherer’s group is conducting laboratory experiments to study degradation of well cements 
under sequestration conditions. Interaction with low pH groundwater could lead to rapid dissolution 
of 20% of the material in cements, followed by structural collapse, but their behavior under 
sequestration conditions is not well known. 

Because this cement project was a new undertaking initiated by CMI, much of the early years of the 
grant was spent setting up a laboratory and making initial analyses to characterize sample cements.  
Now flow-through experiments with a duration of one month and batch experiments with durations 
up to one year have been completed by Andrew Duguid, and the results show that cements commonly 
used for sealing oil and gas wells react quickly with CO2-rich fluids.

The flow-through experiments probe the maximum rate of attack under circumstances where fresh 
acid flows continuously over the cement.  Rods of H-class cement were exposed to carbonated brines 
in a flow-through system at temperatures representing both surface and sequestration conditions.   
The samples showed complete loss of calcium hydroxide on a timescale of days, and outer layers 
were converted to a highly porous hydrous silica gel (Figure 6).  The team’s results demonstrated 
that the cement is destroyed at a rate on the order of 0.1 mm/week under conditions comparable 
to sequestration in a sandstone formation at a depth of 1-2 km. This high rate of attack might be 
realized if a crack or annular gap allowed acidified brine to flow continuously over the cement in a 
well.

More likely rates of attack have been probed using batch experiments, in which the acid must diffuse 
through the pores of stone to reach the cement. Tubular samples of a representative sandstone 
and limestone were filled with relatively impermeable cement and exposed to brine solutions with 
varying temperatures and pH values for a year. At frequent intervals during the experiment, the 
group examined the rock-cement interface for physical and chemical changes that would affect 
cement permeability. The cement samples exposed to brines in the batch reactors were not as quickly 
degraded as those in the flow-through experiments, but in one month reaction rings formed at the 
cement/stone interface caused permeability to increase by an order of magnitude before subsequently 
leveling off.

In both types of experiments, the researchers found that the rate of attack was undetectably small 
when the brine was equilibrated with limestone prior to contact with the cement, because the acidity 
is reduced and the calcium content of the brine is increased by such exposure. These results imply 
that sequestration in limestone formations would be much less likely to result in cement corrosion 
than sequestration in sandstone formations.



CMI Carbon Mitigation Initiative 29

The fast reaction times observed in the laboratory will pose a serious problem for carbon storage  
if cements are exposed to large volumes of fresh CO2-rich fluid in the subsurface.  To determine 
whether such interaction is likely, data on the chemical profiles and spatial distribution of attack in 
the cements are being used to develop a computer model that will predict the composition of fluid in 
injection aquifers (see “Simulator development” below).

Scherer’s group has also recently established a collaboration with National Energy Technology 
Laboratory (NETL) laboratory in Pittsburgh to study cement corrosion under high-pressure 
conditions.  The NETL study employs reaction vessels at 10-30 MPa, which are not available at 
Princeton and more closely approximate the environment in a storage formation. The NETL group’s 
initial results indicate that rates of cement corrosion decrease at elevated pressure, which would 
improve the outlook for carbon storage in deep saline aquifers.  Work is ongoing both to quantify 
this pressure dependence and to identify the mechanism responsible.

Analysis of Field Samples
The actual impact of CO2 injection on well integrity depends on whether cements in existing wells 
are more or less susceptible to attack than those used in the laboratory.  This question is beginning 
to be answered by cements obtained in 2004 from a 19 year-old well at the Rocky Mountain Oil 
Testing Center in Wyoming.  George Scherer of the Storage group worked with Schlumberger and 
RMOTC staff to design and execute an innovative drilling project that retrieved one intact sidecore 
(composed of cement, casing, and formation rock) and several fragmented cement samples from 
depths of 3000-5000 feet (Figure 7).

Initial analysis of the samples by Mileva Radonjic revealed a surprisingly complex microstructure 
that differs greatly from cements made in the lab.   One key factor that might account for the 
microstructural differences is that the Wyoming cements were mixed with formation water 
containing sulfates.  However, initial preparation and high-pressure curing of a cement sample with 
the Wyoming “recipe” produced no unusual microstructure, which implies that the characteristics 
of the sample retrieved from the well are a consequence of long-term aging underground.

Figure 6  Samples of unreacted H-type cement 
(left) and cement after 3 weeks in a flow-through 
reactor at 50ºC and pH 2 4 (right)  Color variation is 
due to changes in oxidation in iron impurities in 
the cement 

Storage
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The group plans to submit the Wyoming cements to durability studies to see how the cements hold up 
to exposure to acidified brines.  The work should provide insight into both the degradation potential 
of old well cements, and how to make new cements more resistant to attack.

Figure 7  Cement samples recovered with 
sidewall corer from a 19 year-old oil well at 
RMOTC in Wyoming 

Aquifer Simulation
To understand the implications of cement corrosion for CO2 storage, simulations must be carried out 
both to predict the composition of fluids that will interact with wells and to calculate formation-scale 
leakage rates that could result from cement deterioration at individual wells. To accomplish these 
goals, Jean Prevost’s group has been expanding the capabilities of the in-house numerical simulator 
Dynaflow, while Mike Celia and colleagues have developed fast analytical models and new methods 
for including well properties in complex numerical models.

Simulator Development
If cements in existing wells were exposed to large volumes of CO2-rich fluids, degradation like 
that seen in laboratory experiments would be a serious drawback for underground carbon storage.  
However, carbonated brines might become saturated and less aggressive by the time they travel 
through a formation and come into contact with cements.  To assess fluid compositions at wells, the 
Storage Group decided at the outset of the project to develop in-house codes to simulate CO2 flow 
physics, geochemistry,and geomechanics. 

Since the beginning of the grant, a team led by Jean Prevost has expanded the capabilities of the 
finite element code Dynaflow to include multiphase, multicomponent flow. Prior to this year, the 
simulator development team had added modules for two-phase flow, implemented equations of state 
appropriate for CO2 -brine systems, and developed the capability to calculate pH.   

This year, refinements in the treatment of pressure and relative permeability in the model have 
improved its accuracy and stability.  Work was also completed on an efficient flash calculation to 
simulate 3-phase equilibrium conditions encountered in supercritical CO2 sequestration. However, 
since leakage along well stems is a vertical flow where pressure and temperature can vary over a 
wide range, 4 phases must be taken into account: aqueous brine, CO2-rich liquid and gas, and solid 
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salt.  During the past year, the group has made significant progress in simulating subcritical CO2 
thermodynamics essential to modeling such 4-phase systems and addressing shallow transport in 
leakage calculations.

The team has also implemented a geochemistry module to account for interaction of brine with the 
formation and cement in injection scenarios.  Having incorporated equilibrium geochemistry, the 
next step is to incorporate cement chemistry kinetics to allow simulation of corrosion of cement 
during leakage along a well. Collaborators at the Los Alamos and Lawrence Livermore National 
Laboratories will determine reaction parameters by simulating the cement experiments performed 
in our lab.  The results will be incorporated into the Dynaflow geochemistry module and the model 
will be used to study the rate of attack of brine flowing through an annulus around a cement plug in 
a well.  The next step in development will be to incorporate the thermal effect of reactions and phase 
changes, which will play an important role during leakage, into the model.

Improved upscaling in numerical models
Since well dimensions are so much smaller than the gridscale in most reservoir simulators, 
incorporating the impacts of multiple leaky wells in this type of simulation is challenging.  Fine-grid 
simulations can be used to differentiate flow within a well from that in the surrounding rock, but are 
computationally expensive and impractical for modeling large numbers of wells.   The Celia group 
has been working to include numerous abandoned wells in numerical simulations of CO2 injection 
in a way that reduces computation time without compromising accuracy in leakage rates.  

Sarah Gasda has investigated two methods which take advantage of modeling the CO2 system with 
a relatively coarse grid while still capturing the effect of sub-scale leaky wells. The first method 
treats the well as a structured heterogeneity occurring at the sub-scale and determines the correct 
effective, or pseudo, relative permeability function needed at the coarse scale. Use of standard pseudo 
functions for upscaling can overestimate flow by hundreds of percent, but Gasda and colleagues 
showed last year that their new method significantly reduces the inflated flow rates produced by 
standard methods, bringing leakage estimates into agreement with fine-grid predictions.  This year, 
a second method using domain decomposition to refine the coarse grid only around leaky wells was 
shown to similarly improve model predictions.

The group has now developed a standard finite difference simulator for solution of two-phase (CO2 
and brine) flow equations that accommodates both the upscaled relative permeability functions and 
domain decomposition.  The code is being used to simulate multi-well leakage, and to test some of 
the assumptions used in deriving the group’s analytical models (described below).  The team has 
also implemented a vertically-averaged version of the governing equations, with an assumption of a 
sharp interface separating the two fluids.

Another aspect of Gasda’s work this year has been to determine the importance of a sloping caprock 
on the migration and shape of a buoyant plume of injected CO2 during the injection phase. The 
results of her study will provide a methodology to determine whether slope is a significant factor in 
simplified models of CO2 injection systems.  

Storage
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Analytical models 
Prediction of plume behavior and leakage 
To complement numerical models, Mike Celia’s group has developed a fast semi-analytical model 
that is capable of quickly estimating leakage rates for hundreds of wells in a scenario with multiple 
geological layers (Figure 8). The speed of the model is an important advantage, as estimating total 
reservoir leakage in environments with large numbers of wells would be very time-consuming with 
more complex simulators.

After several years of development, the team now has a model that is more accurate and flexible 
than previous versions, can simulate a realistic injection and post-injection period, and can estimate 
leakage rates.  This simulator now includes the following components: 

• Solution for injection dynamics.

• Solution for multi-well leakage.

• Solution for upconing along leaky wells.

• Solution for post-injection plume evolution.

For a realistic field site (see below) these calculations can be performed on a desktop or laptop 
computer in about 2 hours.  The fast calculation times are allowing the group to use Monte Carlo 
techniques to develop rating curves that relate overall leakage rates to the underlying statistics of 
the well properties (Figure 9).  In this way, quantitative measures like maximum leakage rates can 
be directly related to parametric values, such as maximum mean permeability, that characterize 
existing wells within the radius of influence of a proposed injection.  

Figure 8    Schematic of the system that is modeled by the semi-
analytical models   Any leakage along existing wells can form 
secondary plumes of CO2 in permeable layers above the injection 
zone, as shown in the figure 

Figure 9    A key advantage of the semi-analytical models is their 
computational speed and hence suitability for Monte-Carlo 
simulations   Here, the distribution of total leakage after 30 years of 
injection are shown based on assumed statistical distributions for 
properties of the existing wells 
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Application of Models to a Specific Site in Alberta
The team’s next step is to model a hypothetical injection at a site outside of Edmonton, Alberta 
(Figure 10). The site is close to several major point sources of CO2 and has many hundreds of existing 
wells in its vicinity.  Working with Stefan Bachu from the Alberta Geological Survey, the researchers 
have identified all existing wells in the area, and have put together a description of the geological 
layering to a depth of several kilometers.  In addition, each permeable layer has been assigned a value 
of permeability and porosity, based on available data.  The researchers have located a hypothetical 
injection well, and have begun to perform simulations with both the analytical model and a coarse-
grid simulation with upscaling.

Figure 10   Location of the proposed Wabamun Lake study area outside of Edmonton, 
Alberta and surrounding point sources of CO2   Graphic courtesy of Stefan Bachu 

Storage
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In November 2005, the Celia group hosted a workshop at Princeton focused on modeling leakage 
associated with CO2 injection.  The workshop was technical, and gathered some of the leading 
modeling experts to discuss the problem.  Workshop participants included colleagues from 
Lawrence Berkeley Lab, Lawrence Livermore Lab, Los Alamos Lab, Pacific Northwest Lab, Stanford, 
the University of Texas at Austin, The University of Bergen, The University of Stuttgart, BP, and 
the U.S. Environmental Protection Agency.  The workshop was a strong success, with participants 
agreeing to work collectively on the Alberta field site, and to reconvene in about one year to see 
what progress has been made.   A report on the workshop can be found at http://www.princeton.
edu/~cmi/research/Storage/storage.shtml.

Deep Aquifer Geochemistry
Early in the CMI grant, Catherine Peters, Peter Jaffe, and Satish Myneni carried out geochemical 
experiments to mimic the effects of CO2 injections on aquifers and assess potential hazards of 
leakage.  

Catherine Peter’s group tested the theoretical prediction that metals released from silicate minerals 
could react with carbon in the aquifer to form new carbonate minerals and sequester CO2. Calculations 
indicated that these reactions could take up 10-20% of the carbon injected into aquifers, but the 
team’s experiments showed that solutions had to be highly supersaturated before new carbonate 
minerals would form.  Their work indicated that sequestration via carbonate mineral formation may 
be difficult to achieve in real aquifers.  

The group’s findings also indicated that, although temperature and pH have strong influences on 
dissolution rates, pressure has only a minor effect.   Models can thus scale up existing rate laws for 
lower pressure conditions, making simulation of aquifers less complicated.

Peter Jaffé and colleagues investigated the impacts of leaks of CO2 from deep aquifers into the 
shallow subsurface, and their possible environmental risks.  The team’s work involved identifying 
contaminants that might be released if minerals in shallow aquifers were dissolved by CO2-rich 
fluids.  Initial analysis of a USGS dataset indicated that arsenic was the only common element likely 
to exceed recommended maximum concentrations.  However, as arsenic also becomes less mobile 
with increasing acidity, the group found that leakage of CO2 into shallow aquifers is not likely to 
impact water quality adversely. The Jaffe group also investigated how leakage into shallow soils 
impacts biogeochemical cycling.

Satish Myneni led an effort to study the impacts of high CO2 concentrations on soil chemistry and 
plant growth.  Since the 1990’s, large amounts of carbon dioxide have leaked up from an active 
underground magma chamber beneath the Mammoth Mountain resort area in California, causing 
high concentrations of CO2 in local soils and the die-off of large numbers of trees.

Myneni’s team investigated the soil chemistry in regions with high CO2 fluxes. They found that 
minerals are more intensely weathered in these areas and that the nutrients released from this 
weathering were washed away rather than retained in soils.  In addition, root systems of certain 
trees were altered by high CO2 concentrations in soils, spreading out at shallow depths rather than 
growing down into deep layers as they normally would.   Such signals encountered in areas over a 
CO2 storage aquifer could be indicators of CO2 leakage.
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The Science Group
The Carbon Science group works to explain historical changes in atmospheric carbon dioxide levels, the nature and variability of 
carbon sources and sinks, and the feasibility and impacts of large-scale carbon mitigation.  Since the beginning of the grant, the 
group has made considerable progress in inversion modeling of carbon sources and sinks.  These efforts are the first steps toward a 
Carbon Observing System that will allow both monitoring of carbon sources and sinks and prediction of their future behavior.

Science Highlights:
• Deployment of autosamplers at stations around the world has improved O2/N2 measurements and 

thus estimates of land sink variability.

• A new capability for rapid and continuous sampling of surface seawater is allowing the group to 
make high resolution measurements of the variability of marine biological activity in space and 
time.

• Modeling studies and ocean surface measurements have substantially narrowed estimates of the 
size of the ocean carbon sink. 

• Forest measurements and inversion modeling have cast doubt on the theory that “CO2 fertilization” 
has enhanced the land carbon sink.

• Computer simulations have shown that the Southern Ocean plays a key role in controlling 
atmospheric CO2 and ocean productivity.

• Data gathered from ocean sediments with new techniques suggest that polar ocean stratification 
contributes to glacial-interglacial climate changes.

• A new land model and ocean carbon cycle have been added to GFDL’s Earth System Model.

• Geoengineering studies show that deciphering ocean circulation patterns is key to estimating the 
effectiveness of deep sea injection of CO2 and iron fertilization.

• Modeling studies indicate that biogenic sources of volatile organic carbon have a significant 
impact on tropospheric ozone concentrations.
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Observational Evidence of Current CO2 Uptake  
and Ecosystem Fertility

Michael Bender’s group measures oxygen and argon in the atmosphere and ocean surface waters to 
gain insight into interannual variability of carbon sinks and the spatial and temporal variability of 
biological productivity. 

Deployment of atmospheric autosamplers
The measurement of the O2/N2 ratio of air provides a tool for tracking global CO2 uptake by the land 
biosphere as well as by the ocean, and reflects the fertility of ecosystems on the scale of ocean basins. 
Since the inception of the grant, the group has built multiple automated sampling devices that are 
significantly increasing the accuracy of atmospheric argon and oxygen records.  In previous years, 
automatic samplers had been installed at in the Equatorial Pacific, Tasmania, Samoa, Barrow, and 
Sable Island (in the Northwest Atlantic) for measurement of oxygen-nitrogen ratios. 

This year automated samplers were installed at additional sampling sites, including Macquarie 
Island in the Southern Ocean (reached by a long journey on a supply ship).  In addition, the database 
program and data processing routine for calculating O2/N2 and Ar/N2 ratios from the analytical data 
are now automated.  The automation is a major improvement that allows easy visualization of the 
standard and sample results easily and assures excellent quality control.

The Bender team has used O2/N2 data to make increasingly reliable estimates of the size and variability 
of the land and ocean carbon sinks. Most independent evidence suggests that ocean uptake is roughly 
constant, with the land biosphere accounting for most of the interannual variability in the global 
CO2 sink. However, observations of oxygen concentration in the atmosphere over the last several 
years suggest that there have been large interannual variations in ocean CO2 uptake. 

To help resolve the discrepancy in land sink variability estimates, this year the Princeton O2/N2 
record was analyzed to assess the partitioning of fossil fuel CO2 between ocean uptake and uptake 
by the land biosphere. From 1994–2002, the average CO2 uptake by the ocean and the land biosphere 
was 1.7 ± 0.5 and 1.0 ± 0.6 GtC/yr respectively.  Very strong covariance between CO2 sequestration by 
the land biosphere as calculated from O2/N2 data with independently calculated total sequestration 
supports earlier conclusions that most interannual variability in CO2 uptake is due to the land 
biosphere.

Measuring ocean productivity
Jan Kaiser recently developed a new device to measure oxygen and argon supersaturation in ocean 
surface waters to monitor biological productivity. The new mass spectrometer allows rapid and 
continuous sampling of surface seawater intake on board a ship, rather than requiring that individual 
samples be brought back to a laboratory on land for analysis.  The efficiency of the device has allowed 
the group to make high resolution measurements of the variability of marine biological activity in 
space and time, which makes it a valuable tool for understanding the details of the modern carbon 
cycle.
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After two equatorial cruises, this year Nicolas Cassar used the instrument on a Southern Ocean 
cruise.  The results confirm earlier findings that net production is highest at the northern boundary 
of the Southern Ocean, a result we attribute to the supply of nutrient iron by windblown dusts from 
Australia, South America, and Africa.

Evaluating Ocean Models with Observations
Developing models that accurately predict carbon sources and sinks requires accurate representation 
of ocean circulation.  To this end, researchers in the Bender and Sarmiento teams have been using 
spatial gradients in oxygen, argon, radiocarbon and CFC’s to help decipher ocean circulation patterns 
and evaluate the skill of ocean general circulation models.

One study has validated existing models by showing that an air-sea exchange feature predicted for 
years in modeling studies can be detected in observations. Computer simulations by Sarmiento’s 
group and others had predicted that concentrations of an air-sea gas exchange indicator called 
atmospheric potential oxygen, or APO (approximately O2+1.1CO2), would exhibit a positive bulge 
across the equator.  Until recently, O2/N2 latitudinal cross-sections across the tropics did not exist 
and it was not clear if the prediction of a large APO signal merely reflected deficiencies in ocean 
models, particularly unrealistic upwelling rates in the tropics. 

Manuel Gloor and colleagues in Jorge Sarmiento’s group have been comparing new O2/N2 data from 
Y. Tohjima  (NIES, Japan) with predictions of atmospheric APO based on ocean interior data.  The 
work has revealed excellent agreement with the earlier predictions of both the seasonal cycle of the 
signal as well as of the annual mean latitudinal distribution (Figure 11). The results also support the 
realism of ocean transport simulations as well as, to some extent, model representation of ocean 
biology. 

Science

Fig  11  Latitudinal distribution 
of annual mean (a) CO2, (b) O2/
N2, and (c) APO  Circles 
represent shipboard data, and 
squares and triangles 
represent the data at Ochi-ishi 
and Hateruma, respectively  
Open and solid symbols 
indicate averages for 2002 and 
2003, respectively  (d) 
Comparison of observed 
annual mean APO with the 
model simulation results of 
Gruber et al. (2001)  Individual 
profiles of the observed APO 
are shifted to visually fit the 
model-simulated APO profile 
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The presence of an oxygen bulge is also supported by new data from Michael Bender and colleagues.  
One paper, first-authored by Mark Battle (a former Princeton postdoc now at Bowdoin College), 
analyzed the team’s results together with those of Ralph Keeling (Scripps Institute of Oceanography) 
to determine the meridional gradient of the atmospheric O2/N2 ratio.  Battle showed that, as predicted 
by Sarmiento’s group, there is a maximum at the equator that is due to high rates of photosynthesis 
supported by the supply of nutrients to tropical waters by upwelling.  

In a related project, Michael Bender’s team has worked on updating the global database of argon/
nitrogen ratios.  A previous modeling study had indicated a significant discrepancy in timing of 
observed and model gas fluxes between the atmosphere and ocean, indicating a problem with mixed 
layer physics in the GFDL ocean model.  The model was improved in response to this finding, and 
the team hopes that incorporating new data to almost double the number of measurements will 
provide a more accurate diagnostic to compare with model simulations.

Finally, an important analysis by Sarmiento’s group showed that estimates of contemporary oceanic 
uptake of anthropogenic carbon cluster quite tightly if models that do not fit radiocarbon and CFC 
observations are first eliminated.  Taken together with other recent research such as the air-sea fluxes 
obtained by ocean inversions carried out by Sarmiento’s group, there is now a convergence of oceanic 
uptake estimates of anthropogenic carbon around a value of 2.2 ± 0.3 Pg C yr-1 for the early 1990s, 
a number consistent with observation-based estimates made by Michael Bender’s group (Table 2).  
The study highlights the need for standard data-based metrics for testing ocean carbon cycle models, 
and for sensitivity testing to determine the reason for the discrepancies among simulations.

Table 2   Converging estimates of yearly uptake of anthropogenic carbon by the ocean sink 
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Inversion Modeling of Current CO2 Sources and Sinks
Understanding the behavior of the natural carbon cycle requires knowing the fluxes of carbon into 
and out of land and ocean sinks, but the terrestrial biosphere’s behavior is hard to observe directly.  
To overcome this limitation, researchers have turned to atmospheric inversion modeling, which 
uses the distribution of CO2 in the atmosphere to back-calculate the location and size of sources and 
sinks that would produce that spatial pattern.  

The Sarmiento and Pacala groups are tackling a variety of challenges in inversion modeling, improving 
model components and sampling strategies as well as applying models to important questions about 
the distribution of carbon sources and sinks.  This work is laying the groundwork for a carbon 
observing system that will incorporate forest inventory data, data on atmospheric composition, 
satellite observations, and eddy flux information to monitor both short and long-timescale changes 
in the carbon cycle, as well as provide predictions for the future.

Model evaluation and data requirements
A critical question for the inversion exercise is whether northern hemisphere mid-latitude land 
carbon sources and sinks can be accurately estimated from atmospheric data, and if so, how high 
a data density would be needed to obtain estimates to a given precision.  A previous study by the 
group indicated that signals above the mixed layer are so tiny that, with the currently achievable 
measurement precision and accuracy, they are likely too small to be helpful on their own. Manuel 
Gloor and colleagues’ work suggested that detecting even large changes in terrestrial sinks will 

require frequent high-density sampling in 
the mixed portion of the planetary boundary 
layer, a consideration that should influence 
future sampling campaigns.

Another important step in developing inverse 
models of sources and sinks is evaluating 
the performance of the underlying transport 
model.  A recent comparison of predictions 
from Mozart, the group’s atmospheric 
transport model, with observations of SF6, 
a long-lived anthropogenic tracer, showed 
generally good agreement in the annual 
mean inter-hemispheric gradient (Figure 
12).  Some discrepancies in the seasonal 
distribution in SF6 are leading the team to 
retune parameterizations in the model.  

Fig  12   Latitudinal distribution of annual mean 
atmospheric SF6 concentration from observations and 
simulations with the Mozart model 
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The team is now evaluating the use of satellite data to compensate for the lack of terrestrially-based 
CO2 observations and better constrain surface carbon fluxes on land.  Comparison of satellite data 
with atmospheric transport model predictions shows good overall agreement between all estimates 
of seasonal cycles and North-South gradients of CO2 from 30S to 30N, but indicates further 
improvements in retrievals, and better understanding/validation of lower-to-upper troposphere 
transport and its modeling, are required to constrain surface fluxes with this method.

Finally, the team has designed a direct carbon budgeting approach using model simulations to infer 
carbon sources and sinks and improve the North American carbon budget. Direct budgeting puts 
a control volume on top of North America, balances air mass in- and outflows into the volume and 
solves for the surface fluxes.  The use of CO2 vertical profiles simulated at the planned 19 stations 
of North American Carbon Plan network has given an estimation of the error of 0.39 GtC/y within 
the model world.  The researchers suggest this error may be achieved through a better estimation 
of mass fluxes associated with convective processes affecting North America, and through adding a 
few stations in the North-West and the North-East of the continent.

Pinning down fluxes and variability
One major finding of the inversion modeling team has been that incorporating data from the 
ocean’s interior significantly improves estimates of regional ocean fluxes.  When combined with 
atmospheric observational constraints, their results suggest that there is no need for a large CO2 
fertilization sink in the tropics to balance the deforestation source.  This has significant implications 
for future predictions by terrestrial biosphere models, which up to now have included a major CO2 
fertilization sink.

The researchers have also made considerable progress in understanding the interannual variability 
of air-sea and air-land vegetation carbon fluxes, an important step toward making predictions of 
carbon pool behavior under a changing climate.  One issue of recent debate has been the role played 
by the North Atlantic Ocean. Predictions of ocean biosphere models embedded in ocean circulation 
models suggested that North Atlantic variability was small, while time-series data from one ocean 
station and a previous inversion study of atmospheric data seem to indicate the opposite.

Using a novel inverse method, Manuel Gloor and colleagues showed last year that the primary 
source of global CO2 air-sea flux variability is in the Pacific Ocean, a finding that is consistent with 
biogeochemical modeling. Both methods also indicate that the Southern Ocean is the second-largest 
source of air-sea CO2 flux variability, while the variability throughout the Atlantic, including the 
North Atlantic, is diagnosed and predicted to be small. 

This year, Keith Rodgers has used ocean models to study air-sea fluxes of CO2 over the North Pacific 
Ocean.  The ocean modeling work has shown that there is a “window” of uptake of anthropogenic 
CO2 in the Kuroshio Extension region of the North Pacific, and that this window exhibits a very 
strong seasonality. His findings should reduce a large source of uncertainty in estimating variability 
in the CO2 budget over the North American continent.  
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The Future of the Ocean Carbon Sink
Jorge Sarmiento and colleagues are working on a variety of projects to evaluate the future of 
ocean carbon uptake through both natural and engineered processes.  These studies have shown 
that understanding the circulation and biology in the Southern Ocean is critical to forecasting the 
potential of ocean carbon sinks.

Carbon mitigation with engineered sinks
One project completed early in the grant was a study of the potential of deep-sea injection as a sink 
for CO2.  Results from a general circulation model indicated that at least 70% and up to 93% of the 
carbon injected below 3000 meters water depth remains in the oceans after 500 years.  However 
the sequestration efficiency is a strong function of ocean circulation in the model, particularly in 
the Southern Ocean, and possible environmental impacts raised by other researchers need to be 
addressed before deep-sea injection could be implemented.

Another area of investigation has been the possibility of fertilizing the ocean to enhance 
phytoplankton uptake of CO2 and the delivery of this carbon to the deep ocean via an increased 
flux of organic matter.  Early model simulations suggest that only 2-10% of additional carbon flux to 
the deep ocean would come from the atmosphere, and that fertilization might eventually decrease 
biological production and impact fisheries at lower latitudes.  New work testing iron fertilization 
with the latest models of iron chemistry and biology show much higher efficiency, an issue which 
will be addressed in future work.

Recent modeling work shows that the impacts of the nutrient depletion that might occur in response 
to iron fertilization are highly dependent on where the fertilization is carried out.  An important 
finding has been that nutrient depletion in the Subantarctic zone would have a relatively small impact 
on atmospheric CO2 levels, but could dramatically decrease productivity at low latitudes.  The group’s 
work shows that about three-quarters of the biological production outside of the Southern Ocean 
results from nutrients supplied by Subantarctic Mode Water (SAMW).  The response of this water 
mass to climate change is thus likely to have a significant impact on global biological production.  

In contrast, the researchers have found that nutrient depletion in the deep water formation regions of 
the Antarctic zone would substantially draw down atmospheric CO2, and have a much smaller impact 
on low-latitude biological productivity.  The findings suggest that surface nutrient concentrations in 
the deepwater formation regions of the Antarctic zone of the Southern Ocean control the ocean-
atmosphere exchange of CO2, and that past large changes in atmospheric CO2 were likely linked to 
Antarctic processes.

Ocean impacts of higher CO2 and global warming 
The ocean carbon models have also been used to examine the potential impact of ocean carbon 
chemistry changes and global warming on ocean biology.  One early study on long-term ocean 
chemistry suggested that the ocean sink of carbon dioxide will shrink in the future, as the carbonate 
buffer that now allows the ocean to absorb large quantities of atmospheric carbon becomes saturated 
in a few centuries. Although this timescale is shorter than the planned lifetime of many CO2 storage 
projects, the ocean’s reduced capacity had not commonly been considered in specifying leakage 
limits for underground storage.  
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This year Princeton researchers participated in a study of near-term ocean chemistry that 
demonstrated that CO2-induced ocean pH changes may lead to calcium carbonate undersaturation 
at the surface of the ocean, particular in the Antarctic region, much earlier than had previously been 
expected.  The change in ocean chemistry would likely endanger high-latitude organisms such as sea 
urchins, cold-water corals, coralline algae, and plankton known as pteropods that form their shells 
from susceptible carbonate minerals.

In addition to changes in ocean chemistry, the group has modeled changes in biological productivity 
with climatic warming.  If productivity were to increase, an accompanying export of organic carbon 
into the deep ocean might lower atmospheric carbon dioxide levels. However, the researchers’ results 
indicate that the total warming of the climate between the beginning of the Industrial Revolution 
to 2050 would be accompanied by only a 0.7 to 8 % increase in primary productivity.  Even in the 
most extreme case considered, this change would have only a modest effect on export production 
and atmospheric CO2 levels through the first half of this century.

The Future of the Land Sink 
CO2  Fertilization and Land Use
Since the inception of the grant, Steve Pacala’s group has worked to reduce uncertainty about the 
future of the land sink. There are two major sources of uncertainty.  The first is the future impact 
of CO2 fertilization of the biosphere.  If CO2 fertilization is as large as is assumed in most models, 
then the sink will approximately double in size over the next half century.  However, if fertilization 
is absent, then the sink is expected to decrease.  The difference between these two alternatives is a 
factor of two in terms of the size of the carbon and climate problem:  seven wedges of mitigation 
required with weak or absent fertilization and 3-4 wedges with strong fertilization.  During the last 
several years, Pacala’s group has repeatedly analyzed forest inventory data looking for evidence that 
CO2 fertilization is as strong as models currently say it should be.  This is a difficult task because 
expected increase in plant productivity is only 0.1% per year.  Nonetheless, the large sample sizes 
available in forest inventories provide estimates with the necessary precision and two independent 
methods now show weak or absent fertilization effects in the United States.

Pacala’s team has recently completed a factorial modeling experiment to study the causes of the 
terrestrial carbon sink over the last 300 years.  The experiment was designed to examine the relative 
effects of CO2 fertilization, climate change, agricultural clearing and abandonment, and timber 
harvesting.  The results show that secondary forestry (the cycle of harvest and re-growth of managed 
forest) is responsible for a previously unexplained feature of the sink - the sharp peak in its magnitude 
at north temperate latitudes.  The group has also worked steadily to improve the models – they now 
have a prototype version with a global nitrogen cycle and will add a phosphorus cycle this year. 

Impact of Climate Change on the Terrestrial Carbon Cycle
The other major source of uncertainty about the future of the sink concerns feedback between climate 
change and carbon storage.  As the climate warms, plant productivity and the rate of decomposition 
both increase.  Because these two increases have opposite effects on the sink (the first increases it 
while the second decreases it) the net impact of warming depends on the precise balance of the 
two, which is difficult to predict.   A large amount of atmospheric carbon is at stake here - some 
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models show that the biosphere could become a large net source in the next century and increase 
atmospheric CO2 by 250 ppm. 

Uncertainty about the effects of warming on the biosphere is exacerbated by the large variation 
among species in climate sensitivity.  Models and inverse methods typically assume that plant 
species may be divided into a few functional types (i.e. evergreen conifers, temperate broadleaf trees, 
cool season grasses).  All species within a functional type are assumed to have the same climate 
sensitivity, and so all differences between species are assumed to be between functional types.  In 
fact, the reverse is true; climate sensitivities are more variable within than between functional types.  
The false assumption of homogeneous functional types has been necessitated by the inability to 
measure climate sensitivities for each and every species.  However, two new developments suggest 
that it should now be possible to build a species-level model for forests in the temperate zone (the 
biomes thought to be responsible for most of the sink), and to greatly improve models of tropical 
forests.

Many countries of the world have joined the US in creating national forest inventory programs that 
document the births, growths and deaths of millions of trees.  Collectively, these programs provide 
the largest ecological data sets ever collected.  They provide real examples of the very quantities 
that the equations in forest models predict – the births, growths and deaths of individual trees.  It 
should thus be possible to develop an inverse method to estimate the equations from the inventory 
data, by adjusting the constants and functional forms in equations so as to best predict the observed 
births, growths and deaths.  This method would enable the production of predictive models of all 
of the different kinds of forest in every location in countries with national inventories and would 
revolutionize forest ecology.

All of this was impossible for technical reasons as of last year, when Pacala and colleagues discovered 
a new mathematical technique to decrease the computer run time for forest models by many orders 
of magnitude.  With the new technique, forest models are fast enough to allow the development of 
an inverse method.  

The group spent the year designing and building most of the machinery for an inverse method 
and deriving mathematical results.  The machinery is almost ready, and the researchers have many 
promising preliminary results.  They can now routinely estimate parameters for all of the tree species 
in the U.S. in all locations.  The extension of the method to Canada and Eurasia should be relatively 
straightforward because the forests there are similar to those in the U.S.  Pacala’s team also has a 
strategy for extending the method to tropical forests, and has just begun to work with the extensive 
inventory data from Panama.

Understanding the Ice Ages 
Daniel Sigman and colleagues are working to explain the long-term changes in atmospheric CO2 
content between ice ages and interglacial periods.  Their work over the course of the CMI grant 
has resulted in a new technique for analyzing minute amounts of organic nitrogen in preserved in 
microfossils from deep sea sediments (Figure 13).  The previously unrecoverable data have provided 
insight into two possible contributors to CO2 drawdown – iron fertilization and polar ocean 
stratification.
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Another possible contributor to glacial cooling is stratification of the polar regions of the oceans.  
Enhanced stratification would prevent CO2-rich deep waters from reaching the surface and expelling 
carbon to the atmosphere, leading to a lowering of atmospheric CO2 levels that would cool the planet 
(Note that this process would also affect ocean uptake of anthropogenic CO2, albeit in a somewhat 
different way). Previous work in the Antarctic Zone, the more polar portion of the Southern Ocean, 
suggested stratification in this region during the last ice age, but the quality of the records prevented 
this from being a clear conclusion.   Subsequent studies on more conducive sediment records in the 
Subarctic North Pacific and Bering Sea have greatly strengthened the case for pervasive stratification 
of both these polar ocean regions during cold climates. 

To explain the apparent link between climate and polar stratification, Sigman’s group has proposed 
that the reduced sensitivity of seawater density to temperature at low temperatures might contribute 
to high-latitude stratification in glacial periods.  In the case of a globally colder ocean, temperature 
gradients, which now hinder stratification, would become less important in determining polar 
ocean density structure.  Instead, atmospheric deposition of fresh water on polar ocean regions, 
which promotes stratification, would dominate. Postdoctoral researcher Agatha de Boer has used a 
general ocean circulation model to investigate this effect, and the results support a significant role 
for whole-ocean temperature change in determining polar ocean overturning. They also point to 
interactions among the polar regions of the different ocean basins that, along with the inclusion 
of other feedbacks, are leading us toward a more complete hypothesis for the role of polar ocean 
stratification in the Pleistocene cycles in CO2 and climate.

Fig 13   Diatom microfossils as seen through a 
microscope under near-UV light, which causes 
the internal organic matter to fluoresce yellow  
Sigman’s group analyzes this trapped organic 
matter for the information it holds about past 
conditions in the surface ocean 

New down-core records from the Subantarctic Zone of the 
Southern Ocean provide evidence for more complete nutrient 
drawdown in the region during the last ice age. This finding 
represents some of the first evidence for naturally driven, 
long term iron fertilization of the ocean, in this case due to 
greater dust inputs to the region during the last ice age.  Ice 
age enhancement of nitrate consumption in the Subantarctic 
Zone may also explain observations regarding the fertility of 
the tropical ocean during the last ice age, with implications for 
future climate-related changes in the global ocean. 
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Carbon Cycle Model Development
In the first three years of the grant, CMI researchers partnered with the Geophysical Dynamics 
Laboratory to develop a state-of-the-art climate model.  CMI researchers led development of the 
terrestrial and ocean ecosystem components, which are at the leading edge of those available in 
coupled climate models. 

Dynamic global land model
A major achievement of Steve Pacala’s team has been the development of a new dynamic global 
land model, LM3, in collaboration with GFDL and USGS scientists. LM3 simulates the dynamics 
of vegetation and soil carbon pools, the state of the hydrological cycle, the exchange of water, CO2, 
and energy exchange between land, atmosphere and ocean.  LM3 is designed to study biosphere-
atmosphere interactions and feedbacks: effects of changes in vegetation and soil functioning on the 
atmospheric physics and chemistry, and, reciprocally, the implication of changing climate and CO2 
concentration on the land surface, and the implications of direct anthropogenic changes (i.e. land 
use) on the fate of climate and the global carbon cycle.

The land model currently does not simulate the cycling of nitrogen or phosphate, but understanding 
the cycling of nutrients like nitrogen in natural and managed ecosystems is important for assessing 
the impact of global change on areas of vital environmental and economic concern including 
forest carbon balances, agricultural productivity, eutrophication of coastal ecosystems and nitrous 
oxide emissions to the atmosphere. The group has now developed a strategy for adding nitrogen 
cycling to the land model with both short-lived and long-lived soil organic matter pools that will be 
implemented in the near future.

Understanding the role of boreal forests is also key to accurately simulating the future behavior of 
carbon pools in the context of global warming, and a major factor that influences the structure and 
carbon dynamics of the boreal forest is fire. Cyril Crevoisier has developed an empirically-based 
fire model for boreal forest that will be implemented in LM3. The model relies on information from 
various origins to predict ignition: climate (air temperature, air humidity, precipitation), human 
impact (distance to the nearest roads and to the populated zones) and history (last fires in the area). 
The first results obtained are encouraging and give an ignition prediction error of about 20%.  Progress 
is also being made on developing and analyzing a model for fire dynamics and suppression.

Ocean biology and chemistry modules
Over the course of the CMI grant, Jorge Sarmiento’s group has implemented a new ocean carbon 
model in the GFDL Earth System Model and two efforts are underway to develop alternative models.  
One model is based on observations of dissolved nutrient, carbon, silicic acid, and alkalinity in the 
ocean to infer the production of organic matter, opal, and CaCO3.  The second model uses distributions 
of chlorophyll and carbon biomass inferred from satellite color observations to determine the biome 
structure of the ocean and how this is related to physical processes. In addition, through the use 
of observations of chlorofluorocarbons and radiocarbon, the ocean carbon modeling group has 
been evaluating how well ocean circulation models simulate processes of particular importance 
to ecosystem and carbon cycle dynamics in order to lay the groundwork for improving them (see 

“Evaluating ocean models with observations” page 37).
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Other processes that were examined over the past year include the parameterization of air-sea gas 
exchange and the influence of phytoplankton on the radiative balance of the surface ocean.  Finally, 
Sarmiento’s group has been contributing to the development of a flux-coupler for the GFDL Flexible 
Modeling System that will allow gas transfers between the land, atmosphere, and ocean components 
of the GFDL Earth System Model; and to the development of a coarse resolution earth system model 
required for longer term simulations, which are particularly important for studies of ocean carbon 
chemistry.

Natural and Anthropogenic Influences on U.S. Ozone Pollution
Researchers in Steve Pacala’s group have been investigating the impact of recent changes in both 
natural and anthropogenic precursors on surface ozone smog. Drew Purves’ work has shown that 
a combination of forest regrowth on abandoned farmland and increases in plantation forests in the 
Eastern US caused rapid increases in biogenic volatile organic compound (VOC) emissions between 
the 1980s and 1990s. The average increase in heatwave emissions of biogenic VOC was three times 
greater than the decrease in anthropogenic VOC over this time period. This result implies that forest 
re-growth and plantation forestry cancelled out some or all of the ozone improvements achieved via 
legislative reduction of VOC. 

Arlene Fiore is applying chemical transport models to examine the implications of the recent changes 
in biogenic VOC found by Purves.  Fiore’s simulations show that the increases in isoprene in the 
southeastern United States reported by Purves could actually decrease ozone concentrations. This 
result calls into question the conventional wisdom in air quality management, that increases in VOC 
should either increase ozone (if sufficient NOx is available) or have little impact on ozone (in low-
NOx settings).   Fiore’s findings, along with those of other groups, imply that the expected isoprene 
emission increases in a warmer future climate may not raise surface ozone concentrations as much 
as might be anticipated from the strong correlation of ozone pollution events with temperature, 
particularly if more stringent controls on anthropogenic NOx emissions are implemented.
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The Integration Group 
The Carbon Mitigation Initiative originally consisted of five groups – the Capture, Storage, Science, and Policy research groups, plus 
a multi-disciplinary Integration Activity.  The Carbon Policy Group (led by Michael Oppenheimer and the late David Bradford) and 
growing Integration Activity have now been merged into a single Integration Group.  The group is pursuing research on how the 
projected economic and environmental impacts of anthropogenic greenhouse gas emissions affect the design of economically sound 
risk management strategies. A separate project, linking the capture and storage groups, is promoting work to clarify the below-
ground volumes required for lifetime storage of CO2 emissions from power plants.  Finally, the integration group is also synthesizing 
and disseminating CMI research results, particularly the concept of “stabilization wedges.”

Highlights:
• An analysis of  the atmospheric CO2 concentrations likely to cause particular climate impacts 

allowed climate-related damages to be linked to particular emissions scenarios.

• A study of various emissions trajectories suggested that even if ultimate CO2 targets are set low 
to avoid crossing climate thresholds, temporary overshoots could cause climate and ecosystem 
damage expected at significantly higher stabilization CO2 levels.  

• An innovative alternative to traditional cap and trade programs for reducing carbon emissions 
was developed that would allow market forces to determine the distribution of the cuts.

• Models of the impacts of NOX emissions on tropospheric ozone suggest that, rather than a strict 
cap and trade approach, total damage might be more effectively reduced by providing incentives 
to cut emissions at times and in locations where health damages are greatest.

• Studies using optimal growth models have shown that incorporating the economic damages 
incurred by crossing climate thresholds justifies considerable near-term investment in carbon 
mitigation.

• An analysis of CCS requirements for a 1000-megawatt coal plant indicates that 360 million tons 
of CO2 will be produced over the plant’s sixty-year lifetime, with an associated volume of three 
billion barrels of supercritical CO2.

• The concept of “stabilization wedges” was developed and published, giving the carbon mitigation 
community a common unit for both discussing necessary emissions reductions and comparing 
the potential of different carbon-cutting strategies.

• The “stabilization wedges” game has become a popular outreach tool and a web-based version is 
currently under development.
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Environmental and Economic Impacts of Anthropogenic Emissions
Impacts of Carbon Emissions Scenarios
Michael Oppenheimer and colleague’s work has centered on analyzing the impacts of various CO2 
emissions trajectories.  By estimating the atmospheric CO2 concentrations likely to cause particular 
climate impacts, a study published early in the grant allowed climate-related damages from coral 
bleaching, disintegration of the West Antarctic ice sheet, and shutdown of the ocean’s thermohaline 
circulation to be linked to particular emissions scenarios.   These ties sharpened the carbon-
climate debate by illustrating the connection between energy policies and their environmental 
consequences.

Last year, Oppenheimer and colleagues published results of a study on the environmental and 
social consequences of overshooting concentration targets, then lowering emissions to meet these 
targets at a later date.  Oppenheimer and colleague Brian O’Neill compared the consequences of 
three scenarios for stabilization targets of 500 – 700 ppm: a slow, almost linear increase toward 
stabilization over 200 years; a delayed but faster increase toward the same stabilization value; and a 
path that overshoots the target stabilization concentration by 100 ppm by 2100, then declines toward 
the stabilization value in the next 100 years.  

The results suggested that even if ultimate CO2 targets are set low to avoid crossing climate thresholds, 
temporary overshoots could cause climate and ecosystem damage expected at significantly higher 
stabilization CO2 levels.  The researchers also showed that the differences in the rate of warming 
among these scenarios could lead to significant differences in environmental damage.  This work 
suggested that delaying emissions reductions may have unexpected consequences not predicted in 
conventional simulations.

This year, Simon Donner, Michael Oppenheimer and colleagues completed related work on the 
global impacts of climate change on the bleaching of coral reefs and implications for climate policy. 
The global assessment confirmed early suspicions that most coral reef ecosystems worldwide could 
become degraded in 30-50 years without an accelerated effort to reduce greenhouse gas emissions. 
The results demonstrated, for the first time, that the temperature adaptation required by corals to 
avoid dangerously frequent bleaching events varies widely across the tropics (see Figure 14). There is 
little evidence that corals can match the rate of adaptation required in many parts of the Indo-Pacific 
and Caribbean in the next 30-50 years. The results could help guide the design of optimal climate 
policy and aide coral reef conservation efforts in the highly vulnerable regions like Micronesia. 
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Control of sulfur and carbon emissions
David Bradford was involved with two projects involving the economic impacts of controlling gases 
other than CO2.  In one study, Bradford and colleagues studied the outcome of including both health 
and climate damages related to sulfate aerosols in the DICE model.    Reducing fossil fuel combustion 
to limit the health damages of sulfur emissions simultaneously reduces carbon emissions, but also 
acts to warm the atmosphere due to a decline in sulfate aerosols.

The authors carried out multiple simulations designed to quantify the economic and climate impacts 
of sulfur emission control.  They found that in a scenario that takes both health and climate damages 
into account, economically optimal carbon emissions decrease by ~16% relative to a scenario 
considering climate damages alone.  The accompanying decrease in sulfur aerosols led to a net 
warming of the climate by about 0.2 ºC in the short-term.  In the long-term, however, the lower 
carbon emissions led to lower temperatures than in a business-as-usual scenario, making a health-
based strategy a promising motivator for early action on CO2 emissions control.

Ozone production and NOx controls 
The group has also done considerable work on damages from ozone and policies for nitrogen oxide 
emissions control.  One study done by David Bradford and colleagues indicated that, for the same 
NOx emission, ozone produced can vary by more than a factor of three. In addition, the simulations 
showed that the variation in health damages caused by ozone depends strongly on the size of 
the exposed population. Combining both effects results in a factor of six difference in resulting 
mortalities for identical quantities of NOx emitted.

Figure 14  Temperature adaptation required to avoid dangerously frequent bleaching (using the 
HadCM3 climate model forced by the SRES A2 emissions scenario) 

Intergation
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The work implies that although the cap-and-trade approach has been successful in reducing total NOx 
emissions, because it does not control for the location or time during the summer that emissions take 
place, nor for the resulting damages, it is less successful at minimizing the damages that result from 
emissions permitted under the cap.  The group’s simulations indicate that total damage might be 
more effectively reduced by providing incentives to reduce NOx emissions at times and in locations 
where health damages are greatest. 

This year, Vaishali Naik and Michael Oppenheimer examined the linkages between air pollution and 
climate change as a first step to evaluate the feasibility of mitigating tropospheric ozone for climate 
change benefits. Neither tropospheric ozone nor its short-lived precursors are directly regulated 
in a climate mitigation agreement, although ozone, an air pollutant, is the third most important 
anthropogenic greenhouse gas. 

Using global three-dimensional atmospheric chemistry and climate models, the researchers showed 
that the global ozone distribution and its radiative forcing are most sensitive to changes in NOx 
emissions from tropical regions and least sensitive to changes from mid- and high-latitudes (Figure 
15B). The study also concluded that simultaneous reductions of all short-lived precursors (CO, VOCs, 
and NOx) are necessary for net reduction in global radiative forcing from ozone (Figure 15A). Naik 
and Oppenheimer are following up on this work by examining the sensitivity of global ozone and 
aerosol distribution, and the resulting radiative forcing, specifically to the location of biomass 
burning. 

Figure 15  Change in annual (A) absolute radiative forcing and (B) normalized radiative forcing (∆F/∆ENOx ), due to 
changes in ozone and methane resulting from a 10% reduction in surface anthropogenic NOx emissions from each 
of the nine regions and a combined 10% reduction in anthropogenic NOx, CO, and VOC emissions (three bars on the 
right) 
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Risk Management of Uncertain Climate Thresholds
Near Term Carbon Emissions and the Risks of Future Climate Threshold Responses
Klaus Keller’s work has focused on the effects of uncertain climate thresholds and learning on 
economically efficient climate policies.  Many optimal economic growth models suggest that 
uncertain climate damages justify only low levels of near-term CO2 abatement.  However, these 
models have neglected the effects of potential climate thresholds, such as a widespread coral bleaching, 
a disintegration of the West Antarctic Ice Sheet, or a shutdown / persistent weakening of the North 
Atlantic meridional overturning circulation. 

Work by Keller and coworkers showed that even small future damages associated with climate 
thresholds would justify considerable near-term reductions of greenhouse gas emissions in a cost-
benefit sense. Delaying these investments to reduced greenhouse gas emissions can carry economic 
costs in the trillions of dollars. The efficient timing of the implied reductions in greenhouse gas 
emissions varies considerably across the potential climate thresholds.  

For example, reducing the risk of a widespread coral bleaching implies drastic reductions in 
greenhouse gas emissions within decades.  In contrast, reducing the risk of a West Antarctic ice 
sheet disintegration allows for a smoother decarbonization of the economy on a century time scale 
and may well increase consumption in the long run (due to the concomitant reduction in other 
climate change impacts such as sea-level rise).

The role of carbon sequestration in efficient  
carbon management portfolios

Keller and co-workers have shown that investing early in CO2 sequestration can be more cost-effective 
than previous models had suggested, due to cost savings that accrue due to “learning by doing”. They 
found that although sequestration may be more expensive than other abatement options in the short 
term, deploying CO2 sequestration early would help to overcome technological inertia and to “buy-
down” the price. 

Because of its large capacity, the price of carbon sequestration rises slower than the more conventional 
abatement options in response to increasing demand.  In addition, expanding the capacity of a relatively 
new technology (such as carbon sequestration) is expected to reduce the marginal costs by a larger 
portion than expanding the capacity of more established technologies (such as carbon abatement). 
Carbon sequestration can thus be a more cost-effective option in the long-term compared to carbon 
abatement. This finding can motivate near-term investment in carbon sequestration as part of an 
optimal portfolio.  Keller and colleagues have also shown in the framework of an economic optimal 
growth model that the availability of a carbon sequestration option can decrease optimal carbon 
taxes, reduce economically optimal CO2 concentrations (and hence expected climatic change), and 
have large potential economic benefits.  

Intergation
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Purchase of a public good
David Bradford led a study on an innovative alternative to traditional cap and trade programs 
for reducing carbon emissions.  Rather than establish emission caps for individual countries, this 
program would determine desired reductions of emissions for the globe and allow market forces to 
determine the distribution of the cuts.

In this scheme, the world’s countries would participate in an international institution that would 
determine the size of emissions cuts necessary for the global good, then jointly fund fiscal incentives 

Figure 16  After 10 years of operation of a 1000 MW coal plant, 60 Mt (90 Mm3) of CO2 have been 
injected, filling a horizontal area of 40 km2 in each of two formations  Assumptions:10% porosity, 1/3 
of pore space accessed, 60 m total vertical height for the two formations  Note: Plant is still young 
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for these reductions.  An unlimited trading system would allow every company to sell off part of its 
emissions to a central bank, spurring competition for emissions payoffs and allowing market forces 
to determine where and how emissions would be reduced.  

This system has distinct advantages over traditional emission cap schemes.  For one, an “invisible 
hand,” rather than government negotiators, would determine the distribution of emissions cuts 
among countries.  In addition, unlimited trading would lower the costs of emissions reductions 
made.  

Visiting Research Economist Richard Tol has used Bradford’s proposal to solve a non-cooperative 
emission reduction game with international permit trade. That work further shows that proportional 
liability for climate change impacts would increase incentives to reduce greenhouse gas emissions 
in developed countries, but reduces incentives in developing countries. Global emission reduction 
would not change much. On the other hand, joint and several liability would increase abatement 
incentives everywhere.

Below-ground volumes for lifetime storage  
of CO2 from power plants

Capturing and storing most of the CO2 emissions from fossil fuel power plants in geological 
formations can become, if deployed on a very large scale within a few decades, one of a handful 
of principal strategies for mitigating climate change. Because the volume of CO2 requiring storage 
for an individual project and the associated area that must be dedicated to that storage have not 
been well appreciated, Socolow wrote a popular article in the July 2005 Scientific American, “Can 
We Bury Global Warming,” that contained a full page figure illustrating, to scale, the volume and 
area required for a 1000-megawatt coal plant, under plausible assumptions (Figure 16). About six 
million tons of CO2 are produced each year, or 360 million tons over the plant’s sixty-year lifetime. 
The associated volume of supercritical CO2 is three billion barrels (one-half cubic kilometer, or 350 
billon tons). The area of dedicated storage below ground depends, of course, on the available aquifer 
volumes, but it also depends on the fraction of the pore space that can be filled by CO2, which is still 
a topic of research. 

The article also sought to present a balanced view of risks and opportunities. Our intention is to 
promote early experience with full-scale, plant-lifetime CO2 capture and storage at large coal plants, 
with the goal of shortening the time before CO2 capture and storage is a feature of all new coal plants 
globally. We also are seeking to prepare the ground so that, from the outset, CO2 capture and storage 
is included in all plants producing synfuels from coal.

Synthesis and Outreach
The “Stabilization Wedges” concept of co-Directors Steve Pacala and Rob Socolow has reached a 
wide variety of audiences over the past 2 years.   A “stabilization wedge” represents a strategy that 
grows from no activity now to preventing 1 billion tons of carbon from entering the atmosphere 
per year in 2050.  Pacala and Socolow have identified 15 strategies in the areas of energy efficiency, 
fuel switching, renewable energy, nuclear energy, and natural sinks that have the capacity to reduce 
carbon emissions by 1 “wedge” in the next 50 years.  They estimate that, with considerable uncertainty, 

Intergation
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approximately seven wedges represent the difference between a 2050 future without carbon policy 
(14 GtC/y) and one with policy designed to achieve stabilization below doubling (7 GtC/y, the same 
emission rate as at present). 

The wedges concept was first outlined in the August 13 edition of Science and was prominently 
highlighted in John Browne’s article in the July-August 2004 issue of Foreign Affairs. Co-Director 
Robert Socolow has also presented the wedges concept at influential meetings around the world, 
including the NETL 3rd Annual Conference on Carbon Capture & Sequestration (the primary U.S. 
forum on CCS), the 7th International Conference on Greenhouse Gas Control Technologies, and at the 
Tenth Session of the Conference of Parties to the United Nations Framework Convention on Climate 
Change.   “Wedges” have also become common parlance within the U.S. Department of Energy and 
BP, as well as in the wider CCS community, for discussions of carbon mitigation.

The wedges concept has also captured the imagination of mainstream media.  Since the Science 
article appeared, descriptions of the wedges have appeared in a number of publications including The 
New Yorker, The Economist, Business Week, and Fortune magazines as well as numerous newspaper 
articles.

In addition, CMI is spreading the wedge concept to new audiences via the “Wedge Game” originally 
developed for the 2004 CMI Annual Meeting.   Through Roberta Hotinski’s collaboration with 
Sarah Wade of AJW, Inc., BP, and The Climate Group, over 300 people have participated in “wedge 
workshops” - variations of the board game have now been played by NGO, government, and industry 
participants in Washington, D.C.; by climate conference participants in Melbourne, Australia; by 
junior CCS researchers as part of a course at Los Alamos, by high school students at a DOE summer 
camp; and as a side event to COP 11 in Montreal. Game materials are now available on the CMI 
website, and Hotinski has worked with Richard Tandoh and Arif Mustafa of BP in collaboration 
with Playerthree, a London-based game production company, to develop a web-based version of the 
game that will become available to the public this year.
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The Capture Group:  Future Plans

The major goals of the Capture Group for the remaining 5 years of CMI are in four categories:

(i) To carry out analyses that would help catalyze widespread early action on CCS,

(ii) To develop an integrated approach to bioenergy (especially with underground storage of 
photosynthetic CO2), with particular attention given to high- vs low-intensity approaches to 
biomass production, 

(iii) To understand the potential for synfuels in helping shift the 2.6 billion people currently 
cooking with biomass and coal to clean fluid cooking fuels via a Global Clean Cooking Fuels 
Initiative, and 

(iv) To understand better the major competition to gasification energy with CCS in a climate 
constrained world.

Catalyzing widespread early action on CCS 
We intend to deepen our analyses of gasification energy technologies with the aim of:

1) Providing the analytical basis for gaining widespread US experience with and buying down 
the costs of major gasification energy and associated CO2 capture technologies during 2011-
2016…even if a climate policy sufficiently stringent to motivate CCS for fossil energy via market 
forces is not then in place.

2) Using this CO2 capture activity to facilitate the conduct of a large number of scientific 
investigations of CO2 storage at commercial CO2-EOR sites (a la Weyburn) and at aquifer/
other storage demonstration sites.

These goals are motivated by considering that: 

1) Gasification energy plants with CO2 capture provide very low cost CO2.

2) The new consensus that future oil prices are not likely to fall below $35 per barrel implies 
that CO2 provided by gasification energy plants (that make electricity and/or synfuels) can be 
sold for CO2-EOR at a price1 that makes both gasification energy and CO2–EOR profitable if 
there are CO2-EOR opportunities not too far from gasification energy plants; 

1 Equal to (incremental cost of energy production with CO2 capture plus cost of CO2 transport to EOR site)/(CO2 capture 
rate).



Fifth Year Report – 200656

3) New Department of Energy studies carried out for 10 regions/basins indicate a huge US 
CO2-EOR potential (covering most of the regions where new coal conversion plants are being 
planned) that could be supported by a large number of gasification energy projects.2

The Capture Group analyses will aim to help catalyze promising commercial and demonstration 
gasification energy projects with CO2 capture that might be brought on line during 2011-2016. 

To provide a basis for prioritizing projects that might come on line 2011-2016, Capture Group 
analyses will explore a wide range of gasification energy options for making electricity and/or fuels 
with CCS and will attempt to rank them with regard to economic prospects, climate mitigation 
potential, and other benefits and drawbacks—along with articulation of the major challenges that 
must be overcome. 

These analyses would involve a range of feedstocks—coals of various ranks [including sub-
bituminous (Powder River Basin) and lignite (North Dakota and Texas), as well as high-ash coals 
(India)], petroleum residues, and biomass—and would consider systems producing both electricity 
and synfuels. Both separate processing and co-processing (including co-gasification) of feedstocks 
would be considered. Plants producing electricity and synfuels separately and in combination would 
be considered. 

• Some of the very first gasification energy projects to be brought on line during 2011-2016 are likely 
to be based on use of petroleum residues. We shall carry out techno-economic analyses of various 
such gasification energy systems as a benchmark against which other gasification energy options 
can be compared. Kreutz, Larson, and Williams would collectively lead this effort.

 • To date, all our systems analyses for coal gasification energy have been carried out for bituminous 
coals using one commercial entrained flow gasifier type. But if coal energy is to play a large role 
in a climate-constrained world, lower rank coals will also be used—for which gasifiers other than 
the one we have modeled might be better suited. Detailed techno-economic systems analyses 
will be carried out for alternative feedstock/gasifier combinations based on currently commercial 
gasifiers—giving attention to feedstock drying and other processing (e.g., de-ashing) requirements 
for alternative feedstocks and to alternative gasifier feed mechanisms [water slurry feed, dry 
feed, and alternative advanced feed mechanisms (e.g., CO2/coal slurry) that might be relevant for 
CCS system]—expanding on work recently begun, led by Kreutz. Aspen and cost models will be 
developed for handling alternative feedstock/gasifier combinations for alternative entrained flow 
gasifiers for use in different regions. Particular attention will be given to co-cogasification of coal 
and biomass using entrained flow gasifiers—an effort that will be led by Larson and Williams, 
possibly in collaboration with Stefano Consonni at the Politecnico di Milano. Regional effects on 
system economics include constraints such as water resource availability for process needs (see 
below) and the altitude effect on power output for gasification systems that include electricity as a 
product (e.g., important consideration in high altitude regions such as Powder River Basin). These 

2  The estimate of the US economic potential with current CO2-EOR technology (47 billion barrels) is sufficient to support 
a 4.3 MMB/D crude oil production rate for 30 years. If this level of CO2-EOR could be realized by 2025 and if all the CO2 
were to be provided by C-IGCC-C plants (which won’t be the case because some coal synfuels are also being planned), 
the coal C-IGCC-C capacity needed to support CO2-EOR is ~ 46 GWe (127 plants)—equivalent to ~ 3/5 of US new coal 
capacity expected to be built during 2011-2025.
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models will be used as “plug in” modules by Larson, Williams, and Kreutz for use in new analyses 
of gasification energy systems that make electricity, synfuels, or synfuels plus electricity. 

• Besides commercial gasifiers there are several possible “game-changing” gasifiers that are not yet 
commercial that we hope to be able to investigate. For these we will carry out technical analyses 
with much less detailed economic calculations (because of our expectation that these gasifiers are 
not yet sufficiently close to commercial readiness that reliable cost data will be available). However, 
our intention is to carry the economic analysis sufficiently far to make preliminary judgments 
as to whether any of these gasifiers offers the potential for significantly changing the outlook 
for gasification energy beyond what can be realized with variants of commercially established 
gasifiers. Kreutz and Larson would lead these analyses. Three options we are considering giving 
attention to are:

o The transport gasifier (under development at Wilsonville by the Southern Company): a fast 
circulating fluidized bed gasifier that offers potential advantages over entrained flow gasifiers when 
operated on lower rank coals, biomass, and other feedstocks characterized by high reactivity.

o The Choren gasifier (under development in Germany): a two-stage biomass gasifier intended to 
avoid the tar management problem posed by conventional low-temperature biomass gasifiers. The 
first stage is a low-temperature gasifier that produces a tar-rich gas and char; the second stage is a 
high-temperature gasifier for which the feed is the output of the first gasifier.

o The steam pyrolysis/hydogasification gasifier (under development at the University of California 
at Riverside): a modestly pressurized gasifier using H2 + steam (the latter to enhance reactivity). 
Advantages: no need for O2 plant or to dry fuels—candidate for use with biomass and low-rank 
coals.

• An entirely new area we intend to investigate is the gasification energy production/process 
water requirements/CO2 storage nexus. ANL work indicates water availability is likely to 
become a constraining factor for energy projects in many US regions; such constraints might 
be especially important in arid regions such as the PRB. The extent of the constraint will be 
explored for alternative conversion technologies/feedstocks/regions. Prospective water supplies to 
be investigated include water recovery from F-T process in synfuels manufacture, water recovery 
from drying of feedstocks (low-rank coals and biomass), and fossil water that might be withdrawn 
from geological reservoirs targeted for CO2 storage and desalinated.3 Kreutz and Williams will 
lead this analysis. For the final option we will work with the Storage Group to investigate the 
implications for CO2 storage of the saline water removal strategy. 

• Conventional wisdom is that the optimal use of biomass in climate mitigation is in providing fluid 
fuels characterized by low GHG emissions. We agree with this judgment but our analyses show 
that this does not necessarily mean that biomass should be used to make liquid fuels. Our analysis 
shows that gasification systems that make electricity and/or liquid fuels with CCS from biomass 
or biomass/coal are the most promising in mitigating climate change for fluid fuels4 and also in 

3  Back-of-envelope calculations indicate that the volumes of water required for synfuel plants are comparable to the 
volumes needed for storing supercritical CO2 and that desalination costs would add only modestly to synfuel production 
costs.

4  The negative CO2 of B-IGCC-C systems can be used to offset GHG emissions from fossil fluid fuels.
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terms of economics. We have shown that such systems are far more promising than cellulosic 
ethanol systems that vent CO2. We intend to extend this comparison to include cellulosic ethanol 
systems that involve CCS, for which we will develop plant designs based on cellulosic ethanol 
already designed by Lynd and his collaborators at Dartmouth. 

 The fermenter in an ethanol production system generates CO2 in a pure stream at a rate of 1 kmol 
for each kmol of C2H5OH produced—which is one possible source of CO2 for CCS at an ethanol 
plant. But this stream would account for only ~ 1/6 of the C in the feedstock, so that CCS would 
be very costly. However, the lignin fraction of biomass (~ 1/3 of C in feedstock for corn stover) 
cannot be used for ethanol production and might be gasified along with other biowastes from the 
ethanol production unit, and the resulting syngas might be shifted to make mainly H2 (e.g., for B-
IGCC-C power generation) + CO2 for CO2 storage. Back-of-envelope calculations indicate 50-60% 
of C in feedstock might be recovered for storage in this manner. Larson and Williams will lead 
this analysis.

•	 We expect little in the way of commercial biomass or biomass/coal gasification energy systems 
being launched in the market during 2011-2016. Instead we hope with our analyses to catalyze 
demonstration projects for such technologies in this period. In all likelihood such demo projects 
would be based on use of forest-product-industry or agricultural residues. We intend to find 
collaborators who are “culturally close” to the major bioenergy stakeholders in these area, with 
whom we might work to help provide the analytical basis for bioenergy gasification projects with 
CCS. 

 During the past year Larson has led a cost/benefit analysis of a forest-product-industry-based 
“biorefining” for the co-production of liquid fuels (or liquid fuels plus electricity) along with pulp 
and paper. This analysis was carried out under a DOE contract with cost-sharing by a private-
sector group led by the American Forest and Paper Association. Motivated in part by the work of 
Larson and colleagues, the forest products industry is aiming to implement a commercial-scale 
demonstration of the forest products/biorefinery concept. Larson, probably in collaboration with 
Consonni, with whom Larson collaborated in the just-completed cost/benefit analysis, intends 
to extend the plant designs already considered to include CCS and the prospective cost/benefit 
implications of this additional feature.  The goal of is to bring the CCS option to the attention 
of this important set of bioenergy stakeholders and get this option into forest product industry 
biorefinery projects (e.g., projects subsequent to the planned demo project).

Integrated approach to bioenergy
Our bioenergy research to date, which has shown the great promise of bioenergy with CCS as a climate 
mitigation strategy, has been focused on energy conversion. Larson and Williams intend to extend 
our analyses to include consideration of biomass production and and its impacts via collaborations 
with researchers in agricultural fields (agronomy/agricultural engineering/agricultural economics) 
and ecology to help us with the “farm-based” aspects of bioenergy systems. 

A major concern about bioenergy carried out at large scales is impacts on biodiversity. Conventional 
wisdom is that the best approach to mitigate biodiversity concerns is to pursue intensive biomass 
production for energy so as to minimize the amount of land required. Steve Pacala has an alternative 
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vision involving low-intensity production of native species on lands that are simultaneously 
used for wildlife habitat, with the objective of enhancing biological diversity thereby. These two 
alternative visions will be analysed and compared for switchgrass in the Great Plains, with regard to 
implications for biomass production, transport, and conversion technologies, overall system costs, 
and biodiversity impacts. 

We will seek collaborators to work with at the University of Minnesota—where Ken Keller and his 
collaborators are developing a research strategy to help catalyze new renewable energy industries 
in the Great Plains, and where David Tillman is carrying out pioneering ecological research on 
switchgrass. 

Global Clean Cooking Fuel Initiative
In conjunction with a Global Clean Cooking Fuel Initiative (GCCFI) project that is being planned by 
the International Energy Initiative (IEI), Williams and Larson will carry out analyses to understand 
the technical feasibility and global energy and environmental implications of major shifts across 
the developing world to clean fluid cooking fuels.  Among the topics they will examine are potential 
limits on LPG supplies, and the technical and economic prospects for providing some of the needed 
clean cooking fuels with DME made from natural gas, coal, and biomass in different regions of the 
world (building on our past research on DME production). They will also make comparisons of the 
LPG and DME cooking fuel options with other promising options such as ethanol gels.

Williams is a founding Board member of IEI and Larson just ended his term as IEI President. The 
IEI is a small independent non-governmental, international organization based in the developing 
countries whose mission is to promote the efficient production and use of energy for sustainable 
development. Williams and Larson recently helped define the GCCFI as a major new IEI activity 
aimed at helping catalyze the complete replacement of highly-polluting biomass and coal currently 
used for cooking by 2.6 billion people in the developing world (mostly in rural areas) with clean gas 
or liquid cooking fuels during the next 10-20 years.  

The GCCFI is motivated by considerations that: (i) indoor air pollution from solid fuels is the second 
largest global environmental risk (after unsafe water) as a cause of premature mortality, and (ii) the 
drudgery of fuelwood gathering raises fertility (due to the need for children as fuelwood gatherers), 
gives women little opportunity to seek work outside the home, and limits education opportunities 
for children. 

Much of the GCCFI activity will be carried out by IEI staff in Latin America (Brazil), Asia (India, 
China, Philippines), and Africa (Tanzania). These groups are beginning to develop analysis in 
support of recommendations and advocacy for national and regional strategies and policies for 
creating universal access to clean fuels and for guaranteeing universal provision of such fuels to the 
extent needed to satisfy basic human needs. The effort will eventually include major demonstration 
and implementation activities, as well as outreach and advocacy efforts to catalyze larger actions 
by governments (in developing and industrialized countries), international development assistance 
agencies, non-governmental organizations, and the private sector. 
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Understanding the Competitors to Gasification Energy with CCS
We will also carry out some “benchmarking” studies to see how some potentially strong competitors 
to gasification energy would compare with regard to performance and cost in mitigating climate 
change:  

• Although there is consensus that gasification-based coal power systems are preferred to combustion-
based coal power systems with CCS for bituminous coals, it is unclear whether this advantage will 
extend to low-rank coals. For electricity systems, side-by-side techno-economic comparison will 
be made of gasification and supercritical steam-electric plants with CCS (both stack-gas scrubber 
and oxy-fuel options) based on low-rank coals. In making these comparisons, gasification 
electricity production via both stand-alone and polygeneration plants will be considered. These 
comparisons might involve putting combustion system analyses of others into a self-consistent 
analytical framework for comparison with the gasification systems that we will analyze in full. 
This analysis will be led by Kreutz.

• A climate-change-mitigation policy that makes coal IGCC with CCS competitive with 
conventional fossil power generators will also bring other low carbon technologies into play. One 
such technology is a wind power system coupled to compressed energy storage (CAES). CAES is 
a commercially ready technology that makes it possible to transform wind power into a baseload 
power option.  Geologies suitable for CAES seem to be reasonably well distributed in wind-rich 
regions of the United States (e.g., Great Plains) where much of the new capacity for coal power 
generation is being planned. A comparison will be made of costs, greenhouse gas emission rates, 
and the overall potential for wind/CAES to compete with coal IGCC with CCS power systems. 
The emphasis will be on wind/CAES systems in which the wind/CAES unit is fired with natural 
gas. Regions where the competition with coal IGCC with CCS can be expected to be significant 
will be indentified. This analysis will be led by Samir Succar and Williams in collaboration with 
Jeff Greenblatt, who is now at Environmental Defense.

•	 Our work to date aimed at realizing deep reductions in GHG emissions for transportation fuels 
has focused on two alternative strategies: (i) H2 from coal with CCS for use in fuel cell or hybrid-
electric vehicles, and (ii) synthetic liquid fuels (F-T liquids/DME) from coal with CCS + increased 
production of hydrocarbon fuels via CO2–EOR using CO2 generated from gasification energy 
systems + offsetting negative CO2 emissions from biomass gasification energy systems with CCS 
(biomass coprocessed with coal or converted in stand-alone biomass systems). 

 The all-electric car is an alternative that would make it feasible to reduce liquid fuel challenges 
altogether and reduce underground CO2 storage requirements (e.g., if wind/CAES units could 
provide a significant share of the needed electricity). Although all-electric cars have fallen out 
of favor, battery technology continues to evolve. We will revisit this option along with plug-in 
hybrids (which might reduce liquid fuel requirements to levels corresponding to 200 mpg) and 
make a systematic comparison of technical performance, CO2 storage requirements, and costs 
for these options considered side-by-side with updated variants of automotive options we have 
considered in the past. Kreutz will lead this activity. 
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The Storage Group: Future Plans

The major goals of the Storage Group for the remaining five years are:

(i) To complete laboratory experiments on cement durability 

(ii) To incorporate experimental findings into Dynaflow simulations of brine-cement 
interactions and identify the important variables affecting CO2 leakage rates

(iii) To use the well-scale information from geochemical modeling to complete a large-scale 
risk analysis of representative oil fields and develop rapid and robust tools for leakage risk 
assessment

The experimental work on lab cements is complete and geochemical modeling is beginning.   Over the 
next two years of the grant, the researchers will incorporate the essential elements of geochemistry 
into the model that will allow simulation of carbonated brine flow through an annular gap and 
initial prediction of the resulting cement corrosion in an idealized well.  This information will be 
used as input for large-scale simulations of CO2 injection.

Experimental Work
Graduate student Andrew Duguid has completed his study of the attack of cements by carbonated 
brines and will defend his thesis in the summer. His data on cement decomposition have been 
provided to Bill Carey at Los Alamos and to Jim Johnson at Lawrence Livermore Lab, who will 
reproduce his results using their simulations and thereby refine their reaction rate parameters for 
cement constituents. 

The team will also assess the importance of pressure on the corrosion rate of cement as results 
from the high-pressure studies at NETL become available. The NETL results will be compared to 
predictions from the LANL and LLNL models and the geochemical module of Dynaflow. If necessary, 
improved pressure dependence will be introduced into Dynaflow.

A new graduate student will also join the team in September, 2006, to study the transport and 
mechanical properties of cement subjected to attack by carbonated brine. Duguid’s results indicate 
a catastrophic loss of integrity of the cements when the corrosion is well advanced. However, there 
may be a more subtle deterioration that occurs in limestone formations, where our short-term (i.e., 1-
year) experiments indicate little or no attack, that might have significant impact on leakage over the 
course of a century. We will use NMR to measure diffusion coefficients and a variety of techniques 
to measure permeability changes during leaching. We will also study the change in strength and 
stiffness as corrosion proceeds. This information will be needed to refine the leakage model and 
expand our confidence regarding the risk of leakage over the long term. 

Following a visit to CMI by Tony Hayward, BP has mobilized a team to acquaint us with BP’s field 
experience regarding durability of cement exposed to carbon dioxide, and to obtain samples of cement 
from wells. If the latter effort is successful, we will study their microstructure and composition, and 
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subject them directly to corrosion testing to see how they compare to our home-made samples. This 
will provide the first systematic data regarding features of the structure and/or chemistry of samples 
subjected to long term aging at elevated temperature and pressure, and thereby enable us to refine 
our predictions of risk.

The direction of the experimental program beyond Year 7 will depend on availability of cement 
samples and field data for leakage rates from wells.  Field samples, if available, will be used for 
direct tests of corrosion rate, as well as transport and mechanical properties.  If we obtain field data 
regarding methane leakage rates, those results will be used to infer the size of annuli that are likely to 
be present in sealed wells and provide initial conditions for the simulations of corrosion of cement.

Geochemical modeling
Over the next two years, Jean Prevost and postdoctoral researcher Bruno Huet will complete the 
implementation of a geochemical module in Dynaflow that includes the constituents of cement. 
Initially the model will be validated using data for calcium leaching from a European study. The 
model will incorporate the parameters obtained from collaborators at LANL and LLNL (see above), 
if that work is successful; if not, we will use Dynaflow to simulate our experimental results and refine 
the parameters ourselves.  The multiphase flash calculation will further be modified to allow for 
pressure and temperature changes as the plume rises toward the surface, including thermal effects.

Once the basic geochemistry is in place, Bruno Huet and Jean Prevost will simulate attack on cement 
by carbonated brine rising through an annular gap around the cement in a well.  Multiple leakage 
scenarios will be examined, including the impacts of varying brine composition, initial gap width, 
and depth at which the leak originates.   The simulations will also be extended to include corrosion 
of the steel casing in the well.

In summary, at the end of about 2 years from today, we will be able to put bounds on the risk of 
leakage under unfavorable conditions (brine in a sandstone formation encountering a pre-existing 
annular gap in typical cement). Should we discover that the brine is quickly neutralized as it flows 
through the gap, so that the leak is not significantly expanded over the course of a century, then 
the behavior of the wells under more benign conditions is academic. On the other hand, if our 
simulations indicate that leaks worsen at a significant rate in sandstone formations, then we will 
need to see whether there is any such risk under more favorable circumstances (such as limestone 
formations). That information will emerge from the thesis work to begin this fall; the results will 
start flowing in about two years, and final results will be available by year 4 or 5 (that is, by the end 
of the project).

The results from the combined experimental and geochemical modeling should predict the most 
important variables affecting leakage rates within a well. This information will be combined with 
statistical information about well properties to provide input for the semi-analytical and coarse 
resolution models developed by Mike Celia and colleagues for risk assessment (see below).



CMI Carbon Mitigation Initiative 63

Large-scale Modeling of Leakage Risk
We have completed all components of a semi-analytical model for leakage along multiple wells, over 
field-scale systems with multiple geological layers, and we are now publishing these new solutions in 
a variety of scientific journals.  We have also begun to demonstrate the use of these solutions in the 
context of Monte Carlo simulations, where we will relate different well statistics (for example, the 
statistics of effective permeabilities along leaky wells) to leakage probabilities.  To do this, we will 
use a test site that we have identified in Alberta, Canada, in conjunction with our collaborator Stefan 
Bachu.  We will complete the initial computational analysis of this field site in the first year, and 
then extend the analysis over the next year to identify threshold statistics for the well field in order 
to remain below target leakage values.  We will also seek out additional field sites to apply our new 
models.  For example, we may be able to use the data set on wells that has been compiled during the 
first phase of the Weyburn project.  

As results from detailed, local-scale geochemical analysis of cement degradation become available, 
we will incorporate these results into our field-scale models.  This will be done by modifying the 
properties of leaky wells as a function of local conditions and time, based on the results described 
in the previous section.  

While these semi-analytical models have been shown to compare well to full numerical solutions, 
they are still restricted by simplifying assumptions about system geometry, material homogeneity, 
and other aspects of the system.  We will systematically evaluate the limits of these assumptions, 
with a focus on sloping layers, material heterogeneity, and the need to include capillary pressure 
(note that we already include residual saturations, but not a full capillary pressure function).  To 
model conditions for which the analytical solutions are found not to apply, we will develop a hybrid 
numerical-analytical model where the injection formation is modeled with a numerical simulator, 
capable of including sloping layers and heterogeneity, while leakage along wells and into layers above 
the injection formation will be modeled analytically.  As with our other developments, the objective 
is to create a model that is as simple as possible, while capturing the essential physics of the problem.  
Development and application of this hybrid numerical-analytical model will form the basis of a PhD 
dissertation for a new graduate student (to be admitted this year).    

Over the entire five-year period, we will continue to develop ties with outside collaborators while 
maintaining the important connections we already have.  For example, we will continue our very 
productive collaborations with Stefan Bachu in Alberta, and with Jan Nordbotten and the applied 
mathematics group in Bergen.  In addition, we have been invited by colleagues at Los Alamos 
National Laboratory to incorporate our semi-analytical models into the systems model they are 
constructing for CO2 injection and associated risk analysis.  We will also attempt to coordinate an 
effort to develop a community model for CO2 injection, migration, and leakage.  This is something 
we initiated a few months ago at a workshop we organized and held at Princeton.  Finally, we plan 
to use our models to propose designs for specific field experiments, and to work with partners at BP 
and elsewhere to try to implement these field experiments.
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Potential Interaction With Field Projects
Moving forward, the Storage Group as a whole would like to expand its interaction with industry- 
and government-sponsored field projects.  Our researchers are already involved to some degree 
with BP’s In Salah project in Algeria, the Weyburn EOR project in Saskatchewan, the Mountaineer 
injection project in West Virginia, and the Rocky Mountain Oil Testing Center.  With expanded 
access and resources, our team could gather more detailed field data to rigorously test our models 
and increase our confidence in leakage predictions.

Detailed monitoring data for individual wells would be particularly useful for enhancing our 
understanding of cement-brine interactions and leakage risks. Closely linking modeling with field 
experiments in which material (both fluid and solid) behavior along at least one well could be 
monitored in detail, or experiments could be performed along the inside and outside of an existing 
(abandoned) well, would provide much-needed ground truth for our simulation efforts.

Given realistic data sets, our models could also help explain injection behavior and optimize future 
injection projects.  For example, the new geochemical capacity of our Dynaflow model allows us 
to model salt precipitation, which may be contributing to higher-than expected injection pressures 
in the In Salah storage project.  In addition, Dynaflow can be used to investigate the best way to 
maximize CO2 storage in an aquifer, for example by simulating the effectiveness of pulsed versus 
constant injection.
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The Science Group: Future Plans

We propose that CMI science research over the next 5 years should focus on three basic themes: 

(i) A carbon observing system to monitor the fate of anthropogenic carbon, the mechanisms 
that determine that fate, and the ongoing response of the natural carbon system to global 
warming

(ii) paleoclimate studies aimed at developing a deeper understanding of the earth system 
response to changes in biogeochemical and climate forcing

(iii) a geoengineering “truth squad” that will investigate proposals for carbon and climate 
mitigation.  Each of these is discussed in turn.

Work in these three areas is critical to understanding the impact global climate change will have on the 
environment’s ability to take up anthropogenic carbon.  Although there is consensus in the scientific 
community that the planet is warming, and on the overall budget of carbon, large uncertainties still 
exist concerning the location of natural carbon sources and sinks, and the mechanisms that control 
their variability and response to climate change in both the land and ocean.

The CMI Science Group has already made significant progress in estimating sink magnitudes and 
explaining their causes.  As we continue to improve our observational and simulation capacities, we 
will increase confidence in estimates of future CO2 change and the mitigation effort needed to avoid 
damaging climate consequences.

We emphasize that the CMI science component is a synergistic activity building on a broad range of 
research on the Princeton University campus that includes that carried out by NOAA’s Geophysical 
Fluid Dynamics Laboratory (GFDL); the Cooperative Institute of Climate Science (CICS), which 
is a collaboration between Princeton University and GFDL; and the large basic research programs 
maintained by all the participants in the CMI science program with support from government 
agencies such as NOAA, NASA, NSF, and DOE.

Carbon observing system
Since the beginning of CMI grant, the Sarmiento and Pacala groups have performed a variety of 
studies to improve the understanding of carbon dioxide surface flux location, intensity and evolution 
in time and space: development of sampling strategies, improvement of model components, and 
development of inversion methods. This work provides a unique knowledge base to allow the 
development of a carbon observing system that will incorporate observation data from various 
origins along with different kinds of models (atmosphere, ocean and land) to monitor both short 
and long time scale changes in the carbon cycle and to provide predictions for the future. The 
efforts presented in the following aim to pursue the development of such a system, bringing together 
atmospheric, oceanic and land studies.
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Atmospheric inversions
As part of the North American Carbon Program (NACP) and in collaboration with NOAA/ESRL 
(the Earth System Research Laboratory, ex-CMDL), Sarmiento’s group has contributed towards the 
development of the strategy for a high-density observation network over the United States. This 
network will combine regional measurements of atmospheric mixing ratios of carbon dioxide (CO2), 
methane (CH4 ), carbon monoxide (CO), oxygen (O2), and other trace gases by tall tower and aircraft. 
Using simulations, Crevoisier et al. [2006] have highlighted the need for adding some stations in 
the northwest and the northeast of the United States to catch CO2 variations in these regions. To 
better assess the characteristics of the network, we plan to refine our study using models with higher 
spatial resolution. To provide coverage of all North America, contacts have been made with the 
Meteorological Service of Canada to examine the possibility of implementing five stations in Canada 
in the framework of the Canadian Carbon Program (CCP). Sarmiento’s group is looking forward to 
using these dense NACP and CCP observations, in synergy with measurements made by the ESRL 
global network, in classic atmospheric inversion studies, as well as in more direct approaches, two 
areas where the group has developed particular skills.

In particular, atmospheric inversions require the use of atmospheric transport models, whose 
accuracy in reproducing synoptic events has been tested by Gloor et al. [2006]. However, one issue 
remains concerning the modeling of atmospheric exchange between the boundary layer and the 
upper atmosphere (convection). Aircraft data provide an interesting way of characterizing these 
exchanges and thereby improving atmospheric model realism. This task will be undertaken through 
a close collaboration with GFDL.

The simultaneous measurement of different species also gives the opportunity of taking advantage 
of the correlation existing between them. Indeed, CO2, CH4, CO, and O2 have sources and sinks in 
common (biomass burning, fossil fuel emissions) and also specific sources. Therefore, even if global 
estimation of CO2 sources and sinks have so far relied on inverting atmospheric CO2 concentration 
alone, the simultaneous use of different gases might provide strong constraints on their sources 
and on the transport affecting their atmospheric distributions. Sarmiento’s group thus plans on 
inverting various trace gases (CH4, CO, O2) along with CO2.

Air-sea fluxes
Sarmiento’s group has published a series of 4 papers over the past 3 years that use a variety of 
methods to estimate the magnitude of the ocean carbon sink over the past couple of decades.  
Combined together with related work by other colleagues, of which constraints provided by oxygen 
measurements such as those carried out by Bender’s group is an important component, these studies 
have reduced the uncertainty in the ocean carbon sink from an estimate of 2.0 ± 0.8 in earlier 
work, to of order 2.0 ± 0.3 at present. The focus of our research on air-sea fluxes will now turn to 
understanding what controls the variability of this sink, and the processes that will control the long 
term response of the ocean carbon sink to climate change.

The synergistic use of observations made over land and in the ocean’s interior has proven to 
provide a strong constraint on CO2 surface flux estimation [Jacobson et al. 2006a, b]. However, a 
stronger constraint on air-land fluxes could be obtained through a further reduction of air-sea flux 
uncertainties. A large source of uncertainty in constraining estimates of air-sea CO2 fluxes stems 
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from the fact that the seasonal and interannual CO2 flux variability between the ocean and the 
atmosphere is poorly known. 

To improve our understanding of the variability, Sarmiento’s group will initiate ocean modeling 
studies to identify variability in natural air-sea CO2 fluxes and the rate of uptake of anthropogenic 
CO2. Their particular focus will be on the northern hemisphere, which is where most of the land 
carbon sink appears to be. A particular area of interest will be the North Pacific Ocean, as the 
variability here has a significant impact on carbon source and sink estimates over North America. In 
a recent study, the group has shown that the Kuroshio Extension region of the North Pacific exhibits 
a very strong seasonality, with uptake being largest during winter, as well as a decadal trend towards 
increasing wintertime uptake in the model. These results were unexpected and their implications for 
CO2 fluxes over North America will be tested.

A particular emphasis of Sarmiento’s group has been on the Southern Ocean, which accounts for 
up to 40% of the oceanic anthropogenic carbon sink, with estimates differing greatly from model 
to model. In 2002, we significantly narrowed the uncertainty in the model estimates by using 
new observations of radiocarbon and chlorofluorocarbons to eliminate models that were clearly 
unrealistic. However, we still do not clearly understand the processes that determine the magnitude 
of this sink in the Southern Ocean and how it might respond to climate change.

A major factor determining the long-term uptake of anthropogenic CO2 uptake by the ocean is the 
rate at which deep water that is relatively uncontaminated with anthropogenic CO2 upwells to the 
surface. The table below gives a compilation of recent estimates of the rate at which water is being 
added to the “deep” ocean (which occurs primarily in the North Atlantic), and the pathway of the 
resulting return flow. As can be seen, model simulations generally have most of the upward return 
flow occurring within the Southern Ocean, whereas observational analyses suggest it should be 
almost entirely outside the Southern Ocean. Sarmiento’s group will make use of a major new data set 
of helium-3 emitted from mid-ocean ridges in the deep ocean in order to determine which of these 
return pathways is most consistent with the observations.

The water that upwells in the Southern Ocean can either turn to the north and sink below the main 
thermocline, or turn to the south and sink to the abyss as “bottom” water. In related modeling 
studies, Sarmiento’s group will be studying this upper ocean flow and its sensitivity to climate. The 
northward flowing branch supplies nutrients to the upper ocean that account for about two-thirds 
of biological production outside the Southern Ocean, so its response to climate could have major 
consequences for biological production. The southward flowing branch is the primary determinant 
of the air-sea balance of CO2 and changes in this process could have a significant impact on the 
future trajectory of CO2 in the atmosphere.
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Ocean carbon models will then be used to forecast the potential impact of global warming on ocean 
carbon sinks. This study will also allow testing the realism of the models and of their representation 
of ocean circulation.

Air-land fluxes
Changes in climate have the potential to affect the geographic distribution of ecosystems, and the 
mix of species that they contain. For instance, in North America, there are over twenty major forest 
types and over 250 tree species, with marked, but contrasting, correlations with climate. However, 
little is known about how these ecosystems might respond to climate change, or how these changes 
might feed back on climate. Partly, this is because current global vegetation dynamics models do not 
represent richness of species and make simplifying assumptions about species diversity by assigning 
identical biophysical parameters to broadly-defined plant functional types, each containing tens to 
hundreds of individual species.

Now, the availability of various data sources for North America, ranging over different spatial and 
temporal scales, makes it possible to move to a new generation of vegetation models containing 
species-specific parameters and dynamics. Thus, the Pacala and Sarmiento groups propose to develop 
the capability to update species-specific biophysical parameters recursively in a data-assimilation 
scheme, given regional measurements of CO2 atmospheric concentration (NACP aircrafts and tall 
towers), local measurements of CO2 fluxes (flux towers), information on species composition and 
individual tree growth and mortality (USDA forest inventories), and possibly satellite data. The 
derived parameters will then be used as the basis for the aggregation of the species into a new set of 
functional types for use in a dynamic land model. 

Model Type of model NADW 
formation

Return flow in 
Southern Ocean

Return flow outside 
Southern Ocean

Gnanadesikan et al  (2006)
1 degree coupled climate 
model

17 16 -1

Gnanadesikan et al  (2004) 4 degree diagnostic ocean 12 4 12 9 -0 5

Hallberg and 
Gnanadesikan (2006)

1/6 degree diagnostic ocean (18) 16 2

Sloyan et al  (2001) Geostrophic inverse (18) 6 12

Talley et al  (2003)a Observational analysis 18 -1 19

Talley et al  (2003)b Observational analysis 18 -3 1 21 1

Table 3: This table shows the formation rate of deep water that occurs in the 
North Atlantic (NADW; estimated in parentheses), and the upward return flow 
partitioned into that which occurs within and outside the Southern Ocean  
Note that the models have most of the upward return flow in the Southern 
Ocean, whereas the observational analyses have most of the upward return 
flow outside the Southern Ocean 
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In this regard, LM3V, the new land model jointly developed at NOAA/GFDL and Princeton 
University, is well suited: it simulates vegetation dynamics and exchanges of water, energy and CO2 
between land and atmosphere, and it has been successfully coupled to GFDL’s atmospheric and 
climate models. With the improved set of functional types and parameters, LM3V will be used to 
improve our understanding of the key processes governing the exchanges of CO2 between land and 
atmosphere over North America. 

A particular focus will concern the modeling of carbon emissions by fires. Understanding how 
fires influence the structure and carbon dynamics of various ecosystems is needed to accurately 
simulate the future behavior of these pools of carbon in the context of global warming. The Pacala 
and Sarmiento groups have started the development of a fire model that will predict the conditions 
needed for a fire to start, and the surface burned by the fire. The calibration of this model will be 
performed through the use of on-ground and satellite observations of fire characteristics (burnt area, 
fire intensity), and the use of measurements of atmospheric concentrations of various trace gases 
more or less affected by fire. As well accurately simulating carbon fluxes, the fire model will give 
the opportunity to simulate the future behavior of vegetation in response to the increase of both fire 
occurrence and intensity that are expected in the context of global warming.

The proposed studies aim to reduce uncertainty in current estimates of North American carbon 
stocks and fluxes, and to improve our knowledge of their response to future changes in CO2, climate 
and land management. The previously presented atmospheric and oceanic studies will provide the 
boundary conditions needed for this data assimilation approach through the use of the atmospheric 
pulse response functions simulated for the purely atmospheric concentration data-based flux 
inversions.

Monitoring atmospheric oxygen
Bender’s core CMI research has involved measurements of the atmospheric O2/N2 ratio.  This ratio 
provides a primary constraint for partitioning the sequestration of fossil fuel CO2 that does not 
remain in the atmosphere between ocean uptake and land biosphere uptake.  The idea is that CO2 
dissolution in the oceans has no effect on the atmospheric O2 burden, while CO2 uptake by the land 
biosphere makes biomass and O2 in nearly equal amounts.  Hence measurements of the changing 
O2/N2 ratio of air allow us to determine the part of CO2 sequestration due to the land biosphere, and 
the part due to the oceans.

The challenge of this work is that the diagnostic O2 changes are very small.  1 gigaton of carbon 
uptake by biomass raises the O2/N2 ratio of air by 2.5 parts in 106.  Since 1991, two laboratories have 
maintained global observing networks for measuring these changes, Bender’s lab and the lab of 
Ralph Keeling at Scripps Institution of Oceanography.  The product of these laboratories has become 
a fundamental part of the data set used to characterize and understand global change.

There are 2 ancillary products of this work.  First, O2/N2 ratios also reflect fundamental aspects of the 
ocean carbon cycle, including the interaction of carbon fluxes with circulation, and the biological 
productivity of the ocean basins.  Second, Ar/N2 ratios, measured along with O2/N2 ratios, have a 
seasonal cycle due to ingassing and outgassing of the oceans as temperature changes, and can be 
used to study the fidelity of atmospheric mixing models.
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We plan to continue our measurement program during the coming 5 year period.  We also plan to 
do various studies to interpret our results.  These studies, which are mostly done in the context of 
complex models of the oceans and atmosphere (and sometimes led by modelers rather than people 
from Bender’s group), have the following objectives:

1. Partitioning CO2 sequestration between land biosphere and ocean for the length of the record.

2. Refining, by inverse studies, the distribution of CO2 sources and sinks.

3. Examining the links between CO2 sequestration and climate variations.

4. Determining the fertility of the ocean basins and its interannual variability.

5. Understanding mechanistic controls on these terms.

Paleoclimate
In order to improve our understanding of natural controls on atmospheric CO2, we are investigating 
why atmospheric CO2 varies with recent climate cycles, being lower during ice ages. Work conducted 
previously by CMI members and others suggests that the Southern Ocean, the continuous band of 
ocean surrounding the Antarctic continent, holds the answer. 

Understanding the effect of atmospheric iron (i.e. dust) inputs to the Southern Ocean has arisen as a 
common goal among the research groups of Sarmiento, Bender and Sigman. The Bender group has 
deployed new methods aboard ships of opportunity to measure net carbon production by Southern 
Ocean biology. This process is related to CO2 export from the surface ocean, which reduces the 
atmospheric CO2 inventory.  The results to date of their work indicate that the input of dust from 
arid regions of southern hemisphere continents to the Southern Ocean is a major factor enhancing 
net production.  The results tend to support John Martin’s hypothesis that atmospheric CO2 was 
lower during the ice ages because lands were more arid, the dust flux was greater, and Southern 
Ocean net production was higher. 

The Sarmiento group is carrying out model experiments to clarify the effects that iron fertilization 
of different regions of the Southern Ocean would have on the carbon cycle and on lower latitude 
ocean productivity. The Sigman group’s novel nitrogen isotope measurements on deep sea sediments 
provide evidence of iron fertilization during the last ice age in two regions of the Southern Ocean. 
The first is the Subantarctic Zone, which is in the path of the westerly winds carrying dust from 
South America, South Africa and Australia. The second is the Antarctic Zone, where sea ice melting 
can release iron in a summertime pulse ideal for stimulating algal growth. 

In the coming years, Bender’s group plans to extend this work by increasing the geographic extent 
of their Southern Ocean carbon flux observations, by working with groups making ancillary 
measurements that inform us about causes of CO2 variability, and by making continuous 
measurements of diagnostic properties along cruise tracks (rather than periodic observations).  The 
first objective of this work is to achieve a process-level understanding of the factors controlling net 
production in the Southern Ocean.  The second goal is to gain an understanding of how to scale 
local measurements, using remotely sensed properties, to determine seasonal and areal variability in 
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net production throughout the basin.  These results will in turn allow a much more comprehensive 
understanding of the role played by enhanced dust fertilization in driving atmospheric CO2 
concentrations lower during the ice ages.  They will also be relevant to Sarmiento’s ongoing studies 
of the capacity of purposeful iron additions to increase CO2 sequestration in the Southern Ocean.

In addition to the evidence for iron fertilization of the ice age Southern Ocean noted above, Sigman 
group’s has found that the Antarctic was more strongly stratified during ice ages. Stratification lowers 
atmospheric CO2 by suppressing the upwelling of deep waters, with their high CO2 concentrations, at 
the surface. These findings, taken together, may do much to explain the lower CO2 of glacial climates. 
However, fundamental questions persist about this hypothesis. In particular, what processes lead 
to polar ocean stratification, and why did stratification break down abruptly at the shift toward the 
current interglacial period? In short, can the observed polar ocean changes be incorporated into a 
complete, self-consistent model for glacial cycles? 

Sigman’s group will address these questions along two parallel paths. First, they will investigate the 
phasing of the Southern Ocean changes with other components of climate change upon glaciation 
and deglaciation. To accomplish this, new high resolution sediment records from the polar ocean 
have been identified that are more easily correlated to glaciological records, and Sigman’s group has 
begun to develop protocols to facilitate our work in these new archives. Second, Sigman plans to 
continue his collaborations with NOAA Geophysical Fluid Dynamics Laboratory scientists and the 
Sarmiento and Philander groups to develop a model framework that allows for physically explicit 
simulation of glacial cycles.

A second area of interest within the CMI science group is to improve our understanding of the climate 
that directly preceded the era of large scale human alteration of the global environment. Sigman has 
collaborated with his colleague Gerald Haug (GFZ Potsdam) on high resolution studies of marine 
and lake sediment cores to reconstruct climate changes in the northern hemisphere tropics over the 
Holocene, the last 10 thousand years during which the Earth has been in a warm (“interglacial”) 
climate state. This work has demonstrated shifts in the mean position of the intertropical convergence 
zone, which has affected rainfall in these regions and influenced ancient human civilizations such 
as that of the Maya. 

The effort to generate new and better data is ongoing at many institutions on an international basis. 
However, there is now a critical need for synthesis, as there appears to be a remarkable degree of 
internal consistency among the data, such as global coordination of the observed regional shifts in 
the intertropical convergence zone. This synthesis will open the way for new modeling activities at 
Princeton and GFDL to understand the origins and significance of Holocene climate change.

Geoengineering “truth squad”
The CICS Science group will work together with GFDL through CICS to maintain a group of 
scientists able to analyze mitigation options as they arise.  Over the first 5 years of CMI, we have 
studied various aspects of two oceanic mitigation options - iron fertilization and deep-sea injection 

- while providing background knowledge for exploration of general mitigation issues as part of the 
wedges study of Pacala and Socolow. A further issue that has arisen recently is a resuscitation of 
the suggestions that global warming might be mitigated by the injection of sulfate aerosols into the 
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atmosphere to reflect sunlight back into space. The tools to investigate this proposal exist at GFDL, 
and we plan to collaborate with them to better inform ourselves on this option.

While iron fertilization and deep-sea injection do not appear to be gaining traction as viable options, 
there does continue to be strong interest in them, including amongst private commercial ventures.  
There are many unresolved questions that are of considerable interest scientifically, and the outcomes 
will have significant impact on our evaluations of the viability of these options.  Two that will be 
investigated in the near future are:

(1) Sarmiento’s group has carried out a new set of iron fertilization simulations making use of 
the new generation of ecosystem and iron chemistry models that have been developed over 
the past decade at Princeton and GFDL.  These new fertilization models differ significantly 
from the major conclusions of our previous research by Gnanadesikan, et al. [2003] in 
showing a much higher sequestration efficiency.  The main reason for this is that the added 
iron is retained for a long period of time in the models and thus continues to draw carbon 
down each time it returns to the surface.  In previous research, it had been assumed that the 
added iron would get scavenged very rapidly.  The key scientific issue appears to be the extent 
to which ligands formed primarily by organisms are helping to retain the iron in solution for 
a long period of time, as the models presently assume.  Sarmiento’s group is in the process of 
investigating these issues, which also have major implications for how we model the response 
of ocean biology to global warming.

(2) Sarmiento’s group continues to have a strong interest in the scientific underpinnings of 
the processes that determine the return flow of deep water into the upper ocean.  This is of 
great relevance not only to climate change and oceanic biological productivity, but also to 
deep sea sequestration of anthropogenic carbon.  The recent study by Mignone, et al. [2006] 
of how Southern Ocean winds and isopycnal mixing together determine the uptake of 
anthropogenic CO2 by the ocean also has important implications for the escape of CO2 from 
the deep ocean to the atmosphere in this same region (cf. Mignone, 2004).  As a follow on 
to this research, Sarmiento’s group is initiating a new collaboration with Peter Schlosser of 
Columbia University that would make use of his observations of helium-3 emanating from 
mid-ocean ridges in order to further investigate the return pathways of deep water into the 
surface ocean (see carbon observing system discussion above).
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The Integration Group: Future Plans

The major goals of the Capture Group for the remaining 5 years of CMI are in four categories:

(i) Deepening the analysis of stabilization wedges 

(ii) Assessing the design of climate observation systems

(iii) Predicting impacts and improving policy

Deepening the analysis of stabilization wedges
The Pacala-Socolow paper on stabilization wedges, published in the August 13, 2004, issue of Science, 
presents an extremely simple model. Understanding why the paper has been so positively received 
in many quarters can help guide the research strategy directed toward integration of CMI efforts for 
the next five years. 

The wedges work produced a way of working around two barriers that have thwarted early action to 
mitigate climate change. The first barrier has been the lack of convergence in answers to the question: 

“Is the Mitigation of Climate Change an Urgent Task?” By “urgent,” we mean “requiring planning 
within this decade of multi-decade campaigns to reduce global carbon emissions.” Environmental 
scientists overwhelming answer, “yes.” Those who develop “integrated assessments,” which blend 
economics and environmental science and often work with a time frame of 100 years, often find 
that their models answer, “no.” Uncertainties in the estimates of the damages from climate change 
and the costs of mitigation are so large that the recommendations for delay implied by integrated 
assessments cannot easily be defended, but no alternative prescriptive analyses have been available 
for policy making.

The wedges work provides an alternative perspective, which assumes that early action is desired 
and asks: “What does that action look like?” An answer to that question, we assert, is indispensable 
before any judgment can be made about the merits of early action. The less arduous early action is 
found to be, the more credible it becomes that early action is warranted. 

The second barrier has been a point of view, widely held as recently as two years ago, that no 
technologies are available to mitigate climate change. Those institutionally opposed to early action 
have claimed that the only appropriate response to the challenge of climate change is an increased 
research effort to develop entirely new mitigation options. Supporters of this point of view cite 
refereed papers that observe that the magnitude of necessary mitigation exceeds the capability of 
any single mitigation strategy, brought to bear on its own. This is an unfortunate misreading of these 
papers. These papers are entirely consistent with a view of mitigation as a set of parallel campaigns 
to develop mitigation technologies, each of which does only part of the job.

The wedges paper deals with only the next 50 years, which we assert is the longest credible time 
interval for concrete thinking about the climate problem by private-sector and public-sector decision-
makers. The paper introduces: 1) the “stabilization triangle” to approximate the magnitude of the 
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job of mitigation, and 2) the “stabilization wedge,” as a new physical unit with which to measure 
the magnitude of individual contributions to mitigation. The wedges analysis could have led to 
discouragement, inasmuch as every individual wedge is a daunting amount of activity. Instead, it 
elicited positive thinking and specificity in emergent discussions of early action, by providing strong 
evidence that climate change mitigation is feasible, even if terribly difficult.

The success of the wedges model creates four lines of further development for the next five years: 

1. We will investigate more deeply the “business as usual” CO2 emissions scenarios that provide the 
point of reference for determining the magnitude of the task of stabilizing the CO2 concentration 
of the atmosphere.

2. For several specific wedge strategies, we will help formulate policies bearing on early deployment 
and seek to clarify issues of scale-up threatening to impede very widespread deployment. 

3. We will help develop criteria for comparisons across wedge strategies.

4. We will enlarge the wedge analysis, at a similar level of generality, to take into account other 
objectives of a transformed energy system, notably issues related to “energy security.”

Scenarios of business-as-usual CO2 emissions
One particularly important issue is the question of “virtual wedges,” that is, CO2 emissions reductions 
that occur even without climate policy. To what extent can virtual and real wedges be uncoupled 
(because what happens in response to explicit carbon policy is qualitatively different from what 
happens without carbon policy)? The deployment of technologies for CO2 capture and storage from 
fossil fuels (CCS) and bio-sequestration in soils and forests requires deliberate carbon policy, but the 
deployment of other wedge technologies may not. To what extent will decarbonization take the form 
of “more of the same,” an intensification of trends nearly certain to occur anyway?

With visiting economist, Richard Tol, we are exploring business-as-usual scenarios by asking how 
the energy system evolved in the past. We are reconstructing U.S. carbon emissions since 1850 
to estimate the virtual wedges that have already appeared. Over the past 150 years, trends in CO2 
emissions have been dominated by changes in the fuel mix: during industrialization, renewables 
were replaced with coal, but later on, coal lost its dominant position to cleaner oil, natural gas and 
nuclear power. Over the last 30 years, the growth in the energy-extensive service sector is the main 
reason that CO2 emissions have grown relatively slowly, at about the same pace as the population. 

We will develop simple yet process-based models that are capable of reproducing the last 150 years. 
In collaboration with Tol and Klaus Keller, we will be using data assimilation methods to calibrate 
these models. This will provide a sound statistical basis for building probabilistic scenarios of future 
energy use and carbon dioxide emissions.
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Individual wedge strategies: Policies to enable early  
deployment and issues of scale-up 
The wedge strategies introduce three broad categories of new technology:

- Efficiency technologies for buildings, vehicles, and industry.

- Non-carbon primary energy (renewable and nuclear energy, in several forms) that can 
significantly supplement the fossil fuel system.

- Advanced conversion technologies that produce electricity and fuels cleanly from coal, 
natural gas, and biomass, with CO2 capture and storage (CCS).

The penetration of these technologies into the world’s economies will be accelerated by well crafted 
regulations, incentives for innovation, subsidies for the poor, and programs of research development, 
and diffusion. An unprecedented level of creativity in synthesizing policy analysis, technology 
assessment, and environmental insight will be required. We intend to contribute selectively to this 
effort. 

We will seek collaborators to work on energy efficiency in buildings. The end-use perspective has 
become less prominent in energy discussions than two decades ago. Rarely is it mentioned in today’s 
energy discussions that, for example, 70% of U.S. electricity is consumed in buildings and 70% of U.S. 
petroleum is consumed in vehicles. Buildings are coal field and vehicles are oil fields. We will build 
on our wedges work to emphasize the larger systems boundary that contains the energy consumer 
as well as the energy producer.

We will join with Princeton colleagues in the Program in Science and Global Security, collaborators 
for three decades, in investigating the implications of a possible resurgence of nuclear power for the 
proliferation of nuclear weapons. We will explore whether an international regime can emerge that 
is matched to the weapons implications of one or more wedges of civilian nuclear power.

We will continue to put in context the large fraction of past and future CMI effort on precombustion 
capture of CO2 from solid fuels (coal, petcoke, and biomass) and its geological storage. The size of 
the CCS opportunity (Is one wedge available? Two? Three?) will be clarified by work in the Capture 
Group on low-rank coals and in the Storage Group on leakage. 

Our work has called attention to the likelihood that the fraction of primary energy directed to 
electric power will increase more quickly in a world that is constraining its carbon emissions than 
in a world that is not. This is because there are fewer attractive ways to decarbonize fuels than 
power. Accordingly, carbon constraints may elicit the substitution of heat pumps for furnaces and 
boilers in buildings and plug-in hybrids for self-contained hybrids in vehicles – in both cases, tied to 
decarbonized power. We will investigate whether this is a trend that can become significant.

A continuing theme of our work is the identification of ways to circumvent potential constraints on 
large-scale deployment of wedge technologies arising from environmental and social impacts that 
grow more severe at large scale. The land constraints of biofuels, the intermittency of renewables, the 
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below-ground capacity for CO2 storage, and the availability of natural gas are all examples of such 
potential constraints. 

All of these single-wedge issues must be considered in specific geographical contexts. After the U.S., 
our greatest interest is in understanding wedge strategies for China and India, with attention to the 
potential for ‘leapfrogging.” In both countries we will be joining forces with comparably modest 
projects at Harvard. In China, we are building on a long-term research collaboration with Tsinghua 
University on clean coal and CCS; we will be extending this effort with the help of students and 
faculty of Princeton’s Woodrow Wilson School. In India, we are beginning a project on the future of 
coal, based initially on a single post-doctoral fellow here and colleagues in Bangalore and Bombay 
with whom we have worked in the past. We will certainly be involved elsewhere in the world as well; 
we are currently seeking to develop new collaborations on carbon mitigation with researchers based 
in the Middle East. 

Criteria for comparisons across wedge strategies
Over the next several years we will continue to develop criteria to compare and rank wedge strategies. 
We must first of all respond to the demand from policy makers to develop insights into today’s 
relative costs. One way to weigh costs at a given time is to ask which choices are impacted first, 
as a price on CO2 emissions rises. As a rule, choices upstream in the energy system are impacted 
before choices downstream. This is because overheads (transaction costs) accumulate as energy 
moves downstream, resulting in the same emissions price becoming a smaller percentage of total 
cost the further downstream one goes. Thus, a “tax” of $100 per ton of carbon triples the price of 
coal delivered to a power plant while adding only 25 cents per gallon to the price of gasoline. Hence, 
wedges of upstream technology are more likely to be elicited by single-price carbon markets than 
wedges of downstream technology. 

Additional criteria emerge when one considers how costs are likely to change over time, especially 
how costs are likely to change as a result of increasing levels of deployment. Work in collaboration 
with Klaus Keller will seek to establish the relative importance, across wedge strategies, of two 
countervailing factors: 1) cost savings from “learning by doing,” and 2) decreasing returns to scale 
as lowest cost opportunities are deployed. 

As emphasized by CMI Advisory Committee member David Hawkins, another criterion can be 
derived by considering the “future commitments to emissions” inherent in current investments. A 
new coal power plant, for example, could emit CO2 into the atmosphere for 60 years or more. A new 
uninsulated apartment building could produce avoidable CO2 emissions associated with heating 
and cooling for more than a century. This perspective gives priority to wedge strategies that will 
head off the most durable carbon-oblivious investments. A detailed analysis down this road requires 
understanding the costs of retrofits at a later time. We intend to explore the potential of an extension 
of conventional carbon accounting to “double-column” carbon accounting, the usual column for 
annual carbon emissions supplemented by a second for annual carbon commitments. Our current 
judgment is that we should help launch such accounting. 
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Formulations that treat simultaneously carbon mitigation and other objectives 
In addition to reducing the risk of dangerous interference with the climate system, five other 
challenges loom, as the world’s energy system evolves over the next few decades: 

- Removing the specter of dangerous confrontations over oil and gas reserves.

- Avoiding spiraling costs for energy, and price volatility, which can seriously inhibit economic 
growth.

- Decoupling air pollution and fossil fuel use.

- Decoupling nuclear weapons proliferation from nuclear power.

- Providing access to modern energy carriers, including clean cooking fuels and electric power, 
for the poorest rural and urban households.

As described throughout this document, our program will engage with all five, but probably most 
of all with the first. We are determined to develop a deeper understanding of the interaction of 
global energy security concerns with global climate concerns. To this end, we are building a joint 
research program with Princeton’s Program on Near East Studies, focusing on petroleum. Areas 
of attention include resource availability, local decision-making about resource extraction, and the 
potential of CCS technologies to expand local resources. We are also focusing new research on two 
areas of interaction of oil and carbon: 1) the challenge of liquids from coal (likely to be elicited by 
high-priced oil but a step in the wrong direction from the perspective of climate mitigation unless 
accompanied by CCS), and 2) the increased market pull on CCS from enhanced oil recovery when 
the price of oil rises. 

Assessing the design of climate observation systems
Funded by the National Science Foundation as well as CMI, Klaus Keller is analyzing designs of 
scientific observation systems that could provide actionable early warning signs of potential climate 
threshold responses. One such threshold response involves a collapse of the North Atlantic meridional 
overturning circulation (MOC), the “ocean conveyor belt” that transports heat from low latitudes to 
the North Atlantic basin and the surrounding regions. The MOC has collapsed in the past, causing 
widespread and sudden climatic changes. Model simulations suggest that anthropogenic greenhouse 
gas emissions may trigger an MOC collapse in the future.  These model predictions, however, are 
deeply uncertain. 

The project has already shown that a continuation of the currently implemented and well-tested 
observation strategy, based on relatively infrequent and uncertain observations, is likely to fail at 
the task of early detection; confident detection of potential MOC changes might occur only after the 
threshold has been triggered. A feasible system with more frequent and less uncertain observations 
could deliver an early, confident, and reliable detection of anthropogenic MOC changes. 

The analysis by Keller and colleagues suggests that reducing the odds of an MOC collapse (e.g., down 
to 1 in 10) would require a considerable decarbonization of the world’s economy on a timescale of 
decades. Reducing the current uncertainty (for example through investing in an ocean observation 
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system) can provide considerable net economic benefits, as it enables the design of more focused 
risk management strategies. This approach quantifies the net economic benefits of investing in 
uncertainty reduction.

Predicting impacts and improving decision-making
A parallel research program led by Michael Oppenheimer will focus on environmental impacts of 
climate change, links between air pollution and global warming, and the problem of time-frames in 
decision-making.

Using impacts of climate change as guides for policy 
We will continue efforts to understand the future of earth’s major ice sheets.  Oppenheimer and his 
students are using the GFDL ocean model to develop an improved model for the ocean-ice sheet 
interaction.  This work may be the first step in development of a full ice sheet component for the 
Earth System Model.  Oppenheimer will continue his work on synthesizing paleoclimatic data and 
model studies to forge a means to use ice sheet projections as a basis for implementation of Article 
2 of the UNFCCC, and the definition of “dangerous anthropogenic interference” with the climate 
system.  Collaborating with Brian O’Neill of IIASA, he is exploring scenarios for future greenhouse 
gas emissions in the context of constraints that preserve the ice sheets.

The links between air pollution and global warming
Oppenheimer’s group will analyze air pollution in India, with the aim of assessing policy approaches 
that reduce growth in fossil fuel dependence and biomass burning. They will develop an emissions 
data base and use it to develop a model for airborne concentrations in India and to investigate 
appropriate response policies.  The work will be conducted in collaboration with scientists in India.

The problem of time scales
A key issue in climate change decision theory is: how to deal with the long timescale for scientific 
learning in the context of the short timescale for decison making on irreversible problems.  Often 
our reckoning of the distribution of outcomes changes over decadal timescales, with the direction 
of learning shifting sharply over time. For example, the West Antarctic ice sheet was thought to 
be unstable for almost twenty years beginning in 1968.  Then improved models caused a marked 
turn in the field toward expectation of stability. Now, with extensive observations of ice motion in 
response to warming, the “delivered wisdom” has shifted once again.  Such erratic behavior for the 
trajectory of learning has been seen for other problems of global change, including ozone depletion, 
population projections, and energy projection.  The possibility of “negative learning” presents a 
profound difficulty for decision makers.  This project will attempt to incorporate a wider concept of 
learning into decision models to explore avenues for improving the decision-making process in a 
world where scientific understanding is occasionally unstable.  Collaborators include Mort Webster 
of University of North Carolina, Brian O’Neill of IIASA and Klaus Keller.
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