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Introduction
Following on our three-year review last November, Year Four of the Carbon Mitigation Initiative has been a 
period of growth and refocusing. The research groups of CMI have continued exploring their core subjects, 
but have also added new research directions:

The Carbon Capture Group has gained a new emphasis on hybrid fossil-fuel renewable strategies. Biomass 
paired with coal and wind paired with natural gas are two strategies currently being examined to decrease 
emissions while exploiting the advantages of fossil fuels.

In the Carbon Storage Group, the research focus has sharpened. 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.

The Carbon Science Group this year 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.

The Carbon Policy Group and Integration Activity have now been merged into a single Integration Group. 
The group is pursuing policy “scouts” and working to synthesize and disseminate CMI research results 
particularly the popular concept of “stabilization wedges.”

This report describes research progress made this year by all four groups, and also broadly outlines future 
plans. However, this year’s Annual Meeting in January, 2005, is designed to provide input to the planning 
process and help shape CMI’s coming research efforts. 
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Carbon Capture
The goal of the capture group is to assess the feasibility and potential technology costs of bringing about a low-carbon energy 
economy.

Fossil-Fuel Based Strategies for Electricity, Hydrogen, and Liquid 
Fuel Production

Coal vs. natural gas competition in electricity and hydrogen production
Because natural gas produces only about half the CO2 emissions of coal in electricity or hydrogen production, 
displacing coal capacity with natural gas combined cycle plants is a cost-competitive way of reducing carbon 
emissions by about 50%. A competing strategy for cutting CO2 emissions is equipping coal-based plants 
with carbon capture and storage (CCS) technology, an approach which would decrease emissions by roughly 
90%.

Tom Kreutz and Bob Williams carried out an economic analysis of these two strategies this year to determine 
what size carbon tax would make coal with CCS competitive with natural gas with venting for both electricity 
and H2 production. The authors found that the breakeven carbon tax was much lower for hydrogen than for 
electricity production, since much of the hardware needed for carbon capture already exists in hydrogen plants. 
For hydrogen production, a tax of 30-40 $/tonne carbon was sufficient to make coal with CCS competitive (at 
natural gas prices greater than $3.5/GJ). For electricity production, a carbon tax of about $90/tonne would 
be required. This cost of avoided CO2 emissions is significantly smaller than that estimated for a natural gas 
combined cycle plant with CCS.

Small-scale vs. large-scale hydrogen production
In a related project, Tom Kreutz and Joan Ogden (now at UC Davis, formerly of CMI) are analyzing the 
economic competition between two routes toward the “hydrogen economy.” One scheme, small-scale steam 
reforming of natural gas, would produce hydrogen at many decentralized stations, avoiding the large costs 
associated with transporting H2. A large drawback of this scheme is that carbon capture and storage are 
unlikely to implemented on such a small scale, so this transitional technology would provide no reduction in 
carbon emissions.

Alternatively, “slipstreams” of hydrogen fuel could be produced at large hydrogen-powered central power 
plants where CCS is economical, then provided to nearby concentrations of hydrogen vehicles. The researchers 
are currently comparing the cost of building many stations in the small-scale strategy with the cost of fuel 
distribution in the large-scale strategy to see if there is an economical way to implement CCS-based slipstream 
hydrogen.

Coal – DME Clean Fuels Initiative 
Solid fuels are used extensively for cooking in the developing world, but the negative health impacts of indoor 
biomass and coal burning are well-documented. Cleaner cooking fuels would therefore be a boon to billions 
of people around the world, but production of propane and butane, the most common clean-fuel alternatives, 
is small relative to the potential demand. Natural gas is another alternative clean fuel, but is only practical for 
urban use due to the expense of either building pipelines or refrigerated transport of liquefied natural gas. 

CMI researchers Eric Larson and Huiyan Yang have calculated that, in China, dimethyl ether (DME) made 
from coal could provide a cost-competitive alternative to imported LPG, especially when oil prices are high. 
If co-produced electricity can be exported to the grid, Larson and Yang estimate that domestically produced 
DME would be competitive at $30/barrel in coastal areas and $20-26/barrel in inland areas (due to the added 
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cost of LPG transport). Compared to providing the same amount of electricity and cooking services from a 
stand-alone coal power plant and direct coal combustion in stoves, the domestic DME would reduce total 
coal use by 25%.

Public instruments to foster IGCC
The Capture Group is also focusing on public instruments to facilitate construction of integrated gasification 
combined-cycle (IGCC) plants in the U.S. in the next decade. Promoting IGCC construction is important for 
future carbon mitigation because carbon capture in IGCC plants is estimated to be half as costly as for coal 
steam-electric plants. 

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. 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. The 
Capture Group is now exploring how the 3 PC scheme might be extended to the first few IGCC plants that 
also involve CO2 capture, along with possible additional incentives for CO2 storage in these early plants.

Biomass-Based Strategies for Electricity and Liquid Fuels Production
Large-Scale Biomass Solutions 
The Capture Group’s Eric Larson is 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” project, researchers from ten U.S. institutions are analyzing the economics and 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. 

Larson’s work on fuels made from biomass via gasification (e.g., Fischer-Tropsch diesel and gasoline) indicates 
that if built at large scales (5000 tons of plantation-grown biomass per day), such plants have the potential 
to be competitive with petroleum fuels made from $50/barrel oil, even without considering the costs of the 
much greater carbon emissions associated with the petroleum fuels.

Figure 1. Eric Larson with a biomass gasifier in the village 
of Hechengli, Jilin Province, China
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Pulp Mill Biorefineries 
Another area of biomass research has centered on the pulp and paper industry. Currently, black liquor, the 
lignin-rich byproduct of kraft pulp-making, is burned in boilers to provide steam and power for the pulp 
mill. Previous work by Eric Larson and colleagues had shown that gasification of black liquor could be 
used to economically provide electricity and heat for a mill much more efficiently and cleanly than today’s 
technologies. 

This year Larson received a DOE grant to study the technology and economics of pulp mill biorefineries 
that might gasify black liquor and logging residues to supply energy for mill operations and export liquid 
fuels and/or electricity. Energy contained in black liquor and logging residues used in the industry today 
total about 1.5 Quads, equivalent to more than 1 % of U.S. primary energy supply. In addition to reducing 
industry emissions, economical biorefining with electricity export would both cut costs and give the U.S. 
paper industry a new source of income, enhancing its competitiveness in the world marketplace. 

Hybrid Fossil-Biomass Options for Electricity and Fuels 
Liquid Fuels from Coal and Biomass with Low GHG Emissions 
The car accounts for 12% of GHG emissions and is the major oil consumer—requiring the equivalent of most 
Persian Gulf oil. Climate and oil supply concerns make it likely that low GHG-emitting fuels from secure 
primary energy sources will be needed for cars and other transport uses. Although introducing hydrogen 
(H2) could accomplish this, the hydrogen economy is a long way off. The Capture Group is exploring a way to 
get much more quickly the climate benefits of H2 without abandoning liquid fuels. It involves making liquid 
fuels from coal and biomass with CO2 capture and storage (CCS) in both instances. 

Interest in coal synfuels stems from coal’s abundance and low cost, but GHG emissions are much higher than 
for crude oil-derived hydrocarbon (HC) fuels. However, in making a synfuel from coal, only about 40% of 
the carbon ends up in the fuel. Most of the rest can be captured as CO2 and stored—thereby reducing GHG 
emissions to levels slightly less than for today’s HC fuels. 

Eric Larson has been exploring production of liquid fuels and electricity from biomass via gasification (see 
previous section). Bob Williams is extending Larson’s work to include CCS and to show how a global system 
of making synfuels from coal and biomass with CCS might be designed with near-zero GHG emissions at 
attractive costs, while greatly reducing land requirements. 

In gasification-based systems ½ of the carbon in the biomass can be captured and stored when only a liquid 
fuel is produced and ¾ can be captured and stored with the coproduction of liquid fuel and electricity. Because 
the carbon in biomass is pulled from the atmosphere via photosynthesis, CCS for biomass implies negative 
CO2 emissions that “make room in the atmosphere” for CO2 released when coal-derived synfuels are burned, 
thereby reducing net emissions to near zero.

Williams has shown that a system might be designed to provide clean liquid fuel from coal and biomass with 
the same fuel cycle GHG emission rate as for H2 derived from coal with CCS, with 1/3 less land than would 
be required with conventional biofuels. But without valuing CO2 emissions, CCS makes economic sense for 
neither coal nor biomass. At zero carbon price, an oil price of $80 a barrel is needed to make biofuel with 
CCS cost-competitive. But at $100/tC the price needed to make profitable CCS for coal gasification combined 
cycle power plants with today’s technology (equivalent to a $0.30 a gallon gasoline tax), the breakeven oil 
price is less than $10 a barrel. Williams estimates that at such a carbon price, a clean liquid fuel with ultra-low 
GHG emissions could be made from biomass plus coal at an average plant-gate cost of $1 a gallon of gasoline 
equivalent and a breakeven crude oil price under $30 a barrel. 
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A previous study showed that energy crops would be produced on an area equal to 12% of US cropland 
(4.5% of total area in farms) if there were a market for biomass produced at today’s costs. With this land 
conventional biofuels could support 20% of U.S. cars with reduced GHG emissions equal to 25-30% of current 
car emissions. But with the biomass/coal CCS strategy (assuming the liquid fuels are used in fuel-efficient 
hybrid-electric cars to replace today’s gasoline cars and the power displaces today’s coal steam-electric power), 
65% of cars could be supported with the same land while reducing emissions by an amount equal to that for 
all cars.

No technological breakthroughs are required to implement this strategy – the gasification and capture 
components are already proven. The largest technical uncertainty is whether CO2 storage is viable at “gigascale.” 
The scenario described would require CO2 storage at a rate of 260 MtC/y (equivalent to 17% of U.S. CO2 
emissions) and would not be pursued without a climate policy that gives the incentive needed to promote 
CCS.

Wind CAES
Wind power has the potential to generate large amounts of electricity, but the intermittent nature of wind 
limits the contribution it can make to meeting energy demands. Jeff Greenblatt and colleagues have been 
comparing two strategies for ameliorating the intemittency problem by transforming wind into a baseload 
power source: dedicated backup using natural gas plants, and storage of wind electricity using compressed 
air energy storage (CAES). In CAES, excess wind power is used to compress air and store it in underground 
caverns. During times of low wind, air is withdrawn and heated with fuel (usually 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 study has found that wind’s intermittency can be overcome using either strategy, though at a 
price premium. The group’s general methodology enables cost comparisons to be made under a variety of 
physical and market conditions. They have discovered, for instance, that with a price on carbon dioxide 
emissions, wind in combination with one of these backup strategies become increasingly attractive relative 

Figure 2. Carbon contents of fuels produced from both fossil sources and biomass, with and 
without carbon capture and storage. Combining about ¾ coal synfuel (here DME) produced with 
CCS with roughly ¼ CCS biofuel (DME) gives fuel-cycle emissions comparable to hydrogen 
produced from coal with CCS.
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to conventional generation, such as baseload combined cycle natural gas. Increasing natural gas cost and/or 
decreasing wind turbine cost further strengthens the competitiveness of baseload wind power.

Combustion of Alternative Fuels
Hydrogen and Hydrogen/Hydrocarbon Mixtures
Chung Law and colleagues are carrying out simulations and experiments to find solutions for hydrogen 
combustion and safety problems. The team has previously shown that mixing propane with hydrogen 
decreases the reaction intensity of combustion based on pure hydrogen, which in turn would imply that 
use of these mixtures could reduce the need for supercharging required in an engine, as well as reduce the 
tendencies for the detrimental events of knock and pre-ignition. 

This year, the group carried out both experimental and theoretical investigations of the onset of flame 
wrinkling in mixtures of hydrogen and propane in air, which is directly related to the burning intensities of 
the flames. In the lab, the team measured and mapped out critical conditions for the onset of instability over a 
range of pressures and mixture compositions. For comparison, a new analytical model was developed to apply 
asymptotic theory to instability development on flames in hydrogen/propane mixtures. Values of the critical 
flame size at the onset of flame wrinkling predicted by the model were shown to compare favorably with the 
experimentally measured values, allowing quick prediction of stable and unstable flame regimes.

On another front, the team carried out numerical simulations of the dynamics of flame cell evolution to 
investigate discrepancies between observed and predicted combustion properties. The results show that 
for lean hydrogen/air flames, the interaction between hydrodynamic and diffusional-thermal instabilities 
causes distinct evolutions of cell splitting, merging, growth, local extinction, and lateral motion. These 
elemental processes can dramatically increase the burning rate and cause fluctuations of the flow and species 
concentrations through increases in the flame surface area. At the same time, the interaction reduces the 
combustion efficiency through local reactant leakage. Thus controlling the extent of hydronamic instability 
could facilitate the burning rate and improve fuel efficiency. 

Dimethyl Ether (DME)
In a related project, Prof. Yiguang Ju is leading an effort to study the combustion characteristics of dimethyl 
ether, a synthetic liquid fuel, through both laboratory experiments and numerical simulations. In the lab, 
laminar burning velocities of dimethyl ether (DME) and air premixed flames at elevated pressures up to 10 
atm were measured using a spherical bomb. The group’s work shows that flame speed decreases considerably 
with the increase of pressure. In addition, experiments showed that at high pressures the rich DME-air flames 
are strongly affected by the hydrodynamic and thermal-diffusive instabilities. The group is now compiling 
measurements of chemical kinetics for DME-air combustion to improve the accuracy of numerical modeling 
for industrial application. 

The group’s numerical simulations also demonstrate that lean DME-air mixtures are much different from 
mixtures for other large hydrocarbon fuels. They find that the combined effect of radiation and flow stretch 
results in a new flame bifurcation and multiple flame regimes. Experimentally, CO2 dilution in air will lift the 
DME-air flame and significantly reduce soot emissions. The above results provide important fundamental 
data and information for DME combustor design.
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Carbon Storage
The storage group studies the complications involved in geological sequestration of carbon dioxide,  
including the potential for leakage.

Cement Integrity
Laboratory Experiments
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 well data in well-explored areas also offer 
considerable insight into the nature of subsurface strata. However, since oil-producing areas in North 
America can be punctured by 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.

Figure 3. Samples of unreacted H-type cement (left) and cement after 3 
weeks in flow-through reactor at 50ºC and pH 2.4 (right).

Multiple experiments run this year by Andrew Duguid reveal that cements commonly used for sealing oil 
and gas wells react quickly with CO2-rich fluids. In one experiment, rods of H-class cement were exposed 
to carbonated brines in a flow-through system at temperatures representing 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. In a second experiment, cement samples enclosed within 
porous limestone and sandstone and exposed to brines in batch reactors were not as quickly degraded, but 
permeability in reaction rings formed at the cement/stone interface increased by an order of magnitude in 
one month before leveling off. 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, an 
issue to be addressed by computer simulations of CO2 injection (see discussion below under “Numerical 
simulations of CO2 injection”).

Analysis of Field Samples
The impact of CO2 injection on well integrity also depends on whether cements in existing wells are more or 
less susceptible to attack than those used in the lab. This question is beginning to be answered by cements 
obtained from a 19 year-old well at the Rocky Mountain Oil Testing Center in Wyoming this September. 
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.
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Role of microstructure in cement durability
One key difference that might account for the microstructural differences in lab and field cements is that the 
Wyoming cements were mixed with formation water containing sulfates. The team’s next step is to evaluate 
the importance of this difference by creating new samples for durability testing that mimic the original 
composition of recovered cements. These samples will be sent to a National Energy Technology Laboratory 
(NETL) laboratory in Pittsburgh for high-pressure curing to see if the unique microstructures of the Wyoming 
samples developed early in the cements’ history, or if they are the result of a longer-term process. 

If the complex texture of the well cements can be reproduced, new durability studies will be carried out 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. 
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Figure 4. Cement samples recovered with sidewall 
corer from a 19 year-old oil well at RMOTC in 
Wyoming.

Figure 5. SEM micrograph in 
backscattered mode of a well-
cement sample for Tea Pot 
Dome, from approximately 
2km depth. The microstructure 
is very different and much 
more complex than in lab-
cured cements, with 
predominant ettringite 
(needle like phases in the 
matrix), and some partially 
hydrated cement grains, as 
well as large porosity (black 
areas).

Initial analysis of the samples by Mileva Radonjic has revealed a surprisingly complex microstructure that 
differs greatly from cements made in the lab. Further chemical analysis and strength testing will be carried 
out this winter, and a sample of the material will be exposed to the same carbonated brines used in previous 
experiments to test its durability.
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Numerical simulations
Dynaflow development and simulations
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 agressive by the time they travel through a formation and come into 
contact with cements. To assess fluid compositions at wells, Jean Prevost’s model Dynaflow has been adapted 
this year to include pH. Experiments are now being initiated to simulate brine/cement interactions in the 
batch reactor experiments described above, and to simulate the composition of brines that might contact 
abandoned wells. 

The Dynaflow model is also being used to simulate underground CO2 injection at American Electric Power’s 
Mountaineer site in New Haven, West Virginia. Working with colleagues from Battelle, Jean Prevost and 
Mohammad Piri are gathering information on subsurface conditions to design a simulation of the planned 
injection of CO2 into a saline aquifer.

Improved upscaling in numerical models
Simulating the fate of injected CO2 requires numerical models with large spatial scales, typically with domains 
10 to 50 km across. On this scale, grid cells will necessarily be tens to hundreds of meters in size. Incorporating 
the impacts of multiple leaky wells in this type of simulation is challenging, since well dimensions are so 
much smaller than the gridscale. 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. To get around this problem, standard petroleum reservoir pseudo functions can be used to “upscale” 
properties in coarse-grid models, yielding a single value that accounts for both well and surrounding rock 
matrix in one grid cell.

However, even for a simple system in which a high-permeability well is embedded in a homogeneous rock 
(at the grid scale), use of the standard pseudo function for upscaling can overestimate flow by hundreds of 
percent. Sarah Gasda and Mike Celia have developed a hybrid approach for upscaling, using information on 
well and matrix flow from a fine-grid simulation to correct a standard pseudo function for use in a coarse-grid 
model. The corrected pseudo function dramatically reduces the inflated flow rates produced by the standard 
method, bringing leakage estimates into agreement with fine-grid predictions.

Analytical models
Prediction of plume behavior and leakage
In addition to complex numerical models, the group is also using fast analytical models that are capable of 
quickly estimating leakage rates for hundreds of wells. This year they built on previous work, adding pressure-
dependent density and viscosity to their model of CO2 injection. Mike Celia and colleagues’ study indicates 
that the pressure-dependence can be neglected unless fluids are close to the critical point, so that models with 
constant properties provide reasonable estimates of subsurface injection behavior. They have also developed 
solutions for post-injection plume evolution, and for local upconing of brine around a well that is leaking 
CO2.

The team’s next step is to model a hypothetical injection at a site outside of Edmonton. The site is close to 
several major point sources of CO2 and has hundreds of potentially leaky wells. The storage group researchers 
are working with Stefan Bachu from Alberta Geological Survey to characterize the site, and will simulate a 
hypothetical injection in an area of 400 to perhaps a thousand square kilometers with both the analytical 
model and a coarse-grid simulation with upscaling.
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The analytical model results will be used to develop criteria to assure that leakage will not exceed specified 
target rates. The idea is to use a series of Monte Carlo simulations to develop rating curves that relate overall 
leakage rates to the underlying statistics of the well properties. In this way, regulators can set maximum 
leakage rates, and operators would need to demonstrate compliance with given parametric values such as 
maximum mean permeability for all existing wells within the radius of influence of a proposed injection. 
This approach gives specific targets that need to be demonstrated by operators, and also leads to freedom to 
develop measurement methods to acquire data required to satisfy these criteria.
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Carbon Science
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.

Detecting CO2 Sources and Sinks
Inferring Ocean and Terrestrial Sinks
Understanding the behavior of the natural carbon cycle requires knowing the fluxes of carbon into and out 
of land and ocean sinks. Because the terrestrial biosphere’s behavior is hard to observe directly, researchers 
have turned to both “top-down” and “bottom-up” computer models to infer the size of land-based sources 
and sinks. One “top-down” technique is atmospheric inversion modeling, which takes the distribution of 
CO2 in the atmosphere and back-calculates the location and size of sources and sinks that would produce that 
spatial pattern. 

An aspect of inversion models that has provoked controversy is their relatively small predicted flux of carbon 
to the atmosphere from tropical deforestation. Previous inversion studies have indicated a deforestation flux 
of 1 billion tons of carbon per year, while forward and process models, along with observations, predict a 
source nearly twice as large. 

A new study by Andy Jacobson and colleagues incorporates new data from the ocean’s interior that improves 
estimates of regional ocean fluxes. The new approach yields a larger estimate of the ocean sink than previous 
inversions, with a greater than 70% probability that the flux is greater than 1.5 GtC/yr (versus earlier studies 
that put the flux nearer 1 GtC/yr). To balance the carbon cycle, this larger ocean sink requires a bigger flux 
from tropical and southern land to the atmosphere, consistent with estimates of a larger tropical deforestation 
flux. The new result brings inversion results into agreement with findings from forward and process models, 
and also matches results from ocean models and analysis of atmospheric oxygen data. 

Modelling Terrestrial Sinks
Steve Pacala and colleagues are using another inversion technique to gain more insight into the behavior of 
terrestrial sinks. Forest inventories record the integrated response of a forest to changes in climate-related 
parameters, but to model the future, the response of individual species has to be characterized. The group has 
attacked this problem by gathering new field observations and developing a statistical inversion technique 
to extract growth functions for hundreds of individual species from forest inventories. The new functions 
will be used in a model of the terrestrial carbon cycle to diagnose current sources and sinks when forced 
with today’s conditions, and will be able to predict how hundreds of tree species will respond to changes in 
precipitation and temperature on long timescales.

In addition to the forest inventory data, data on atmospheric composition, satellite observations, and eddy 
flux information will also be incorporated into the analysis. The ultimate goal is a terrestrial carbon observing 
system that will monitor both short and long-timescale changes in the carbon cycle, and provide predictions 
for the future.

Feasibility of determining Northern hemisphere Carbon sinks using atmospheric 
data and transport models 
Another effort carried out by Manuel Gloor and colleagues analyzed the detection problem for the Eurasian 
carbon sources and sinks. This research is assessing 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. The researchers used highly resolving regional 
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atmospheric models and land biosphere fluxes with realistic diurnal cycles to determine the effective signal/to 
noise ratio for a 20% increase of a land biosphere uptake across Eurasia during June 1998. 

Their findings show that over regions with large fossil fuel emissions, a 20% increased biosphere sink in July 
(approx. 1.5 billion tons of carbon per year) cannot be detected, even with hourly afternoon sampling. In 
contrast in the Eastern part of the continent where fossil fuel emissions are smaller, the change can be captured 
with very frequent sampling (between daily to a few days sampling). The results also indicate 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. Gloor and colleagues work suggests that detecting even 
large changes in terrestrial sinks will require frequent high-density sampling in the mixed portion of the 
planetary boundary layer.

Influences on U.S. Ozone Pollution
Changes in Biogenic VOC’s 
The work of Drew Purves and Arlene Fiore investigates the impact of recent changes in both natural and 
anthropogenic precursors on surface ozone smog. Ozone is created by the reaction of volatile organic 
compounds (VOC), which are released by automobiles and industry, with nitrogen oxides (collectively 
known as NOx), which are released during fossil fuel combustion, in the presence of sunlight. Over recent 
decades efforts have been made to reduce anthropogenic VOC and NOx emissions (e.g. via low-VOC fuels, 
catalytic converters, and vapor recovery equipment on gasoline pumps and engine technology), resulting in 
net decreases in VOC, and increases in NOx that were substantially lower than the increase in energy use and 
driver miles. 

The complicating factor is that VOC also have a “natural” source – trees, which swamp anthropogenic VOC 
emissions on the regional scale. All trees emit VOC, but some release higher amounts than others. Purves’ 
work shows that a combination of forest regrowth on abandoned farmland and increases in plantation forests 
in the Eastern US caused rapid increases in biogenic 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 
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Figure 6. Effective signal-to-noise ratio for detection of a 20% increased land sink in June 1998 located in Eurasia. A 
signal to noise value below 1 means the sink cannot be detected at the one sigma significance level even with hourly 
afternoon sampling. The effective signal-to-noise ratio has been calculated with two high-resolution regional transport 
models, HANK and REMO.
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VOC. This result would seem to imply that forest re-growth and plantation forestry cancelled out some or all 
of the ozone improvements achieved via legislative reduction of VOC. 

Figure 7. Estimated decadal change in heatwave emission rate mid-1980s to mid-1990s for isoprene and monoterpenes 
(BVOC), compared with decadal change in anthropogenic VOC emissions. Insets give percentage changes (scale from -
30% to 130% decadal change). Average change in emission rate over all grid cells is given in parentheses above each 
map.

Prediction of Future Ozone Pollution
Fiore is applying chemical transport models to examine the implications of the recent changes in biogenic 
VOC found by Purves. Consistent with prior work over the past decade, the model results show that surface 
ozone over the eastern United States responds most strongly to reported changes in anthropogenic NOx 
emissions from the mid-1980s to the mid-1990s. 

The magnitude and spatial pattern of the ozone response to NOx controls, however, depends strongly upon 
the assumed emissions of isoprene, a highly reactive VOC that is emitted abundantly from forests in the 
eastern United States. 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.

Understanding the ice ages
Our understanding of past climate change is a critical test of our ability to predict the future. In particular, 
ice age cycles have dominated Earth’s climate variation over the last two million years, but the mechanism 
of this variation remains unknown. Perhaps most critical for considerations of future climate, these cimate 
variations were associated with large changes in the atmospheric content of CO2. Danny Sigman, Jorge 
Sarmiento and colleagues are attempting to understand the interaction between CO2 and climate over ice age 
cycles by chemically analyzing the microfossils diatoms from ice age sediments to reconstruct past conditions 
in the ocean.
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Iron fertilization
One long-posed hypothesis for lower CO2 in glacial times is that dry and windy conditions led to greater 
delivery of iron-rich dust to the Southern Ocean, the ocean region surrounding Antarctica, enhancing algal 
growth and thus drawing CO2 into the ocean. The Subantarctic Zone, the more equatorward region of the 
Southern Ocean, is most vulnerable to iron inputs from the winds. Over the last two years, Sigman and 
colleagues have measured nitrogen isotopes in Subantarctic diatoms from the last ice age and found evidence 
of such iron fertilization.

Most recently, after creating a record of a nearly full glacial cycle, however, the team has found that the 
fertilization effect came relatively late in the glacial cycle, suggesting that it only amplified latter stages of 
glacial cooling, rather than actually prompting the ice age. For this and other reasons, Subantarctic iron 
fertilization may represent an important amplifier of glacial CO2 decline and cooling, but it cannot be the 
main driver. The researchers are now looking for samples from other Subantarctic locations to verify this 
finding. 

Polar stratification 
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. The most important 
region to analyze for this effect is the Antarctic Zone, the more polar portion of the Southern Ocean. The 
team’s first efforts with the same diatom methods do indeed suggest Antarctic stratification during the last 
ice age, but the quality of the records prevent this from being a clear conclusion. 

The Subarctic North Pacific and Bering Sea have proven to be a better testing ground for the hypothesis of 
polar ocean stratification during ice ages because of more conducive sediment records. The team’s recent 
activities in this region have provided startlingly strong support for the hypothesis. Taking into account 
the different forms of evidence for polar ocean stratification under cold climates, Sigman, in a 2004 Letter 
to Nature, provided a first skeleton argument for the physical processes that may be responsible. Sigman is 
currently investigating this subject using a numerical ocean model, in collaboration with scientists at the 
NOAA Geophysical Fluid Dynamics Laboratory on campus.

Impact of nutrient depletion on atmospheric CO2
Jorge Sarmiento’s group is using models to assess the ocean’s response to surface nutrient depletion in the 
southern ocean that might occur in response to iron fertilization. The Southern Ocean is thought to be the 
greatest sink of anthropogenic carbon at the present time and the most likely candidate for iron fertilization. 
However, the group’s work shows that changes in nutrients in different parts of the Southern Ocean would 
have dramatically different effects on atmospheric CO2.

The team’s modeling results support the existence of two separate overturning circulations in the ocean (Figure 
8). One “loop” is similar to the well-known “ocean conveyor belt” – cold water sinks in the north Atlantic, 
travels south as deep water toward Antarctica, and is upwelled north of the polar front in the subantarctic 
zone of the Southern ocean before returning northward to complete the loop. This “productive” circulation 
brings nutrient-rich water to low-latitudes, fueling low-latitude productivity. In the second “unproductive” 
loop, deep water formed south of the polar front in the Antarctic zone sinks to the deepest part of the ocean 
but is later upwelled again in the Antarctic zone. 
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Irina Marinov and colleagues find that nutrient depletion in the Subantarctic zone would have a relatively small 
impact on atmospheric CO2 levels, and lead to a dramatic reduction of low latitude biological productivity. 
In contrast, 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 of CO2, and that past large changes in atmospheric 
CO2 were likely linked to Antarctic processes.

Observation of atmospheric gases
Deployment of autosamplers
Michael Bender’s lab measures the O2/N2 ration of air. This measurement 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. This year Bender’s group has installed three automatic samplers that collect air at Samoa, Barrow, 
and Sable Island (in the Northwest Atlantic) for measurement of oxygen-nitrogen ratios. The autosamplers 
are expected to improve the reproducibility of O2/N2 measurements, thus giving more precise information 
about carbon cycle variability The Samoa and Barrow stations are operational and sending samples back to 
the lab and the sampler at Sable Island should be up and running soon.

During the coming year, Bender’s group plans to install another autosampler on MacQuarie Island, about 
halfway between Tasmania and Antarctica. The samples collected from MacQuarie will be compared with 
data from 3 other stations in the region – Cape Grim, Syowa, and Amsterdam Island – to see if the samples 
reflect regional or hemispheric variations in productivity.

Measurement of Oxygen, Argon and Nitrogen 
Also this year, Jan Kaiser has developed a new device to measure oxygen and argon supersaturation in ocean 
surface waters to monitor biological productivity in ocean surface waters. The supersaturation of oxygen in 
seawater is a function of both biological activity and bubble entrainment due to waves breaking at the ocean’s 
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Figure 8.  Two separate overturning circulations in the ocean  (after Toggweiler).  The northern loop approximates 
the “conveyor belt” circulation, and the southern loop upwells only in the Antarctic zone of the Southern Ocean.
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surface. Subtracting argon supersaturation, which is only affected by bubbles, from oxygen supersaturation 
thus allows calculation of the net organic matter production in the region of the ocean sampled. 

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 new device is allowing Kaiser to make high resolution measurements of the variability of 
marine biological activity in space and time. The team is now analyzing data from two equatorial cruises, and 
plans to sample the Southern Ocean in the coming year.

In a related project, Nicolas Cassar is working 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 has now been improved, 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.

O2/N2 measurements and Ocean CO2 uptake
The Bender team is also examining interannual variability in CO2 uptake by the ocean and land biosphere. 
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. 

However, it is possible that the oxygen variations actually reflect yearly air-sea transfers in O2 that are not 
linked to variations in carbon dioxide uptake. It is also possible that some of the variability is an artifact of 
experimental uncertainties. Bender’s group is undertaking a detailed comparison of O2/N2 records with those 
of Ralph Keeling (Scripps Instition of Oceanography) to identify analytical errors in the records. The will then 
analyze variations in terms of oceanic processes that both link and separate O2 and CO2 fluxes.

Simulation of Atmosphere-Ocean Fluxes
Sources of air-sea CO2 flux variability
To make predictions on the behavior of carbon pools under a changing climate, it is important to understand 
the interannual variability of air-sea and air-land vegetation carbon fluxes. One issue of recent debate is 
the role played by the North Atlantic Ocean. Predictions of ocean biosphere models imbedded in ocean 
circulation models suggest that North Atlantic variability is 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 obtained flux estimates that agreed significantly 
better with ocean process model predictions than the prior inversion study. In particular, the comparison 
showed that for 1983-1998, both inversion results and biogeochemical models place the primary source of 
global CO2 air-sea flux variability in the Pacific Ocean. 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. The study therefore also suggests that 
extrapolation of partial pressure difference from one station to entire ocean regions is likely not permissible.

Constraining ocean circulation with atmospheric oxygen
In two parallel studies, Science group researchers presented and analyzed spatial gradients in atmospheric 
oxygen concentrations that reflect ocean carbon fluxes and atmospheric circulation. The results demonstrate 
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the existence of an atmospheric signature, derived from ocean-atmosphere exchange of O2 and CO2, predicted 
for years by modeling studies.

These modeling studies 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. It was thus unclear if 
the prediction of a large APO signal merely reflected deficiencies in ocean models, perhaps due to unrealistic 
upwelling rates in the tropics.

In a new analysis by Manuel Gloor and colleagues, recent O2/N2 data of Y. Tohjima (NIES, Japan) were 
compared with predictions of atmospheric APO based on ocean interior data. Excellent agreement between 
the new data and the model result confirms the APO bulge predicted in simulations, and demonstrates that 
equatorial upwelling predicted by the ocean models is realistic. 

In the parallel study, Michael Bender and colleagues present new O2/N2 and CO2 data from equatorial samples 
collected on the NOAA research vessel Ka’imimoana. They determine meridional gradients from pole to pole 
by comparing these data with results from the global sampling programs at Princeton and Scripps (lab of R. 
F. Keeling). The results again show good agreement with predictions based on ocean carbon cycle models and 
atmospheric circulation models..

Modeling Ocean Biology and Chemistry
High-latitude control of nutrient distributions
The classical explanation for the observed nutrient distribution of the ocean in the low latitudes is that the 
downward flux of biogenic material from the surface of the ocean is balanced by upwelling of dissolved 
inorganic nutrients driven by vertical mixing in the main thermocline.  However, estimates of the magnitude 
of vertical mixing in the main thermocline are about an order of magnitude too small to explain the vertical 
profiles of tracers within this feature, suggesting that a more likely return path for the deep water to the 
surface is in the Southern Ocean.

To assess the importance of nutrient export from the Southern Ocean for global ocean productivity, Jorge 
Sarmiento and colleagues carried out a simulation in which nutrients in the surface ocean were depleted south 
of 30ºS.  They find that nutrient export from the Southern Ocean via Subantarctic Mode Water (SAMW) is 
responsible for about three quarters of biological productivity north of 30ºS, giving the processes that control 
the properties and export of SAMW a central role in controlling low-latitude productivity.  

An exception to this SAMW nutrient domination is the North Pacific Ocean.  The team’s results show that 
enhanced vertical mixing in the northwest corner of the Pacific Ocean, perhaps driven by tides, is crucial 
to low-latitude productivity in the north and equatorial Pacific.  Since models consistently underpredict 
productivity in the North Pacific, the findings suggest that circulation in the North Pacific deserves closer 
scrutiny.

Model Intercomparison
Three-dimensional ocean general circulation models (OGCMs) of the carbon cycle are the primary tools used 
to characterize the ocean’s response to increasing atmospheric CO2 concentration, but how well they perform 
relative to each other has been difficult to assess.  A primary reason is the absence of quantitative measures of 
model “skill” and common simulation protocols.  
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As part of the Ocean Carbon Cycle Intercomparison Project, Jorge Sarmiento, Katsumi Matsumoto and 
colleagues used radiocarbon and chlorofluorocarbon-11 data from the World Ocean Circulation Experiment 
to assess a suite of 19 ocean carbon cycle models run with a common protocol. The researchers found that 
only a quarter of the suite adequately reproduced the global radiocarbon distribution and CFC inventories 
inside and outside the Southern Ocean. 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.

Model Development
Dynamic Global Land Model
Members of Steve Pacala’s laboratory in collaboration with GFDL and USGS scientists have developed a new 
dynamic global land model, LM3.  LM3 simulates the dynamics of vegetation and soil carbon pools, the state 
of 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 model is designed to operate across the range of configurations from a stand-alone dynamic global 
vegetation model (DGVM) that is forced by prescribed climatic and soil data to a completely interactive 
component of a coupled Earth System Model that also includes general circulation models of the atmosphere 
and oceans with interactive biogeochemical cycles.  When run as a stand-alone component, LM3 predicts the 
development and the state of global biosphere from the state of atmosphere (climate and CO2 concentration) 
and soil type.  When coupled to an atmospheric model, LM3 also represents atmosphere-biosphere interactions 
by simulating the biophysical and biogeochemical feedbacks on the climate state.

Coupled Density-Coordinate Ocean Model
Another collaboration with GFDL led by Brian Arbic has made a density-coordinate ocean model more 
compatible with other models.  A new grid has been developed for the Hallberg Isopycnal Model (HIM), and 
HIM has been converted from C code to Fortran code.  This second development has allowed the HIM model 
to be coupled to GFDL’s ice and atmospheric models.  New simulations with the coupled models will include 
perturbation anthropogenic carbon and chlorofluorocarbons, and in the future experiments will be run to 
assess the impact of physically motivated mixing schemes, driven by both wind and tidal energy inputs, on 
the oceanic general circulation and associated tracers.
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Integration
The former policy and integration groups have been merged into a single group that explores economic and political aspects of 
carbon mitigation and synthesizes CMI research. 

Impacts of Overshooting CO2 concentration targets
This year, Michael Oppenheimer co-authored a study on the impacts on climate and ecosystems of overshooting 
CO2 concentration targets.  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.  

Figure 9. Global average temperature change, 2000–2300, for slow 
change (SC), rapid change (RC) and overshoot (OS) pathways to 
500 (Top), 600 (Middle), and 700 (Bottom) ppm equivalent CO

2
, 

assuming a climate sensitivity of 2.5°C. 

All three approaches to the same CO2 
target produce the same ultimate 
temperature change, but the 
authors found that overshooting the 
stabilization target causes significant 
additional warming in the short-
term (Figure 9).  Overshooting the 
desired CO2 concentration by 100 
ppm caused temporary increases 
in global average temperature 
of up to 1.2ºC above those seen 
in the other scenarios in 2100, 
and up to 0.6ºC higher than the 
predicted stabilization temperature.  
The results suggest 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.  They also 
showed that the differences in the rate 
of warming among these scenarios 
could lead to significant differences 
in environmental damage.
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Integrated Assessment Modeling
Control of sulfur and carbon emissions
David Bradford has been involved with two projects involving the economic of 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 in the atmosphere.

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 leads 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 lead 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 
In a second paper, Bradford and colleagues combined an atmospheric model with economic and demographic 
information to estimate health damage costs from ozone formation due to nitrogen oxide emissions from 
large point sources.  Using a regional atmospheric model of the eastern United States, the group examined 
how the amount of ozone produced from a fixed quantity of nitrogen oxides emitted from power plants 
varied depending on temperature variations and local biogenic hydrocarbon emissions.  The results indicate 
that for the same NOx emission, ozone produced can vary by more than a factor of three.  In addition, the 
simulations show 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.

The work has implications for the emission cap-and-trade approach that has been successful in reducing 
total NOx emissions from large point sources.  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. 

Policy Implications of Uncertain Climate Thresholds and Learning
Klaus Keller’s work over the past year has focused on analyzing 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 of the North Atlantic thermohaline circulation.

Keller and colleagues used economic optimal growth models to demonstrate that uncertain climate thresholds 
affect the choice of risk-management strategies considerably.  Specifically, reducing the risk of a widespread 
coral bleaching implies drastic reductions in greenhouse gas emissions within decades.  Virtually unchecked 
greenhouse gas emissions to date (combined with the inertia of the coupled natural and human systems) 
may have already committed future societies to a widespread demise of coral reefs.  Their results show that 
strategies to reduce the risk of a West Antarctic ice sheet disintegration allow for a smoother decarbonization 
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of the economy within a century and may well increase consumption in the long run (due to the concomitant 
reduction in other climate change impacts such as sea-level rise).

Keller will continue to expand his study of decisionmaking under uncertainty as a Co-Principal Investigator 
at a new NSF funded project.  The project will center on fundamental research into two key questions relevant 
to climate change decisionmaking: (1) What are the best ways to  represent uncertainty for decision-makers 
and (2) What tools and methods work best in practice in providing these representations to  decisionmakers? 
Specifically, Dr. Keller will lead a project to analyze the design of scientific observation systems that could 
provide actionable warning of abrupt climate change. 

Synthesis and Outreach
Stabilization Wedges
The “Stabilization Wedges” concept of co-Directors Steve Pacala and Rob Socolow has reached a wide variety 
of audiences over the past year.  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, 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).  

Figure 10.  The 
Stabilization Wedges 
gameboard – players 
choose seven wedges to 
build a “stabilization 
triangle” that will keep 
emissions flat through 
the year 2050.

The wedges concept was first outlined in the August 13 edition of Science, and elaborations appeared in 
John Browne’s article in the July-August Foreign Affairs, in Proceedings of the 7th International Conference 
on Greenhouse Gas Control Technologies, in Environment, and in a presentation at the Tenth Session of 
the Conference of Parties to the United Nations Framework Convention on Climate Change.  The original 
analysis was at the global level, but variants are being developed by others that describe stabilization wedges 
at the national level.

In addition to being profiled in presentations and papers, the wedge concept is being spread via the “Wedge 
Game” developed for last year’s annual meeting.  In November, CMI’s Information Officer Roberta Hotinski 
worked with Sarah Wade of AJW, Inc. to organize a wedge workshop at the World Resources Institute in 
Washington, DC.  The workshop involved representatives from NGO’s, government agencies, and industry, 
and generated several requests for future workshops.  The wedges concept may also be adapted for use in a 
curriculum being developed for DOE by the Keystone Group.  Game materials and background on the wedges 
will also shortly be added to the CMI Website for wider dissemination to the general public.
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Future Work
Over the next year, CMI investigators will continue to extend their core research and expand into new areas.

Capture
In the Capture Group, work on polygeneration of electricity, hydrogen, and liquid fuels will remain a primary 
focus, but with a new emphasis on roles for biomass as well as coal systems with carbon capture and storage 
in reducing emissions.  Biomass analyses will be expanded to consider different biomass sources, production 
of synthetic fuels other than DME, and coprocessing of coal and biomass in the same facility.  Moreover, the 
collaboration with Tsinghua University in Beijing on polygeneration from coal will be extended to consider 
coal-biomass hybrid schemes.  On the combustion front, the group will study high power density approaches 
to avoiding pre-ignition, knock, and NOx emissions.

Storage
The Storage Group will spend the next year analyzing both lab and field cements, and developing new cements 
for durability testing that mimic the original composition of recovered well cements.  In the realm of modeling, 
upscaling studies will be expanded, analytical solutions will be applied to a set of potential injection sites in 
Alberta, and the Dynaflow model will be used to simulate CO2 injection at the Mountaineer power plant in 
West Virginia, as well as being expanded to include additional chemistry.

Science
In the Science Group, studies of both long-term and short-term variability of carbon sources and sinks will 
continue through paleoclimate studies, ocean modeling, and measurements of atmospheric composition.  In 
addition, the group will build on its success in inversion modeling of both ocean and terrestrial carbon sinks 
to assemble a Carbon Observing System that will diagnose current carbon cycle behavior as well as predicting 
the future behavior of carbon sources and sinks.

Integration
The Integration Group will continue to place research results in a broader context, exploring the policy 
implications of different carbon mitigation paths and communicating CMI research results to the larger 
community.  The group plans to analyze the wedges concept in an energy security context, and to continue to 
extend its outreach to the non-academic community.
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Publications
Capture Group Publications
Azar, C., K. Lindgren, E.D. Larson, K. Möllersten, and 
J. Yan,”Carbon capture and storage from fossil fuels and 
biomass – Costs and potential role in stabilizing the 
atmosphere,” to be published in Climatic Change.

Celik, F., E.D. Larson, and R.H. Williams, “Transportation 
Fuels from Coal with Low CO2 Emissions,” Proceedings 
of the 7th International Conference on Greenhouse Gas 
Control Technologies, (GHGT-7), September 5-9, 2004, 
Vancouver, BC, Canada.

Chiesa, Paolo, Stefano Consonni, Thomas Kreutz, 
and Robert Williams, “Co-production of Hydrogen, 
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