
Carbon Mitigation Initiative  
Annual Report   2010 



 
 

Copyright © CMI – Carbon Mitigation Initiative, Princeton University, 2011 
 
All  rights  reserved.    No  part  of  this  document may  be  reproduced  or 
transmitted  in  any  form  or  by  any  means,  electronic  or  mechanical, 
including  photocopying,  recording,  or  by  any  information  storage‐and‐
retrieval system, without written permission from the copyright holder. 
 
All notations of errors or omissions and other correspondence (inquiries, 
permissions,  etc.)  concerning  the  content  of  this  document  should  be 
addressed to: 
 
cmi@princeton.edu 
 
CMI – Carbon Mitigation Initiative on the web 
http://cmi.princeton.edu 
 



   
 

 
 

3

CMI Overview 

The Carbon Mitigation Initiative (CMI) at Princeton University is a university-industry 
partnership sponsored by BP.  The goal of the project is to find solutions to the carbon and 
climate problem that are safe, effective and affordable.  Now entering our 11th 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. The group 
also seeks strategies for integrating renewable technologies into the energy 
system. 

 
 

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 70 researchers. Together we are building a comprehensive view of the challenges of carbon 
mitigation - and how they can be overcome. 
 
For more information, visit us at CMI’s website - http://www.princeton.edu/~cmi  - or email us at  
cmi@princeton.edu. 
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Summary  
Over its first decade, CMI has accomplished many of its original goals by creating tools to address 
critical questions about the efficacy and cost of carbon capture and storage and the impacts of 
climate change on natural carbon sinks. 
 
Computer models have been developed or adapted to carry out groundbreaking simulations of 
novel energy systems, underground CO2 injection, carbon cycling between the atmosphere and 
biosphere, and the impacts of climate change. New instruments and data assimilation have 
bolstered a “carbon observing system” that tracks changes in the natural carbon cycle, and 
innovative analytical methods have yielded data that constrain the causes of ice ages.  On the 
policy front, original conceptual tools have advanced the global discussion on carbon and climate 
by offering fresh perspectives on solutions.   
 
As these tools continue to be refined and others are developed, we are entering a new phase in 
which models are applied to real-world scenarios, tools are being made available to the public, 
and strategies being sought to motivate near-term carbon mitigation projects. 
 
As CMI’s research effort has grown and matured, its faculty and present and former students have 
also taken on important roles in the national conversation on carbon mitigation.  CMI members 
have spoken in academic and policy forums, presented papers and posters at international 
meetings, taken part in numerous national and international studies, provided congressional 
testimony, hosted key meetings, and served on advisory boards for carbon and climate related 
projects.   
 
 

Progress in our first decade 
 
Each research effort within CMI has made important contributions to the field of carbon 
mitigation, through both academic research and influence in the wider community. 
 
 
Carbon Capture 

The Carbon Capture Group develops innovative strategies for producing low-carbon electricity 
and fuels.  After separately analyzing co-production systems using fossil fuel and biomass as 
feedstocks, the group has found that hybrid systems that combine the economic advantages of 
coal or natural gas and the emissions-reducing potential of biomass with carbon capture and 
storage (CCS) offer deep reductions in carbon emissions and could be competitive at relatively 
low carbon prices.   
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Having established the capability to model a wide array of polygeneration systems using coal, 
biomass, and natural gas as inputs, the group has developed an Excel framework that allows 
experts to compare and contrast a wide range of alternative energy systems.  Originally developed 
as part of the National Academies’ America’s Energy Future study, the framework continues to 
expand by treating additional configurations. The team has also contributed substantially to the 
IPCC’s Special report on Carbon Dioxide Capture and Storage and the latest Global Energy 
Assessment, and has helped develop legislation introduced in Congress to promote construction 
of coal energy projects that reduce emissions by 50%. The researchers have also been regular 
presenters at the International Conference on Greenhouse Gas Technologies (GHGT-10), the 
primary venue for presenting CCS research. 
 
The Capture Group’s work to date has focused on the best low-carbon fuels and electricity 
producing options suitable for widespread deployment.  In the near future, the team plans to 
concentrate on finding opportunities for low-cost deployment of first-of-a-kind plants, targeting 
facilities with already-concentrated CO2 streams and assessing the potential high value chemical 
co-products that could improve system economics.   
 
The Capture Group has also included a program of “scouts” since its inception. Scouts are 
individual faculty members, generally based in Engineering, who shift a portion of their research 
into areas that directly contribute to CMI. Scouts have worked on the combustion of biomass, the 
longevity of batteries, and the improved integration of renewable energy technologies into the 
energy system, as well the equation of state for carbon dioxide in the presence of dilutants. 
Further participation of scouts is anticipated. 
 
 
Carbon Storage 

The Carbon Storage Group examines the challenges of storing CO2 in saline aquifers in regions 
where there has been oil and gas production, and the potential risk of leakage through existing 
wells.  Because little was known about the interaction of CO2 and well cements, an experimental 
program was initiated early in the grant to study the durability of well cements under injection 
conditions.   Those experiments have now been completed and are now being used to inform and 
verify simulations.  In the field, a new technique to assess the effective permeability of existing 
wells was proposed by Princeton and has been used by BP at its own sites.   
 
These experimental and field results are informing models developed to predict the fate of CO2 
injected underground. A geomechanical model developed at Princeton, dynaflow, has been 
adapted to simulate aquifer geochemistry and multiphase flow as well as to predict physical 
stresses induced by CO2 injection.  In parallel, simplified analytical and semi-analytical models 
have been created that allow rapid simulations of CO2 storage in regions with thousands of wells 
and enable probabilistic assessment of leakage risk.  
 
The group has also had a wide impact in the CCS community, starting with hosting a major 
Workshop on Geological Storage of CO2 in 2005 that brought researchers from the U.S., Canada, 



   
 

 
 

9

and Europe together to discuss technical issues in the development of computational tools.  Group 
members also contributed to the IPCC’s Special Report on Carbon Dioxide Capture and Storage, 
have served on advisory boards for the In Salah Project and the CO2 Capture Project, helped 
develop plans for a national facility for underground CO2 investigations, and have been regular 
presenters at GHGT conferences, presenting nine papers at the 2010 event alone. In addition, the 
researchers are working to disseminate their software through development of a public web 
interface and the formation of a new software startup company. 
 
Moving ahead, Storage Group members are now applying their models to actual field sites, 
including the In Salah injection site in Algeria. In addition, a joint project with the capture group 
is analyzing the potential benefits of pressure control in injection fields through brine 
management, and work on risk assessment is ongoing.  Finally, a recently initiated research 
program on the controls of gas hydrate stability is showing promising results and will also be 
continued. 
 
 
Carbon Science 

Since 2000, the Carbon Science Group, in partnership with collaborators at Princeton 
University’s neighboring institution, the Geophysical Fluid Dynamics Lab (GFDL), has developed 
an earth system model comprising state-of-the-art ocean and atmosphere models coupled to 
innovative models of the ocean and land biospheres.  The model is unique in including impacts of 
both land use changes and nitrogen availability on the carbon cycle, and simulation results are 
reshaping our ideas about carbon uptake by the biosphere and its response to climate change and 
mitigation efforts.  Our estimate of the size of the ocean sink has been substantially narrowed, 
and researchers believe they may have finally located the “missing” terrestrial sink of 
anthropogenic carbon. 
 
At the same time, new instruments have been developed to continuously measure atmospheric 
oxygen and dissolved carbon in the ocean, providing additional constraints on the interannual 
variability of land and ocean sinks and insight into the controls of ocean productivity.  The group 
has also made progress in understanding CO2 changes on very long timescales, as new techniques 
for analyzing nitrogen isotopes in ice age sediment cores have revealed the key role polar oceans 
play in controlling glacial/interglacial changes in CO2.  
 
Science Group researchers have contributed to the broader carbon and climate discussion through 
significant involvement in the development of the U.S. Carbon Cycle Science Plan and the First 
State of the Carbon Cycle Report, contributions to the IPCC’s Fourth Assessment Report, and 
leadership of a National Academies panel to formulate a national strategy for addressing ocean 
acidification. 
 
Moving forward, the Science Group plans to study the impacts of climate change on ocean 
productivity and oxygen levels, understand the consequences of ocean acidification, and refine 
estimates of size and location of the terrestrial and ocean sinks. 
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Policy & Integration 

The Policy & Integration Group conducts policy-relevant research and synthesizes CMI research 
for dissemination to broader audiences.  An early success of the group was the Stabilization 
Wedges concept, which has been widely adopted as a conceptual tool in the policy, academic, and 
education communities, as well as in popular communication.  A more recent paper on allocating 
emissions responsibility among all the world’s high emitters has similarly gained attention and 
may help break down traditional barriers between developed and developing nations that have 
prevented commitments to emissions reduction. 
 
The group’s work to improve forecasts of climate change impacts has linked emissions trajectories 
with specific climate damages and shown the potential dangers of overshooting climate targets.  
Recent work to improve predictions of sea-level rise is incorporating ocean-ice sheet interactions 
previously not taken into consideration and using paleodata to constrain future sea-level rise. 
 
A major component of the Policy & Integration Group’s work has been making CMI research 
accessible to a wider community.  The stabilization wedges concept has reached thousands of 
people directly through CMI’s facilitated workshops, partnerships with curriculum and exhibit 
developers, and resource materials made available on the CMI website.  The website also serves as 
a gateway to software tools to explore the “billion high emitters” concept, provides a 
comprehensive list of CMI publications and presentations, and keeps visitors updated with the 
latest news on CMI research. 
 
The final component of the Policy & Integration Group’s work has been public service.  Co-
Directors Pacala and Socolow have influenced the national and international debate on climate 
and mitigation by serving on several committees addressing national carbon policy, testifying to 
Congress, and attending meetings sponsored by the UNFCCC. 
 
In the future, the Policy & Integration Group will focus on better communicating the uncertainty 
around climate change and its impacts, exploring near-term strategies for promoting mitigation, 
making probabilistic risk assessments of sea-level rise, and creating open-source software for 
modeling the interactions among energy, economics, and climate. 
 
 
BP-Princeton interaction 

Princeton University considers CMI to be one of its most successful collaborations with industry. 
Princeton researchers have complete independence, while sustaining two-way communication 
with BP leadership in the U.K. and the U.S., visiting BP sites, and developing deeper 
understanding of the world of fossil fuels. The complementary Vann Fellows Program has 
brought individual BP leaders to campus for semester-long visits that have been a valuable 
conduit of exchange and an educational resource for our students. A strong BP delegation comes 
regularly to our Annual Meetings. 
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Moving forward  

With established research, renewed funding, and a new campus-wide emphasis on energy and 
sustainability, CMI is in a strong position to leverage our existing capabilities with synergistic 
activities across campus. CMI members are active in two other ambitious University programs 
that are raising Princeton’s profile as a center for studies of energy and the environment, the 
Siebel Energy Grand Challenge and the recently created Andlinger Center for Energy and the 
Environment.  Relationships with these programs will enrich and amplify CMI research in the 
coming years. 
 
Close interaction with our BP colleagues will continue as we move forward. CMI will continue to 
host visits of executives of BP to Princeton and to update BP on Princeton research via visits of 
CMI co-directors and group leaders to Washington, DC, and London.   
 
We are proud of the accomplishments of our first decade, and excited about the work ahead. This 
report outlines accomplishments of our first decade, research results from 2010, plus plans for 
future work.  Online versions of all nine previous CMI Annual Reports are accessible at 
http://cmi.princeton.edu. 
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Carbon Capture 
The goal of the Capture Group is to develop cost-effective strategies to advance a low-carbon 
energy economy.  Originally focused on producing hydrogen and electricity from fossil fuels with 
CO2 capture and storage (CCS), the research of the Williams Group has expanded to include 
synfuels and electricity derived from coal or natural gas co-processed with biomass and combined 
with CCS.  The Williams Group has also investigated low carbon electricity strategies involving 
the coupling of wind power to natural gas via compressed energy storage.   
   
Recently, a “scouting” research effort on energy storage technologies has been initiated by the 
Arnold Group to promote integration of renewable energy into the energy system. 
 
 

2000-2010 Accomplishments 

 
Paths to a hydrogen economy 
The original goal of Bob Williams and colleagues was to find opportunities for lowering the costs 
of the “hydrogen economy,” focusing on generation of hydrogen and electricity at coal plants 
with CCS.   The group’s initial studies on novel hydrogen separation membrane reactors gave way 
to research on similar plants that employ “commercially ready” gas separation technologies, as it 
was found that the advanced technology offered little or no economic benefit.  Using existing 
technology, the researchers showed that hydrogen produced via coal gasification and with CCS 
could be cost-competitive with hydrogen from natural gas. The team also showed that the 
economics of CCS could be improved by co-storage of other acid gases (especially H2S) with CO2. 
However, the researchers also found that high infrastructure investments needed to shift from 
gasoline and diesel to hydrogen as a transportation fuel suggest that, at best, hydrogen use in 
transportation is an option for the very long term. 
  
Reducing emissions of coal-based synfuels 
Early work by the Williams Group in collaboration with Chinese colleagues highlighted the 
climate change risks associated with making synfuels from coal—showing that if the CO2 
generated at coal synfuels plants is vented, greenhouse gas emissions would be almost double the 
rates for hydrocarbon fuels derived from crude oil. However, over the years the team identified 
strategies for producing dimethyl ether and Fischer-Tropsch liquid fuels and gasoline with CCS 
that halved their net emissions, making them comparable to those of crude oil-derived fuels, and 
showed that the cost penalty for CCS is likely to be modest. The team also showed that plants that 
produce coal synfuels with CCS would be able to offer CO2 for enhanced oil recovery (EOR) at 
much lower prices than could power plants with CCS, and that CO2 EOR applications would 
significantly improve the economics of synfuels production. 
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Exploiting negative emissions from biomass gasification with CCS 
Another focus of the Williams Group has been finding economical ways to exploit the “negative” 
emissions made possible by using thermochemical biomass conversion strategies with CCS.  Work 
by Eric Larson and colleagues has shown that large-scale biomass gasification plants that make 
fuels and electricity with CCS can provide dramatic reductions in GHG emissions.  The biomass 
gasification strategy the group has evolved can be carried out with technology that is close to 
being commercially available and would likely be economically viable with a GHG emission price 
~ $100 per tonne CO2eq.   
 
Hybrid fossil fuel-biomass systems for making fuels and electricity 
The promising results of the Williams Group's studies on coal synfuels and biomass prompted the 
researchers to examine strategies that exploit simultaneously the low price of coal, the scale 
economies of coal energy conversion, and the negative emissions potential of thermochemical 
biomass conversion with CCS. As a result, Williams and colleagues have built up an extensive and 
unique capacity for modeling hybrid energy systems producing both fuels and electricity from a 
combination of coal and biomass feedstocks, and they have recently extended the analysis to 
include combining natural gas and biomass.  
 
The group’s results show that, under a wide range of circumstances, synfuels can be produced at 
lower cost in systems that produce electricity as a major co-product than in systems that make 
mainly liquid fuels. Moreover, such systems co-processing ~ 30% biomass can provide electricity 
with 90% reduction in greenhouse gas emissions at lower cost than can stand-alone power plants 
in a world with $90 a barrel oil and a GHG emissions price of $40 a tonne of CO2eq, The 
decarbonized synthetic transportation fuels so produced would be less costly than and would 
require less than 40% as much biomass per unit of low-C fuel as would next-generation biofuels 
such as cellulosic ethanol. 
 
Coupling wind and natural gas via compressed air energy storage 
For several years the Williams Group explored the prospects for making low-carbon baseload 
power from wind plus natural gas-fired compressed air energy storage systems that would 
simultaneously address the intermittency of wind power and enable, via high-voltage, long-
distance transmission lines, exploitation of abundant wind resources that are remote from 
electricity demand centers. Such systems would enable both wind and natural gas to compete in 
baseload power markets. Their results show that that these baseload power systems are likely to 
be competitive with coal electricity with CCS when GHG emissions prices are high enough to 
make the latter cost-competitive, and that locations of high-quality wind resources and deep 
aquifers for air storage are well correlated. The major uncertainty in this area is the extent of 
storage reservoirs that are truly suitable for air storage in windy regions.   
 



 14 

Capture Results – 2010 

Highlights 

• Analyses of systems that co-produce liquid fuels and electricity using either coal or natural 
gas combined with biomass and CCS showed: 

- By co-processing ~ 30% biomass, GHG emissions could be reduced ~ 90% compared with 
equivalent petroleum-based transportation fuels and coal-fired power generation with 
CO2 vented 

- Biomass required to produce low-GHG emission transportation fuels in this manner 
would be less than 40% of the biomass required to make “pure” biofuels like cellulosic 
ethanol 

- At a $90 a barrel crude oil price and a GHG emissions price of $40 a tonne CO2eq such 
systems could provide electricity at lower cost than can stand-alone coal power plants 

- Such systems could protect investors, in the presence of a serious carbon mitigation 
policy, against the risk of oil price collapse 

 
• A study of options for decarbonizing old U.S. coal power plants suggests that repowering sites 

of old coal power plants with new plants that coproduce fuels and electricity with CCS is 
likely to be much less costly approach than CCS retrofits or repowering with low GHG-
emitting new stand-alone power plants. 

 

• Converting carbon in CO2 emissions from coal electric plants into transportation fuels was 
shown to enable deep cuts in transportation sector GHG emissions only in the near term, 
before widespread decarbonization of the electric power sector; in the long term, it is not 
consistent with deep (80+%) reductions in GHG emissions across the entire US energy sector. 

 

• 18 coal chemical and fuels plants have been identified in China that produce at least 1 million 
tonnes of CO2 in already-concentrated streams and have prospective storage sites nearby, 
offering attractive opportunities for international CCS demonstration projects. 

 

• The final draft of the Fossil Energy Systems chapter of the forthcoming Global Energy 
Assessment has been completed. 

 

• Research on battery charging under variable conditions show that lithium ion batteries are 
robust under variable current situations regardless of their state of charge, while nickel metal 
hydride batteries (like those currently used in some hybrid vehicles) experience sharp 
declines in charge storage efficiency under similar conditions. 
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Pathways to Low-Carbon Fuels and Electricity 

In 2010, the primary focus of the Williams Group was on technological options for 
simultaneously producing decarbonized electricity and hydrocarbon transportation fuels by co-
processing biomass with coal or natural gas in systems with CCS.  The Capture Group’s work in 
2010 was led by its core members, Robert Williams (group head), Tom Kreutz, and Eric Larson, 
and involved a number of others: 
 
• Guangjian LIU, a post-doctoral fellow, who returned to a faculty position at the North China 

Electric Power University (Beijing) in September 2010 after 2.5 years with the Williams 
Group.   

 
• Three Chinese visitors (in-residence at Princeton for 10 to 12 months each):  

- Dr. Xiangbo GUO from the Sinopec Research Institute on Petroleum Processing,  
- Prof. Haiping CHEN from the North China Electric Power University,  
- Mr. Zhe ZHOU, a PhD student of our long-time collaborator Prof. LI at Tsinghua 

University.  
  
• Andrea Lanzini, a Fulbright scholar from Politecnico di Torino.   

 
• Long-distance collaborations with:  

- Prof. Zheng LI at Tsinghua University, 
- Prof. Stefano Consonni at Politecnico di Milano,  
- Dr. Emanuele Martelli, a former PhD student of Consonni, now a researcher at 

Politecnico di Milano, 
- Michiel Carbo and Dan Jansen at the Energy Research Centre of the Netherlands (ECN). 

Fischer-Tropsch fuels and electricity from coal and biomass with CCS 
In 2010 the Williams Group refined and finalized its research on the co-production of low carbon 
electricity and Fischer-Tropsch liquid (FTL) transportation fuels from gasified bituminous coal 
and biomass with and without CCS, publishing a comprehensive summary of this work. Detailed 
process simulations, lifecycle greenhouse gas emissions analyses, and cost analyses carried out in a 
comprehensive analytical framework were presented for 16 alternative plant configurations. Cost 
estimates developed for Nth-of-a-kind plants on a component-by-component basis were the 
foundation for a self-consistent comparison of relative costs among a wide range of alternative 
energy systems.  Systematic comparisons were made to cellulosic ethanol as an alternative low 
GHG-emitting liquid fuel and to alternative options for decarbonizing stand-alone fossil-fuel 
power plants. 
 
The analysis found that FTL fuels are typically less costly to produce when electricity is generated 
as a major co-product than when producing mainly liquid fuel. Co-production systems that co-
process biomass along with coal and employ CCS offer attractive opportunities for decarbonizing 
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liquid fuels and power generation simultaneously. These co-production systems can provide 
decarbonized electricity at lower costs than is feasible with stand-alone fossil-fuel power plant 
options under a wide range of economic conditions (i.e. crude oil and GHG emissions prices).  
 
The advantages of co-producing electricity and FTL fuels from coal and biomass with CCS are 
impressive under a carbon mitigation policy.  For example, the group simulated a plant co-
processing 29% biomass with coal and providing 70% of its output in the form of FTL (10,880 
barrels per day) and 30% as electricity (287 MWe) while storing 65% of the feedstock carbon 
underground as CO2 (referred to as CBTL-OTA-CCS-29%). By making use of the net “negative 
emissions” of stored CO2 from biomass, at a plausible future GHG emissions price of $50/tonne 
CO2eq, this system could provide low GHG-emitting synthetic fuels at the same levelized cost of 
fuel (LCOF) as for a coal-to-liquids plants with CCS having nearly four times the FTL output 
capacity, but a GHG gas emission rate ten times higher.  At the same time, when the crude oil 
price is $90 a barrel, this co-production plant would provide electricity at only ¾ of the levelized 
cost of electricity (LCOE) as for its closest stand-alone power plant competitor in terms of 
LCOE—a natural gas combined cycle plant that vents CO2.  
 
Overview analyses of the coal and biomass to fuels and power with CCS concept were carried out 
during 2010 via invited papers prepared for the Annual Review of Chemical and Biomolecular 
Engineering and for an international conference convened by the East-West Center and the 
Korea Energy Economics Institute.  

Synthetic gasoline and electricity from coal and biomass 
The most widely known commercial route for converting solids into transportation fuels is the 
coupling of gasification to synthesis of FTL fuels.  Building on the extensive FTL analytical effort 
and on a preliminary analysis of methanol to gasoline (MTG) carried out in 2009 as part of 
contributions to the National Research Council’s America’s Energy Future study, Williams and 
colleagues began a systematic analysis of manufacturing synthetic gasoline, an especially relevant 
fuel for the gasoline-intensive transportation sector of the U.S.  The MTG process produces 
primarily a finished-grade gasoline, with at most a minor LPG-like co-product. Exxon-Mobil and 
Haldor Topsoe offer MTG technology.  
 
In 2010, the Williams Group modeled coal to gasoline (CTG), biomass to gasoline (BTG), and 
coal/biomass to gasoline (CBTG) systems, without and with CCS, using the same analytic 
framework as for the FTL analysis, and began a systematic comparison of FTL and MTG systems. 
Their findings indicate that, at similar plant scales and with comparable inputs, FTL and MTG 
systems have comparable GHG emissions characteristics and production costs.  Moreover, the 
levelized cost of fuel (LCOF) for the MTG system is 6% higher than for the coal-based FTL 
system described in the last section if the GHG emissions price is $50/tCO2e. If at the same time 
the crude oil price is $90/barrel, the LCOE would be 9% less than for the coal-based FTL system.  
Preliminary findings for the MTG analysis are presented in the final draft of the Knowledge 
Module 12: Fossil Energy Systems of the forthcoming Global Energy Assessment (the GEA is 
discussed below).   
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Synthetic liquid fuels and electricity from natural gas and biomass with CCS 
During 2010 the Williams Group began exploring the co-production of FTL transportation fuels 
and electricity from natural gas and biomass with CCS (Figure 1 – next page). Emphasis was given 
to an economic evaluation of such systems as power generators to find out: 
 
• if it makes strategic and economic sense to make transportation fuels as well as electricity 

from natural gas in light of the new bullishness about shale gas and other unconventional gas 
supplies, 

• if this approach can enable a transition to CCS and thus deep reductions in emissions for 
electricity based on natural gas at a lower GHG emissions price than for natural gas combined 
cycle (NGCC) power plants (which require GHG emissions prices above $80/t of CO2eq to 
induce CCS via market forces), and 

• how this approach to low-carbon fuels compares to both biofuels and to systems with CCS 
that co-process coal and biomass to make low-carbon liquid fuels and electricity—which our 
previous research found to be an especially attractive approach for making liquid fuels.  

 
The findings of this study were presented by Williams at GHGT-10 in the context of a 
comparison between a natural gas-based system (GBTL-OT-CCS-34%, for which biomass 
accounts for 34% of the feedstock energy—see Figure 1) and its coal counterpart (CBTL-OTA-
CCS-29% - described above). Each consumes 1 million tonnes per year of biomass and in each 
case has a fuel-cycle-wide GHG emission rate that is at least 90% less than that for the fossil 
energy displaced [assumed to be crude derived diesel and gasoline and electricity from a new 
supercritical pulverized coal plant that vents CO2 (Sup PC-V)].  
 
The most notable differences between the natural gas-based and coal-based co-production 
systems are that: 
 
• the natural gas-based system converts 34.5% of the feedstock C to FTL compared to 24.2% for 

the coal-based systems—a consequence of the much lower H/C ratio for coal compared to 
natural gas (0.8 vs. 4.0); 

• the FTL output amounts to 34.4% of input energy for natural gas-based system compared to 
32.5% for coal-based system—showing that the energy penalty for the hydrogen-poor coal 
feedstock is much less than is suggested by the carbon conversion to final products; 

• the CO2 storage rate for the natural gas-based system is only half that for the coal-based 
system, reflecting both the lower H/C ratio for coal and the fact that the latter option vents as 
CO2 only 6.6% of the C in the feedstock compared to 12.4% for GBTL-OT-CCS-34%; 

•  the natural gas-based option is much less capital intensive than the coal-based option.  
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Figure 2 presents the LCOE vs. GHG emissions price for these two options along with the CO2 

vented versions, as well as for four stand-alone power plant technologies (assuming that the crude 
oil price is $90/barrel, the price at the time of this writing). The important results from this set of 
curves are:  
 
• even at $0/t GHG emissions price, the natural gas-based system offers a lower LCOE than 

does a coal integrated gasifier combined cycle power plant with 88% capture;  

• it provides less costly electricity than a natural gas combined cycle plant venting CO2 for 
GHG emissions prices greater than $46/t—thereby enabling natural gas to provide low carbon 
power at a much lower GHG emissions price than is needed to induce CCS at a natural gas 
combined cycle plant. 

 
The LCOE for these systems depends sensitively on crude oil price (as in the case of coal-based 
co-production systems). The LCOE increases (decreases) for natural-gas based systems by 
$13.5/MWh for each $10 a barrel decrease (increase) in the crude oil price, independent of the 
GHG emissions price. 
 
Since future oil prices are highly uncertain, how would governments interested in promoting  
transportation fuel supply security protect investors in these co-production technologies against  

Figure 2. Levelized cost of electricity (LCOE) vs. GHG emissions price for a crude oil price of $90/barrel. 
Assumed coal and natural gas prices are $2.0 and $5.1 per GJ, respectively—levelized prices over 2016‐2035 based on 
projected  US  average  prices  to  electricity  generators  in  the  Reference  Scenario  of  the  Energy  Information 
Administration’s Annual Energy Outlook 2011. The assumed biomass price is $5.0 per GJ. 
 
NGCC = natural gas combined cycle; CCS = carbon capture and storage; Sup PC = supercritical pulverized coal; CIGCC = 
coal integrated gasifier combined cycle; GBTL = natural gas to liquid fuel; CBTL = coal/biomass to liquid fuel; OT = once‐
through with mild CO2 capture; OTA = once‐through processing with aggressive CO2 capture; V = vent; CCS = carbon 
capture and storage; percentages indicate portion of feedstock energy that comes from biomass. 
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the risk of oil price collapse? Figure 3 suggests a powerful approach: a strong carbon mitigation 
policy + widespread deployment of co-production technologies with CCS and a high degree (~ 
30%) of biomass co-processing—whether the feedstock is natural gas or coal. Figure 3 shows, for 
example, that if the carbon mitigation policy in place is equivalent to a GHG emissions price of 
$60/t of CO2eq, investors in the natural gas-based and coal-based systems described above would 
profit down to crude oil prices of $65/barrel and $58/barrel, respectively—i.e., there would be no 
need for a (potentially very-costly-to-government) guaranteed floor price for oil: a strong carbon 
mitigation policy could powerfully protect investors against the risk of oil price collapse for 
modest-scale (~ 10,000 barrels per day) co-production facilities that offer low GHG-emitting 
liquid fuels.  
 
This finding is in sharp contrast to the present approach by synfuel project developers who seek 
to build huge plants so as to protect their investors against the oil price collapse risk by exploiting 
economies of scale. The Qatar Pearl natural gas-based FTL project involves constructing a 140,000 
barrels/day project that is likely to end up costing ~ $20 billion to build. Much less capital would 
be at risk for natural gas-based or coal-based co-production systems, for which Nth of a kind 
(NOAK) plants would cost perhaps  $1.3 to $1.8 billion and 1st of a kind (FOAK) plants would cost 
perhaps twice that much.  
 
It is worth noting that these relatively small distributed co-production systems co-processing 
about 30% biomass (based on either natural gas or coal) would require < 40% as much biomass to 

Figure 3. Breakeven crude oil price (BECOP) vs. GHG emissions price for alternative co‐production options.   
 
CTL = coal‐to‐liquid fuel; OT= once‐through processing with mild CO2 capture; OTA = once‐through processing with 
aggressive CO2 capture; V = vent; CCS = carbon capture and storage; GBTL = natural gas‐to‐liquid fuel; CBTL = 
coal/biomass to liquid fuel; percentages represent portion of feedstock that is biomass. 



 
 

 

21

make a given quantity of synthetic liquid fuel as would conventional next generation biofuels 
such as cellulosic ethanol (see Figure 4)—which is very important in light of growing concerns 
about conflicts with food production, indirect land use effects, and biodiversity loss associated 
with the growing of biomass for energy on croplands. The co-production systems described here 
could make major contributions to both carbon mitigation and energy security enhancement in 
the U.S. and worldwide using only lignocellulosic biomass in the forms of crop residues and forest 
residues and biomass grown as dedicated energy crops on abandoned croplands.  
 
 

 
Figure 4. Primary energy consumed per unit of  low‐carbon  liquid fuel produced; all primary energy  is allocated to 
liquid fuel even though electricity is also produced (small amounts for the biofuel cases, substantial amounts for the 
co‐production cases). The co‐production systems (two bars on right) would require < 40% as much biomass to make 
a given quantity of synthetic liquid fuels as would conventional next generation biofuels (EtOH = cellulosic ethanol,  
BTL‐RC = biomass‐based FTL fuel with recycling of unconverted synthesis gas).  

 

 
Figure 5 shows, in addition, that the levelized cost of fuel (LCOF) for co-production systems 
providing low C fuels is likely to be much less than for either biochemically derived cellulosic 
ethanol (the historical focus of U.S. biofuels development) or pure biofuels technologies based on 
thermochemical conversion—both sets of technologies that can also use lignocellulosic biomass 
that does not require good cropland for its production. 
 
Finally, it should be noted that the economic analyses presented in these figures are based on the 
assumed feedstock prices indicated in the caption for Figure 2. The results are very sensitive to 
relative prices, and a modest change in the relative prices could bring natural gas- and coal-based 
FTL systems into dead heat competition.  
 
Williams will present a paper comparing natural gas/ biomass co-production of fuels and power to 
coal/biomass co-production of fuels and power at the Annual Meeting of the American Chemical 
Society in Anaheim, California in March 2011. 



 

 

22 

Prospects for using captured CO2 to make transportation fuels 
“Recycle/Reuse” is a seemingly virtuous approach to natural resource management. For example, 
it is well known that recycling/reuse is indeed both resource-conserving and cost-effective for 
aluminum cans.  But the concept is not always “virtuous.” For example, while plutonium 
recycle/reuse leads to more efficient use of uranium in nuclear power plants, doing so won’t be 
cost-effective for at least many decades and introduces a significant risk that the plutonium 
separated from spent nuclear fuel will be used to make nuclear weapons. What about 
“recycle/reuse” of the fossil fuel carbon in the form of CO2 in the flue gases of coal power plants?   
 
Capturing CO2 at fossil energy conversion plants and using it for enhanced oil recovery, with 
eventual permanent storage of the captured CO2, is widely recognized as an important market-
based strategy for launching CO2 capture technologies, but there is wide interest (e.g., in China) 
in using fossil fuel power plant CO2 to make other useful products.  In the United States, the US 
Department of Energy recently dedicated $107 million to twelve “Innovative Concepts for 
Beneficial Reuse of Carbon Dioxide”, of which the most numerous and globally significant are 
systems that use microalgae to capture CO2 from power plant flue gas and convert it (via sunlight, 
water, and nutrients) into natural oils that are readily processed into liquid transportation fuels 
such as biodiesel.  
 
The Intergovernmental Panel on Climate Change in its 2005 Special Report on CCS pointed out 
that CO2 use to make industrial products represents, at best, a marginal carbon mitigation 
opportunity: “The scale of the use of captured CO2 in industrial processes is too small, the storage 
times too short and the energy balance too unfavorable for industrial uses of CO2 to become 
significant as a means of mitigating climate change.”  But the algal oil idea cannot be dismissed as 

Figure 5. Levelized cost of fuel (LCOF) in $ per gallon of gasoline equivalent (gge) vs. GHG emissions price for 
alternative low‐carbon fuels derived from switchgrass. In all cases, the assumed annual biomass input rate is 
0.5 million dry tonnes per year.  
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a niche opportunity, when one considers, as an example, that the US in 2008 consumed fossil fuel 
carbon in the amounts of 500 million tonnes in the form of transportation fuels while 
simultaneously emitting 540 million tonnes from pulverized coal steam electric power plants. So, 
in principle, if the CO2 in flue gases of these power plants were captured and used by being 
converted into carbonaceous liquid fuels using solar energy or another carbon-free energy source 
to provide the needed process energy, enormous quantities of transportation fuels could be 
provided without increasing GHG emissions. 
 
However, this example also highlights the essence of the shortcomings of reuse to make 
transportation fuels: If, hypothetically, 100% of the CO2 from flue gases of US coal power plants 
were converted via carbon-free energy sources into transportation fuels that were to displace 
crude oil-derived transportation fuels, the carbon emissions for the system of making both 
transportation fuels and electricity from coal would be reduced by only 50% from the level of the 
current system that makes electricity from coal with CO2 venting and transportation fuels from 
crude oil. Thus, deep reductions in GHG emissions for transportation fuels + electricity 
generation are not feasible, even in principle, for coal-power emissions derived transportation 
fuels production.  
 
In a paper presented at GHGT-10, Kreutz estimated the potential for GHG emissions reduction 
via use of coal power plant CO2 to make synthetic liquid transportation fuels for two sets of novel 
technologies: i) growing algae in algal ponds to make biodiesel and ii) using concentrated sunlight 
to reduce CO2 to CO and O2 and/or H2O to H2 and O2 and then make liquid fuels via Fischer-
Tropsch synthesis. For these two technologies Kreutz estimated the potential for system-wide 
GHG emissions reduction (for energy consumption as well as production) for two different 
economic conditions: 1) for a GHG emissions price P less than the GHG emissions price PD 
needed to induce widespread decarbonization of the electric power sector (e.g. by CCS), and 2) 
for P > PD.  Emissions reduction was measured relative to the GHG emissions of displaced crude 
oil-derived products + electricity from a supercritical pulverized coal plant (both synfuels 
production processes produce small amounts of electricity as a byproduct). 
 
When P < PD, using flue gas CO2 to make biofuels is equivalent to extracting CO2 from the 
atmosphere, because a profit-motivated power generator would vent CO2 to the atmosphere and 
pay the emissions fine rather than invest in CCS. In this case, Kreutz estimated that the potential 
fuel cycle-wide GHG emissions reduction is 65% for making biodiesel from algae and 90% for 
making FTL via high temperature solar heat. 
 
For P > PD, when CCS is assumed to be widespread, CO2 for fuel would come mainly from 
pipelines that carry CO2 to underground storage sites.  In this case, CO2 diversion to the 
manufacture of liquid fuels would be equivalent to extracting CO2 from underground. For P > PD,  
Kreutz estimated that making FTL via high temperature solar heat would reduce GHG emissions 
by only 40%, and algal biofuels would increase emissions by 8%. Thus, at high carbon prices, the 
carbon mitigation potential of CO2 use strategies to make synthetic transportation fuels is, at best, 
modest.  According to Kreutz: “Using the carbon twice fails to meet the objective of deep GHG 
emission reductions across the entire energy economy; only one sector (either power or 
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transportation) – but not both – can claim the benefit of carbon neutrality.” Thus, unless they are 
coupled with (at present, only nascent) technologies that enable the direct capture of CO2 from 
the air, processes that use CO2 to make synthetic fuels would not enable the deep (80+%) 
reductions in GHG emissions that leaders of industrialized countries are targeting for the energy 
economies of their countries by mid-century.  
 
 

Strategies for Promoting Mitigation 

Alternative approaches for decarbonizing existing coal power plants 
During 2010, a major activity of the Williams Group involved systematically comparing 
alternative options for decarbonizing existing coal power plant sites. In the U.S., the coal power 
plant decarbonization effort will be focused on existing power plant sites because overall 
electricity demand growth is expected to be slow. The analysis focused on alternatives to an 
existing written-off (fully depreciated) pulverized coal plant that vents CO2 (labeled WO PC-V).  
The decarbonization options considered were retrofitting existing pulverized coal plants with 
amine scrubbers to remove CO2 from flue gases (PC-CCS retrofit) and eight repowering options. 
The repowering options include three stand-alone power systems [a coal integrated gasifier 
combined cycle with CCS (CIGCC-CCS) and natural gas combined cycle (NGCC) plants with 
both CO2 vented and with CCS] and five systems providing FTL liquid transportation fuels as 
major co-products of electricity. The co-production options include both coal-only systems and 
systems that co-process coal and biomass.  
 
The alternative systems were compared with regard to GHG mitigation performance, CO2 storage 
requirements, energy penalties for CCS, site water requirements, and economics.  However, the 
emphasis was on carbon mitigation performance and economics. Findings for this analysis were 
presented by Williams at the GHGT-10 Conference. 
 
A narrow definition of repowering is scrapping an existing power plant but keeping the site and 
its infrastructure for use by a new facility. Of course, there has to be enough space to 
accommodate all equipment associated with repowering, there have to be suitable CO2 storage 
opportunities, and (for cases in which biomass is co-processed with coal) biomass supplies have to 
be available—so not all sites can accommodate repowering. However, the definition of 
repowering is broadened somewhat to include also the option of abandoning a site entirely and 
rebuilding at a greenfield site if the targeted site is unsuitable. The economics change only 
modestly in a shift from building a new plant at an existing site to building a new plant at a 
greenfield site. The economic benefits associated with saving the infrastructure were not taken 
into account. 
 
An updated version of the GHGT-10 analysis shows that a coal-biomass co-production option 
with aggressive CO2 capture (the CBTL-OTA-CCS-29% system discussed earlier) could provide 
287 MWe of electric power and 10,880 B/D of FTL transportation fuels. For GHG emissions prices 
> $40 a tonne and at the current crude oil price of $90 a barrel, the levelized cost of  electricity 
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(LCOE)  for the coal-biomass plant with capture is lower than for the 543 MWe written-off coal 
pulverized coal plant being replaced. The LCOE is also lower than for all other decarbonization 
options considered.  
 
This coal-biomass co-production system with CCS would reduce GHG emissions more than 90% 
relative to the fossil energy displaced and would entail a relatively modest energy penalty for 
CCS. Also water requirements for the system would be 1/3 less than for the written-off 
pulverized coal plant and only ½ of the water requirements for a CCS retrofit of the written-off 
plant. Moreover, the analysis showed that under a strong carbon mitigation policy, investors in 
this technology would be well protected against the risk of oil price collapse.   
 
For perspective on these findings, the analysis showed that the CCS retrofit and natural gas 
combined cycle plants with and without CCS would require minimum GHG emissions prices of 
$70/tCO2e, $50/tCO2e, and $30/tCO2e before they would be competitive with the written-off plant 
venting CO2. An important finding is that CIGCC-CCS is not able to compete with the CCS 
retrofit. This will seem surprising to some, because, for new construction, CIGCC-CCS with pre-
combustion CO2 capture offers a lower LCOE than a supercritical coal power plant with post-
combustion capture. But CIGCC-CCS considered as a repowering option for an existing coal 
power plant site requires ~ 3 times the capital investment required for a CCS retrofit of a 
pulverized coal plant  
 
Although the average age of U.S. coal electric generating capacity is 38 years (in excess of the 
economic life of the power plants), it has heretofore not been practically feasible to consider 
repowering existing coal power plants sites with any kind of alternative generating capacity—
because keeping these old written-off coal power plants running has been very profitable for the 
power companies. But these old plants are also very polluting, and the U.S. Environmental 
Protection Agency has several major regulatory initiatives underway including regulations to 
limit air emissions of criteria pollutants, Hg and other air toxics, and GHG emissions. As a result 
of these activities, some recent studies are projecting widespread retirements of old coal 
generating capacity over the next decade or so—with estimates ranging up to 150 GWe by 2030.  
 
Williams has begun a dialogue with EPA officials, showing them the technological opportunities 
that their regulatory actions are opening up and the potential benefits to the local communities 
involved. He is also trying to understand the implications of their prospective regulatory actions 
relating to carbon mitigation for less desirable co-production opportunities. For example, in the 
absence of a price on GHG emissions, the building of co-production options that involve neither 
CCS nor the co-processing of biomass will be more profitable and offer a lower LCOE than the 
preferred CBTL-OTA-CCS-29% option under a market-oriented carbon mitigation policy. Will 
prospective EPA GHG emissions regulations constrain the construction of these carbon-intensive 
co-production options? And, more generally, what are the prospects that these EPA regulations 
will endure until a price-based carbon mitigation policy is eventually put in place? 
 
Earlier, as a result of an Op Ed by Williams that was published in the Grand Forks Herald on this 
concept of repowering existing coal power plant sites with low GHG-emitting co-production 
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systems, Williams and Brad Crabtree (Policy Director of the Great Plains Institute) were invited 
to meet with North Dakota’s Senator Conrad. In subsequent discussions with Conrad’s staff, 
Williams offered advice on a bill that the Senator was developing to encourage, via investment 
tax credits, the construction of up to 20 coal energy projects that would reduce CO2 emissions by 
at least 50%. Williams advice was that the incentive should be made available for systems that 
make electricity, make synfuels, and make synfuels + electricity but should specify neither what 
combinations of products are produced to qualify for the incentive nor specify how the 50% 
reduction in emissions is to be realized (e.g., via CCS or via biomass co-processing or via 
efficiency improvement or via other means or via some combination of these approaches). The 
final bill, The Coal Bridge Act of 2010 (co-sponsored by Senators Conrad and Hatch and 
introduced just before the Congressional recess in August 2010) crafts the incentive in the 
manner Williams recommended. The bill was not subsequently debated in the Senate last year 
and will have to be reintroduced in 2011 to be considered.    

Prospects for early CCS action in China 
Before CCS can be pursued as a routine commercial carbon mitigation strategy, commercial-scale 
demonstration projects are needed to address technical issues of scale and to provide an empirical 
basis for judgments on CCS viability as a major carbon mitigation option. G8 leaders have called 
for 20 large-scale CCS demonstrations during this decade.  In an analysis carried out with Zheng 
LI (our long-time collaborator at Tsinghua University) and colleagues, we describe a unique 
demonstration opportunity in China: using the pure streams of CO2 at some of the facilities in 
China that make chemicals or fuels from coal for CO2  storage demonstration projects.  
 
China is unique in the large number (nearly 400) of existing and planned projects for making 
ammonia, methanol, and other fuels and chemicals from coal (Figure 6). A natural by-product of 
these processes is a nearly pure CO2 stream. Collectively, these facilities will emit (once all are 
operating) some 270 million tonnes of CO2 per year. Taking advantage of the relatively low cost 
of capturing these CO2 streams (as compared with capturing CO2 from power plant flue gases), 
some of the 20 large-scale CO2 capture and storage (CCS) demonstration projects called for by the 
leaders from the G8 to be deployed during the next decade might be expeditiously located in 
China. 
 
Our analysis identifies 18 coal-chemicals/fuels facilities, each emitting one million tonnes/year or 
more of CO2, that are within 10 km of prospective deep saline aquifer CO2 storage sites and an 
additional 8 facilities within 100 km. The potential CO2 storage basins are identified based on 
work by others. Our ‘‘Nth plant’’ cost estimates for the 18 projects where the CO2 source is within 
10 km of a sink are a remarkably low $9 to $13/tonne of CO2. 
 
These modest CCS costs suggest that there would be mutual value in international cooperation to 
support CCS demonstrations in China.  By taking advantage of the relatively “cheap” CO2 in 
China and sharing the costs and the learning from CCS projects, the U.S. and China could each 
expend less money developing CCS technology while also speeding up the date by which each of 
them will be able to deploy the strategy commercially. 
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Other activities relating to early CCS opportunities in China included Larson’s chairing the 
review committee that evaluated proposals in the area of clean coal for the US-China Clean 
Energy Research Center (CERC) funded by the U.S. Department of Energy. Five proposals were 
reviewed in 2010. The one submitted by West Virginia University, emphasizing assessment of the 
CO2 storage potential in China, was the winning proposal.  In addition, Williams is a member of 
the Working Group on U.S./China Cooperation on Clean Coal of the U.S.-China Strategic Forum 
on Clean Energy Cooperation that is being co-sponsored by The Brookings Institution and The 
China Institute for Innovation and Development Strategy.  Williams has participated in two 
meetings of the Forum In this capacity (one in Beijing in October 2009 and one in Washington 
DC, 18-19 January 2011). 
 
 

The Global Energy Assessment 

During 2010 the final draft of “Knowledge Module 12: Fossil Energy Systems” of the forthcoming 
Global Energy Assessment report was completed.  The GEA is the decadal update of the World 
Energy Assessment, undertaken in the style of the IPCC Assessment Reports on Climate Change, 
but focusing on societal challenges relating to energy and describing technology options and 
pathways for addressing them. The GEA is intended to provide policy-relevant analysis and 
capacity-enhancing guidance on energy to national governments and intergovernmental 
organizations; decision-support analysis to the private sector; and analyses relevant to academic 
institutions. 
   
Zheng LI of Tsinghua University and Eric Larson are the Co-Convening Lead Authors of the 
Fossil Energy Systems Knowledge Module of the GEA. Williams is a Lead Author. Contributing 

Figure 6. Map showing the 
location of potential CCS 
demonstration projects in 
China. Coal‐to‐chemicals/fuels 
facilities are marked by pins. 
Large pins indicate coal‐to‐
chemicals/fuels plants with 
large pure CO2 streams located 
near prospective CO2 storage 
sites (light green areas). 
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Authors include Guangjian LIU (who returned to China in September 2010 after 2.5 years with 
the CMI Capture Group at Princeton) and two retired BP employees:  Dr. Theo Fleisch, formerly 
a senior scientist with BP in the gas-to-liquids area, and Mr. George Nicolaides, formerly with 
BP’s refining business. Additionally, Larson is a Lead Author of the bioenergy sub-section of a 
separate Knowledge Module on Renewable Energy Systems. 
 
The Fossil Energy Systems Knowledge Module articulates the feasibility of a radical 
transformation of the fossil energy landscape to simultaneously meet the multiple sustainability 
goals of wider access to modern energy carriers, reduced air pollution health risks, enhanced 
energy security, and major GHG emissions reductions. CMI analyses of co-production of liquid 
fuels and electricity via co-processing of coal and biomass and of natural gas and biomass with 
CCS are featured prominently, since such systems are the only fossil-fuel based systems with the 
potential to address all four major energy-related societal challenges (Figure 7).  
 
 
 

 

Figure 7. Commercial or near‐commercial fossil energy technologies discussed in the GEA’s Fossil Energy Systems 
Knowledge Module and their suitability for addressing four major energy‐related challenges. Among the listed 
technology options, only co‐production systems (that include co‐processing of some biomass) along with coal or 
natural gas address all four challenges. 
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Energy Storage Technologies  

Reliable energy storage systems are critical to the success of intermittent renewable energy 
sources (i.e. wind and solar).  The development of such energy storage technologies complements 
efforts in carbon reduction, capture, and storage during energy generation and is one of the 
“scouting” areas within CMI.  Craig Arnold and colleagues are working to assess and optimize 
usage of existing technology as well as develop new technologies to meet emerging demands for 
energy storage.  Their research is a combination of experimental characterization, materials 
development and numerical modeling to understand these systems and develop methods for 
optimizing their implementation.    

Battery characterization 
Under most circumstances, batteries are characterized by their ability to deliver energy.  For 
instance, charging is done under standardized conditions and the challenge is optimizing the 
amount of energy delivered to a potentially changing load, such as in a laptop computer or 
electric vehicle.  However, when considering energy storage for intermittent power generation, it 
is important to understand the effects of variable charging conditions in addition to the variable 
discharging conditions.   
 
In this area, the Arnold Group has been working to detail the relevant metrics of energy storage, 
including the response time or power density (i.e. how fast a given technology can store energy 
and how fast it can release that energy) and the energy density (i.e. how much energy can be 
stored) as a function of system parameters such as amount of energy stored or frequency and 
amplitude of power fluctuations.  Although the main focus is on batteries and supercapacitors, the 
researchers consider other existing technologies including pumped hydro, compressed air, and 
mechanical flywheels.  Given a better understanding of the benefits and limitations of current 
devices, they have begun to examine methods of integrating multiple storage technologies that 
have the ability to work synergistically to provide more stable and higher efficiency storage. 
 
In approaching the topic of energy storage for fluctuating power, the team has focused on 
combining battery storage with wind power generation.  One of the main challenges is that 
fluctuations in output power from wind (or solar) have multiple time scales, whereas most 
batteries have an optimal charge/discharge rate.  In addition, wind can exhibit large scale diurnal 
cycles which require many hours worth of storage to provide reliable off-grid power throughout 
a 24 hour period, as well as seasonal cycles and short duration, large intensity intermittencies.  
Since the output power scales with the wind velocity to the third power, relatively small gusts (or 
calms) can produce significant increases (or decreases) in output power over short times.  
Therefore, it is not only necessary to store excess energy in order to level out fluctuations, it is 
necessary to optimize the energy storage technology so that it can function efficiently over the 
many different time scales that it will experience over its lifetime.  A non-optimized or 
unmatched storage device leads to excessive loss and a decrease in charge storage.  
 
Arnold and colleagues simulate power fluctuations experimentally and explore their effect on the 
amount of energy stored, lifetime, and the efficiency of charge storage in different batteries.  
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Their studies include common battery chemistries such as lead acid, lithium ion and nickel metal 
hydride cells.  The researchers then use this characterizaton to select appropriate batteries for 
different applications, more accurately predict battery lifespan, and improve controls systems to 
increase battery efficiency.  They find that Li-ion batteries (including Lithium cobalt oxide and 
Lithium iron phosphate) are robust under variable current situations with fluctuations between 
seconds and minutes, regardless of their state of charge.  Conversely, nickel metal hydride 
batteries (like those currently used in some hybrid vehicles) experience sharp declines in charge 
storage efficiency under similar conditions.  A deeper analysis of the material response offers 
insight into improved design for non-constant charge applications.  Improved design, the 
integration of alternative storage mechanisms like supercapacitors, and intelligent controls will 
significantly increase battery efficiency and lifespan in the field. 

Analysis of hybrid energy storage systems 
Armed with a better understanding of the underlying physics and chemistry, the researchers 
have been developing numerical modeling approaches to optimize the use of these battery 
systems in grid level applications.  In these cases, one not only has to deal with the physical 
response of the batteries, but one also has to deal with the stochastic nature of the wind 
fluctuations.  Namely, it is hard to predict when the wind speed will change. 
  
To deal with these challenges, Arnold and colleagues have been working in collaboration with 
Prof. Warren Powell to create approximate dynamic programming algorithms to model energy 
allocation for an array of storage devices.  In their approach, the notion of a single monolithic 
battery to meet all the system demands is rejected in favor of engineering a combination of 
devices, each with different characteristics such as response time, power density, or capacity.  
This paradigm shift allows for the engineering of a hybrid energy storage system whereby each 
component is individually optimized for maximum capacity, lifetime, and rate behavior, while 
the overall system is designed for optimal implementation under real-world conditions.   
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Future plans 

 
Co-producing electricity and high value co-products 
In order to facilitate/accelerate the development of commercial-scale co-production of low 
carbon electricity and liquid transportation fuels, the Williams Group is seeking to identify 
analogous – but possibly more economically attractive – systems that co-produce electricity and 
high value chemicals as well as transportation fuels.  Although the markets for chemicals are 
more limited than those for transportation fuels, these systems may nonetheless represent 
important near-term opportunities for demonstrating complex co-production plants at 
commercial scales: gaining realistic information about their construction and operation, enabling 
further development of the component technologies and learning about their 
interactions/integration, and understanding the economic viability of such plants in multiple 
markets (electricity, chemicals and CO2).  The researchers will use their established techno-
economic modeling capability to construct and compare (against baseline plants that co-produce 
electricity and FTL transportation fuels already analyzed) the economics of co-production in 
three separate areas: 
 
• agricultural chemicals: ammonia, 

• petrochemicals: olefins via the methanol to olefins (MTO) process, 

• transportation fuels: gasoline [via methanol-to-gasoline (MTG) technology]. 

 
 
Novel plant configuration and operation 
In order to identify plant configurations that maximize return on investment, the Williams 
Group will vary a number of key design parameters: 
 
• Biomass to coal input ratio: critical to the economic performance as a function of GHG 

emissions price. 

• Electricity to co-product output ratio: critical to plant economics as a function of the crude oil 
price. 

• Variable co-product output ratio: plants that are designed to vary their output mix based on 
both diurnal and seasonal variations in the value of the co-products. For example, electricity 
is not economical to store, and its price varies significantly during the day; in contrast, 
chemicals such as ammonia, olefins and gasoline can be economically stored and their value is 
relatively constant.  We will investigate plants that take advantage of these features by 
maximizing power production during the day (when electricity prices are high) and 
maximizing the production of chemicals or liquid fuels at night (when electricity prices are 
low).   
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Advanced technologies for co-production   
In addition to the commercial (or near-commercial) technologies focused on thus far, the 
Williams Group will investigate a series of advanced technologies to understand implications for 
commercializing these in co-production systems (to understand what might be gained via pursuit 
of these advanced technology options): 
 
• Biomass torrefaction: a low temperature (~250° C) pretreatment process that facilitates 

biomass milling, pelletization, transportation, and co-gasification with coal. 

• Water slurry co-gasification of torrefied biomass and coal: a variant on a commercial oxygen-
blown, entrained flow gasification system (GE) that is well suited to co-production and CO2 
capture. 

• Liquid phase methanol synthesis: a technology that provides high single-pass conversion of 
syngas to methanol, which makes it especially well suited for MTG and MTO co-production 
systems.  The technology has been demonstrated in commercial operation, but has not yet 
been widely deployed. 

• Oxygen production using ion transport membranes (ITM): a novel oxygen transport ceramic 
membrane that has the potential for reduced capital cost and power consumption compared 
with standard cryogenic air separation systems. 

• Solid oxide fuel cells: high temperature electrochemical conversion devices (constructed of 
materials very similar to those used in ITM) that can potentially significantly increase the 
efficiency of power production, especially when pressurized and combined with gas turbines. 

 
Focus on near-term deployment of co-production systems 
While past work has focused on identifying the most promising co-production options for 
widespread deployment, the Williams Group will make a major shift in emphasis to examine 
more closely technologies, economics, and policies for early deployment of co-production 
systems. The technologies emphasized will be those with modest biomass input percentages that 
involve co-gasification in suitable coal gasifiers rather than having separate gasifiers for coal and 
biomass (modeled in all research to date). 
 
Hitherto the group’s economic analyses have been on Nth of a kind (NOAK) plants to identify the 
most promising options for widespread deployment. Now the researchers will extend their 
economic modeling to include 1st of a kind (FOAK) plants, which is essential in order to 
understand adequately the economic challenges of early deployment – understanding FOAK 
economics is key to communicating with project developers, policy makers, investors and other 
key stakeholders information relating to near-term deployment of these technologies.  
 
Focused attention will be given to deployment opportunities for co-production systems as 
repowering units at sites for old coal power plants that are candidates for early retirement under 
EPA environmental regulations that are already getting underway.  Particular emphasis will be 
given to opportunities for CO2 enhanced oil recovery, especially where CO2 pipeline 
infrastructure is already in place. 
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Finally, Williams and colleagues will carry out policy analysis to explore the extent to which 
politically feasible incentives might be crafted with the expectation that CO2 EOR opportunities 
will not be sufficient to make FOAK plants economic, nor will federal carbon mitigation policy 
be in place in the near term to help incentivize FOAK plants. One promising approach they will 
pursue is to describe how an energy security enhancement + diversity of supply policy (with, for 
example, production tax credits as the awards), coupled to EPA’s prospective carbon mitigation 
regulations, might be crafted to simultaneously incentivize co-production systems that offer 
significant carbon-mitigation benefits and discourage carbon-intensive co-production systems 
(e.g., those that involve no CCS). 
 
Co-production in China 
Analysis of co-production systems will be extended to Chinese conditions, with an emphasis on 
the economics of such systems in China, in collaboration with our colleagues at both Tsinghua 
University (Zheng LI and his group) and at North China Electric Power (Guangjian LIU and 
others). The main rationale is that co-production systems based on coal and coal + biomass may 
be established in the market first in China, as a logical extension of the extensive use of coal for 
chemicals in the country. In China, there are hundreds of plants with coal gasifiers and synthesis 
reactors used to make chemicals and there are coal companies now engaged in chemicals 
manufacture that are well-positioned to extend this coal chemicals experience to the co-
production of liquid fuels and electricity. 
 
Energy storage technologies 
In the year ahead, the Arnold Group will be continuing work on assessment and optimization by 
examining how the regime of optimal storage efficiency differs among various available 
chemistries and how these can be integrated within hybrid systems.   In particular, the team will 
focus on issues related to extended lifetime analysis for batteries subject to stochastic charge.  
They will also continue to refine their battery characterization models, and incorporate these 
models into improved energy allocation control programs. 
 



 

 

34 

Publications 

Azar, C., K. Lindgren, M. 
Obersteiner, K. Riahi, D.P. van 
Vuuren, K. M. G. J. den Elzen, K. 
Möllersten, and E. D. Larson.  “The 
Feasibility of Low CO2 
Concentration Targets and the Role 
of Bio-Energy with Carbon Capture 
and Storage (BECCS).” Climatic 
Change, 100:195–202, 2010. 
 
Cleary, C.  "The effect of variable 
charging conditions on a wind 
turbine battery system,” senior 
thesis, Princeton University, 2010. 
 
Guo, X., G. Liu and E. D. Larson. 
“High Octane Gasoline Production 
by Upgrading Low-Temperature 
Fischer-Tropsch Syncrude.” 
Industrial and Engineering 
Chemistry Research, January 2011. 
(Submitted) 
 
Kreutz, T. G. “Prospects for 
Producing Low Carbon 
Transportation Fuels from Captured 
CO2 in a Climate Constrained 
World.” 10th International 
Conference on Greenhouse Gas 
Technologies (GHGT-10), 
Amsterdam, The NE, Sept. 19-23, 
2010. 
 
Kreutz, T.G., E. Martelli, M. Carbo, 
S. Consonni, and D. Jansen.  “Shell 
Gasifier-Based Coal IGCC with CO2 
Capture and Storage: Partial Water 
Quench vs. Novel Water-Gas Shift.” 
Proceedings of ASME Turbo Expo 
2010, June 14-18, Glasgow, UK. 
 
Larson, E.D. and A. Faaij (Lead 
Authors). “Bioenergy Systems” draft 
prepared for Knowledge Module 11 
(“Renewable Energy Systems,” W. 
Turkenburg Convening Lead 
Author) of The Global Energy 
Assessment, Cambridge University 
Press, Cambridge, UK, 2011. 
(Forthcoming) 

Larson, E. D., G. Fiorese, G. LIU, R. 
H. Williams, T. G. Kreutz, and S. 
Consonni. “Co-production of 
Synfuels and Electricity from Coal + 
Biomass with Zero Net Carbon 
Emissions: an Illinois Case Study.”  
Energy and Environmental Science, 
3, 28-42, 2010. 
 
Larson, E. D. and Z. Li (Co-
Convening Lead Authors), T.  
Fleisch, G. Liu, G. Nicolaides, X. 
Ren and R. H. Williams. “Fossil 
Energy Systems.” Knowledge 
Module 12, The Global Energy 
Assessment, Cambridge University 
Press, Cambridge, UK, 2011. 
(Forthcoming) 
 
Liu, G., E. D. Larson, R. H. 
Williams, T. G. Kreutz and X. Guo.  
“Making Fischer-Tropsch Fuels and 
Electricity from Coal and Biomass: 
Performance and Cost Analysis.” 
Energy and Fuels,, 25, 415-437, 
2011, DOI:10.1021/ef101184e 
(published online: December 6, 
2010). 
 
Liu, G., T. G. Kreutz, E. D. Larson 
and R. H. Williams. “Performance 
and Power Cost for Lignite: 
Comparing Fluidized Bed and 
Entrained Flow Gasifiers.” 
Proceedings of the 9th Annual 
DOE/NETL Conference on Carbon 
Capture and Sequestration, PA, 10-
13 May, 2010. 
 
Liu, G., R. H. Williams, E. D. Larson 
and T. G. Kreutz. 
“Design/Economics of Low-Carbon 
Power Generation from Natural Gas 
and Biomass with Synthetic Fuels 
Co-Production.” 10th International 
Conference on Greenhouse Gas 
Technologies (GHGT-10), 
Amsterdam, Sept. 19-23, 2010.  
 
Martelli,E., T. G. Kreutz, M. Carbo, 

S. Consonni, and D. Jansen. “Shell 
Coal IGCCs with Carbon Capture: 
Conventional Gas Quench vs. 
Innovative Configurations.”  
Submitted to Applied Energy, Sept. 
13, 2010. 
 
Williams, R. H. “Strategy Already 
Exists to Address CO2 Emissions.” 
Grand Forks Herald, Insight Section 
(Section D), The Opinion Page 
(Page D3), Grand Forks, North 
Dakota, 1 November 2009. 
 
Williams, R.H., G. Liu, E. D. Larson, 
and T. G. Kreutz. “Toward Getting 
Back on Track: Coal and Biomass to 
Fuels and Power.” Proceedings of 
the International Conference on 
Global Dynamics in the Green 
Energy Industry: A New Engine of 
Growth, East-West Center and 
Korea Energy Economics Institute, 
2010. 
 
Williams, R. H., G. Liu, T. G. 
Kreutz and E.D. Larson.  
“Alternatives for Decarbonizing 
Existing USA Coal Power Plant 
Sites.” 10th International 
Conference on Greenhouse Gas 
Technologies (GHGT-10), 
Amsterdam, Sept. 19-23, 2010.  
 
Williams, R.H., G. Liu,  E. D. Larson 
and T. G. Kreutz.  “Low-C power 
from Fossil Fuel and Biomass with 
Synthetic Fuels Coproduction.”  
Prepared for ACS Fuel Division 
Symposium on Fuels, Chemicals, 
Materials, and Energy from 
Biomass, Coal, and Natural 
Resources, Anaheim California, 27-
31 March 2011. 
 
Williams, R. H., G. Liu, T. G. 
Kreutz and E. D. Larson. “Biomass 
and Coal to Fuels and Power.”  
Annual Review of Chemical and 
Biomolecular Engineering, to be 



 
 

 

35

published in Vol. 2, 2011. 
 
Yabroudi, S. "Exploiting the Inverse 
Capacity-Rate Relationship in a 
Stochastic Setting: Control 

Algorithm Development for Hybrid 
Energy Storage in Renewable 
Energy Applications", senior thesis, 
Princeton University , 2011. 
 

Zheng, Z., E. D. Larson, Z. Li, G. 
Liu and R.H. Williams. “Near-Term 
Mega-Scale CCS Demonstrations in 
China.”  Energy and Environmental 
Science, 3: 1153-1169, 2010.

 

 

 



 

 

36 

Carbon Storage  
 
 
 
 
 
The Carbon Storage effort is conducted by the Celia Group, the Debenedetti Group, the Peters 
Group, the Prévost Group, and the Scherer Group, The Storage Group uses laboratory 
investigations and computer models to evaluate the effectiveness and safety of geological CO2 
sequestration.  
 
A particular focus of the group is the potential for CO2 storage in saline aquifers in the vicinity of 
oil and gas fields.  These areas offer an appealing opportunity for storage, since their existence 
proves that a seal can keep hydrocarbons contained for millions of years, and seismic and 
borehole data offer considerable insight into the nature of subsurface strata.  However, oil-
producing areas in North America have been punctured by many thousands of existing wells, so 
assessing whether CO2 will stay stored or leak up through these potential conduits to the surface 
requires understanding the behavior of injected CO2 in an aquifer, interaction of CO2 with 
individual wells and sealing cements, and probabilities for leakage over a large area. 
 
Recently, the group’s investigations of the challenges of CO2 sequestration in saline aquifers have 
been complemented by a scouting effort in a new area of research - molecular level investigations 
of CO2 hydrates that could serve as an additional storage medium.  
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2000-2010 Accomplishments  
 
Completion of cement durability studies 
One major aspect of the group’s work has been completed by George Scherer and colleagues  – 
characterization of cement durability under CO2 injection conditions.  Flow-through and batch 
experiments, coupled with time-lapse photography, have yielded an equation for cement 
dissolution rate as a function of temperature and pH.  This information, complemented by 
diffusivity data from fresh cement and field samples, will now be used to inform and verify 
simulations of CO2-well interactions. 
 
Development of a multi-physics simulator for deep-aquifer injection  
Another major goal of the group was to build on an existing geomechanical model, dynaflow, to 
create a simulator capable of predicting the fate of CO2 and geochemical changes in an injection 
aquifer.  Jean H. Prévost and collaborators have now developed a multiphase, multi-component 
model that is exceptional in coupling geomechanics (including fracture) with geochemistry. With 
the addition of new modules that can also be used in other simulators such as Eclipse, dynaflow is 
able to simulate reaction and degradation of well cements in the presence of carbonated brine 
solutions, resolve small-scale behavior in the vicinity of wells, and, uniquely, describe the phase 
behavior of fluid phases, including boiling of CO2. 
 
Creation of fast models for basin-scale leakage estimates 
A third goal was to create modeling tools that can make predictions of field-scale CO2 leakage 
useful for risk assessment.  Early research by the Celia Group focused on creating on simplified 
analytical and semi-analytical models of CO2 plume migration, brine movement, and pressure 
buildup, which can now be accessed on the web.  More recently, the group has created a 
hierachical modeling system which can incorporate fast analytical and semi-analytical solutions 
for small-scale features within a coarse–scale numerical simulation.  The resulting hybrid models 
are faster than complex numerical simulators and can be used in making probabilistic assessments 
of CO2 leakage risk. 
 
New technique for estimating effective well permeability 
In collaboration with colleagues at BP and Los Alamos National Laboratory, Michael Celia and 
colleagues have applied and analyzed vertical interference tests to estimate in situ permeability of 
the area immediately outside the casing of a wellbore, including the cement sheath.  The results 
of the testing are complemented by log data and core samples.  These measurements provide an 
innovative way to obtain the kind of data on leaky wells critical to large-scale numerical 
simulations of CO2 leakage. 
 
Completion of molecular-based CO2-water phase behavior study 
The Debenedetti group, in collaboration with Thanos Panagiotopoulos of Chemical and Biological 
Engineering, has completed a comprehensive assessment of the performance of several CO2/H2O 
models for the prediction of phase behavior across a broad range of temperatures and pressures. 
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Storage Results - 2010  

 

Highlights 

• Cement durability experiments have been completed and provide the necessary input data for 
Dynaflow simulations 

• Based on measured corrosion rates, it is predicted that acidified brine would be rapidly 
neutralized as it flows upward through a crack or annulus in well cement, so small leaks 
would not grow into large ones as a result of corrosion  

• An apparatus for carrying out indentation measurements has been constructed and permits 
profiling of the mechanical damage in corroded cement 

• The advanced poromechanical capabilities of dynaflow have been used to simulate injection 
at In Salah 

• Analytical and semi-analytical models have been expanded to make them more broadly 
applicable, yielding even faster field-scale simulations with fewer assumptions 

• Simulations of CO2 injection fields with brine management show that injection pressures can 
be substantially reduced, allowing for greater injection rates that can be optimized over time. 

• Molecular modeling has revealed a strong dependence of gas hydrate stability on the 3-D 
structure and occupancy of the “cages” that contain CO2 molecules. 

 

Cement Durability  

 
New experimental techniques, including time-lapse photography, micro-indentation, and nuclear 
magnetic resonance (NMR), have provided improved measurements both of the kinetics of 
corrosion of cement and resulting changes in mechanical and transport properties. The results are 
being used to verify numerical models and to test the effects of reservoir conditions (e.g., pH, CO2 
concentration) on the rate of corrosion.  

Measurement of corrosion kinetics 
Graduate student Ed Matteo has used time-lapse photography to measure the rate of corrosion of 
cement by acidic brine with greatly enhanced precision (Figure 8).  
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The results show several new features: (1) at a given pH, the rate of attack is faster when CO2 is 
dissolved in the water (as predicted by modelling work described below); (2) the corroded layers 
contract (that is, the residual silica gel occupies less volume than the cement from which it 
formed), which will enhance the leakage rate; (3) the accumulation of debris from the corrosion 
reactions retards the attack.  
 
The kinetics of attack in these experiments are clearly diffusion-controlled, as the depth of the 
corroded layer increases strictly in proportion to the square root of time. By performing these 
studies over a range of temperature, T, and pH, it has been possible to establish a predictive 
relationship for the rate of advance of the corrosion front, S : 
 

 
S(mm/h1 2 ) = 1305 exp −

2383
T

⎛
⎝⎜

⎞
⎠⎟

exp −0.8 pH( )
 (1) 

 
As shown in Figure 9, this expression accurately predicts the corrosion rates found in a set of 
studies from the literature as well as the group’s own measurements. These results will permit 
extrapolation to less aggressive conditions, which are more typical of field conditions, but where 
the rate of attack is too slow for laboratory study. 
 
 
 
 
 

Figure 8. Plot of corrosion 
depth vs. square‐root of time 
for flow‐through experiments 
ranging from pH = 0 to pH =3.7 
and for both the 1 bar CO2 case 
and for the “No CO2” case (acid 
in  equilibrium with the 
atmospheric level of CO2). 
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Accumulation of debris from the reaction reduces the attack rate by about a factor of 3, as shown 
in Figure 10a. Nevertheless, the relationship between the amount of calcium extracted and the 
depth of the attack is unchanged, as indicated in Figure 10b. Thus, there is no indication of a 
change in the phases that dissolve or precipitate; the debris simply constitutes a physical barrier 
to diffusion that retards the corrosion. Thus the rate of leakage may be strongly influenced by 
factors, such as the angle of the well and the rate of flow, that affect the removal of debris.  
 
A simple analytical model for flow of carbonated brine in an annular gap around the cement in an 
abandoned well shows that the acid would be quickly consumed as it rises through the gap. For 
example, if the width of the gap is 10 microns, then it would take centuries for the corrosion to 
extend upward by a meter. Therefore, there should be little risk of small leaks expanding into 
serious ones as a result of corrosion by acidified brine. There might be a greater risk of damage by 
two-phase flow (brine + CO2) in the annulus, but that situation must be analyzed using dynaflow. 
 

a)  b)  
 

Figure 9. Rate of advance of 
corrosion front (“Slope”) versus 
pH calculated from eq. (1) 
agrees within a factor of 2 with 
other data from the literature. 
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Figure 10. (a) Amount of calcium extracted from cement paste as a function of time for samples held upright (so that 
debris accumulates) or  inverted  (so  that debris  falls away  from  surface);  (b) correlation of  calcium extracted with 
depth of corrosion. 
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Analysis of the pore structure by nitrogen sorption and electron microscopy indicate that the 
silica gel produced by the corrosion of the cement paste is not significantly influenced by the pH 
of the solution. Therefore, properties measured on gels created under the relatively aggressive 
conditions of these lab experiments can be assumed to represent the corrosion layers that would 
be formed under field conditions.  
 
Diffusivity of water within the pores of the corrosion layer is being measured by NMR, in 
collaboration with Dr. Leo Pel at the Technical University in Eindhoven. Preliminary results 
yield values that agree well with the diffusivity found by fitting corrosion data to model results. 
More precise measurements are now underway. 

Indentation experiments 
Apparatus, shown in Figure 11, has been constructed that permits indentation measurements on 
cement paste before and after corrosion to determine the change in modulus, hardness, and 
permeability. Using the spherical tip, the permeability of a synthetic silica gel was found to agree 
very well with values obtained independently; measurements on corroded pastes are underway. 
 

 

 
Young’s modulus has been measured using this system by indenting the cement surface with a 1.5 
mm diameter spherical indenter. A load cell measures the force, while displacement is measured 
with a linear variable differential transformer (LVDT). The loading is imposed by a stepper motor 
that can be programmed to move the indenter tip at a constant speed, on the order of microns per 
second. Figure 12 shows a plot of load versus displacement for a typical indentation experiment, 
which can be used to calculate Young’s modulus, E, via a method widely employed in the 
literature. 

Figure  11.  Photo  of  micro‐indentation  instrument  (left)  with  accompanying  schematic  describing  individual 
components (right). 
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Values of E in the range of 20 GPa have been measured for Class H cement samples. The current 
experimental plan includes characterizing the samples corroded under various boundary 
conditions by measuring Young’s modulus and hardness as a function of depth through the 
degradation zone. 

Reactive transport modeling 
In collaboration with Bruno Huet (now at Schlumberger), the group has published an analysis of 
the kinetics of corrosion of cement paste by a carbonated brine, using a reactive transport module 
within dynaflow (see “Simulation of CO2 injection” below).  The transport and geochemical 
modules are coupled in a sequential iterative approach to model: (1) mineral dissolution/ 
precipitation, (2) aqueous phase speciation, and (3) porosity-dependent transport properties. 
Simulation results reproduce qualitatively the dissolution of cement hydrates (calcium hydroxide, 
calcium-silicate-hydrate, and sulfate phases) and intermediate products (CaCO3) that have been 
observed experimentally.  
 
Originally, to obtain agreement between simulations and observations, it was necessary to adjust 
the diffusivity arbitrarily. This issue is being addressed experimentally by using NMR to measure 
the diffusivity directly on corroded paste; preliminary data indicate that the value obtained 
previously by fitting is close to the true value. Experiments were designed in collaboration with 
Bruno to evaluate how the boundary conditions (pH, and concentrations of CO2 and Ca2+ ions) 
control cement reactivity. The results are consistent with the predictions of the model, indicating 
that the model can be trusted to simulate corrosion during leakage. 
  

Figure 12. Load vs. displacement 
data from a typical indentation 
experiment  

 



 
 

 

43

Shale Permeability 

 
When a poro-elastic beam is suddenly bent, pressure is imposed on the liquid in the pores, so it 
begins to flow. This leads to a decrease in the amount of force needed to sustain the deflection of 
the beam. The time that it takes for the pressure in the pores to be released is related to the 
permeability of the beam, so a measurement of the force on the beam can be used to measure 
permeability. This technique has been used extensively in the Scherer lab for a variety of 
materials, including gels, porous glass, cement, and stone.  
 
Post-doctoral researcher Jie Zhang has made an extensive series of measurements on shales 
supplied by Rusty Riese (BP) from cores obtained at several sites. The permeabilities range from 
less than 1 to more than 100 nanodarcies. The data show reasonable agreement with the Katz-
Thomson equation, which relates permeability to pore size.  

 

Simulation of CO2 injection 

 
Several tools aimed at improving numerical models for simulation of geological storage of CO2 
have been developed in Jean H. Prévost’s group. These tools allow capture the effects of coupling 
between fluid flow, thermal and geomechanical effects. Furthermore, with these advanced tools 
taking into account coupling between multiphase fluid flow, heat conduction and geomechanics, 
a mechanism leading to a previously undocumented risk scenario in CO2 injection operations has 
been identified. The tools have been implemented in dynaflow, which offers a modular, 
hierarchical approach for multiphysics simulations. dynaflow allows increasing more complex 
models to be used to simulate physical processes with increasing accuracy 

Capturing nonlinear near-well behavior and coupled poromechanics 
Numerical modeling of CO2 injection tends to focus on fluid flow and pressure evolution, whereas 
geomechanical effects are disregarded, or taken into account by means of simple approximations. 
Work by Prévost and postdoctoral fellow M. Preisig presents a framework that allows a correct 
representation of the stress state in the vicinity of a well. This has led to several developments or 
improvements of numerical methods: 
 

• a stabilization procedure has been developed that avoids pressure oscillations at very small 
time steps 

• a consistent methodology has been presented allowing the establishment of accurate initial 
stresses in the near-well region after drilling of the well 

• a novel procedure for specifying injection boundary conditions in heterogeneous or 
anisotropic porous media has been developed.  

• These methods have been added to the toolbox for modeling flow in porous media in the 
software dynaflow.  
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Thermo-hydromechanical coupling in a practical CO2 injection scenario – In Salah 
The design of dynaflow offers a modular, hierarchical approach for multiphysics simulations. 
Starting from a simple single-phase flow simulation, additional physical processes and additional 
phases can be added step-by-step, thus allowing adaptation of the numerical model to the degree 
of complexity required by each task. The full capabilities of dynaflow have been put to a test in a 
case study of the ongoing CO2 injection at In Salah, Algeria. Coupling all relevant physical 
processes in a simulation of CO2 injection is crucial for assessing feasibility, safety and 
productivity of such an operation.  Simplified coupling strategies can be used in individual 
situations, but their accuracy can only be assessed by comparison with a fully coupled simulation. 
The Prévost Group’s study with full thermo-poromechanical coupling illustrates a mechanism 
that may lead to tensile fractures in the sealing cap rock. Injection of a cold fluid into a reservoir 
at higher temperature causes thermal stresses, which in this case have been shown to create 
and/or re-open fractures in the cap rock perpendicular to the well (Figure 13).   

 
 

 

Error analyses and sensitivity studies 
The work of Prévost and graduate student I. Goumiri focused on two aspects of interest in the 
field of reservoir modeling. First, while Galerkin finite element methods are well suited for 
solving geomechanical problems, the transport equation, which has to be solved when 
considering multiphase flow, is best solved with finite volume methods. To couple traditional 
finite volumes, where the unknowns are located at cell centers, with Galerkin methods, where 
they reside at vertices, two approaches are possible - one requires cell to node projections, while 

Figure 13. Evolution of tensile stress in the plane perpendicular to the well and temperature in 
the cap rock above the well resulting from injection of CO2 at different temperatures (T0 is the 
reservoir temperature). 
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the one that is successfully used in dynaflow uses a vertex centered finite volume implementation 
to circumvent the problem. Cell to node projections introduce an unnecessary error in a 
simulation. Assessing this error systematically has been one goal of I. Goumiri’s work. 
 
The second study dealt with the influence capillary pressure has on the distribution of a phase 
invading a porous medium saturated with another phase. The investigation showed that in most 
cases relevant in practical CO2 injection scenarios, the capillary pressure only affects the CO2 

saturation in a very limited region at the front of the invading plume. Capillary pressure can 
therefore be safely neglected in a reservoir-scale simulation. 
 

Simplified Models for CO2 Injection, Migration, and Leakage 

Multi-scale modeling framework  
In the past several years, Michael Celia and colleagues have developed a series of analytical and 
semi-analytical models that allow simulation of CO2 injection and leakage with a focus on leakage 
along old wells.  Geared toward quantitative estimation of leakage on large scales, the group’s 
methods are very efficient and allow for simulations that include hundreds to thousands of leaky 
wells across many layers of geological formations.   While providing important practical insights 
into the leakage problem, the early models required a number of assumptions and simplifications. 
 
The researchers have now developed a much broader range of simulation tools that eliminate 
many of the assumptions required in the earlier models. The current models rely on only one 
major assumption, which is vertical equilibrium for the pressures of both the CO2 and brine in 
each permeable formation.  This assumption implies a time scale that is large relative to the time 
required for the fluids to segregate (by buoyancy) in the vertical direction.  For many formations, 
where the formation thickness is small relative to the horizontal extent, and where injection 
operations will continue over many decades, this is a reasonable assumption.  
 
With this single assumption, the models can be simplified significantly while still allowing for 
geometric and parameter complexity within a formation (Figure 14).  The models currently 
include all important processes except complex geochemistry.  Quantitative modeling of residual 
(capillary) trapping, dissolution including convective mixing, and transport and possible leakage 
of buoyant separate-phase CO2 are all included.  The models also simulate brine movement and 
possible leakage and identify appropriate regions of elevated pressure associated with the “area of 
review.”  In addition, the models include capillary-fringe representations of the transition zone 
between CO2 and brine; this fringe zone can have important impacts on both rates of CO2 plume 
movement and the shape of invading CO2 fronts. 
 
These new models are solved with a combination of numerical and analytical methods.  They are 
formulated in the context of a general multi-scale modeling framework, which is based on 
explicit estimation of important length and time scales.  Whenever possible, scale separation is 
exploited in the models, and fine-scale resolutions are only included in local reconstructions or 
down-scalings. This allows calculations to be performed exclusively on large-scale grid blocks. 
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In addition to model development, Celia and colleagues continue to work on detailed projects 
focused on well-leakage parameters in partnership with Andrew Duguid from Schlumberger (a 
former PhD student from Princeton). These include development of new software to more easily 
perform parameter estimations associated with data from Vertical Interference Tests (VIT) and an 
effort to optimize well-based observations to monitor for leakage of CO2 or brine.   
 
Finally, the team has continued to develop a web interface that provides solutions for CO2 plume 
and pressure field evolution. They now have a module where leakage along a leaky well can be 
included in the simple web-based models.  See http://monty.princeton.edu/CO2Interface/.   
 
Active collaborations for the modeling activities include ongoing close collaborations with 
colleagues from the University of Bergen in Norway, especially Jan Nordbotten, as well as 
ongoing collaborations with Sarah Gasda (a Princeton PhD graduate) at the University of North 
Carolina. In addition, the team has a joint research project with the USEPA research center in 
Athens, Georgia to develop the hierachical modeling framework; a joint project with Mark 
Person at New Mexico Technical University to apply models to the Illinois Basin; and continuing 
collaborations with Stefan Bachu at Alberta Innovates (formerly Alberta Research Council). 
Finally, Michael Celia is a co-PI with Catherine Peters on a Department of Energy grant to 
Princeton entitled Basin-Scale Leakage Risks from Geologic Carbon Sequestration: Impact on CCS 
Energy Market Competitiveness. 

Outreach and related activities 
• Michael Celia was 2010 ASCE Pioneers in Groundwater Lecturer (lecture focused on CO2 

modeling work). 

Figure 14.  Modeled 
formation with 
different regions 

 
 
 
 



 
 

 

47

• Celia continues to serve on the Scientific Advisory Board for the In Salah Project; on the 
Advisory Board for the CO2 Capture Project (Phase 3); and on the Organizing Committee for 
the IEA Wellbore Integrity Network (including the joint meeting in 2011 with the IEA 
Modeling Network to be held in Perth, Australia). 

• The Celia group organized and hosted a workshop at Princeton titled “Scales of Resolution, 
Model Complexity, and Solution Approaches for CO2 Storage Problems”  

• Post-doc Mark Dobossy (in conjunction with M. Celia, J. Nordbotten, and A. Janzen) has 
formed a start-up company, Geological Storage Consultants, to commercialize the injection 
simulation software.  The company has received a small business grant from the Department 
of Energy for this work.   

 
 

Active and Integrated Management of Injection Operations 

Celia and colleagues have also begun to investigate a range of possible activities synergistic to CO2 
injection operations.  Most of them involve brine production and possible reinjection, and are 
placed within a broad framework in which the reservoir would be managed much more actively.  
Possible benefits from such an active management approach include: 
 
• reduced reliance on surface water for power plant operations 

• improved control of reservoir flows and enhanced options for remediation 

• reduction in the area of review for a given operation 

• possible use of heat contained in extracted brine 

• use of cooled (extracted) water for plant operations  

 
These benefits could be important under a number of different scenarios, including operations in 
water-limited regions of the world, operations where increased public acceptance is important, 
and operations that may be limited by maximum injection pressure constraints.   
 
Figure 15 shows some of the basic ideas involved in this active management approach.  Rather 
than a single injection well, multiple wells would be installed, giving many more operational 
options for the system.  As an example, Figure 16 shows the impact of pressure control at 
different distances from the injection well, assuming a constant rate of injection determined by 
reaching 90% of fracture pressure for passive injection.   The closer the extraction wells are 
placed to the point of injection, the smaller the pressure increase seen at the injection well as CO2 
is pumped into the aquifer. This reduction in pressure provides opportunities for significantly 
larger injection rates that can be modified and optimized as a function of time.   However, the 
smaller distance between injection and extraction wells also leads to potential breakthrough of 
the CO2 at the extraction well.  While some wells may be placed close to injectors for the dual 
purpose of early pressure control and monitoring of the timing of breakthrough, in general 
breakthrough would probably not be desirable. 
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Active management could also have benefits that would favorably impact public perception of 
CCS.  For example, use of extracted brine to drive a district heating system for a community, or 
provision of additional water after desalination, even if it is gray water, can change the operation 
from one with no benefit to the local community to one with significant benefits.  For these and 
other reasons, the group is pursuing a much more detailed analysis of these ideas of active 
management. 
 
 
 

Figure 15. Passive versus active management of injection operations 
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LUCI: Large-scale Experimental study of Carbon Sequestration 

Led by Catherine Peters, Princeton researchers are working with partners at Lawrence Berkeley 
National Lab to plan an experimental facility for the DUSEL underground laboratory in South 
Dakota, USA.  Funded by the National Science Foundation, LUCI, the Laboratory for 
Underground CO2 Investigations, is being designed to study vertical flow of CO2 in porous media 
over length scales representative of leakage scenarios in geologic carbon sequestration.  
 
The plan for LUCI is a set of three vertical column pressure vessels, each of which is ~500 m long 
and ~1 m in diameter (Figure 17). The experiments are configured to simulate CO2 leakage by 
releasing CO2 into the bottoms of the columns, which will be filled with brine and sand or 
sedimentary rock. Each vessel will have an inner column to simulate a well for deployment of 
down-hole logging tools; in partnership with Schlumberger, a comprehensive suite of geophysical 
logging instruments will be deployed to monitor experimental conditions as well as provide data 
to quantify vertical resolution of sensor technologies.  
 
The scale of the LUCI facility will permit measurements to study CO2 flow over pressure and 
temperature variations that span supercritical to subcritical gas conditions. It will enable 
observation or inference of a variety of relevant processes such as buoyancy-driven flow in 
porous media, Joule-Thomson cooling, thermal exchange, viscous fingering, residual trapping, 
and CO2 dissolution. Experiments are also planned for reactive flow of CO2 and acidified brines in 
caprock sediments and well cements, and for CO2-enhanced methanogenesis in organic-rich 
shales. 

Figure 16. Impact of pressure control on injection‐well pressure (BT indicates breakthrough at 
the extraction wells). 
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The experimental observations from LUCI will generate new understanding of the processes 
governing CO2 trapping and vertical migration, and will provide valuable data to calibrate and 
validate large-scale model simulations.   Pending congressional review and approval for the entire 
DUSEL laboratory, construction could start in 2012 and experiments might begin as early as 2014. 
 
 

 
 
 
Figure 17. A graphical depiction (not to scale) of the LUCI experimental facility, showing the three vertical columns, the 
surface building, and the access drifts.  The Empire State Building is depicted to indicate the vertical extent of this 
facility. 
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Scout:  Molecular Simulation Studies of Gas Hydrates 

Rather than storing CO2 in saline aquifers, a competing possibility for sequestering carbon lies in 
seafloor hydrates, ice-like substances in which gases are trapped within cages of water molecules.  
One strategy is to store CO2 in solid form as a gas hydrate, or as a pool of liquid CO2 below a cap 
of its hydrate. CO2 hydrates can also be stored in subsea sediments that are characterized by fine-
grained silts, mud and clays, usually with very small mean pore diameters. Engineering any 
technology along these lines requires a fundamental understanding of both the thermodynamics 
and kinetics of CO2 hydrate formation in bulk as well as in confined geometries associated with 
the subsea sediment pores. To assess the long-term behavior of the carbon dioxide disposal and 
geological storage, it is also important to understand the phase behavior of CO2-H2O mixtures 
over a broad range of thermodynamic conditions as well as in confined geometries. The principles 
of statistical mechanics, along with molecular-based computer simulations, provide a 
fundamental link between molecular-level structure and interactions  and macroscopic properties 
that can shed new light on these issues. 
 
Pablo Debenedetti and colleagues are using molecular dynamics (MD), Monte Carlo (MC) and 
path sampling simulations to study CO2 hydrate phase behavior, the kinetics of hydrate formation 
and dissociation, and phase behavior of CO2-H2O and CO2-H2O-NaCl. These studies will provide 
insights important to geological storage of carbon dioxide as well as for the rational design of 
hydrate-based CO2 storage systems over broad ranges of temperature and pressure. 

Molecular simulation studies of CO2 hydrate dissociation 
To better understand the kinetics of CO2 hydrate dissociation, Debenedetti and colleagues have 
used a molecular dynamics model to simulate CO2 hydrate in contact with liquid water. A 
snapshot of the simulation system is shown in Figure 18 . CO2 hydrate has so-called sI hydrate  
 

Figure 18. Snapshot of CO2 hydrate and water system used in simulations. CO2 molecules are shown in green. 
Hydrogen bonds between water molecules in the hydrate structure are shown as red dashed lines. Liquid 
water is shown in blue and water in hydrate structure is shown in red (oxygen) and white (hydrogen). 
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structure, the unit cell of which consists of six large (51262) and two small (512) cages (XmYn 
denotes a cage with m X-sided and n Y-sided polygons). The cage occupancy corresponds to the 
number of cages filled by guest molecules. Although some studies have suggested that hydrate 
stability is affected by cage occupancy, no systematic studies have been performed of this 
important parameter.  
 
To investigate this issue, the researchers studied the dissociation behavior of three occupancy 
cases – 100% occupancy, in which all cages are occupied by CO2 molecules, and two cases of 87% 
occupancy. The two cases with 87% overall occupancy differ in the distribution of their empty 
cages -- in one case, 50% of the small cages were empty (denoted as 87%S) and in the second case, 
~17% of the large cages chosen randomly were kept empty (denoted as 87%L).  
 
The studies reveal two novel aspects of CO2 hydrate dissociation.  First, the rate of hydrate 
dissociation depends not only on the overall occupancy, but also on the cage-specific occupancy. 
With overall occupancy of 87%, the hydrate structure with empty large cages (87%L) dissociates 
approximately twice as fast as the structure with empty small cages (87%S) (See Figure 19). 
Therefore, it is important to consider not only the overall occupancy, but also cage-specific 
occupancy when modeling the kinetics of hydrate dissociation.  
 
Second, analysis of the dissociation behavior of individual cages reveals that the melting behavior 
of the cages is dependent on their surrounding hydrate structure. For example, large cages 
occupied with CO2 molecules have different melting behavior in 87%L and 87%S, melting faster in 
case of former (See Figure 20). Thus, dissociation of individual cages cannot be explained based on 
simple distinction between small and large or empty and occupied cages. The surrounding 
hydrate structure of the cages has to be taken into account. This also suggests that hydrate 
dissociation is a cooperative phenomenon. 
 
 

Figure 19. Evolution of energy, E in the hydrate‐water system during the simulation relative to final bulk system 
energy, <E>e. Increase  in the ratio represents melting of the hydrate. Different colors correspond to different 
occupancy cases.  Blue: 100%, Red: 87%S, Magenta: 87%L 
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Monte Carlo simulations of high-pressure phase equilibria of CO2-H2O mixtures 
Another focus of the Debenedetti group has been to assess the ability of state-of-the-art 
molecular-based computer simulations to predict the phase behavior of CO2-H2O and CO2-H2O-
NaCl mixtures over broad ranges of temperature and pressure relevant to carbon capture and 
storage, as well as CO2-assisted geothermal energy production. The researchers tested five 
CO2/H2O models (EPM2/TIP4P2005, EPM2/TIP4P, EPM2/SPC, TraPPE/TIP4P2005, and 
exponential-6 CO2/exponential-6 H2O), focusing on the solubility of CO2 in water, the solubility 
of water in CO2, and phase diagram of CO2-H2O mixtures at high temperatures. Figure 21 
summarizes the comparison between experimental data and predictions from various models 
studied here.  
 
Reasonable agreement between the experimental data and simulation results for CO2 solubility in 
water was obtained at low pressures (P < 200 bar) for most of the tested models, but overall the 
simulation results from most of the models deviate from the experimental curves at higher 
pressures. Also, the solubility of water in CO2 is not reproduced by most of the models.   At high 
temperatures near the critical point, the experimental data are inconsistent with each other and 
the simulation results for all the tested models compare poorly with the experimental data.  
 
The analysis suggests that while all of the tested models qualitatively capture the temperature and 
pressure dependence of solubility, none is capable of reproducing the experimental data over the 
entire temperature and pressure range. This work is the first comprehensive assessment to date of 
the state of the art in the molecular modeling of phase behavior in the CO2-H2O system across 
broad ranges of temperature and pressure. 
 

Figure 20. Dissociation trajectories of filled large cages (51262) in 87%S and 87%L occupancy hydrates at 
270 K. Each color represents the dissociation trajectory of an individual cage upon melting. Note 
differing timescales. 
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Future Plans 

 
Cement Durability 
The experimental work on indentation and diffusivity of corroded paste has been completed. This 
concludes the Scherer group’s study of cement corrosion, as sufficient data will have been 
obtained to permit analysis of leakage with dynaflow.  
 
 
Leaky wells and discrete fracture networks 
Future work of the Prévost Group will be on extending the dynaflow reservoir simulation toolbox 
by adding a method for simulating leaky wells and faults that provide preferential leakage paths. 
Coupling between fluid flow in faults and geomechanics will also have to include the possibility 
of slippage along faults. Also, further work will be done to improve the compositional aspects of 

Figure 21. Comparison of models with experimental data. Left panel: CO2 solubilities in H2O at low temperatures (50oC ≤ T ≤ 
250oC). Middle panel: H2O solubilities in CO2 at low temperatures (50oC ≤ T ≤ 250oC). Right panel: Mutual solubilities of 
CO2/H2O at high temperatures (250oC < T ≤ 350oC). Symbol key: ( ) Takenouchi and Kennedy’s experimental data (Am. J. 

Sci., 262, 1055, 1964); ( ) Todheide and Franck’s experimental data (Berich Bunsen Gesell, 67, 836, 1963); (  ) 
Wiebe and Gaddy’s experimental data (J. Amer. Chem. Soc., 61, 315, 1939); ( )  Wiebe’s experimental data (Chem. Rev., 
29, 475, 1941); ( ) exponential‐6 CO2/ exponential‐6 H2O model; ( ) EPM2/TIP4P2005 model; ( ) TraPPE+TIP4P2005 
model; ( ) EPM2/SPC model; ( )EPM2/TIP4P model.
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the simulator, in particular in modeling boiling of CO2 as it moves from the storage formation to 
the surface in a leakage scenario. 
 
 
Simplified models for CO2 injection, migration, and leakage 
The Celia Group is in the process of building a hierarchical set of models that span a wide range 
of different situations.  For example, the simplest models are for a single formation bounded 
above and below by impermeable caprocks, with large lateral extent, and fairly uniform 
properties.  In this case a range of analytical solutions can be used (See 
http://monty.princeton.edu/CO2Interface/) .  Next are systems with caprock that have either 
localized leakage pathways (wells or faults/fractures) or allow for diffuse leakage but still have 
small enough pores to exclude (by capillary forces) the CO2.  These models range from semi-
analytical to numerical, with numerical models including a range of possible geometric and 
parametric heterogeneities as well as capillary and dissolution trapping. Next are models that 
have sufficiently permeable and porous caprocks to allow diffuse leakage of both brine and CO2, 
but where the permeability contrast between the formation and the caprock is large enough to 
make flows in the caprock essentially vertical.  Models of this type also allow many kinds of 
heterogeneities and many different kinds of processes, but still allow for directional separation 
and therefore model efficiencies.  The final model type is a full three-dimensional model where 
scale or directional separation is not applicable.   
 
For all of these models, the researchers seek multi-scale representations where all of the 
important features and characteristics of the system can be incorporated systematically into the 
model descriptions.  The resulting set of multi-scale governing equations is almost always easier 
to solve than the fully-resolved three-dimensional system.  The group’s goal is to have a suite of 
modeling options that can be applied to the variety of systems expected to be encountered in the 
field, with software that is sufficiently developed that many of the computational details become 
transparent to the user. 
 
Celia and colleagues also plan to further develop their focus on field applications, with specific 
emphasis on the Illinois Basin, the Michigan Basin, and the Alberta Basin, and with possible 
expansion to other basins.  They will also continue to work with partners in the field to obtain 
additional data from vertical interference tests to reduce uncertainties in key parameters that 
characterize wellbore flows and leakage.   
 
 
Active and integrated management of injection operations 
The Celia Group will also continue to develop analyses of brine extraction and reinjection, with a 
focus on subsurface impacts and on possible synergistic uses at the land surface.  These include 
the economics of desalination, including identification of salinity limits; analysis of heat 
extraction and possible uses of heat rejected from the extracted brine, with an initial focus on 
possible district heating/cooling systems; possible agricultural and other uses for gray water 
associated with partial desalination; and analysis of cooling demands at CCS power plants and the 
impacts of water demand on those requirements.   
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This work is linked to ongoing modeling work through inclusion, in the models, of brine 
extraction and injection wells, and through the investigation of the impacts that different forms 
of capillary pressure and relative permeability functions have on plume shape and transport, 
which is important for analysis of breakthrough at production wells.  The overall initial goal is to 
determine whether brine extraction and the broad ideas of active reservoir management make 
sense in terms of reduced risks, smaller areas of review, and synergistic resource uses at the land 
surface. 
 
 
Molecular simulation of CO2 hydrates 
In understanding hydrate nucleation, insights into the formation of the critical hydrate nucleus 
are of primary importance. Pablo Debenedetti and colleagues aim to implement the advanced 
sampling technique known as forward flux sampling to study CO2 hydrate formation over broad 
ranges of temperature, pressure and salinity to identify the characteristics of the critical nucleus 
for CO2 hydrate formation and estimate the associated nucleation rates under conditions relevant 
to carbon capture and storage. These studies will then be extended to evaluate the effect of 
confinement on kinetics of CO2 hydrate formation. 
 
 
Molecular dynamics study of heterogeneous ice nucleation 
Field and laboratory experiments indicate that the presence of mineral dust and organic particles 
affect both the freezing temperature of water and the rate of freezing, which can have a strong 
impact on cloud microphysics. Interestingly, studies indicate that while illite, kaolinite, and 
montomorillonite efficiently nucleate ice, quartz and calcite are poor ice nuclei. In addition, the 
ice nucleating efficiency of these surfaces is temperature-dependent. While a growing number of 
field and laboratory studies are providing much needed information on heterogeneous ice 
nucleation relevant to cloud formation, the principles underlying the reasons why some minerals 
are better ice nuclei than others are poorly understood. This understanding is important to 
parameterize and develop weather and climate models.  
 
The Debenedetti group plans to implement a recently developed technique called forward flux 
sampling to study ice formation in the presence of mineral dust surfaces. Using this technique, 
they can generate a statistically significant number of molecularly detailed trajectories of the 
transition from water to ice on various surfaces and calculate the rate of ice nucleation. The 
ability to tune the surface-water interactions (i.e., chemistry) while retaining the surface 
topography in simulations enables us to decouple the effects of surface chemistry and topography 
on ice nucleation, and to provide guidelines to parameterize ice nucleation and growth on 
different surfaces at atmospherically-relevant conditions.  
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Carbon Science 
 
The Science Group, composed of the Pacala, Sarmiento, Morel and Bender teams, uses both 
observational data and models to improve understanding of carbon sinks and predict the impact 
of climate change on the carbon cycle. 

 

2000-2010 Accomplishments 

Earth System Model 
Over the course of the grant a powerful new Earth System Model (ESM) has been developed to 
detect and attribute changes in carbon sources and sinks and predict the consequences of global 
warming.  Incorporating GFDL’s state-of-the-art ocean and atmosphere models, the ESM also 
includes a dynamic global land model developed by the Pacala group in collaboration with GFDL 
and USGS scientists and a complex ocean carbon cycle model developed at GFDL with input from 
the Sarmiento Group.  The ESM puts CMI at the forefront of carbon and climate modeling and is 
providing important insights into the nature of the earth’s carbon sinks. 

Narrowing uncertainty in the ocean sink 
Understanding the fate of anthropogenic carbon requires knowing the magnitude of carbon 
sources, the growth rate of carbon in the atmosphere, and distribution of carbon uptake between 
the land and ocean.  The first two elements of the equation are well-known. The Sarmiento 
Group has determined the third by combining observations and modeling to constrain the size of 
the ocean sink with an unprecedented degree of certainty (2.0 ± 0.2 GtC/yr) for the 1990s, 
leaving about 1.15 GtC/yr uptake by the land biosphere, which is much smaller than previously 
thought.  The narrowed estimate for the 1990s is independently corroborated by oxygen 
measurements made by the Bender Group, and Sarmiento and colleagues are now working to 
predict the ocean sink’s subsequent evolution. 

Iron fertilization as a mitigation strategy  
CMI has played a role in exposing the critical flaws in iron fertilization as a carbon mitigation 
option.  Simulations of iron fertilization by the Sarmiento Group have demonstrated the 
difficulties of verifying the amount carbon sequestered and retained by the ocean, as well as the 
negative ecological consequences.   
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Understanding the “missing sink” 
Although the magnitude of the terrestrial sink has been estimated, pinpointing the location of 
this terrestrial carbon uptake or “missing sink,” remains one of the great challenges in climate 
science. By accounting for both land use changes and nitrogen cycling in the LM3 land model, 
the Pacala Group has now shown that part of the sink likely comes from CO2 fertilization of low-
latitude forests.  Their complementary analyses of forestry inventories indicate that the effect of 
CO2 fertilization on Northern Hemisphere is small to absent, and that the remainder of the sink 
may come from Northern Hemisphere land use changes. 

Continuous observations of carbon sinks and ocean productivity 
Since the inception of the grant, the Bender Group has been developing and deploying 
instruments to better measure the interannual variability of carbon sinks and the spatial and 
temporal variability of biological productivity. Early in the grant the researchers built multiple 
automated sampling devices that have significantly increased the accuracy of atmospheric argon 
and oxygen records around the world, creating increasingly reliable estimates of the size and 
variability of the land and ocean carbon sinks.  This year an instrument for continuously 
measuring dissolved inorganic carbon in ocean surface water  has been constructed that can serve 
as a component of the global seagoing CO2 observing system.  The instrument will soon be 
deployed to provide the most detailed information available on Southern Ocean productivity and 
carbon cycling. 

Causes of glacial/interglacial change 
The work of the Sigman Group has been influential in moving the search for the cause of ice ages 
from low to high latitudes.  Since CMI’s inception, Daniel Sigman and colleagues have developed 
new techniques for analyzing minute amounts of organic nitrogen in preserved in microfossils 
from deep sea sediments to reconstruct the chemistry of ancient surface waters.  With cores now 
collected and analyzed from the Southern Ocean and North Pacific, their data have revealed that 
surface waters in ancient polar oceans were stratified, “locking” CO2 in the deep ocean.   

Impacts of ocean acidification   
Rising CO2 in the atmosphere impacts not only global temperature, but also the pH of the surface 
oceans.  Recent investigations by the Morel Group have shown that although increased CO2 
might be expected to increase phytoplankton productivity, increase in efficiency are not always 
seen in experiments and may depend on the composition of the phytoplankton community.  In 
addition, the group’s experiments and field observations have shown that the lowering of pH can 
decrease the bioavailability of essential trace metals and the activity of enzymes involved in 
nutrient uptake, possibly counteracting any CO2 fertilization effect.  
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Science Results - 2010  

 

Highlights 

:  
• Statistical analysis confirms that a step increase in terrestrial carbon uptake occurred around 

1988 and indicates that the change is on the order of 0.8 PgC/yr. 

• A data-assimilation system has been added to constrain the GFDL-Princeton carbon cycle 
model with forest inventory and eddy covariance data so that it will better predict the future 
of the land carbon sink. 

• A new high-precision instrument has been developed to continuously measure DIC in surface 
waters and give information on anthropogenic CO2 uptake and ocean fertility changes 

• Field and lab experiments mimicking ocean acidification show decreased bioavailability of 
some essential trace metals and enzymes with lower surface water pH, an effect with 
potential to limit CO2 fertilization in the ocean. 

• Techniques for analyzing nitrogen isotopes in diatoms have been extended to foraminifera, 
which will provide an independent constraint on the surface water chemistry of ice age polar 
oceans. 

 

 

Understanding the Terrestrial Carbon Sink 

Simulation of the terrestrial sink 
Stefan Gerber, in collaboration with Lars Hedin, Michael Oppenheimer and Steve Pacala, has 
completed implementation of nitrogen (N) dynamics in the Princeton-GFDL LM3V land model. 
The new model resolves processes, dynamics and feedbacks that have not previously been 
captured and represents a substantial improvement over all earlier and existing dynamic global 
vegetation models. A critical motivation for the completion of this model was to understand 
whether nutrients hamper the potential of land systems to sequester anthropogenic carbon.  
 
Gerber and colleagues in the Pacala Group investigated  land carbon exchange over the period of 
global industrialization. Their model results show a net carbon efflux from land sources over a 
large part of the past 200 years, before the land turned into a sink around 1970 (Figure 22). The 
net sink is the sum of large losses from land-use activities (200 PgC over 200 years) and a 
compensatory residual sink (150 PgC). Their model results agree with tracer methods and land-
use reconstructions. Model results point to CO2 fertilization as the primary mechanism for the 
residual sink (130 PgC over 200 years), while nitrogen deposition contributes with about 20 PgC. 
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On the other hand nitrogen supply has critically inhibited carbon uptake. Model results suggest 
another 50 PgC could have been sequestered, particularly in nitrogen limited boreal regions, if 
nitrogen supplies were sufficient.  
 
A critical feedback in the model is the capacity of tropical forest to adapt nitrogen fixation in 
order to alleviate nitrogen limitation. This observed mechanism, when scaled up across the 
tropics is the most important mechanism that leads to a strong CO2 fertilization feedback and 
subsequent carbon sequestration in these forests. Modeled sink magnitudes for natural tropical 
forests agree with estimates of pantropic carbon sequestration. 

 
 
 

 

 

Temporal shifts in terrestrial uptake of atmospheric CO2 
Last year, the Sarmiento Group detected an abrupt increase in the net land uptake of CO2 after 
1988. In this study, the net land flux was estimated as the balance of relatively well-known 
components of the carbon budget: fossil fuel emissions, the observed growth rate in the 
atmosphere, and the oceanic uptake from state of the art ocean models. A suite of ocean models 
was used to represent uncertainties in the temporal variability of oceanic uptake.  
 
Due to the large variability in the net land uptake, it was not possible to determine the exact 
timing and nature of the increase robustly by visual inspection. Thus, a sophisticated statistical 
methodology was developed and applied to objectively determine the nature and timing of the 
shift in the net land uptake. Using this method, the researchers have shown that the abrupt shift 
in the mean net land uptake occurred between1986-1993 (with a probability of about 60%), with 
1988 being the most likely time for the shift. The analysis further showed that that the magnitude 
of the shift was approximately 0.8 Pg C/yr and that the risk that this shift was a false detection is 
very small (approximately 2%).  The increase in uptake seems to be linked to the atmospheric 

Figure 22.     Net carbon fluxes with (C‐N) and without (C‐only) N constraints for the past 200 
years, compared against the budget derived from oceanic tracer deconvolution, atmospheric 
13C/12C deconvolution and modeled oceanic uptake. 
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growth rate, and ENSO variability and volcanic eruptions were shown to have been insufficient 
to cause the shift. Additional efforts are necessary to further investigate this step change in 
terrestrial carbon uptake and its causes. The NASA Carbon Cycle Science Program has awarded a 
grant to the Sarmiento Group and collaborators at JPL and UCLA for the detection and 
attribution of rapid large-scale shifts in the terrestrial carbon cycle.  

Data assimilation system to constrain terrestrial carbon cycle modeling 
A number of terrestrial ecosystem models can reproduce observed broad-scale patterns in plant 
biomass and net primary production (NPP). However, predictions of future terrestrial carbon 
stocks and fluxes differ widely among models, and terrestrial NPP is one of the largest sources of 
uncertainty in predicting future atmospheric CO2, in part due to parameterizations of  plant 
physiology and carbon allocation. Ecosystem models currently require numerous parameters 
which are typically assigned one of many possible values from the literature. An alternative 
approach is to fit the models to data using formal, quantitative methods. This method is more 
objective, but also more computationally challenging.  
 
To enable the fitting of forest data, the Pacala Group has developed an automated optimization 
system for the NOAA-GFDL land model, LM3V. The optimization system runs LM3V, compares 
the output to forest inventory or eddy covariance data, calculates new vegetation parameters 
using the Gauss-Newton algorithm, and then repeats the above steps until the algorithm 
converges. Predictions from the baseline and optimized models were compared to U.S. Forest 
Service FIA inventory data in the eastern United States, and forest biomass and productivity were 
found to be overly sensitive to soil moisture in the baseline model. The data-fitting has revealed a 
weakness in the model’s representation of homeostatic mechanisms that stabilize the productivity 
of real forests that is likely is widespread among terrestrial ecosystem models.  This model 
weakness may be addressed by increasing the number of plant functional types and/or allowing 
for within-functional-type plasticity. 

Incorporating fire in carbon-cycle simulations 
Fires are a major disturbance in terrestrial ecosystems and a large source of carbon to the 
atmosphere.  While climate is generally considered to be the dominant control on the 
distribution and timing of global fires, human activities shape global fire distribution directly 
through practices such as land-clearing, crop and pasture management, and fire suppression, and 
indirectly through anthropogenically driven climate change.   
 
Steve Pacala and colleagues have developed a new fire model for use in coupled carbon cycle-
climate models.  A novel feature of the fire model is that the number of fires, burned area, and 
emissions are determined not only by the climate and by population density, but also by the 
history of land use changes.  Figure 23 shows the burned area (in units of km2/year) from the fire 
model (black) compared to those of observations (gray shading).  With this model, in addition to 
fully incorporating fire as a process in the carbon cycle, the group aims to better understand the 
role that humans play in causing and controlling the distribution and timing of fires across the 
entire planet.  
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Figure 23.     Burned area  (in units of km2/year)  from  the  fire model  (black)  compared  to  those of observations  (gray 
shading). 

 

Monitoring the Ocean Carbon Cycle 

Sensitivity studies of ocean uptake estimates 
An important goal of global carbon cycle research is to identify how anthropogenic climate 
change may impact the exchange of CO2 between the atmospheric and ocean carbon reservoirs. 
One mechanism for this impact is the response of the ocean circulation to temporal changes in 
the climate state. In this past year, Joseph Majkut and Jorge Sarmiento have investigated how the 
uptake and storage of anthropogenic carbon are affected by the forcing applied by the atmosphere 
to the ocean. Such an understanding is important for quantifying the uncertainties in carbon 
system projections taken from global circulation models.  It is particularly important to model 
inter-comparisons, such as those included in IPCC-type studies. 
 
Using the GFDL MOM4.1 ocean model coupled to an ocean biogeochemistry model, the 
researchers generated a suite of simulations to understand the impact of different climatic 
conditions at the air-sea interface on the carbon balance.  A number of data-derived estimates of 
the atmospheric state (1959 to present) now exist and differ in their representation of the 
structures and amplitudes of decadal trends in the surface winds and temperatures, each of which 
has an effect on the CO2 system. Figure 24 shows an initial result from that study. The figure 
shows a substantial difference in the invasion of anthropogenic carbon into the ocean between 
simulations forced by the different reanalysis products, with data-based estimates for comparison. 
Although the distribution of uptake varies in the models, all show total anthropogenic carbon 
uptake within the limits of uncertainty of data-based estimations. 
 
The two newer reanalysis products in the bottom row show an enhanced uptake in the Southern 
Ocean and enhanced uptake in the Northern Atlantic. The Sarmiento Group is currently involved 
in applying new statistical methods to understand how these differences can be understood with 
respect to observations of the carbon content of the surface ocean and the interior. 
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Figure 24. A comparison of the anthropogenic carbon inventory from model simulations forced by the reanalysis 
products: NCEP‐1 (upper right), CORE (lower left) and ERA‐40 (lower right) and data‐derived estimates of the column 
inventory (upper left).  

 

Detection of trends in ocean productivity 
Global climate change is predicted to alter the ocean’s biological productivity with implications 
for fisheries and climate. While the most comprehensive information available on the global 
distribution of ocean productivity comes from satellite ocean color data, it has been unclear 
whether enough satellite ocean color data is currently available to detect trends in ocean 
productivity. 
 
This year the Sarmiento Group carried out a study of ocean color data and found that the 
detection of trends in the satellite data will first be possible approximately 30 years from now 
because of the serial correlation and the large interannual and decadal variability in the ocean 
productivity time series. This length of time to detection varies according to the SeaWiFs data 
characteristics and the expected trend magnitude (estimated using three ocean biogeochemical 
models). To arrive at this time frame, it was assumed that there will be no interruption in satellite 
data, an unlikely scenario since SeaWiFS stopped emitting data in December 2010 and MODIS 
and MERIS have already exceeded their expected lifetime.  
 
Sarmiento’s Group member Claudie Beaulieu also assessed how many additional years of 
observations will be necessary if there are data interruptions due to instrument replacement. She 
estimated that it could take approximately an additional 13 to 14 years of observations to be able 
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to detect global trends from satellite data (with a probability of 0.9), if there are no continuous 
measurements available for this time period.  
 
Moving forward, the group plans to study the detection of trends in SeaWiFS data using a 
Bayesian approach where trends predicted from ocean biogeochemical models are used to fit a 
prior distribution for the trend magnitude, which will allow a more efficient use of information 
available from data and models. The team’s work illustrates the importance of launching a new 
satellite to ensure continuous records suitable for climate change studies.  

Continuous measurement of dissolved inorganic carbon in surface seawater 
The dissolved inorganic carbon concentration of surface seawater is of interest for two reasons.  
First, fossil fuel CO2 enters the ocean at the surface, and its entry is registered as an increase in 
the dissolved inorganic carbon concentration (DIC, including dissolved CO2, bicarbonate, and 
carbonate).  Comprehensive data on the concentration of DIC in ocean surface waters are one 
basic component of an ocean CO2 observing system; local observations concentrated in surface 
regions where there is intense mixing with the subsurface can give information about the uptake 
of fossil fuel CO2 and its transport into the ocean interior.   
 
Second, ocean productivity leads to changes in the DIC concentration of surface waters over 
seasonal timescales. DIC concentrations in the upper ~ 100 m of the water column drop during 
spring and summer, as organisms assimilate DIC near the surface and remove it by export 
(sinking).  The magnitude of the DIC decrease is a measure of the fertility of the ecosystems, and 
has been used to constrain ocean productivity over large scales. 
 
Michael Bender’s group is developing an instrument to make continuous measurements of DIC 
along oceanographic cruise tracks.  Their goal is to make an instrument with an accuracy of 0.1% 
or better that will operate reliably with very little attention underway.  The basic approach 
involves adding the rare heavy stable isotope of carbon (13C) to seawater at a precisely metered 
rate, and measuring the ratio of natural 12C to added 13C.  This ratio rises with the DIC 
concentration of the seawater.   
 
The researchers have set up a prototype system for the work, and have achieved a precision of 
±0.1% or better averaged over a period of hours.  The final system has been designed, most of the 
components have been acquired, and the assembly will begin in the spring of 2011.  The DIC 
instrument should be completed by the summer, and then deployed on cruises where it will be 
tested against analyses of discrete samples.  The plan is to replicate the instrument and integrate it 
into the global seagoing carbon observing system.  The initial focus in this respect will be on 
Agulhas, the South African icebreaker that operates in the Atlantic sector of the Southern Ocean. 

Net community production and carbon export in the Southern Ocean 
The rate of net organic carbon production by the upper ocean biological community, and the 
associated “export” (sinking) of organic carbon to deeper, dark waters, is a keystone in our 
understanding of the ocean carbon cycle.  This flux supplies essentially all the food for organisms 
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living in the dark ocean, below about 100 m depth.  It is the process that removes carbon and 
nutrients from the surface ocean and supplies them to the deep; it thereby lowers the DIC and 
nutrient concentration of the surface ocean, raises the concentrations of DIC and nutrients in the 
deep ocean, and modulates the CO2 concentration of air. 
 
This past year the Bender Group continued its program to measure net community production in 
the upper ocean mixed layer by making measurements of dissolved gas concentrations on ships of 
opportunity operating in the Southern Ocean during spring and summertime.  A paper on data 
collected from the region of the Southern Ocean south of Tasmania illustrates the role of iron and 
light co-limitation in governing net community production and carbon export over a large 
oceanic region (Figure 25).   Another, dealing with region to the west of the Antarctic Peninsula, 
shows similar features.  These results are leading towards a quantitative understanding of the 
limitations on ocean fertility and carbon export by light and iron in the Southern Ocean. 
 

 
 
Figure 25. Net community production and organic carbon export in the Southern Ocean, south of Tasmania, vs. 
dissolved iron concentration in the upper ocean mixed layer.  The colors represent the depth of the mixed layer.  Hot 
colors (reds) indicate shallow mixed layer; cold colors (blues) indicate deep mixed layers. Productivity is lower when 
mixed layers are deep, because phytoplankton spend much of their time in the bottom of the mixed layer where they 
do not receive enough light to grow rapidly.  These data show that a combination of mixed layer depth and iron 
concentration influences productivity in the Southern Ocean. 

Iron fertilization 
Iron fertilization, which is one potential method for increasing CO2 storage in the ocean, has been 
a primary focus of the Sarmiento Group as part of the Carbon Mitigation Initiative. Earlier work 
had suggested that the efficiency of iron fertilization at drawing down atmospheric CO2 is 
questionable, and that, by decreasing the nutrients in waters exported to low-latitudes, iron 
fertilization would have a deleterious impact on global productivity. 
 
A major new finding is how the location and timing of iron release determines the efficiency and 
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time-scale of CO2 sequestration.  Using a biogeochemical model developed at the Geophysical 
Fluid Dynamics Laboratory, the researchers showed that iron fertilization during the growing 
season at sites in the Southern Ocean sequestered the most CO2 for the longest periods of time, 
particularly in the Ross Sea (where winter ice cover prevents evasion of CO2 back into the 
atmosphere).  However, the study showed that the sequestration was not completely permanent, 
as a back flux of CO2 to the atmosphere resulted in only 50% of sequestered carbon remaining in 
the ocean a century after fertilization.  

 

Impacts of Anthropogenic Change 

Impacts of ocean acidification on phytoplankton 
A fraction of the anthropogenic CO2 released to the atmosphere dissolves into the surface ocean; 
the resulting change in chemistry, called "ocean acidification," will have a host of effects on the 
ocean biota -- some subtle, some perhaps dramatic. The work of the Francois Morel and 
colleagues concerns the effects of ocean acidification on the growth of marine phytoplankton, the 
microscopic plants that form the basis of the marine food chain and are responsible for nearly half 
of primary production on Earth.  A major focus of that work is the effect of acidification on the 
bioavailability of elements that are essential to the growth of phytoplankton: inorganic carbon 
(C), nitrogen (N), phosphorus (P) and a variety of trace elements including iron and zinc.  
 
To convert inorganic carbon into organic biomass, phytoplankton must concentrate CO2 
intracellularly, so the ongoing CO2 increase is likely to affect the efficiency of photosynthesis. 
Indeed a number of laboratory and field experiments, including those conducted by the Morel 
Group, show an increase in growth efficiency at elevated CO2, possibly due to down-regulation of 
the carbon concentrating mechanism.  But this effect is not always seen and the cellular and 
biochemical mechanisms involved in concentrating CO2 are poorly known. The team recently 
quantified the fluxes and concentrations of inorganic carbon species in sub-cellular compartments 
in marine diatoms, a significant first step in quantifying the relationship between photosynthesis 
and the ambient CO2 concentration. 
 
Through laboratory and field experiments, Morel and colleagues have shown that the 
acidification of seawater caused by the increase in CO2 results in a decrease in the bioavailability 
of iron, one of the most important limiting nutrients in the ocean. New laboratory and field 
experiments show that, contrary to expectations, acidification of the water can also decrease the 
bioavailability of zinc, and probably that of other essential metals. These results point at the 
possibility of very intricate and substantial effects of global change on the bioavailability of 
essential trace metals and, hence, on ocean productivity and ecology. 
 
 

In regions where the available inorganic P and N are very low, some phytoplankton can acquire 
these nutrients from organic compounds. Such nutrient acquisition is often achieved by cleaving 
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phosphate or ammonium moieties from organic molecules using external enzymes whose activity 
is affected by pH.  These results how a significant decrease at low pH in the activity of alkaline 
phosphatase, the enzyme most responsible for P acquisition from organic compounds.  

National Academies report on ocean acidification 
Francois Morel chaired a congressionally requested study on ocean acidification that was 
published this year – “Ocean Acidification: A National Strategy to Meet the Challenges of a 
Changing Ocean.” The National Academies committee reported that, since the beginning of the 
industrial revolution, the average pH of ocean surface waters has decreased approximately 0.1 
unit -- from about 8.2 to 8.1 -- making them more acidic.  Models project an additional 0.2 to 0.3 
drop by the end of the century, a rate of change that exceeds any known to have occurred in 
hundreds of thousands of years. 
 
The committee found that congressional legislation mandating a National Ocean Acidification 
Program has laid the foundation for a program that will advance our understanding and improve 
our response to ocean acidification, and recommended that the program contain six key elements: 
 
• an integrated ocean acidification observation network that includes the development of new 

tools, methods, and techniques to improve measurements 

• research to fulfill critical information gaps 

• assessments to identify stakeholder concerns and a process to provide relevant information 
for decision support 

• a data management office that would ensure data quality, access, and archiving, plus an 
information exchange that would provide research results, syntheses, and assessments to 
managers, policymakers, and the general public 

• facilities to support high-quality research and training of ocean acidification researchers 

• an effective 10-year strategic plan for the program that will identify key goals, set priorities, 
and allow for community input, in addition to a detailed implementation plan 

Anthropogenic impacts on ocean oxygen 
The Sarmiento Group has recently focused on the impacts that increased anthropogenic CO2 and 
resulting climate change have on oxygen in the ocean.  The biological carbon pump depletes 
oxygen as sinking organic matter is transformed back into carbon molecules by bacteria.  Some 
areas of the ocean, called oxygen minimum zones or OMZs, have oxygen levels so low that they 
affect the distribution and abundance of fish and other macroorganisms which may negatively 
affect economically important fisheries.  Following recent analyses of observations that indicate 
the size of OMZs is increasing, Sarmiento and colleagues are using a combination of databases and 
earth system models to look at the future of carbon and oxygen in the ocean.   
 
Estimates of the extension of OMZs commonly rely on global data-based products such as the 
gridded World Ocean Atlas (WOA). However, gridded datasets appear to overestimate the 
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oxygen concentration in OMZs compared to in situ observations. By applying an empirical 
correction to the WOA dataset based on in situ measurements, Sarmiento and colleagues refined 
the estimates of open ocean OMZ volumes. The new estimates for suboxic volumes (O2<20 
mmol/m3) are approximately one third higher than the uncorrected WOA. This figure increases 
when considering fully anoxic waters. 
 
Global general circulation models (GCM) of low and intermediate resolution used for 
biogeochemical and climate studies can produce very different patterns of dissolved oxygen 
ranging from relatively small OMZs localized in the thermocline, to OMZs extending over most 
of the deep ocean. With the updated picture of OMZ extension, the researchers turned to 
investigating the factors that control OMZs in GCMs by using a novel tracer decomposition that 
separates oxygen and nutrients into different components that respond separately to specific 
physical and biogeochemical processes.  This separation will allow researchers to track the 
contribution of each process affecting oxygen, and will guide the development of better models of 
oxygen cycling. 
 
 

Paleoclimate 

New sediment data on the polar oceans during the last ice age 
As part of a long term collaboration with the group of Professor Gerald Haug at ETH Zurich, 
Daniel Sigman and colleagues continue to pursue evidence for reduced vertical exchange (i.e. 
“stratification”) in polar ocean regions under colder climates of the past 3 million years. A major 
motivation for this focus is that the reconstructed changes have the capacity to affect atmospheric 
CO2 during ice ages, reducing the natural leak of biologically sequestered CO2 out of the polar 
ocean and into the atmosphere. Moreover, this work bears on the expected response of the 
different polar ocean regions to anthropogenic climate change, with implications for regional 
weather, fisheries, and the oceanic sink of anthropogenic carbon.  
 
In 2010, work by recent graduate student Brigitte Brunelle provided the first regionally complete 
view of Subarctic North Pacific conditions over the last two glacial cycles based on diatom-bound 
nitrogen isotope and productivity proxy data. These results confirm her earlier work focused on 
the Bering Sea indicating reduced nutrient supply from below during the last ice age, and 
demonstrate that this behavior applied over the entire western Subarctic North Pacific. Brunelle’s 
data also highlight a mysterious deglacial change in the North Pacific that appears to coincide 
with changes in the North Atlantic. Members of the Sigman Group are currently seeking to 
understand this apparent North Atlantic/North Pacific connection, which may provide 
mechanistic insight into the global cascade of events that ended the last ice age. 
 
Sigman also published a review article with Mathias Hain, and Gerald Haug on the status of polar 
ocean hypotheses to explain glacial/interglacial changes in atmospheric CO2 (Sigman et al., 2010). 
From geochemical and biogeochemical perspectives, the community working on this problem 
now has a set of fully plausible hypotheses for glacial/interglacial CO2 change, and new data 
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should be able to address them in a more or less direct fashion. The conceptual challenge is that 
the currently favored hypotheses do not seem consistent with the physical models of climate that 
are being used to predict the Earth system’s changes under global warming. While this is 
disturbing, it highlights the centrality of the ice ages in our understanding of climate, including 
its anthropogenic future.  

Mechanisms of glacial CO2 drawdown 
The reduction of atmospheric CO2 during the last ice age is believed to be due to the increased 
storage of CO2 in the deep ocean that was respired from sinking organic particles.  The increased 
storage, in turn, has been attributed to a slowdown in the rate at which deep water with respired 
CO2 was brought back up to the surface (i.e. by a reduced ventilation rate for the deep ocean). 
Whether a reduced ventilation rate for the deep water leads to a large reduction of ~90 ppm in 
atmospheric pCO2 is still under debate.  
 
In 2010, the Sigman & Sarmiento Groups both investigated the impact of ocean circulation on 
atmospheric CO2, using box and 3-D global ocean models of biogeochemistry models, 
respectively.  Both groups showed that the response of atmospheric pCO2 to reduced ventilation 
is rather modest, because a substantial portion of the change in atmospheric pCO2 caused by the 
accumulation of respired carbon is offset by a concomitant accumulation of alkalinity in deep 
waters and out of contact with the atmosphere. 
 
In the box model, stratification, nutrient drawdown, and sea ice cover (within bounds set by 
observations in the Antarctic) lowered atmospheric CO2 by only 35 ppm.  Total drawdown 
reached 65 ppm when shoaling of North Atlantic overturning was considered.  Adding the 
effects of increased  nutrient consumption  in the  sub-Antarctic  caused as  much  as  an  
additional  35  ppm  CO2 drawdown, achieving more than the 90 ppm glacial-interglacial 
change. 
 
Among the suite of 3-D circulation models examined in a study by Kwon and colleagues, the 
largest reduction in atmospheric pCO2 of 44-88 ppm occurred in a model where reduced 
overturning rates of southern and northern sourced deep waters resulted in a four-fold increase 
in the Southern Ocean deep water ventilation age. The large uncertainty of a factor of two in the 
3-D studies arises due to the uncertainty regarding how surface productivity responds to climate 
and circulation change. The same 3-D model also produced a large reduction in the calcite 
saturation state in the Atlantic bottom water, which would likely drive additional drawdown of 
atmospheric pCO2 due to dissolution of CaCO3 sediments (Figure 26). 
 
Both studies support the view that a globally synchronous change in the ventilation rate of deep 
waters, changes in productivity in the Southern Ocean, and associated feedback from the CaCO3 
system could produce the large fluctuations in atmospheric pCO2 during the glacial-interglacial 
climate cycles. 
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Figure 26. Organisms growing at the surface of the ocean export organic carbon and calcium carbonate to the deep 
ocean where most of the organic carbon is eaten by organisms and returned to the water as respired carbon dioxide, 
and most of the calcium carbonate dissolves.  On average, the ratio of calcium carbonate to organic carbon in the 
material exported from the surface is less than 10%, but most of the organic carbon decomposition occurs very shallow 
in the water column, whereas most of the calcium carbonate dissolution occurs quite deep so that the observationally 
based estimate of the ratio shown in the figure increases to 50% with increasing depth. The relative behavior of the 
cycling of organic matter and calcium carbonate has a major impact on the air‐sea balance of carbon dioxide as the 
respiration of organic carbon and the dissolution of calcium carbonate have opposing effects on atmospheric carbon 
dioxide levels. Kwon et al. (in prep.) derived a simple analytical framework in which atmospheric carbon dioxide 
concentration is related to the oceanic storage of respired carbon and dissolved carbonate. Using this analytical 
framework along with a 3‐D global ocean biogeochemistry model, Kwon et al. (in prep.) examined the control of 
atmospheric CO

2
 concentration by the ocean ventilation change with the focus of the effect of the redistribution of 

respired carbon and dissolved carbonate. The figures above present the ratio of dissolved carbonate to respired carbon 
along the Atlantic (30oW, left) and Pacific (180oE, right). The ratio is calculated from the data of WOA05 [Garcia et al. 
2006] and GLODAP [Key et al. 2004] 

 

Ice core studies of greenhouse gas concentrations prior to 800,000 years ago 
One of the most important lines of evidence for the link between greenhouse gases and global 
temperature is the close covariation between global temperature and atmospheric CO2 
concentration over the past 800 ka.  The CO2 records come from trapped gases in ancient ice 
sampled by coring the 3-km thick ice sheet in East Antarctica.  The timespan of the records is 
limited by the age of ice in the East Antarctic Ice Sheet. 
 
The Bender Group has undertaken two collaborative projects searching for much older ice, in two 
regions, Mullins Valley, and the Allan Hills.  Both are near the coast of Antarctica, south of New 
Zealand.  At both sites, there is some equivocal evidence that ice is present dating back to 2.5-9 
Ma.  Their earlier studies at one of these sites revealed an ice age of about 1 Ma, which was not as 
old as had been expected.  It is unclear if this relatively young age was an artifact of 
contamination of shallow ice samples with modern air.   
 
Work of the past year shows that, at one of these sites (Mullins Valley, Dry Valleys region of 
Antarctica) trapped gases in the ice do not date to earlier than 1 Ma (1,000,000 years before 
present).  It is not known whether this unexpectedly young age represents the true age of the ice 
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or contamination of trapped gases by the modern atmosphere.  The Allan Hills site (Figure 27) 
gives even younger ages, about 0.5 Ma.  At this site, however, there is direct evidence for the 
presence of contamination by modern air throughout the 15-25 m depths of the ice cores.  
Contamination is known to occur, but was previously found only in the top 5 m or so of the ice.  
To deal with this problem, the team returned this past year and drilled 2 deeper cores in the 
region, on going to 125 m and the other to 230 m depth.  Dating of these cores will reveal the 
antiquity of the ice. 
 

Figure 27. Preparing to drill for old ice in the Allan Hills, Antarctic.  The “blue ice” (foreground) is ancient 
ice brought up to the surface by the flow of the ice sheet. 
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Future Plans 

 
Temporal shifts in terrestrial uptake of atmospheric CO2 
The Sarmiento Group’s plan is to continue to work with statistical approaches in order to 
understand the 1988/1989 shift in the net land carbon uptake and also to search for other abrupt 
shifts by applying change point detection to other key data sets and model outputs. The improved 
understanding of this shift will help for the prediction of future shifts in the carbon cycle.  
 
Constraining ocean uptake of anthropogenic CO2  
The uncertainty in estimates of anthropogenic carbon uptake is often large compared to any year-
to-year trend. In the coming year, one goal of the Sarmiento Group will be to apply inverse 
methods to the problem of ocean carbon uptake in an effort to understand those uncertainties. 
These methods will combine information from a recently available surface pCO2 database with 
estimates of the carbon system from ocean general circulation and biogeochemistry models to 
provide a new estimate of the annual carbon flux over the last few decades as well as a 
quantitative measure of the uncertainty in those fluxes. Such a method could then be extended to 
include interior data, further our understanding of the ocean carbon problem ,and provide greater 
understanding of carbon uptake predictions under climate change. 
 
Impacts of ocean acidification   
A focus of the Morel Group’s continuing work is the CO2 concentrating mechanism of marine 
phytoplankton, including an estimation of the energetic cost of the process and the variability of 
the underlying cellular mechanisms among taxa.  In addition, the researchers plan to undertake a 
study of the effect of ocean acidification on nitrogen fixation by marine cyanobacteria.  This work 
will be done with Trichodesmium, the dominant N2 fixer in the oceans, which fixes N2 and CO2 
simultaneously. Because N2 fixation requires large quantities of iron, its response to ocean 
acidification is made complicated by the dual (and likely opposite) effects of low pH on iron 
availability and high CO2 on photosynthesis. 
 
As ocean acidification is expected to make the seawater less hospitable to calcium carbonate 
building organisms, it is likely to feed back on the ocean’s ability to absorb anthropogenic carbon 
dioxide. The ability to predict future interactions between the ocean’s carbonate pump and 
acidification highly depends on better mechanistic understanding of the present-day carbonate 
pump.  To this end, the Sarmiento Group will constrain model formulations and 
parameterizations that control calcium carbonate cycling through the water column and 
sediments using a wide range of observations. The team will also assess the uncertainty associated 
with the constrained model formulations and parameterizations to help increase our ability to 
predict the future carbon cycle. 
 
Impacts of CO2 on ocean oxygen distribution 
In 2011, the Sarmiento Group plans to expand research on carbon remineralization and oxygen in 
the ocean, and address the following research questions using a combination of a 1-D biophysical 
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model and 3-D general circulation models.  A 1-D model of bacterial extracellular enzymes is in 
development and will explore the depth and timing of carbon remineralization and oxygen 
utilization.  In addition, the Group plans to assess the performance of a set of fully coupled 
biogeochemical atmosphere-ocean general circulation models in representing present-day oxygen 
minimum zones, identify the impact of model resolution on oxygen minimum zones, and provide 
a projection of O2 changes in oxygen minimum zones over this century using global warming 
simulations.  Biological studies using 3-D models will include an analysis of the depths of the 
upper and lower oxyclines, which are boundaries restricting the movement of organisms that can 
not survive in low oxygen conditions. 
 
Southern Ocean biogeochemistry 
The Bender Group will continue its studies of Southern Ocean biogeochemistry, focusing on 
measuring rates of net community production and organic carbon export as part of a broader 
collaborative effort on the South African icebreaker, Agulhas.  They will continue to analyze the 
results to understand controls on the fertility of ocean ecosystems.  They will also deploy the new 
high-precision instrument for measurements of dissolved inorganic carbon, beginning continuous 
observations of the baseline DIC concentration of Southern Ocean surface waters. 
 
Ice age reconstructions of polar ocean conditions 
A new opportunity has arisen for the reconstruction of changes in polar ocean conditions over 
the most recent ice age cycles. Recent graduate student Abby Ren in the Sigman Group has 
developed a method to measure nitrogen isotopes of the minute amount of organic matter trapped 
within the calcium carbonate walls of foraminifera, ameboid zooplankton whose shells are an 
important paleoclimate tool. Ren has validated the utility of this tool for reconstructing 
biogeochemical conditions in the tropical and subtropical ocean and has generated records from 
two sediment cores, one in the Atlantic and one in the Pacific, that clarify the operation of the 
ocean nitrogen budget over ice age cycles.  
 
Based on Ren’s work, the Sigman Group is now ready to progress into polar ocean regions with 
this new tool, with the central goal of reconstructing surface nutrient concentrations in each of 
the major polar regions during the last ice age: the Southern Ocean, the North Pacific, and the 
North Atlantic. The foraminiferal data would represent a constraint that is largely independent 
from that of the diatom microfossil-based methods that Sigman’s team has used previously. Given 
the results from the diatom work, it is possible that the foraminiferal data will be the last piece 
needed to confirm our hypothesis of polar ocean stratification and nutrient drawdown during 
cold climates, or to preclude it. This would be a major step forward in the effort to (1) understand 
the cause and effect of CO2 changes in the ice age cycles and (2) use the past as a predictor of how 
the polar ocean will respond to ongoing climate change. This work fits into the larger CMI 
science theme of the Southern Ocean as a critical unknown in the future trajectory of the carbon 
cycle and climate. 
 
Ice core studies of greenhouse gas concentrations prior to 800,000 years ago 
Michael Bender’s research in paleoclimatology for the coming year will focus on the argon 
isotope dating of new ice cores, collected in recent months, from the Allan Hills, Antarctica.  If 
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ages greater than 1 million years are confirmed, they will begin analyzing greenhouse gas 
concentrations in the trapped air of these samples, thereby extending back in time the record of 
the relationship between greenhouse gas concentrations and global climate.  Whatever the age, 
these samples represent old ice at the surface that can be sampled in great detail, and the team 
will measure gas properties in addition to argon isotopes that clarify the conditions under which 
the ice formed, and allow the age to be determined more accurately than is possible based on Ar 
isotopes alone. 
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Policy & Integration  
 
 
 
 
 
 
 
 
 
The Policy & Integration Effort, composed of the Pacala-Socolow Group and the Oppenheimer 
Group, works to promote carbon mitigation by identifying challenges for mitigation, forecasting 
the impacts of climate change, and seeking creative solutions to resolve stakeholder conflicts. The 
group also works to disseminate CMI research results through public service in the policy realm 
and outreach to lay audiences. 
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2000-2010 Accomplishments 

Stabilization Wedges 
Development and dissemination of Stabilization Wedges concept has made the idea a paradigm in 
the field of carbon mitigation.  Since the original paper was published in Science in 2004, the 
wedges have become an important focus of CMI outreach, including facilitated workshops, 
collaboration with developers of environmental curricula, work with science museum exhibit 
staff, and development of a popular teacher’s guide and game available on the CMI website. 
 
One billion high emitters 
A paper on a global individual emissions cap, “Sharing global CO2 emission reductions among one 
billion high emitters,” has gained traction as a possible way to break a historical impasse on 
carbon mitigation between the developed and developing worlds.  This paper received the CMI 
Best Paper Award for 2010, with the award shared by its postdoctoral-fellow authors, Shoibal 
Chakravarty and Massimo Tavoni. An online data visualization tool has been developed to help 
communicate this work to a broader audience, and subsequent work on how to account for 
historical emissions is underway.  
 
Linking emissions with climate damages 
Michael Oppenheimer and colleagues have made important contributions toward our 
understanding of the impacts of climate change.  Their analyses have allowed climate-related 
damages to be linked to particular emissions scenarios and demonstrated that even temporary 
overshoots of CO2 targets could lead to the kind of climate and ecosystem damage expected at 
significantly higher stabilization CO2 levels.  More recently, the team has developed new 
approaches to ice sheet modeling and analysis of paleodata to make estimates of warming-induced 
sealevel rise more robust and relevant to policymakers. 
 
Public service 
Co-Directors Socolow and Pacala have played important roles in several multiyear national  
committees on climate, future energy sources, and carbon monitoring. Steve Pacala chaired a 
National Academies’ panel on Methods for Estimating Greenhouse Gas Emissions, while Rob 
Socolow was a member of the National Academies’ America’s Energy Future and America’s 
Climate Choices committees and co-chaired an American Physical Society study on direct capture 
of CO2 from the air with chemicals. 
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Policy & Integration Results - 2010  

 

Highlights: 

 
• National Academies reports on verification of greenhouse gas emissions and the U.S. response 

to climate change have been completed with significant CMI input 

• An American Physical Society report on direct capture of CO2 from the air using chemicals, 
co-chaired by Rob Socolow and  Mike Desmond (BP), is nearing completion.  

• A new online tool is now available for visualizing the distribution of the world’s emissions 
and the division of future responsibilities under an “individual emissions cap” 

• A comparative study of scientific assessments of ozone depletion, acid rain, and climate 
change is shedding light on the phenomenon of “negative learning” 

• Coupling of land-ice and ocean models is offering new insights into the potential for future 
sea-level rise 

 

 

Synthesis & Outreach 

Verifying greenhouse gas emissions 
A National Academies panel led by Steve Pacala released a report in Spring of 2010 on the 
potential for monitoring global greenhouse emissions.  Although countries can inventory their 
carbon dioxide emissions from fossil-fuel use accurately enough to support monitoring of an 
international climate change treaty, the panel found that currently there is no sufficiently 
accurate way to verify countries' self-reported estimates using independent data, such as 
atmospheric measurements. However, the panel also found that strategic investments could be 
made within five years that would both improve self-reporting and yield a useful way to verify 
these estimates, reducing uncertainties about carbon dioxide emissions from fossil-fuel use and 
deforestation to less than 10 percent. 
 
To overcome weaknesses in the current reporting system, the report advises the requirement of 
regular, rigorous reporting and review be extended to all countries, with the most stringent and 
accurate methods for calculating greenhouse gas emissions being used for the largest emissions 
sources in each country. The panel estimated that significant improvements in the accuracy of the 
inventories from 10 of the highest-emitting developing countries, such as China and India, could 
be achieved for approximately $11 million over five years.   
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The panel also determined that enabling independent verification of countries' self-reported 
estimates will require additional atmospheric measurements and improved models to predict the 
movement of greenhouse gases in the atmosphere. To this end, the report recommends that new 
monitoring stations be established near cities and other large local emissions sources, and that the 
isotope carbon-14 should be measured in the carbon dioxide already collected at atmospheric 
sampling stations.  Carbon-14, which is present in living organisms but not in fossil fuels, 
provides a way to discern whether carbon dioxide is generated from fossil-fuel or non-fossil-fuel 
sources. These additional analyses could be performed at a cost of approximately $5 million to $10 
million per year. 
 
The panel also recommended that NASA build and launch a replacement for the Orbiting Carbon 
Observatory (Figure 1), which failed at launch in February 2009.  Such an observatory could 
monitor carbon dioxide emissions from cities and power plants and attribute them to individual 
countries; no other satellite has its critical combination of abilities, including high precision, a 
small footprint, and an ability to sense carbon dioxide near Earth's surface.   

 
Using these improved methods, fossil-fuel carbon dioxide emissions could be estimated by each 
country and checked using independent information with less than 10 percent uncertainty, the 
report says. The same is true for satellite-based estimates of deforestation, the largest source of 
carbon dioxide emissions after fossil-fuel use, and for growth of new forests, an important "sink" 
for reducing carbon dioxide. 

Fig. 1.  NASA’s Orbiting 
Carbon Observatory (OCO), 
which failed on launch in 
February 2009.  The NAS 
committee determined that 
the satellite would have 
provided proof of concept 
for spaceborne technologies 
to monitor greenhouse gas 
emissions, as well as 
baseline emissions data. 
Image credit:  NASA 
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America’s Climate Choices 
A two-plus-year National Academy study called America’s Climate Choices has been completed 
and will soon be published.  Rob Socolow was a member of the Committee on America’s Climate 
Choices, the parent committee for this study. The questions posed in this process were:  
 
• What short-term actions can be taken to respond effectively to climate change? 

• What promising long-term strategies, investments, and opportunities could be pursued to 
respond to climate change? 

• What are the major scientific and technological advances needed to better understand and 
respond effectively to climate change? 

• What are the major impediments to responding effectively to climate change, and what can 
be done to overcome these impediments? 

 
The forthcoming report of the Committee on America’s Climate Choices will urge that climate 
change be viewed through the lens of iterative risk management. It will discuss the coordination 
of initiatives in the private sector and various levels of government, and will call for the 
integration of climate science in the planning for adaptation. 

Negative emissions through direct air capture of CO2 
Rob Socolow co-chaired a committee of the American Physical Society that has produced a report 
on direct air capture of CO2 (DAC) by chemicals.  Direct air capture can be accomplished with 
existing technologies, but the actual cost of deploying DAC at large scale, and the feasibility of 
scaling up quickly, have been controversial.  The APS report will provide an estimate of the cost 
of large-scale capture of CO2 from the air using costing methodologies typically used in industry, 
offer insight into the challenges of scale-up, and outline areas of emerging research that might 
lead to reduced costs in the future. The report should appear in the spring of 2011. 

New online data visualization application - one billion high emitters  
A new online data visualization tool that illustrates the “One Billion High Emitters” concept is 
now available on the CMI website.  Shoibal Chakravarty spearheaded the effort to develop the 
tool, with which visitors can view current and projected distributions of carbon emissions by 
region, choose a future emissions target, and view the contributions various regions would make 
to cutting carbon emissions based on the number of high emitters in each country.  The section of 
the website that highlights the high emitters concept received over 1200 unique visitors in 2010, 
and the group is currently exploring strategies to encourage use of the visualization tool in 
classrooms. 

Stabilization Wedges 
The Stabilization Wedges concept continues to pique popular interest.  CMI continues to receive 
regular requests to reproduce wedge graphics in both academic and lay publications, and Roberta 
Hotinski continues to facilitate workshops for teachers.  This year, the National Energy Education 
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Development Project (NEED) has completed development of a climate curriculum with a strong 
emphasis on the wedges and has run pilot workshops with teachers to obtain feedback on the 
content.  The materials will be finalized this spring but preliminary copies are now available for 
download from the NEED website: 
http://www.need.org/needpdf/ExploringClimateChange.pdf 
 

 

Policy-Relevant Research 

Safe vs. fair – perspectives on historical emissions 
Rob Socolow and post-docs Shoibal Chakravarty and Massimo Tavoni produced a paper in 2010 
dealing with the climate consequences of basing future national emissions on two ethical 
principles: equal emissions rights for all individuals and redress for historical emissions by the 
countries that industrialized early. The paper, now in internal review, is tentatively called “Safe 
vs. Fair.” It displays the tension between achieving fair moral norms and reducing the prospect of 
great disruption from climate change by providing a simple mathematical representation of the 
underlying issues.  

IPCC and uncertainty  
Rob Socolow is contributing a paper for a special issue of Climatic Change edited by Michael 
Oppenheimer and Gary Yohe, in which all articles will address the communication of uncertainty 
in IPCC reports with the intention of improving the Fifth Assessment Reports now being written. 
His article draws from his experiences as a member of the Committee on America’s Climate 
Choices of the National Academy of Sciences, where he used the Fourth Assessment Reports to 
capture for policymakers what climate science can say about “high-consequence outcomes.” He 
urges that the writers of each section of the Fifth Assessment Reports enrich their 
communication of uncertainty by communicating the degree of alignment of their views about 
the same evidence, rather than confining their discussion of uncertainty exclusively to the 
consistency of the science.  

Lessons from environmental science assessments 
Michael Oppenheimer and colleagues are continuing their research on past environmental 
science and scientific assessments.  The role of scientific assessments in the evaluation of 
knowledge has expanded over the past three or four decades to become an integral factor in 
shaping government policy on climate change. But how well have these scientific assessments 
worked, and how might they be made to work more efficiently and effectively in the future? 
Lessons from past cases may yield important insights for future climate policy. 
 
Keynyn Brysse, a historian of science, has completed two years of a three-year postdoctoral 
research project to investigate the history of scientific assessments of ozone depletion. This ozone 
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history project at Princeton is one part of an interdisciplinary, multi-university research project 
that this year was awarded a grant from the National Science Foundation’s Science, Technology, 
and Society Program. The principal investigators on the grant are historian of science Naomi 
Oreskes at the University of California, San Diego; climate scientist Michael Oppenheimer at 
Princeton University; and philosopher of science Dale Jamieson at New York University. In 
addition to the research on ozone, the project, “Assessing assessments: a historical and 
philosophical study of scientific assessments for environmental policy in the late 20th century,” is 
also examining the Intergovernmental Panel on Climate Change and acid rain assessments. The 
outcome of this interdisciplinary collaboration includes a series of conference presentations and 
peer-reviewed articles, as well as a book on the history of environmental science assessments and 
the lessons history can bring to future assessments, such as those dealing with climate change.  

Understanding and assessing ice sheet-driven sea level rise 
Despite increasing awareness of the potential for rapid ice sheet change, sea level rise (SLR) 
projections in the fourth assessment report of the Intergovernmental Panel on Climate Change 
(IPCC) decreased as their uncertainty range narrowed. A dynamic response of land-based ice was 
not included in the numerical projections. 
 
Effective policy decisions demand a more complete and transparent accounting of sources of sea 
level change and their associated uncertainty. However, weak observational constraints on the 
century-timescale ice sheet response, and the lack of a comprehensive model, have led to 
difficulties in quantifying the SLR contribution of Antarctica and Greenland. Michael 
Oppenheimer and colleagues are addressing these issues by 1) improving the comprehensiveness 
and robustness of ice sheet models and 2) presenting ice sheet projections in a form that is 
amenable to mitigation- and adaptation-related decision-making. 
 
Ice sheet-ocean coupled modeling 
Improving the representation of ice-ocean interaction at the margins of ice sheets, where recent 
acceleration and thinning is focused, is important to projections of future sea level. Floating ice 
shelves control how fast ice is transferred from the grounded ice sheet; from the oceanographic 
perspective, melting and freezing influences the characteristics of water masses (i.e. Ice Shelf 
Water, Antarctic Bottom Water, etc.), the global ocean circulation, and the carbon cycle.  
 
WWS/STEP Postdoctoral Fellow Christopher Little, in collaboration with Daniel Goldberg, an 
AOS/WWS postdoctoral fellow, has investigated ice shelf melting using the Generalized Ocean 
Layered Dynamics (GOLD) ocean model (a NOAA ocean model, developed by GFDL 
oceanographer Dr. Robert Hallberg), and a dynamic ice stream/shelf model coupled to the GOLD 
ocean model. These simulations suggest that grounded ice loss shows an increasing response to 
ocean temperature rise that is driven by the distribution of ice shelf melting, demonstrating the 
importance of coupling the ocean and land ice in numerical simulations of climate change. Little 
and Goldberg’s experiments also highlight the influence of the ice shelf calving, and a proposed 
collaborative project between Dr. Olga Sergienko (GFDL) and Allan Rubin (GEO), aims to apply 
fracture mechanics to the calving problem.  
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Improving the utility of sea level projections 
Given the early stage of coupled climate/ice sheet model development, Little and colleagues are 
employing expertise in risk assessment, learning, and statistical analysis to develop new ways to 
project sea level change in a decision-relevant context. Historical analyses of environmental risk 
assessments suggest that any approach to ice sheet-driven SLR projection should be systematic, 
inclusive, and serve as a framework for learning. When assessments are opaque, the lack of 
transparency hinders efforts to update and compare; if sea level rise originates outside of these 
regions, it will diminish the reliability of the upper bound.  
 
Recently, the researchers have cast projections of Antarctic ice stream discharge in a bottom-up 
Monte Carlo approach to examine the sensitivity to key assumptions. Their results indicate that 
the form of ice discharge scenarios, their associated uncertainty, and the correlation in mass loss 
between ice drainages control the tail area of sea level distributions (the information that is most 
relevant for climate policy and coastal management decisions). Therefore, ignoring regions is a 
questionable prior assumption, even if their most likely contribution is zero. In this 
comprehensive, probabilistic framework, subjective judgments may be made in a transparent 
fashion, facilitating assessment (e.g. in IPCC AR5) via risk and sensitivity analyses. This approach 
allows the incorporation of dynamic regional or continental-scale models, allowing a revisiting of 
the uncertainty as more is learned about the ice sheets and climate forcing.  
 
 

Future Plans 

 
Communicating uncertainty 
A new faculty research initiative addressing carbon issues may begin in the spring of 2011 if a 
faculty group with many CMI participants wins an internal competition for funding being run by 
the Princeton Institute for International and Regional Studies. The title of the proposed project is 
“Communicating uncertainty: science, institutions, ethics.” Michael Oppenheimer, Steve Pacala, 
and Rob Socolow are three of the twelve faculty members who propose to lead this project over a 
three-year period. Most of the other faculty recruited to this project are leaders in social science 
and the humanities. An added component is the participation of the Geophysical Fluid Dynamics 
Laboratory. 
 
This initiative represents a major success for CMI in raising the profile of academic scholarship 
addressing the carbon and climate problem at the University. The prospects are high that this 
project will break new ground on topics like the design of effective international institutions and 
the tradeoff between fairness and feasibility. 
 
Carbon mitigation in a world with a low carbon price and a high oil price 
Until recently, the expectation among many energy policymakers has been that over the next 
decade, energy security and climate change would be policy drivers of comparable strength. The 
recent struggles to formulate compelling climate change policy within countries and 
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internationally, however, raise the prospect that the world could see a high oil price and a low 
carbon price, leading perhaps to investments that become stranded assets when climate change 
policy returns. Examples of such dangerous attractions are synfuels from coal without CCS and 
high-carbon-intensity primary energy – fossil and biological. Other responses that might emerge 
and then be regretted are a focus on CCS that is limited to enhanced oil recovery, a shift of all 
energy-efficiency policy toward fuels and away from electricity (therefore, toward transport and 
away from buildings) and reduced subsidies for renewable and nuclear power. CMI will seek 
opportunities to affect this discussion. 
 
Game-theoretic modeling of energy investment under innovation 
In a new project, CMI researchers are modeling the energy infrastructure investment  strategies 
of nations under different expectations of the future. Learning by doing can lead to cost 
reductions world-wide, especially in the case of green technologies like wind and solar PV. Is this 
reason enough for some countries to unilaterally invest in green technologies?  
 
Using techniques from game theory, Shoibal Chakravarty (CMI) and E. Somanathan (Professor, 
Indian Statistical Institute and PEI Visiting Professor) aim to understand this issue. The 
researchers contrast strategic national investments with a myopic planning horizon versus a long 
term horizon that also takes into account global cost reductions due to learning by doing. The 
project explores the hypothesis that energy investment planning has two stable equilibrium 
paths: 1. myopic planning horizon with most of the investment going to fossil fuel energy and 2. 
long term planning with substantial investment in green energy in order to implement cost 
reduction by learning by doing. It is quite possible that the long term planning path might turn 
out to be cheaper. 
 
Development of open source software for climate-economics modeling 
A continuing aim of CMI has been to provide public-domain tools for analysis in order to 
encourage wider participation of the global research community seeking to contribute to climate 
and energy studies. A major effort toward this end is being led by Shoibal Chakravarty (CMI). 
 
The goal of this project is to develop a modeling language and software platform for effective 
modeling of the economic aspects of energy-economics-climate models. These models are 
numerical optimization models and require a modeling language or platform to convey the model 
expressed in human readable form to specialized solver programs, and to process the solutions 
from these solvers. The project will eventually provide a partial open source substitute to current 
commercial modeling languages like GAMS (www.gams.com) and AMPL (www.ampl.com). The 
modeling platform will make use of similar open source projects for solvers (www.coin-or.org). 
Finally, high quality energy-climate models will be developed for use and collaborative 
development by the policy-making and modeling community. 
 
The eventual goals of the project are: 
 
• Use the modeling platform to bring down the cost of modeling and policy making tools. This 

should benefit, especially, users in developing countries and non-governmental organizations. 
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• Encourage a culture of verifiability, transparency and inter-model comparability in the 
modeling and policy-making community. 

• Foster subsequent use of these tools, especially on the web, for public awareness, for 
education and, most importantly, for effective and transparent policy analysis. 

 
 
Robust projections of sea level  
The holy grail of ice sheet modeling is a physically-based, observationally constrained, robust 
projection of sea level rise rates, over timescales relevant to decision-making.  Yet because of 
uncertainties and numerical limitations, this is not achievable; there are tradeoffs in model 
comprehensiveness and scope. We are examining various strategies to improve the robustness of 
SLR projections, including the assimilation of regional and simplified dynamic models into 
statistical techniques and the incorporation of paleoclimatic constraints. 
 
In collaboration with GEO faculty and former WWS Postdoctoral Fellow Bob Kopp, Michael 
Oppenheimer has undertaken a statistical analysis of LIG (last interglacial period) sea level 
proxies.  The next steps involve the development of a statistical transfer function for the LIG that 
would be informative about the near future. As GFDL’s ice sheet modeling advances, such 
paleoclimatic analyses provide opportunities to test the model. Ultimately, ice sheet modeling and 
paleo-sea level analysis will be linked to assemble a policy-relevant probabilistic risk assessment 
for sea level rise. This capability and the credibility of the approach will grow over time as the ice 
sheet modeling is incorporated through collaboration with GFDL. 
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