
Carbon Mitigation Initiative  
Annual Report   2009 



 
 

Copyright © CMI – Carbon Mitigation Initiative, Princeton University, 2010 
 
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 
 



 

Contents 
 

Overview................................................................................................................................5 

Summary ................................................................................................................................6 

The Capture Group ................................................................................................................8 
Highlights ................................................................................................................................................8 
Coal-Biomass Based Strategies for Liquid Fuels and Electricity ...........................................................9 
CCS Early Action Opportunities in China .............................................................................................16 
Collaboration with Politecnico di Milano Colleagues............................................................................17 
Other Advanced CCS Concepts...........................................................................................................19 
Web-Based Version of A “Master Framework”.....................................................................................21 
The Global Energy Assessment ...........................................................................................................21 
Energy Storage Technologies ..............................................................................................................22 
Combustion of Biofuels and Flame Dynamics......................................................................................24 
Clean Energy in China..........................................................................................................................26 
Future Plans .........................................................................................................................................27 
Publications ..........................................................................................................................................30 

The Storage Group ...............................................................................................................32 
Highlights ..............................................................................................................................................32 
Cement Durability .................................................................................................................................33 
DUSEL CO2: A Large-Scale Facility for Experimental Study of  Geologic Carbon Sequestration.......35 
Shale Permeability................................................................................................................................36 
Advances in Geomechanical Modeling ................................................................................................37 
Large-Scale Modeling of CO2 Injection and Transport.........................................................................38 
Molecular Simulation Studies of Carbon Dioxide Hydrate Formation ..................................................41 
Future Plans .........................................................................................................................................46 
Publications ..........................................................................................................................................48 

The Science Group...............................................................................................................50 
Highlights ..............................................................................................................................................50 
Carbon Observing System ...................................................................................................................51 
Controls on Ocean Productivity ............................................................................................................57 
Paleoclimate .........................................................................................................................................61 
Future Plans .........................................................................................................................................64 
Publications ..........................................................................................................................................66 



 

The Integration Group......................................................................................................... 68 
Highlights.............................................................................................................................................. 68 
Policy-Relevant Research.................................................................................................................... 69 
Public Service ...................................................................................................................................... 75 
Outreach............................................................................................................................................... 77 
Future Plans......................................................................................................................................... 79 
Publications.......................................................................................................................................... 81 



 5

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

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

 
 

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

 
 

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

  
 

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

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

 

For more information, visit us at CMI’s website - http://cmi.princeton.edu  - or contact  
 
Susan M. Allen 
Assistant to Professor Robert Socolow 
Princeton Environmental Institute 
Princeton University 
Princeton, NJ 08544 
USA 

  

e-mail: smallen@princeton.edu 
voice: (609) 258 - 5467 
fax: (609) 258 - 7715 
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Summary 
 
Now entering our 10th year, CMI is both producing important results in original research areas 
and expanding into new territory.   At the same time, our researchers are taking on important 
external projects to accelerate mitigation research and inform climate policy. 
 
The CAPTURE GROUP has made major strides in identifying and understanding low-carbon 
solutions for both liquid fuels and repowering electricity in the U.S., and has a new emphasis on 
biofuels and electric storage technologies.  Strategies developed by the Williams Group use coal 
and biomass combined with carbon capture and storage to provide liquid fuels with less biomass 
needed than for cellulosic ethanol, and motivate CCS at lower emissions prices than for coal plant 
retrofits.  Recent shale gas discoveries are also motivating new modeling of systems using natural 
gas and biomass with CCS.  The Arnold Group is exploring how to optimize existing energy 
storage technology to meet the needs of alternative energy sources and extend battery lifetimes.  
A new combustion research center led by Chung Law, leader of the Law Group, will bring 
Princeton researchers together with experts from across the nation to study and develop new 
alternative fuels for use in advanced engines. 

 
The STORAGE GROUP is continuing to develop novel experimental techniques and expand 
capabilities of models, plus delve into new research areas with external funding.  New time-lapse 
images of corroding cements are supplying the Scherer-Prevost Group with more detailed 
information on corrosion kinetics for an improved Dynaflow model.   The Celia Group has added 
processes important on the long time scales relevant to storage security to their large scale 
models, and has begun a new collaboration with the Capture Group to explore using produced 
brine for both plant cooling and control of CO2 injection.  The Debenedetti Group has initiated a 
new program thrust on the formation and stability of CO2 hydrates. And finally, members of the 
group are part of an exciting new multipurpose underground national laboratory (DUSEL), where 
they will study CO2 sequestration on realistic length scales in a project led by Civil and 
Environmental Engineering Professor Catherine Peters.   
 
The SCIENCE GROUP continues to narrow the uncertainty in the causes and magnitude of the 
terrestrial and ocean carbon sinks. New research by the Pacala Group points to the impact of 
nitrogen cycling on terrestrial carbon sinks, and its new biosphere model is the first to reproduce 
the history, magnitude and latitudinal distribution of carbon uptake.  The Sarmiento Group is 
working to improve calculations of the ocean carbon sink and explain a puzzling increase in 
terrestrial uptake in the early 90s.  New field and lab results from the Bender and Morel Groups 
are providing insights into controls on the distribution of ocean productivity and the impacts of 
ocean acidification.  In paleoclimate studies, new samples retrieved by the Bender Group may be 
able to extend the Antarctic ice core record much further back in time, and the Sigman Group’s 
latest results are narrowing down the possible mechanisms of ice age CO2 drawdown. 
 
The INTEGRATION GROUP is pursuing innovative new modeling work that ties future 
emissions to national income distributions, has initiated a historical study of scientific 
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assessments, and is extending CMI’s outreach activities.  A paper from the Pacala-Socolow Group 
proposes an accounting scheme to allocate future global CO2 emissions across nations, based on an 
individual emissions cap that would count only “high emitters” (roughly, the one billion highest 
emitters on the planet). The scheme treats these high emitters the same, regardless of where they 
live and has received much attention as a possible strategy for mediating disputes between 
developed and developing countries. A new research thrust in the Oppenheimer Group on the 
history of scientific assessments is gleaning lessons learned from the stratospheric ozone story to 
inform the current debate on climate change. On the outreach side, the new CMI website has 
made our research much more accessible and is serving as a platform for materials on both the 
“billion high emitters” paper and our now classic “stabilization wedges” concept. 
 
CMI faculty are also involved 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, part of the university’s larger Grand Challenges program on Energy, Health, 
and Development, funds research into energy technology, policy and security, and climate 
science. The recently created Andlinger Center for Energy and the Environment within the 
School of Engineering and Applied Science will focus on making fundamental “cleantech” 
discoveries and moving those findings rapidly into the marketplace. 
 
In addition to its research contributions, CMI is helping steer the national dialogue on carbon 
mitigation.  Co-Directors Pacala and Socolow have both undertaken substantial projects in the 
service of U.S. carbon policy.  Pacala is leading a committee of the National Academies on carbon 
monitoring.  Socolow has been a member of two National Academies’ panels on America’s Energy 
Future and America’s Climate Choices, and is co-directing (with BPs Michael Desmond) an 
American Physical Society study on the potential for CO2 capture from air. 
 
Finally, CMI has benefited from close interaction with our BP colleagues over the year. Our CMI 
co-directors and group leaders have had fruitful meetings with members of the BP America office 
both on the Princeton campus as well as in Washington, DC. Both students and faculty have 
benefited from the on-campus presence of BP executives through the Vann Fellows Program.  
Fall of 2009 brought Kate Hadley Baker, BP’s Director of Well Planning and Geotechnical 
Exploration Operations, to the university. Dr. Baker taught a graduate level seminar on 
Petroleum Engineering.  We are looking forward to welcoming Mike J. Smith, Vice President of 
Reservoir Management and Exploration Production Technology in the spring of 2010, and 
Michael B.J. Bowman, Vice President of Geosciences and Subsurface Description, in the fall of 
2010.   
 
With renewed funding and a growing portfolio of research, CMI continues to serve as a solid 
source of information on the carbon and climate problem while breaking new ground.  After nine 
years, our members are seasoned veterans in carbon and climate issues and increasingly 
prominent voices in the climate policy conversation. 
 
This report outlines research results from the previous year, plus plans for future work.  Online 
versions of all CMI Annual Reports are accessible at http://cmi.princeton.edu. 
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The Capture Group 

 

CMI Carbon Capture activities involve low-carbon energy research by the Williams Group, the 
Law Group, and the Arnold Group. The researchers investigate novel systems for producing 
energy that promote carbon capture and storage (CCS), strategies for integrating renewable 
energy into the existing grid, improvements to energy storage technologies, and the combustion 
of alternative fuels. 

 

Highlights 

• An innovative strategy that involves co-processing coal and biomass feedstocks with 
carbon capture and storage (CCS) to make both electricity and liquid fuels could 

o provide low-carbon transportation fuels requiring much lower biomass input and 
emissions prices to be competitive with crude oil products than cellulosic ethanol  

o motivate carbon capture and storage at much lower emission prices than CCS 
retrofits to coal power plants 

• An analysis of coal-based chemical plants in China suggests attractive opportunities for 
early CCS demonstration projects  

• Collaboration with Politecnico di Milano is showing how to improve the economics of 
gasifiers suitable for use with lower-rank coals in integrated gasifier combined cycles 

• In collaboration with the Storage Group, new research has been launched on the 
potential for brine produced from geological storage reservoirs to be used in plant cooling 

• Research into energy storage devices shows that storage efficiency increases with 
increasing rates of power generation 

• Princeton has been awarded $20 million for a new energy research center focused on 
combustion of alternative fuels in advanced engines 

• Biodiesel synthesized from waste vegetable oils has been found to have a much lower 
sooting propensity than that of regular diesel fuel 
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Coal-Biomass Based Strategies for Liquid Fuels and Electricity  

The Williams Group uses Aspen Plus simulations and economic models to analyze energy and 
carbon balances and the economics of new systems for producing synthetic fuels and electricity.  
During 2009, major foci of the synfuels analytical activity were: (i) a comparison of alternative 
low-carbon transportation fuels, (ii) a study of coal/biomass coproduction with CCS systems as 
repowering options for existing coal power plant sites, and (iii) analyses of methanol to gasoline 
systems based on coal, biomass, and coal + biomass without and with CCS. A good context for this 
analysis is a 2009 Science paper discussing sustainability issues for biomass energy. 

Context: Sustainable biomass for energy 
In June of 2008, 11 academic analysts (including Bob Williams and Eric Larson in the Carbon 
Capture Group) with a wide range of expertise and perspective met in Princeton for two days to 
exchange views about the sustainability of biofuels, food, and the environment. The meeting, 
convened by Prof. David Tilman of the University of Minnesota and CMI Co-Director Robert 
Socolow, was motivated by simultaneous consideration of the importance of biomass in providing 
low-carbon liquid fuels and growing concerns about food/biofuel conflicts and land-use impacts 
(direct and indirect) of growing biomass for fuels on cropland. After considerable subsequent 
back-and-forth, a consensus emerged that was published as a Science commentary in 2009 
(Tilman et al., 2009 – see Publications). The co-authors’ hope is that those charged with making 
biofuels policies will benefit from the synthesis of the deliberations. 
 
The commentary stresses that realization of substantial net societal benefits from biomass use for 
energy probably requires avoiding the growing of dedicated energy crops on cropland, so that the 
primary biomass supplies available for energy are likely to be various crop and forest residues and 
dedicated crops grown on abandoned cropland and degraded lands. The significance of this 
perspective for the U.S. is that prospective biomass supplies for energy are likely to be only about 
½ of what was thought feasible just a few years ago, demanding new collaborations to identify 
acceptable ways forward for bioenergy—involving environmentalists, economists, technologists, 
the agricultural community, engaged citizens, and governments worldwide.  
 
This Science commentary provides a helpful context for understanding the merits of the Capture 
Group’s approach to biomass for energy—which emphasizes three strategies: (i) thermochemical 
conversion (via gasification) rather than biochemical conversion (which presently dominates 
biofuels production); (ii) CCS for biomass (most analyses of CCS technologies and strategies have 
focused on CCS for fossil fuels but not for biomass), and (iii) the production of low-C synthetic 
liquid fuels via co-processing of biomass with coal (the conventional approach to low carbon 
liquid fuels is via biofuels).  Combining all three of these strategies has led the Williams Group to 
an approach to low-C transportation fuels that requires less than half as much biomass per unit of 
low-C fuel as would be required with next-generation biofuels such as cellulosic ethanol—an 
advantage if biomass will be much scarcer than was previously thought. Moreover, as will 
become clear from the discussion below, the path to low-C fuels that combines these three 
strategies is likely to enable a transition from food biomass to lignocellulosic feedstocks more 
quickly than is feasible via biochemical conversion approaches because: (i) the technologies are 
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probably closer to being ready for widespread deployment (if CCS proves to be viable as a major 
carbon mitigation option), (ii) the liquid fuels produced can be provided to consumers without 
changes in infrastructure and end-use vehicles, and (iii) the fuels produced are likely to be much 
more competitive with crude oil-derived fuels than fuels derived via biochemical means.  

Low-carbon transportation fuels from coal and biomass with CCS 
Drawing on the Princeton Energy Group’s 2008 Pittsburgh Coal Conference Report that analyzed 
16 alternative synfuel options, a systematic comparison of alternative low-carbon liquid 
transportation fuels has been launched. A greenhouse gas emission index (GHGI) is being used to 
characterize carbon mitigation performance: (total system-wide GHG emissions for energy 
production and consumption)/(emissions for the displaced fossil energy). So far, the technologies 
being compared include the three Fischer-Tropsch liquids (FTL) systems and the two cellulosic 
ethanol systems listed at the top of Table 2 (acronyms are defined in Table 1).  
 
The two biomass-only FTL options included are recycle designs that make mainly liquid fuels, 
without and with CCS (BTL-RC-V and BTL-RC-CCS). Also included is a coal/biomass once-
through coproduction option that makes electricity as a major coproduct (accounting for about 
1/3 of the energy output); this option (CBTL-OT-CCS-38% BIO, or coal-biomass-CCS, see Figure 
1) is fueled with just enough biomass (38% on an energy basis) to reduce emissions to 10% of 
those for the fossil energy displaced (GHGI = 0.1). 
 
The key parameters assumed for understanding the economics of cellulosic ethanol plants that 
vent CO2 are from the assessment made by the Alternative Liquid Transportation Fuels Panel of 
the National Research Council’s America’s Energy Future study.  Another cellulosic ethanol 
option, in which fermentation CO2 is captured and stored, is included in the comparison. 

 

 
Figure 1. Simplified schematic  for system  that coproduces Fischer‐Tropsch  liquid  fuels electricity  from coal + biomass 
with CCS (CBTL‐OT‐CCS system) 
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Table 2: Characteristics of Alternative Energy Systems 
Output Capacities

System  Electricity 
(MWe) 

FTL 
(B/Dge)

Eff% 
(HHV)

CAPEX
(109) 

CCS Energy 
Penalty CCS 

(%) 

Input 
Energy 

(MW, HHV)

% biomass 
(HHV basis) 

CO2 store 
rate 

(106 t/y)  
GHGIe

Greenfield synfuel plants with 0.46 million dry  tonnes per year biomass input rate (= rate for cellulosic ethanol  plant) 
CBTL‐OT‐CCS‐38% BIO  126  4,000  47.6  0.740  7.1  792  38  1.01  0.10 
BTL‐OT‐V  15.7  2,180  50.5  0.363  ‐  302  100  ‐  ‐ 0.069
BTL‐RC‐CCS  11.1  2,180  49.0  0.370  4.9  302  100  0.40  ‐ 1.08
Cellulosic EthOH‐V  2.03  1,940  40.9  0.156  0  302  100  0  0.17 
Cellulosic EthOH‐CCS  0.62  1,940  40.4  0.158  1.5  302  100  0.11  ‐ 0.21
Alternative options for existing  coal power plant sites  
Written‐off PC‐V  543  ‐   33.6  0  ‐  1613  0  ‐  1.16 
PC‐CCS retrofit  398  ‐   24.7  0.426  36.4  1613  0  3.48  0.23 
CIGCC‐CCS   510  ‐   31.6  1.36  18.5  1613  0  3.25  0.15 
NGCC‐V  560  ‐   50.8  0.321  ‐  1102  0  ‐  0.51 
NGCC‐CCS  482  ‐   43.7  0.583  16.2  1102  0  1.36  0.13 
CTL‐OT‐CCS  227  7,820  46.7  1.28  8.5  1613  0    0.68 
CBTL‐OT‐CCS‐38% BIO  264  7,820  47.6  1.29  7.1  1658  38  2.12  0.10 

 

Table 1: Acronyms Used In Carbon Capture Section  
PC  Pulverized coal steam power plant  
CIGCC  Coal integrated combined cycle power plant  
NGCC  Natural gas combined cycle power plant  
CTL  Coal to finished Fischer‐Tropsch Liquid (FTL) fuels and electricity 
BTL  Biomass to finished FTL fuels and electricity 
CBTL  Coal + biomass to finished FTL fuels and electricity 

‐RC 
FTL synthesis with recycle (RC) of unconverted syngas for maximum FTL output …small 
amount of coproduct power is generated in steam turbine power plant from purge gases 

‐OT 
FTL synthesis with once through (OT) synthesis; unconverted syngas used to make large 
amount of coproduct power in a gas turbine/steam turbine combined cycle 

‐V  Coproduct CO2 is vented 
‐CCS  Coproduct CO2 is captured and piped to site where it is stored underground 
‐Y % BIO  % of biomass (HHV energy basis) in feedstock of CB energy option 

GHGI 
Fuel‐cycle‐wide GHG emissions for production and consumption relative to GHG 
emissions for displaced conventional fossil energy (assumed to be CODP plus electricity 
generated via PC‐V) 

CODP  Crude oil‐derived products 
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One finding is that, although biomass inputs are comparable for FTL via BTL-RC and via 
cellulosic ethanol, FTL produced via CBTL-OT-CCS-38% BIO requires only about ½ as much 
biomass as does cellulosic ethanol (for which GHGI is 1.7 X as large, see Table 2)  

For the economic analysis presented in Figure 2, the estimated capital intensity of BTL options ($ 
per barrel per day of gasoline equivalent) is about twice that for cellulosic ethanol. This implies 
that, at zero GHG emissions price, the levelized fuel production cost for FTL via BTL-RC-CCS is 
about 1.2 X that for EthOH-V. But for GHG emissions prices > $28/t CO2eq the FTL so produced is 
less costly. Figure 2 shows that results wouldn’t be much different if ethanol were produced via 
EthOH-CCS, because of the much lower GHGI for BTL-RC-CCS (- 1.08) compared to EthOH-
CCS (- 0.21)—see Table 2. The GHGI is much lower for BTL-RC-CCS because of its higher CO2 
storage rate (> 50% of the feedstock C, compared to 15% for EthOH-CCS).   

 

 

The most striking result is that the FTL cost via the coal-biomass-CCS strategy is much less than 
that for cellulosic ethanol. One measure of economic performance is the GHG emissions price 
required to compete with crude oil-derived products. At $75/barrel, the needed GHG emissions 
price is ~ $40/t CO2eq for CBTL-OT-CCS-38% BIO and ~ $100/t for EthOH-V. 

Figure  2.  Levelized production  costs  for  alternative  liquid  fuels  having  low GHGI.    It  is  assumed  that  the biomass‐using 
systems consume 0.5 million dry tonnes of biomass annually.  
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Repowering coal plants with coal-biomass-CCS vs. CCS retrofits 
Decarbonizing coal power (which accounts for ½ of U.S. electricity and ⅓ of total U.S. CO2 
emissions from fossil fuel burning) must be a major focus of U.S. efforts to reach a goal of 
reducing economy-wide GHG emissions 83% by 2050 relative to 2005 (as proposed currently by 
the U.S. Congress). Most attention should be directed to existing coal power plants because, under 
a carbon mitigation policy, pursuit of the low-hanging fruit for carbon mitigation (energy 
efficiency improvements in buildings) is likely to lead to hardly any electricity demand growth.  
 
The Williams Group is analyzing and comparing several decarbonization options with regard to 
energy and water penalties and costs: CCS retrofits and four repowering options (CIGCC-CCS, 
NGCC-V, NGCC-CCS, and CBTL-OT-CCS-38% BIO)—see Table 2. For the six systems compared, 
generation costs vs. GHG emissions price are shown in Figure 3. There are no capital charges for 
the reference plant—assumed to be an aged written-off unit. (The average age of U.S. coal plants 
is 37 years.) The retrofit considered involves recovering CO2 from the dilute stack gases (post-
combustion CO2 capture) of an existing coal fired power plant without boiler modification—the 
least costly retrofit option. The CCS energy penalty (increased coal use per MWh) for capturing 
90% of the carbon in the coal as CO2 is 36%, and the water required for power generation at the 
site increases 33%. Until the GHG emissions price exceeds $76/t CO2eq, a profit-oriented plant 
manager would choose to pay the emissions fine rather than invest in a CCS retrofit. At that GHG 
emissions price, the levelized generation cost would be 3.4 X the generation cost for the written-
off plant when the GHG emissions price is $0/t CO2eq.  
 

Figure 3. Twenty‐year levelized generation costs for alternative power options at existing coal power plant sites.
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The next option considered is repowering the site with a CIGCC-CCS plant. Here repowering is 
defined as “bulldozing” the site (saving only the infrastructure) and building a completely new 
plant at the “brownfield” site. With this option CO2 is captured pre-combustion at relatively high 
concentration and partial pressure from the shifted synthesis gas (mostly H2 + CO2), and the 
remaining H2–rich synthesis gas is burned in the combustor of a gas turbine/steam turbine 
combined cycle to make power. In this case the energy penalty is much less (19%) and the water 
required for the site actually declines by 7% (largely because evaporative cooling water is not 
needed for the gas turbine part of the power plant). Electricity generated via this CIGCC-CCS 
will be more costly than for the PC-CCS retrofit for all displayed GHG prices (see Figure 3)—
largely because the capital cost is about 3 times that for the retrofit (see Table 2). 

The new bullishness about shale gas—potentially abundant and ubiquitous—has created much 
interest in repowering sites having aged coal plants with NGCC-V systems, for which the 
required capital investment is ~ ¼ less than for the PC-CCS retrofit strategy, and the site water 
requirement would decline more than 60%. Moreover, even with the assumed natural gas price 
($6.0 per GJ—some 3.5 X the assumed coal price), the levelized generation cost is less than that 
for the PC retrofit (1/3 less @ $0/t CO2eq), and the GHG emissions price needed to be more cost-
effective than the written-off coal plant is only $49/t (see Figure 3). However, a shift to NGCC-V, 
for which GHGI = 0.51, would be an inadequate response to the carbon mitigation challenge for 
power—CCS is also needed, either initially or as a retrofit at some point during this half century. 

The energy penalty for a new NGCC-CCS system with post-combustion capture would be 16%—
some 55% less than for the PC-CCS retrofit. This might seem surprising because the flue gas 
concentration of CO2 is only ~ 6%, so that the energy penalty per tonne of CO2 removed is more 
than for the CCS retrofit case. However, the H/C ratio = 4 for natural gas vs. 0.8 for coal, so that 
much less CO2 has to be recovered—0.4 tonnes/MWh vs. 1.2/MWh for the CCS retrofit. 
Although a NGCC-CCS repowering plant would require 1.4 X the capital investment of a PC-CCS 
retrofit, its generation cost would be less. However, a very high GHG emissions price (> $89/t) 
would be required to induce CCS. At lower GHG emissions prices a profit-maximizing NGCC 
plant manager would instead pay the emissions fine (see Figure 3). 

Finally consider repowering with a CBTL-OT-CCS-38% BIO plant consuming 1 million tonnes of 
biomass per year and whose total energy input is about the same as for the existing coal power 
plant (see Table 2). Because 2/3 of energy output is synfuels, the production of which requires 
removal of a stream of pure CO2 even in the absence of carbon mitigation policy, this system is 
characterized by a much smaller energy penalty (7%) for CCS than for the other options, and 
water requirements for the site would be reduced 19%.  Although the coal-biomass-CCS option 
requires about 3X the capital investment of the PC-CCS retrofit (see Table 2), co-production of 
electricity and fuel enables attractive generation economics for prospective oil prices. Assuming 
that FTL co-products are sold at the refinery gate prices of the displaced crude oil-derived 
products (including charges for fuel-cycle-wide GHG emissions). Figure 3 shows generation costs 
for three crude oil prices. Generation costs decline sharply with GHG emissions price because the 
value of crude oil-derived products displaced increases with GHG emissions price. At the 
minimum GHG emissions price needed to induce CCS for the retrofit case ($76/t), the electricity 
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generation cost via the coal-biomass-CCS option is 91%, 62%, and 32% of the generation cost for 
the PC-CCS retrofit for crude oil prices of $50, $75, and $100 a barrel, respectively. The GHG 
emissions price needed to induce a shift from the existing written-off coal plant to coal-biomass-
CCS is $69, $48, and $27/t of CO2eq for crude oil prices of $50, $75, and $100 a barrel, respectively.  

Consider, in light of its superior economics, widespread use of the coal-biomass-CCS option for 
repowering. Deployment is limited by prospective sustainable biomass supplies, estimated for the 
US to be 0.5 billion tonnes per year (see Sustainable Biomass for Energy above). Imagine (as a 
“thought experiment”) that all of this biomass is ultimately (e.g., by 2040-2050) used for 
repowering in this manner. There would be enough biomass generate decarbonized electricity 
equivalent to 60% of generation by the displaced coal plants while coproducing 3.9 million 
barrels per day (gasoline equivalent) of low-carbon FTL. If CIGCC-CCS makeup power generated 
at greenfield sites were to provide the other 40% of displaced generation, annual GHG emissions 
avoided and CO2 storage rates would amount to 2.2 Gt CO2eq and 1.7 Gt CO2, respectively (see 
Figure 4).  Some 39% of total avoided emissions are due to having biomass in the system—the 
other 61% would have been realized even if CTL-OT-CCS (see Table 2) instead of CBTL-OT-
CCS-38% BIO had been used for repowering. 

If instead the same amount of existing coal capacity were decarbonized via a PC-CCS retrofit 
strategy, low-carbon electricity generated in retrofit plants would be equivalent to 85% of the 
displaced electricity. If in this case also 100% of makeup power is via CIGCC-CCS plants, the total 
GHG emissions avoided and CO2 stored would be, respectively, 0.66 X and 1.18 X the rates for the 
repowering strategy (see Figure 4).  

The higher CO2 storage rate for the PC-CCS retrofit strategy is perhaps surprising because the 
repowering strategy decarbonizes the same amount of electricity as the PC-CCS retrofit strategy 

Figure  4. US GHG  emissions  avoided  and  CO
2
  storage  rates  for  CBTL‐OT‐CCS‐38% BIO  repowering  and  CCS 

retrofit  scenarios  in Thought Experiment.   For both  scenarios  it  is assumed  that CIGCC‐CCS accounts  for all 
required makeup power.  
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plus a large amount of liquid fuels as well; the higher storage requirement arises because of the 
high efficiency of making electricity via coproduction and the very low efficiency of making 
electricity via PC-CCS retrofits. These efficiency differences as well as the biomass co-processing 
aspect of the repowering strategy account for the additional fact that the total coal use for the 
CCS retrofit strategy is 9% more than for the repowering strategy even though the retrofit 
strategy involves no synthetic fuel production.    

Synthetic gasoline production from coal and/or biomass 
During 2009, the Williams Group extended its CBTL analyses to include the production of 
synthetic gasoline from coal and/or biomass-derived syngas via gasification and intermediate 
production of methanol. Unlike the better known Fischer-Tropsch (F-T) process, which produces 
a broad spectrum of straight chain olefins and paraffins that require upgrading to produce 
finished diesel fuel, gasoline, and lubricants, the so-called methanol-to-gasoline (MTG) process 
produces primarily a finished-grade gasoline, with a small propane/butane co-product.   

 
Far fewer studies have been published on coal or biomass based MTG processes than for F-T 
processes, and none have examined MTG processes with CCS. Moreover, there have been no 
studies that compare F-T and MTG processes using a self-consistent analytical framework. The 
objectives of the MTG work were to carry out detailed steady-state process design, simulation, 
and cost analyses for MTG systems using coal and/or biomass feedstocks and compare these 
results with prior results for F-T systems developed using the same analytical framework.   

 
Exxon-Mobil and Halder Topsoe both offer commercial MTG synthesis technologies. The Exxon-
Mobil process begins with methanol production from syngas followed by partial conversion of 
methanol to DME in a separate reactor, followed by conversion of the DME/methanol mixture 
into gasoline in a third reactor. The Haldor Topsoe process utilizes an initial single-step 
conversion of syngas into DME/methanol, followed by conversion to gasoline in a separate 
reactor.  Williams and colleagues have chosen to base their simulations on the Exxon Mobil 
process because it has the most commercial-scale operating experience, and because more details 
of the process needed for simulation are available in the literature. 

 
The group presented preliminary performance and cost results for coal-to-gasoline, biomass-to-
gasoline, and coal/biomass-to-gasoline systems in May 2009 at the annual NETL CCS Conference.  
 

CCS Early Action Opportunities in China 
A major focus of the Williams Group collaboration with Li Zheng’s group at Tsinghua University 
was a study to identify and analyze opportunities for early commercial-scale CO2 capture and 
storage (CCS) demonstration projects in China. A manuscript based on this analysis was 
submitted to Energy and Environmental Science in late 2009. 
 
This study was motivated by the now widely recognized need for demonstration projects to be 
carried out at “mega-scale” (at least one million tonnes per year of CO2 storage) in a variety of 
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geological formations. An international political framework for early CCS action has already been 
established. The G8 have agreed to sponsor twenty large-scale, fully integrated CCS 
demonstration projects worldwide with the aim of establishing the basis for broad commercial 
deployment of CCS technologies after 2020, and the Australian government has established a 
Global CCS Institute as an instrument to facilitate implementation of the G8 Global CCS 
Initiative. Much of the incremental cost of CCS for these projects will probably have to be paid 
for by governments (individually or collectively) because of the likelihood that in many, if not 
most, parts of the world, carbon prices will be lower initially than what will be needed to make 
pursuit of CCS a profitable activity for private companies. If governments will have to pay for the 
incremental CCS cost, they will want to pursue projects in which they can maximize the learning 
about the gigascale prospects of CCS per dollar invested by governments.  
 
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, natural by-products of which are 
nearly pure CO2 streams. Some of the 20 CCS demonstration projects called for by the G8 might 
be expeditiously located in China—taking advantage of the relatively low cost of capturing these 
CO2 streams (compared with capturing CO2 from power plant flue gases). The researchers’ 
analysis identified 18 coal-chemicals/fuels facilities, each emitting one million tonnes per 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. Potential CO2 storage basins were identified based on work 
by others, and two published cost models for CO2 compression and transport were adapted to 
develop preliminary estimates of prospective costs for potential CCS projects in China.  
 
Williams participated in the Strategic Forum for a U.S. – China Clean Energy Partnership held in 
Beijing, 21-23 October 2009 (convened by The Brookings Institution and the China Institute of 
Strategy and Management). As one of the three US presenters to the Working Group for 
Cooperation on Coal, Williams recommended that one focus of the Partnership be cooperation on 
CCS demonstration projects at chemical plants in China—a recommendation that became one of 
the major recommendations of the Coal Working Group to the U.S. and Chinese governments. 
 

Collaboration with Politecnico di Milano Colleagues 

The Williams Group’s collaboration with colleagues at Politecnico di Milano (primarily Stefano 
Consonni, Emanuele Martelli, and Giulia Fiorese) included finalizing an Illinois case study for the 
co-production of synfuels and electricity, exploration of novel approaches to syngas 
humidification, and modeling the production of substitute natural gas. 

Illinois case study 
 The analysis reported in last year’s CMI Annual Report of a hypothetical Illinois case study of the 
coproduction of synfuels and electricity with carbon capture and storage from coal plus biomass 
(in the form of corn stover and mixed prairie grasses grown on degraded lands) was completed. 
An article based on that analysis was just published in Energy and Environmental Science. 
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Two novel methods of syngas humidification for CIGCCC-CCS via Shell gasifier 
Numerous studies indicate that bituminous coal-based electric power with CCS is significantly 
less costly using integrated gasifier combined cycles (IGCC) instead of standard pulverized coal 
(PC) steam electric plants. However, for lower rank sub-bituminous coals and lignites which 
account for about half of world coal reserves, the advantages of gasification are much less clear.  
 
The Shell coal gasification process (SCGP) is of particular interest because, having a dry coal 
feeder system, it is practical to convert coals of all rank into electricity and other energy carriers.  
However, the “standard” SCGP typically employs high-temperature heat exchangers to cool  the 
raw syngas by generating high pressure steam prior to syngas cleaning and further processing.  In 
traditional plants that vent CO2, this steam is used to generate more electricity, offsetting the cost 
of these “syngas coolers.” These dry feeding systems and syngas coolers are less well suited for 
plants that capture CO2, which requires a relatively moist syngas to promote the water-gas shift 
(WGS) reaction needed to achieve high levels of carbon capture. In a standard Shell CIGCC-CCS 
design, most of the steam generated in the syngas coolers is diverted to the WGS unit where it is 
used for syngas humidification.  The Williams Group is investigating two novel plant designs 
which substantially reduce this parasitic loss. 
 
The first approach investigated with Martelli and Consonni and presented at the 9th 
International Conference on Greenhouse Gas Technologies, is known as partial water quench 
cooling, an idea recently patented by Shell. The partial water quench cools the hot raw syngas by 
direct water injection, both humidifying the syngas and eliminating the costly syngas coolers.  
The second approach incorporates a novel design for the WGS section developed by visiting 
researcher Michiel Carbo (of ECN in the Netherlands).  The team’s most recent work will be 
presented at the 2010 ASME Turbo Expo Conference in Glasgow, UK (June 14-18). A manuscript 
has been submitted to the peer-reviewed Journal of Engineering for Gas Turbines and Power that 
compares the thermodynamic performance and economics of three different Shell-based 
IGCC+CCS plants: 1) the “standard” configuration with high-temperature syngas coolers and 
traditional WGS unit design, 2) the partial water quench + traditional WGS, and 3) syngas coolers 
+ the novel ECN WGS configuration.  Our research indicates that, relative to the “standard” 
IGCC-CCS, the plant employing the partial water quench is simpler and less costly to build, but 
also less efficient; however, it offers the promise of significant economic benefits (0-7% lower 
cost of electricity).  In contrast, the advanced ECN WGS offers increased efficiency, significantly 
reduced WGS-steam cycle integration, and slightly improved economics (1.5% lower cost of 
electricity). 

Conversion of coal and/or biomass to substitute natural gas (SNG) 
As an extension of their detailed analysis of the production of low-carbon synthetic liquid 
transportation fuels, the Williams Group has been investigating with Martelli and Consonni the 
prospects for low-carbon SNG that might be used for heating in buildings and industry as well as 
for NGCC power plants.  
 
The team has designed in Aspen Plus a detailed Shell gasifier-based coal- and/or biomass-to-SNG 
conversion facility that utilizes Haldor-Topsoe’s TREMP methanation technology to produce 
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pipeline-quality SNG that has a (highly constrained) Wobbe index and heating value that makes 
it suitable for fueling a natural gas combined cycle (NGCC) unit.   
  
Plans are to compare the performances and economics for this “reference” SNG plant with one 
that employs a more novel approach: catalytic hydrogasification. Originally developed by Exxon 
in the 1970s and currently promoted by GreatPoint Energy, this approach involves the catalytic 
gasification of solids (especially low-rank coal and biomass) at a relatively low temperature (700 
C) in a fluidized bed in the absence of O2, conditions that favor methane production.  
 

Other Advanced CCS Concepts  

The Williams Group has also begun investigating two other advanced CCS concepts: CO2 slurry-
fed gasification and use of produced brine for plant cooling while enhancing geologic CO2 
storage. 

CO2-Coal slurry-feed gasification 
The production of electricity, H2, synthetic liquid transportation fuels, and substitute natural gas 
via pressurized, O2-blown, entrained flow gasification with CCS is a proven approach for  
providing a wide range of low-carbon energy carriers from coal and biomass. But the high energy 
and economic costs of compressing gases compared to liquids has led to a class of commercial coal 
gasifiers (e.g. GE and Conocco-Philipps E-Gas) that employ a gasifier feed system employing a 
coal-water slurry that can be cheaply pumped to high pressure to enable injection into the 
gasifier. Such gasifiers are not well-suited for gasifying low-rank coals that account for about ½ of 
global coal reserves and whose high moisture contents render coal-water slurry feeding 
uneconomical—it consumes too much oxygen. Accordingly, for gasification of low-rank coals, 
dry-feed gasifiers (e.g., Shell and Siemens), which pressurize the feedstock via relatively complex 
and costly lockhoppers that require compressed gas, are preferred. But these dry-feed gasifiers are 
typically operated at lower pressures than their slurry-feed counterparts.  
 
CCS at coal conversion facilities offers a potentially attractive alternative: an abundant source of 
liquid (i.e., supercritical) CO2 for preparation of a CO2–coal slurry for coal pressurization and 
transport into the gasifier. Such a system may have advantages over both water-coal slurry feed 
systems (lower latent heat of vaporization) and dry feed systems (simpler, less costly 
pressurization). The concept appears to be particularly interesting for gasifying low-rank coals.   
 
EPRI carried out preliminary investigations in the mid 1980’s but did not sustain this activity 
because of the absence of adequate CO2 supplies. During 2009 the concept of coal-CO2 slurry-fed 
gasification was investigated with Michiel Carbo, a visiting colleague from ECN. The pressure and 
temperature space of the slurry preparation, storage, transport and injection, were examined to 
try to understand the complex issues associated with mixing a supercritical CO2 with hot, 
pulverized coal and identify designs having notable thermodynamic and economic potential.  
Multiple Shell-based coal gasification plants (including feedstock pressurization, gasification, 
water-gas shift section, Rectisol acid gas removal, CO2 compression, syngas expansion and 
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combined cycles) were constructed in Aspen Plus, operating either gas dry feed or CO2 slurry 
feeding—at multiple pressures. Particular attention was paid to detailed modeling of the Rectisol 
unit and optimization of the internal (flash drum) pressures, which vary with the gasifier 
pressure.  
 
Preliminary results, presented at the Eighth Annual Conference on Carbon Capture and 
Sequestration, indicate that fuel pressurization with CO2-slurries results in slightly higher cold-
gas efficiencies and somewhat reduced energy penalties. However, the detailed mechanics and 
thermodynamics of slurry preparation have not yet been resolved, and the optimization protocol 
for the Rectisol unit is not complete. The researchers plan to finish the techno-economic analysis 
during 2010. 
 

Using produced brine for plant cooling while enhancing CO2 storage 
 
A 500 MWe coal fired power plant produces perhaps 100 million tonnes of CO2 over its 30 year 
lifetime. Ensuring safe and effective storage for such huge CO2 volumes poses major challenges.  
First, the individual CO2 well injection rates must be sufficiently low that the concomitant 
pressure rise within the storage formation remains below the fracture limit of the overlying cap 
rock. Second, the buoyant CO2 plume pressed against (and seeking fractures in) the cap rock can 
extend for tens of kilometers from the injection site. Third, high salinity brines are displaced from 
the reservoir by the supercritical CO2—on roughly an equal volume basis—for many decades 
after the injection ceases, posing a potential long-term environmental threat. At the same time, in 
many parts of the world, e.g. the western U.S. and in many parts of China, water scarcity makes 
siting large fossil energy conversion systems difficult. 
 
Teaming with Ben Court and Mike Celia of the Storage Group, Williams and colleagues have 
begun research exploring the potential use for plant cooling of brine extracted from CO2 storage 
reservoirs. The basic idea is to produce brine from the reservoir in order to: 1) “make room” for 
the injected CO2, thus limiting the spatial extent of the pressure pulse, 2) “steer” the CO2 plume – 
via both brine production and injection wells – in order to more fully utilize the entire formation 
and to keep buoyant CO2 away from the cap rock, and 3) use desalinated brine for plant cooling, 
while pumping the lower volume residuum back into the formation.   
 
Court is exploring the first two of these issues and the Williams Group is beginning to investigate 
the third, in conjunction with an extension of their models of thermochemical conversion 
facilities to include analyses of water requirements via wet and/or dry cooling and use of 
alternative water supplies, including desalinated produced brines. A techno-economic model is 
being constructed that enables examination of the tradeoffs associated with reservoir depth, brine 
salinity, desalination technology, and cost of conventional cooling water. 
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Web-Based Version of A “Master Framework” 

In conjunction with work during 2008-2009 for the National Research Council in helping the 
NRC prepare its America's Energy Future study, the Williams Group used Aspen Plus chemical 
process modeling software to model in detail more than thirty separate gasification-based plants 
that convert bituminous coal and/or switchgrass into electricity and/or synthetic liquid (primarily 
Fischer-Tropsch liquids (FTL), but also methanol to gasoline (MTG) as fuels for transportation, 
with and without CCS.  The Aspen models provide key performance metrics as well as detailed 
component and stream information needed for component-level capital cost estimation. 
 
The detailed results from the Aspen models are integrated into a Microsoft Excel framework used 
for calculating lifecycle greenhouse gas emissions, estimating component-level capital costs using 
a single algorithm for all plants, and for self-consistent comparative economic analyses of: 1) plant 
capital costs, 2) levelized costs for power and liquid fuels, 3) break-even crude oil prices, and 4) 
internal rates of return, as a function of key parameters such as: a) feedstock costs, b) carbon 
emissions price, and c) crude oil price. This dual Aspen/Excel methodology has proved to be a 
powerful tool for carrying out even-handed evaluations and comparisons of many disparate 
technologies. The Excel workbook is now available via download from the CMI web site. In 
addition, the group is working with the University’s Office of Information Technology (OIT) to 
convert the workbook into a flexible web application to increase its ease-of-use and to reach 
more potential users. 
 

The Global Energy Assessment 

The GEA is a major, multi-year, multi-stakeholder global initiative, formally launched in 2007 
and involving leading experts from around the world in academia, business, governments and 
intergovernmental and non-governmental organizations. Most research and analysis began in 
earnest in the second half of 2008. The GEA will go beyond existing authoritative energy studies 
by presenting a comprehensive and integrated analysis of energy challenges, opportunities, and 
strategies for developing, emerging, and industrialized economies. Inter alia, the GEA is carrying 
out technical analyses of energy technologies and strategies in relation to sustainable 
development goals, including climate change mitigation and policy analyses relevant to the 
development of multilateral approaches to the environmental challenges associated with energy 
systems. GEA goals are to provide (i) policy-relevant analysis and capacity-enhancing guidance to 
national governments and intergovernmental organizations, (ii) decision-support material to the 
commercial sector, and (iii) analysis relevant to academic institutions.  The International Institute 
for Applied Systems Analysis (IIASA) is coordinating the GEA with several international 
partners. The targeted publication date for the GEA report is late 2010 (by Cambridge University 
Press).
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In each area of focus, a “Knowledge Module (KM)” is being developed via a team led by one or 
two Convening Lead Authors. CMI and collaborators are well represented in the GEA. For KM 
12, Fossil Energy Systems. Li Zheng (BP-Tsinghua Clean Energy Center) and Eric Larson (PEI) 
are the Co-Convening Lead Authors; Robert Williams (PEI) is another lead author; and 
contributing authors include Liu Guangjian (PEI), Theo Fleisch (BP, retired), George Nicolaides 
(BP, retired), and Xiangkun Ren (Shenhua). For KM 11, Renewable Energy Systems, Eric Larson 
is one of the Lead Authors (contributing on biomass energy systems). 
 

Energy Storage Technologies 

One of the emerging seed areas within the CMI program involves the development of energy 
storage technologies to complement existing efforts on carbon reduction, capture and storage 
during energy generation.  Craig Arnold and colleagues have taken a approach involving the 
assessment and optimized usage of existing technology and the development of new technologies 
to meet emerging demands for energy storage that are compatible with modern forms of energy 
generation.  Their focus is on the development of hybrid energy storage systems that are able to 
provide optimal levels of storage for different energy generation situations. Important 
considerations include energy and power density (energy and power per unit mass or volume), 
cycle life (how many times batteries can be recharged), capacity fade (decay in battery capacity 
over time), and general safety.  Such issues are critical for stationary power applications as well as 
portable platforms such as electric vehicle, military, or consumer electronics applications. 

Integrating existing storage technology with intermittent power sources 
In the area of assessment and optimization, 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) for a number of existing technologies including pumped 
hydro, compressed air, mechanical flywheels, batteries, and supercapacitors.  Given a better 
understanding of the benefits and limitations of existing technologies, the team has 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 experimentally approaching this topic, attention has been focused on the relevant model 
system of integrating storage with wind and solar power generation.  The integration of energy 
storage with alternative conversion technologies presents a number of important challenges to 
overcome.  For one thing, fluctuations in output power have multiple time scales whereas most 
energy storage technologies have an optimal charging/discharging rate.  Solar and wind exhibit 
large scale diurnal cycles which require many hours worth of storage to provide reliable off-grid 
power throughout a 24 hour period.  But on top of this, there are seasonal cycles as well as short 
duration, large intensity intermittencies.  For instance, in the case of wind, the output power 
scales with the wind velocity to the third power, thus 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, but it is necessary to 
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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.  
 
The Arnold Group’s initial results on this topic have focused on short time storage (seconds to 
minutes) using electrochemical energy storage such as batteries and capacitors.  This regime is 
critical for handling fluctuating output as well as filling a gap for longer time storage such as 
compressed air or pumped hydro to ramp up. The team’s experiments are performed at the 
laboratory scale but with an eye toward understanding the effects of scaling these technologies to 
larger sizes and capacities.  
 
Arnold and colleagues find that for different electrochemical systems, the storage efficiency as 
defined by the amount of energy stored divided by the amount of energy generated depends on 
the power (rate of energy generation) as well as the state of charge in the system.  Current data 
indicates an increase in efficiency with increasing power up to a maximum beyond which it 
rapidly decreases.  These results imply that as one tries to integrate electrochemical storage with a 
fluctuating source, the efficiency of the process will similarly fluctuate if only a single, monolithic 
energy storage device is used.  Additional studies are ongoing to assess different chemistries and 
voltage/current regimes.   

Increasing the lifetime of energy storage systems 
The second key challenge for energy storage integration is the lifetime of the storage devices.  
Currently most alternative energy technologies have lifetimes of many years, e.g., solar cells are 
manufactured to last more than 20 years on average.  In contrast most traditional electrochemical 
storage systems last significantly shorter and over time, they gradually lose capacity.  Therefore, 
in order to provide reliable storage, it is necessary to develop systems with high integrated 
capacity, i.e. those that can last for long times without significant loss in capacity.  As it turns out, 
this is not only affected by the fundamental materials and chemistry of the storage system, but 
how the device is controlled and implemented in the field.  For instance, deep discharge/ 
overcharge or rapid charge/discharge can lead to degradation in the battery, causing capacity fade 
and premature failure. 
 
The Arnold team’s efforts have focused on the effects of mechanical degradation to battery 
materials during the charging/discharging cycles.  In some cases, the mechanical degradation is 
obvious, such as in plating-type systems where dendrite growth leads to shorting of the battery or 
fracture and failure of the electrodes.  However in other cases, more subtle effects that occur 
during electrochemical cycling can lead to damage.  For instance, in lithium-ion batteries during 
charging and discharging, lithium ions pass from one electrode to the other through the 
electrolyte and porous polymer separator, and are intercalated, or inserted, into the crystal lattice 
at the electrode.  This causes expansion and contraction which leads to mechanical fatigue and 
can contribute to significant dynamic stress on the internal components of the battery.  
 
The researchers have found that the build up of stress can result in significant changes to the 
separator materials, such as pore closure, which has a direct influence on the cycle life and 
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capacity of the system.  By improving the mechanical stability of these materials, they seek to 
improve the cycle life of existing batteries and supercapacitors, thereby decreasing the need for 
replacements and decreasing the overall cost for implementation. 

Combustion of Biofuels and Flame Dynamics 

Chung K. Law and colleagues have been conducting research on the combustion chemistry of 
alternate fuels and their combustion characteristics within the high-pressure environment of 
internal combustion engines.  

A new center for combustion of alternative fuels 
In April 2009, the Department of Energy announced that Princeton would serve as the home for 
a new $20 million energy research center for combustion science led by Chung Law. The five-
year award for the Combustion Energy Frontier Research Center (EFRC) is part of a federal 
initiative to spur discoveries that lay the groundwork for an economy based on clean 
replacements for fossil fuels. The goal of the Combustion EFRC will be to develop new simulation 
tools for understanding alternative fuel combustion and optimizing the design of next-generation 
fuels, such as those derived from plants and other renewable sources, in advanced engines for 
transportation vehicles.    
 
The Princeton center's projects will be led by 14 of the nation's top combustion scientists from 
seven academic institutions and the Sandia National Laboratories, with expertise in quantum 
chemistry, chemical kinetics, combustion theory, modeling and diagnostics. In addition to Law, 
other Princeton participants are faculty members Emily Carter, Frederick Dryer and Yiguang Ju  
from the Department of Mechanical and Aerospace Engineering,  

Reduced soot formation in the burning of biodiesels from waste vegetable oils 
Law and colleagues have collaborated with colleagues at the University of Kentucky in 
developing an innovative acid-catalyzed process for the synthesis of biodiesel from waste 
vegetable oils.  Biodiesel produced from biomass holds the potential to reduce greenhouse gas 
emissions and to facilitate energy sustainability and security by providing an alternative to 
petroleum-based diesel. Furthermore, it is also a renewable energy source because the carbon 
dioxide released during its combustion can be absorbed by plants which are subsequently 
harvested to produce the next batch of biofuels.  
 
The synthesized biodiesels were studied for their droplet combustion processes relevant for the 
burning in diesel engines. Perhaps the most interesting result from the experimental study is that 
the biodiesel, being a methyl ester, was found to have a much lower sooting propensity than that 
of the regular diesel fuel. Figure 5 shows the flame streaks of streams of downwardly-moving 
100-μm size fuel droplets in a hot combustion environment simulating the interior of internal 
combustion engines. Various fuels were tested, including: (a) neat diesel, (b, c) diesel with 10 and 
20% addition of biodiesel, (d) biodiesel, (e) hexadecane (a reference fuel for diesel combustion). 
Yellow luminosity indicates soot formation, while blue luminosity its absence. It was then found 
that while diesel is a heavy soot emitter, the extent of soot formation can be substantially reduced 
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with biodiesel addition. In particular, soot formation can be mostly eliminated for the biodiesel 
droplets during the later part of their burning. The bottom panel of the figure shows the soot  
abstracted from the burning droplets and collected on filter papers, which further demonstrates 
the heavy sooting tendency of diesel and the very low sooting tendency of biodiesel. The reason  
for the reduced sooting tendency of the biodiesel is the presence of the two oxygen atoms in the 
molecular structure of these esters, in that they can readily oxidize the soot precursors where 
they are initially formed in the reaction process.  

Ignition and flame propagation of bio-butanols 
Interest in the use of alcohols as renewable fuel sources has recently shifted from bio-ethanol to 
bio-butanol because of the latter’s diverse source of supply, higher octane rating, and other 
auxiliary advantages over ethanol. In order to support such practical developments, there is a 
corresponding need for studies on the kinetic mechanisms and experiments in well-defined 
combustion environments. To acquire such kinetics information, in the present investigation the 
Law Group has performed two well-controlled experiments on three bio-butanol fuels, namely n-
butanol, iso-butanol and methyl butanoate. The experiments involve measuring the ignition 
temperature of a liquid pool by heated oxidizer in a stagnation flow and the laminar flame speeds 
from outwardly propagating spherical flames. These experimental data, relevant to intermediate- 
to relatively-high temperature ignition chemistry and high-temperature flame chemistry 
respectively, are important global combustion parameters in developing and validating the kinetic 
mechanisms.   
 
 

Figure 5. Time‐exposed photographic images 
of  the  flame  streaks of burning droplets of 
(a)  diesel,  (b)  diesel/10%  biodiesel,  (c) 
diesel/20%  biodiesel  (d)  biodiesel,  and  (e) 
hexadecane.  
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In addition to the experimental data, the researchers have further obtained reduced mechanisms 
of the smallest size possible from the detailed comprehensive ones, with well-defined error 
control. The reduction of mechanisms is particularly essential for simulations of practical 
combustion situations, since otherwise the computation would be extremely demanding due to 
the relatively large size of the detailed mechanisms. 

Surface morphology and pulsating instability in expanding spherical flames 
In previous studies, Law and colleagues have found that wrinkles representing cellular instability 
develop over surfaces of lean hydrogen/air and rich hydrocarbon/air flames. In the present study, 
spiral and target patterns representing pulsating instability develop over rich hydrogen/air and 
lean hydrocarbon/air flames. Figure 6 shows such target patterns over a flame surface. These 
patterns appear and disappear rapidly, and could signal the incipient occurrence of flame 
extinction. As such, they can be used as markers to detect and hence prevent flame extinction.  
 

Clean Energy in China 

Law has also continued his activities in working with Chinese colleagues on the establishment of 
an infrastructure on fundamental combustion research in China to support the country’s 
technological needs in energy sustainability and climate issues. In particular, he is now on the 
advisory board for the National Institute for Clean Energy (NICE), which is a research complex 
being built by the Shenhua Group – a state-owned mining and energy company, and the largest 
coal producing concern in the world. The goal of NICE is to perform R&D on various 
technologies related to low-carbon energy. Simultaneously, Law has also been assisting Tsinghua 
University in establishing a combustion research center, with substantial scope on fundamental 
combustion and the training of the next generation of combustion researchers in China. 

Figure  6.  Image  showing  the  presence  of 
target patterns over a flame surface. 
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Future Plans 

The Williams Group will continue work on coal-biomass co-production with CCS, extend their 
models to examine strategies for natural gas-biomass co-production with CCS, study dispatch 
competition among various sources of low-carbon electricity, and study algae systems and other 
technologies for producing liquid fuels.  The Arnold Group will lay the groundwork for 
developing numerical models and experimental prototypes of hybrid energy storage systems.  The 
Law Group will expand its new focus on biofuel combustion. 

Modeling FTL and MTG systems  
Tom Kreutz, Eric Larson, Liu Guangian, and Zhou Zhe (a Tsinghua University student visiting 
Princeton through September) will extend FTL and MTG modeling of coal/biomass co-processing 
systems to low-rank coals, giving focused attention to systems that co-produce liquid fuels and 
electricity.  The analysis will include a comparison of coal gasification systems based on dry-feed 
entrained flow and fluidized bed gasifiers.  
   
Williams and Larson will analyze applications of systems using low-rank coals to the Rocky 
Mountain/Upper Great Plains region of the United States - including consideration of use of 
biomass hauled in via coal unit trains returning (otherwise empty) to the Powder River Basin 
from Eastern coal markets and picked up en route in the Southeast or Midwest 
 
Larson, Williams, Liu, and Zhou will analyze applications of systems using low-rank coals to 
Shandong Province and Inner Mongolia in China, building on preliminary research carried out 
by Cathy Kunkel during her one-year visit to Tsinghua University in 2006/2007 (hosted by Li 
Zheng) during which she carried out considerable research on biomass supply logistics for co-
processing with coal crop residues in Shandong Province and mixed prairie grasses in Inner 
Mongolia. 
 
Williams, Larson, Liu, and Chen Haiping (a visitor during 2010 from North China Electric Power 
University) will compare two CCS strategies for coal in China: (i) via coproduction of electricity 
and transportation fuels from coal and from coal/biomass, and (ii) via post-combustion capture at 
supercritical coal steam-electric power plants with regard to energy penalties, water penalties, 
CO2 storage requirements and costs evaluated for Chinese conditions. 
 
Kreutz, Liu, and Williams will extend the coal/biomass/CCS concept for the co-production of 
liquid fuels and electricity to natural gas/biomass co-processing with CCS (including both 
stranded gas and shale gas applications) as a strategy for simultaneously decarbonizing both liquid 
fuels and electricity. Detailed Aspen Plus and economic modeling will be carried out and 
comparisons will be made as to how such systems compare to similar coal/biomass co-processing 
systems, considered in the context of the new bullishness about the potential abundance and 
ubiquity of shale gas and giving particular attention to the trade-off between the lower capital 
costs (but likely higher feedstock costs) for typical natural gas systems. 
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Larson, Liu, and Dr. Guo Xiangbo (a visitor during 2010 from SINOPEC’s Research Institute of 
Petroleum Processing) will improve models for upgrading raw Fischer-Tropsch liquids into final 
diesel and gasoline products and explore opportunities for integrating F-T synthesis plants into 
crude oil refineries.   
 
Liu and Larson will develop performance and cost models for Fischer–Tropsch synthesis based on 
cobalt catalyst and make comparisons to models currently used that involve iron catalyst. 

Dispatch competition among low-carbon power sources 
Kreutz and Williams will carry out modeling of economic dispatch competition among 
alternative low-carbon power sources [e.g., co-production plants with CCS that convert 
coal/biomass and natural gas/biomass to liquid transportation fuels and power; large wind farms 
with compressed air energy storage (wind/CAES); PC plants that have been retrofitted for CCS; 
natural gas combined cycles (NGCC, with and without CCS); CIGCC-CCS; and nuclear power] for 
a single independent system operator such as PJM (but considered without security or 
transmission constraints).  The researchers will focus on market conditions that would favor the 
replacement of old pulverized coal plants that vent CO2 with some mix of these alternative low-
carbon power sources. 

Alternative biomass technologies for liquid fuels 
Kreutz, Larson, Williams, and Liu  will analyze and compare in a self-consistent manner several 
alternative technologies using biomass not grown on good cropland that offer promise in 
reducing GHG emissions for transportation fuels (including aviation fuels). The researchers will 
investigate the fuels’ technical suitability for replacing crude oil products, potential liquid fuel 
yields (GJ per hectare per year), overall production potential, potential for reducing GHG 
emissions, adverse impacts, and (in those instances where plausible cost data are available in the 
peer-reviewed literature) production costs.  Much of this effort will be focused on analysis of 
algae grown in appropriately designed ponds from relatively concentrated streams of fossil CO2 
(plus sunlight, water, and nutrients), extraction of the algae’s natural oils, and their processing 
into liquid transportation fuels such as biodiesel.  However, attention will also be given to 
biodiesel derived from camelina and jatropha, and a deeper analysis of cellulosic ethanol 
technologies will be pursued. Comparisons will be made to the low-carbon synthetic fuels 
derived via gasification already analyzed (low-carbon FTL and MTG technologies). 

Expand “Master Framework” for energy modelling 
Kreutz, Larson, and Liu will add to the evolving “Master Framework” both new plant models 
developed at Princeton as they become available (e.g. coal/biomass-to-SNG and natural 
gas/biomass coproduction systems) as well as data on other critical energy technologies such as 
nuclear power and renewable energy that were researched by others (including other groups 
involved with the NRC’s America’s Energy Future study). The Williams Group thereby hopes to 
gain a better understanding under this self-consistent framework of how a wide range of 
alternative energy technologies interrelate and compete in a future with rising GHG emission 
prices and uncertain oil and feedstock prices. 
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Solid oxide fuel cells 
Kreutz will take the lead in developing new analyses of potential roles for use of solid oxide fuel 
cells in systems that co-produce electricity and liquid transportation fuels from coal/biomass 
and/or natural gas/biomass with CCS. Particular emphasis will be given to exploring implications 
of the strategic advantages offered by these fuel cells in such systems—including their high 
energy conversion efficiency and the opportunities they offer for low-cost CO2 capture compared 
to today’s technologies. Comparisons will be made to co-production systems that instead use gas 
turbine/steam turbine power systems for making co-product electric power; this research will be 
pursued in collaboration with Andrea Lanzini, a graduate student at Politecnico di Torino (Italy) 
who has applied for a Fulbright scholarship to carry out such research at Princeton over a 6-
month period beginning in the fall of 2010 (if Lanzini does not win this Fulbright award, this 
research will not be pursued during 2010). 

Energy storage technologies 
In the year ahead, Craig Arnold and colleagues will be continuing their work on assessment and 
optimization by examining how the regime of optimal storage efficiency differs among the 
various available chemistries and how they can be integrate together to form hybrid systems.  In 
addition, they will continue to study the interrelated effects of mechanics and electrochemistry in 
order to improve the lifetimes in these electrochemistry systems.  These combined results will 
form the input for numerical modeling of hybrid systems that will inform experimental prototype 
systems that exhibit significant lifetime, capacity and power capabilities for real-world energy 
storage needs.   

Alternative fuel combustion 
A comprehensive experimental and modeling research program on the combustion of biofuels has 
been initiated by the Law Group and will form the major thrust of the program going forward. In 
addition to studying the combustion chemistry of bio-butanols, the researchers will also initiate 
studies on its soot chemistry. 
 
In addition, collaboration with the simulation group at the Sandia National Laboratory will be 
initiated for HCCI (homogeneous charge compression ignition) engines, again using the highly 
efficient reaction mechanisms that the team has developed. The Sandia group under the direction 
of Dr. Jackie Chen is world renowned in performing high-fidelity direct numerical simulations 
(DNS) of combustion processes in engines. 
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The Storage Group  
 
The Carbon Storage Effort is conducted by the Scherer-Prévost Group, the Celia Group, and the 
Debenedetti Group. The Storage Group of CMI works to understand the challenges of 
underground storage of carbon dioxide, whether injected in saline aquifers or locked in a solid gas 
hydrate. 

 

Highlights 

• Time-lapse movies are providing superior kinetic data on cement corrosion 

• Improvements in the Dynaflow simulator are improving accuracy and widening 
applicability of the model 

• An underground laboratory for studying CO2 storage on realistic length scales has been 
funded and is in the planning stages 

• Large-spatial-scale models of CO2 injection have been extended to simulate processes 
important on longer timescales, including capillary trapping and convective mixing 

• Joint BP-Princeton work on field experiments continues to provide critical data for well 
leakage estimation 

• Innovative molecular simulations are illuminating controls on CO2 hydrate formation and 
stability  
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Figure  7.  USB  video 
camera  focused on  the 
surface  of  a  sample  of 
cement  that  is  in 
contact  with  an  acidic 
solution.  The  insert  at 
right  shows  the 
corroded  layers  (white 
and orange  layers over 
the  gray  unaltered 
cement) as seen by the 
camera.   

Cement Durability  

The Scherer-Prévost Group’new experimental techniques, including time-lapse photography, 
have provided improved measurements of the kinetics of corrosion of cement. 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. An important observation, predicted by their corrosion 
model, is that the reaction is faster at a given pH when CO2 is present (that is, carbonic acid is 
more aggressive to cement than hydrochloric acid). Moreover, time-lapse images show that the 
corrosion layer contracts, which could contribute to opening of an annular gap by flowing acid. 

Measurement of corrosion kinetics 
The results of the group’s initial flow-through and batch experiments carried out by Andrew 
Duguid (now with Schlumberger) are now being published. Graduate student Ed Matteo has been 
extending this work by using time-lapse photography to measure the rate of corrosion of cement 
by acidic brine with greatly enhanced precision (Figure 7). His results show two new features: (1) 
at a given pH, the rate of attack is much faster when CO2 is dissolved in the water (as predicted 
by Bruno Huet’s model); (2) the corroded layers contract (that is, the residual silica gel occupies 
less volume than the cement from which it formed), particularly at lower pH. 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.  
 
The pore structure and composition of the corroded samples is being examined by nitrogen 
sorption and electron microscopy. The sample shown in Figure 8 was soaked in ethanol and then 
dried at 100˚C. The point of the alcohol exchange is to reduce the surface energy, so that less 
capillary pressure develops during drying; nevertheless, the corroded layer (primarily silica gel) 
cracks during drying. In the future, the researchers will put the water-saturated sample into the 
ESEM and examine it wet, so that this artificial cracking does not occur. In the spring, the 
diffusivity within the pores will be measured by NMR, in collaboration with Dr. Leo Pel at the 
Technical University in Eindhoven. 
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A new series of experiments has been designed in collaboration with Bruno Huet to test his 
predictions regarding the effect of carbonate concentration in the water on corrosion kinetics. At 
certain concentrations, precipitation of calcium carbonate is expected to cause pore blocking, 
which will significantly reduce the rate of attack. If this effect is verified, it could explain some 
discrepancies among the corrosion studies performed at Princeton, NETL, and Schlumberger, 
where different solution compositions were employed. 

Reactive transport modeling 
In collaboration with Dr. Bruno Huet (now at Schlumberger), the Scherer-Prévost Group has 
published an analysis of the kinetics of corrosion of cement paste by a carbonated brine, using a 
reactive transport module within Dynaflow. The methodology for coupling transport and 
geochemical modules is derived and its assumptions are discussed. The 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. 
However, when using a standard power law to relate effective transport properties to porosity, 
modeling and experimental results do not coincide; here, agreement between simulations and 
observations is obtained by assuming the functional dependence of effective diffusivity on 
mineralogy. This issue is being addressed experimentally be Ed Matteo. The group is also working 
with Bruno Huet to evaluate how the boundary conditions (pH, and concentrations of CO2 and 
Ca2+ ions) control cement reactivity. Complementary experiments are being done by Ed Matteo. 

Figure 8.   A cross‐section of 
cement  paste  exposed  to 
hydrochloric acid with a pH 
of zero (1 Molar HCl), which 
is 1000 times stronger than 
what might  be  found  in  a 
well.  The  corroded  surface 
layer  (~0.5  mm  thick)  is 
clearly  seen  at  the  top  of 
this  image, made with  the 
Environmental  Scanning 
Electron  Microscope 
(ESEM).  
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Evaluation of field samples 
In collaboration with colleagues at NETL, the Scherer-Prévost team completed a microstructural 
and compositional analysis of cement samples retrieved from Teapot Dome.  Attempts to retrieve 
cores from a 19-year old well at Teapot Dome yielded two samples of cement. One sample, from 
the Wall Creek (Frontier) Sandstone (3060 ft), was clearly contaminated by the lead cement, as it 
contained fly ash that was not included in the tail cement. That sample experienced sulfate 
attack, apparently from reaction with the formation water, resulting in formation of ettringite. 
The sample that was in contact with a dolomitic (Tensleep) formation showed calcium loss and 
magnesium enrichment, apparently owing to reaction of dolomite with calcium hydroxide in the 
cement. These results indicate that significant modification of the well cement can be expected in 
older wells, and this should be taken into account in modeling of the chemical durability of 
cements exposed to geosequestered CO2. 
 

DUSEL CO2: A Large-Scale Facility for Experimental Study of  
Geologic Carbon Sequestration 

To validate model predictions and test critical hypotheses, CO2 trapping and leakage processes 
must be studied at the pressures and long length scales operative in the context of geologic 
sequestration.  In a partnership between Princeton University and the Lawrence Berkeley 
National Laboratory funded by the U.S. National Science Foundation, lead investigator Catherine 
Peters and principal investigators Jean Prevost and George Scherer are planning for DUSEL CO2, 
a facility for experimental study of geologic carbon sequestration. The proposed facility will be 
part of DUSEL, the deep underground laboratory being built in the Homestake mine in South 
Dakota (Figure 9). DUSEL will be a world-class facility with access to depths of more than 2225 
meters (7,400 ft), and will provide capabilities for research in physics, geosciences, biology, and 
engineering.  At present, the facility is being designed and the portfolio of experiments is being 
prioritized. Construction is expected to start in 2013. 
 

Figure  9.    Catherine 
Peters  (foreground)  in 
the  Homestake  Mine, 
future  home  of  the 
DUSEL CO2 facility. 
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The planned DUSEL CO2 facility will enable study of CO2 vertical migration and trapping 
mechanisms on realistic length scales and enable an unprecedented level of experimental control 
and monitoring capabilities.  The existing matrix of shafts and drifts in the mine will be exploited 
for construction of vertical half-kilometer column pressure vessels in which CO2 flow can be 
observed. Instrumentation will enable detailed monitoring of flow, pressure, temperature, brine 
composition, CO2 concentrations, phase changes, geomechanics, and microbial activity. Fill 
materials will mimic sedimentary layering, as well as cements in plugged wells. 
 
As part of the initial experiments, the researchers plan to simulate a leak in which CO2 changes 
from a supercritical fluid to a subcritical gas during upflow over tens to hundreds of meters.  They 
will also test for possible acceleration in CO2 flow due to increasing buoyancy and examine the 
interactions of CO2 with cap-rocks and well cements to determine whether CO2 will enlarge flow 
pathways or cause self-sealing. Finally, the team will investigate the effects of anaerobic, 
thermophilic bacteria on CO2 conversion to methane and carbonate. The findings from these 
unique experiments will advance carbon management technology worldwide and help reduce 
global greenhouse gas emissions. 
 

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. The group is presently using the beam-
bending method to measure the permeability of shale, as described below. The analysis of the 
pressure relaxation is based on an approximate analytical method that has yielded good 
agreement with experiments. Recently, they have made detailed comparisons of this solution to 
“exact” finite-element simulations to ascertain its range of validity. 
 
Predicting the stresses and strains during bending of a beam is an apparently simple problem for 
which no exact solution exists. The situation is more complicated when the beam is a porous solid 
with fluid in the pores (as in the case of a saturated rock). The Scherer-Prévost Group has 
developed analytical solutions for fluid-saturated beams under pure bending, subject to certain 
plausible (and widely used) assumptions about the stresses at the boundaries. A solution was also 
obtained for the strains (i.e., the shape change) corresponding to the stresses in the beam, but 
those stresses are only approximately correct.  The analytical solution is exactly right for the 
initial and final states, but comparison to a finite-element simulation shows that it is deficient 
during the transient phase, while liquid is flowing through the pores. An alternative approach to 
this problem is to recognize that the other stresses in a slender beam are small compared to the 
uniaxial (stretching) stress, so they can be neglected. This leads to a simple result for the stress 
and strain in a bent beam as liquid flows within it. Comparison of finite-element simulations to 
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the stresses calculated in this way shows that the results are quite good. This gives increases their 
confidence in the results of permeability measurements by the beam-bending method. 
 
Dr. Jie Zhang and undergraduate Karambir Khangoora have been measuring the permeability of 
shale samples sent to Princeton by Rusty Riese (BP). Using the beam-bending method, they have 
succeeded in measuring permeabilities in the nanodarcy range. The values correlate with 
independent measurements that they have made of the pore size distribution and the organic 
content of the shale. 
 

Advances in Geomechanical Modeling 

Important refinements have been made in the Dynaflow model used to simulate CO2 storage and 
leakage. A vertex-centered calculation scheme has been implemented that permits more accurate 
coupling of flow and stress analysis. Systematic evaluation of stabilization schemes has indicated 
the methods permitting the most rapid and accurate calculations. Special elements have been 
developed that enable accurate calculation of heat and mass transport in fields that are effectively 
infinite in extent. 
 

Coupling reservoir and geomechanics simulators  
Reservoir simulators typically use a different numerical scheme for calculating flow processes 
than for geomechanical stresses and strains, so it is difficult to couple the two problems together. 
Typically, the two calculations run separately, with information being passed back and forth at 
each time step.  
 
Jean Prévost and colleagues have quantified the errors associated with this procedure by using it 
to solve a simple problem for which they can derive the exact analytical solution. The researchers 
computed upper and lower bounds for the errors, and analyzed their magnitude for a variety of 
cases. They found that, in general, the errors are substantial. More importantly, they show how to 
avoid these errors by using the same (vertex-centered finite volume) calculation scheme for all 
reservoir and geomechanical variables. 
 

Removing harmonic oscillations in numerical solutions 
Numerical solutions for problems in coupled poromechanics suffer from spurious pressure 
oscillations when small time increments are used. This has prompted many researchers to develop 
stabilization methods to overcome these oscillations. This year, Prévost’s group published an 
overview of the most promising methods. They investigated stability of three methods for solving 
a simple one-dimensional test problem and show that one of them (bubble functions) does not 
remove oscillations for all time step sizes. Numerical tests in one and two dimensions confirm the 
effectiveness of two other stabilization schemes, which the team now employs. 



 

 
 
 

38 

Thermal effects in reservoir modeling 
Many engineering problems exist in physical domains that can be said to be infinitely large. A 
common problem in the simulation of these unbounded domains is that a balance must be met 
between a practically sized mesh and the accuracy of the solution.  Prévost and colleagues have 
developed a methodology for modeling transient heat conduction in an infinite domain, and 
validated the approach for a case in which the exact solution is known. The methodology was 
shown to provide an accurate model of heat loss in thermal reservoirs. 
 

Large-Scale Modeling of CO2 Injection and Transport 

The Celia Group develops and uses models on large scales suitable for risk-analysis of carbon 
storage in geological basins.  This year, the group has made new strides in simulating the long-
term fate of injected CO2, expanding the capabilities of existing models, and testing them against 
field data. 

Long-time models for CO2 fate and transport 
Until recently, the group’s large-spatial-scale models had focused on leakage analysis during the 
injection phase of an operation.  For this time frame, the system is dominated by pressure drive 
from the injection operation and buoyant forces associated with the free-phase CO2.  For longer 
post-injection time scales, capillary trapping of migrating CO2 is important, as is larger-scale 
dissolution of CO2 into the background brine phase, especially when convective mixing in the 
aqueous phase is included.   
 
The group now has fairly general models for longer-time CO2 fate and transport including 
capillary trapping and convective mixing.  These models are based on an assumption of vertical 
equilibrium and the associated vertical segregation of the buoyant fluid phases.  Vertical 
integration is applied to take advantage of the stratified flows in the two-phase transport system.   
An upscaled version of the convective mixing equation is used in the overall transport model.  
Details of the model can be found in Gasda et al. (2010).   
 
The researchers have applied these models to several test problems, with results demonstrating 
the importance of both dimensionality and the role of convective mixing in limiting the upslope 
migration of free-phase CO2.  A field application using detailed date from the Johanson Formation 
(North Sea) shows how complex geology, including spatially variable permeability and porosity 
and complex formation geometry, can all be incorporated easily into the modeling framework.  
 
Celia and colleagues have simulated several different injection scenarios, and tracked through 
time the amount and location of CO2 in free phase, dissolved phase, and residually-trapped phase. 
Figure 10 shows a series of panels showing the spatial extent of the three forms of CO2 at different 
times and  a plot showing the fraction of the injected CO2 residing in each of the three forms as a 
function of time.   
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Figure 10. Numerical  results of  residual and  solubility  trapping  in  the  Johansen  formation during a 
3,000‐year post‐injection period.   The colored  scale  shows porosity The contours  indicate  the outer 
edge o  the different CO2  regions  (mobile,  residual, dissolved) within  the  subregion  indicated  in  the 
figure.  Results from Gasda et al., 2010. 
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Figure  11.  Distribution  of  CO2 
mass  over  time  for  the 
Johansen  test  problem.    The 
fraction  of  total  CO2  mass  in 
the mobile  phase  is  indicated 
by the white area, the residual 
phase  is  the  dark  gray  area, 
and  the dissolved phase  is  the 
light  gray  area.    Results  from 
Gasda et al., 2010. 
 

Figure 11 may be seen as a quantification of the "storage security" plot in the IPCC (2005) report 
on CCS.  This general numerical model is being integrated into the group’s overall modeling 
framework, which is described in the "future work" section below. 

Hybrid and multi-scale models 
The Celia Group is continuing development of a general modeling framework within which they 
use a multi-scale approach to incorporate numerical and (semi-)analytical approaches to model 
CO2 injection, migration, and leakage.  The researchers now have a robust set of semi-analytical 
modeling tools that can model multiple layers and multiple leaky wells.  They also have a set of 
robust numerical simulators (like the one described in the previous section) that allow for more 
general problems to be solved.  Within these numerical codes, local-scale analytical solutions 
allow wells to be represented without grid refinement around the wells.  This had previously 
been done for leaky wells, and there is now a new formulation for injection wells that defines 
both the sub-grid-scale CO2 plume within the grid cell and the associated pressure distribution.  
The new formulation gives much improved results as compared to a more traditional Peaceman-
type correction.   
 
All of these models are based on the assumption of vertical equilibrium with buoyant 
stratification and a sharp interface separating the two fluid phases.  Recent work to include a 
capillary fringe in place of a sharp interface demonstrates the potential importance of local-scale 
capillarity in mitigating the updip migration of buoyant CO2.  Capillarity tends to retard 
significantly the buoyant migration of the leading tip of free-phase CO2, leading to slower plume 
migration and a modified shape of the leading edge of the plume.  This work on capillarity has 
been done by the group’s Norwegian partners Jan Nordbotten and Helge Dahle.   
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Applications to the Alberta Basin 
Celia and colleagues continue to use the data set developed for the Wabamun Lake area to study a 
number of aspects related to leakage risk and old wells.  In addition to the issues of injectivity 
limitations and risk of leakage versus depth of injection, they have continued studies to determine 
the circumstances under which a particular level of leakage will be reached.  For example, if a bi-
modal lognormal distribution describes the probability distribution for permeability values along 
segments of old wells, then the two main parameters used to describe the distribution can be used 
to define regions within which leakage will not exceed a specified threshold (to 95% confidence).   
 
Similar parametric studies have been carried out using parameters from the scoring system for old 
wells developed by Watson and Bachu (2008, 2009).  The group has also performed initial studies 
focused on strategies for monitoring injection sites.  Assuming leakage patterns that arise from 
flows along old wells, they have considered the required density of observation points for a direct 
monitoring network and the impact of using observations of actual CO2 plumes versus 
observations of pressure perturbations.  Not surprisingly, monitoring is much more effective 
when based on pressure measurements because pressure pulses propagate much further in 
formations that have leakage and therefore can be detected much more easily.   

Brine management 
In collaboration with the Capture Group, the Celia team has begun to explore active brine 
management associated with CCS operations and with injection operations.  Regarding CCS 
surface operations, the increased water demands at power plants with CCS may make water 
supply a critical issue in arid or semi-arid regions.  This in turn motivates the possible use of deep 
subsurface water in CCS plant operations.  If this is pursued, then strategies for joint management 
of both CO2 and brine should be developed.  The researchers have begun to study this problem 
through consideration of brine extraction scenarios, possible use of extraction wells to manage 
excessive pressure buildup, and possible use of extraction wells to allow for plume steering and 
mitigation of CO2 migration.   

Interpretation of borehole experiments 
The Celia group continues to work with Walter Crow and others at BP to improve analysis 
methods for data collected when old wells are reentered and Vertical Interference Tests are 
performed.  The researchers currently have dedicated software to estimate the leakage and 
formation parameters, but it remains as a trial-and-error process. They plan to automate this 
procedure to enhance their abilities to estimate critical parameters for leakage and risk analysis. 
 

Molecular Simulation Studies of Carbon Dioxide Hydrate Formation 

One strategy for geological sequestration of carbon dioxide (CO2) is to store it in solid form as a 
gas hydrate, or as a pool of liquid CO2 below a cap of its hydrate. The economic viability of this 
strategy can be improved by integrating it with the recovery of methane from its naturally 
occurring hydrate, such that the methane in the hydrates is replaced with carbon dioxide. 
Further, CO2 hydrates can also be stored in subsea sediments that are characterized by fine-
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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.  
 
The principles of statistical mechanics, along with molecular-based computer simulations, 
provide a fundamental link between molecular-level structure and interactions and macroscopic 
properties. The Debenedetti group is using molecular dynamics (MD), Monte Carlo (MC) and 
path sampling simulations to study CO2 hydrate phase behavior and the kinetics of hydrate 
formation, both in bulk and in nanoscale confinement. These studies will provide insights into 
the molecular basis of CO2 hydrate stability and formation kinetics and will thereby provide the 
knowledge needed for the rational design of hydrate-based CO2 storage systems. 
 

Dissociation curve of CO2 hydrate from MD simulations 
Pablo Debenedetti and postdoctoral researcher Sapna Sarupria are developing predictive tools for 
the calculation of CO2 hydrate equilibrium phase behavior and formation kinetics under 
conditions relevant to CO2 capture and storage (e.g. in the presence of NaCl, in  nano-scale 
confinement, etc). As a first step in this direction, they are comparing simulation-based 
predictions of CO2 hydrate dissociation temperatures and pressures with experimental 
measurements. CO2 hydrate phase boundaries in bulk have been well established experimentally. 
However, no equivalent curve has been determined in simulations.  
 
Molecular dynamics (MD) is a powerful simulation tool that can provide an understanding of the 
relationship between atomic-level forces and thermodynamic properties. In this project, they 
focus on CO2 hydrate formation and stability.  They first calibrate the intermolecular potentials 
used in their simulations of CO2 hydrate by computing the melting (dissociation) curve of CO2 
hydrates in the temperature-pressure (T-P) plane.  The simulation system consists of CO2 hydrate 
and water as shown in Figure 12. The system is equilibrated at low temperature, where the CO2 
hydrate is stable. The equilibrated structure is used to start simulations at different temperatures 
chosen using experimental results as a guideline. Simulations are then performed at various 
pressures to obtain the dissociation temperature of CO2 hydrate at each pressure. These 
calculations are currently in progress, and will provide the dissociation curve for the given water 
and CO2 model. The results will be used as a reference for future studies on the effect of various 
factors, such as confinement, and the presence of salts and alcohols on the stability of CO2 
hydrates.  
 
CO2 hydrate has sI hydrate structure, the unit cell of which consists of six large (51262) and two 
small (512) cages. 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. The 
researchers will supplement their studies by exploring the effect of cage occupancy to provide 
insights into hydrate stability with ocean depth, under conditions relevant to storage of CO2 
hydrates in ocean beds.  
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Figure 12. Snapshot of CO2 hydrate and water system used  in  their  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 the hydrate structure is shown in red (oxygen) and white (hydrogens). 

 

 

Effect of nanoscale confinement on phase equilibrium 
The second facet of the Debenedetti group’s work is rooted in fundamental understanding of the 
effects of nanoscopic confinement on phase behavior. Such knowledge is important for modeling 
CO2 phase behavior during leaks from geological reservoirs, as well as hydrate phase behavior in 
the presence of high-surface area silts and clays on ocean floors. Previous studies show that such 
confinement causes a shift in phase transitions such as vapor-liquid, liquid-liquid and solid-liquid 
equilibrium. A systematic understanding of the shifts in the coexistence region in confinement 
does not exist at present. 
 
 A fundamental question that arises when studying phase transitions in confinement is their 
dimensionality. Debenedetti and graduate student Yang Liu focus on the critical behavior in 
confined systems and determine its dimensionality class.  In extremely narrow pores, two-
dimensional behavior is expected and for large pores, three-dimensional behavior is approached 
in the limit where the fluid does not ‘feel’ the presence of the surface. Between these two limits a 
cross-over from two- to three-dimensional behavior is observed. To investigate this problem 
systematically, they studied the vapor-liquid (V-L) transition of two different fluids in 
confinement: (1) Lennard-Jones (LJ) fluid: The Lennard-Jones potential can capture the phase 
transitions of simple fluids such as argon and krypton. (2) Water (ST2 water model): In ST2 
model, each water molecule has a tetrahedral structure with oxygen at the center and four point 
charges surrounding it. Studying ST2 water enables them to consider the case of fluids that 
involve both long range electrostatic and short-range directional interactions.  
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Figure 13. Effective dimensionality of confined Lennard‐Jones (LJ) fluid as a function of wall separation (H) and 
wall  size  (Lx=Ly). The units of x‐ and y‐ axis are  scaled by  the  LJ  size parameter and H  is  in units of  LJ  size 
parameter. The squares correspond to 2D and triangles represent 3D behavior.. The transition line indicating 
the crossover from 3D to 2D behavior is also shown (red dashed line). 
 

Figure 13 shows the dependence of the effective dimensionality of the confined Lennard-Jones 
fluid as a function of the separation between the confining walls (H) and the wall size (Lx=Ly). As 
expected, for narrow pores, the system displays two-dimensional (2D) behavior for all system 
sizes and for larger wall separations the behavior is always three-dimensional (3D). The cross-
over between the two limits can be marked by a “transition line”, as indicated in the figure. To 
their knowledge, this is the first example of a complete mapping of the evolution of the 
dimensionality of a first-order transition in a confined system as a function of both degree of 
confinement and system size. A similar behavior is also observed in the case of vapor-liquid 
transition in ST2 water, suggesting the generality of these results.  These calculations provide a 
basis for the engineering design of systems involving phase transitions in nanoscopic geometries, 
such as are relevant for CO2 hydrate formation in clays and fine-grained silts. 
 
Figure 14 shows the difference in the critical temperature at infinite system size, ( )HTc

∞ ,for a 
given pore width (H) relative to that in bulk, bulk

cT , as a function of the pore width. The shift in 
critical temperature,  ( ) bulk

cc THT −∞ , varies linearly with 1/H at large pore widths. This linear 
relationship breaks down around H=2, corresponding to two fluid layers between the walls, and 
no significant change in ( ) bulk

cc THT −∞  is observed for smaller pores. Similar behavior is observed 
for both two- and three- dimensional criticality as well as for ST2 water.  
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Figure 14. Deviation of the critical temperature, T*c for given wall separation (H),  from the 
bulk value, T*c(bulk) as a function of inverse wall separation for the Lennard‐Jones system. 
 

 
This study is a significant step in the direction of providing fundamental understanding of phase 
transitions in nanoscale confinement for the simple LJ fluid, as well as in more complex fluids, 
like water. The similarity in the critical behavior of Lennard-Jones fluid and water, as well as 
their consistency with previous studies on the square-well fluid, suggest a broad generality of 
these findings. A similar approach applied to the study of phase transitions relevant to carbon 
capture and storage (e.g., CO2 hydrate formation in nanoscopic geometries such as pores, fine-
grained silts and clays, CO2-water phase behavior in confinement; see Future Work) will yield 
knowledge on how the region of phase stability (e.g. temperature, pressure) will shift as a result 
of nanoscale confinement.  
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Future Plans 

 
Cement durability 
In the experimental study of cement corrosion, the Scherer-Prevost Group will extend their 
examination of the influence of concentrations of CO2 and calcium on the rate of attack. The 
researchers will characterize the pore structure and diffusivity of the gel layer, using nitrogen 
sorption, environmental scanning electron microscopy, and (in collaboration with Dr. Leo Pel in 
Eindhoven) NMR. To identify the most significant range of parameters for these experiments, the 
team  is collaborating with Dr. Bruno Huet (Schlumberger). In turn, their data are being used to 
refine the predictions of his module, which is a module for Dynaflow.  

Geochemical modeling 
Jean Prévost is continuing development of the flash calculations continues in collaboration with 
Lee Chin (ConocoPhillips). It is now possible to simulate the phase changes as carbonated brine 
rises through a leaky well, so a simulation of flow in an annulus will be undertaken as soon as a 
new post-doc arrives. That calculation will be refined as the experimental results on transport and 
mechanical properties of the corroded material become available. 

Large-scale modeling 
The Celia group is working to combine numerical and analytical solutions more generally within 
a given simulation.  Their current challenge is to include diffuse leakage across caprock 
formations.  While this can be done for the analytical and numerical solutions individually, their 
coupling is an interesting challenge.  The researchers’ overall philosophy is to use a more detailed 
numerical model for the injection formation, and to represent the leakage patterns and profiles in 
other permeable layers (and along wells) using the semi-analytical framework.  The group will 
also continue to develop a program focused on brine management.  This work addresses possible 
pressure control within a formation, and relates to important questions about limits on injectivity 
imposed by fracture pressure constraints and the general question of where the displaced brine 
goes.   

Quantifying the kinetics of CO2 hydrate formation: 
The thermodynamics of CO2 hydrates, while important, constitutes only one part of the picture. 
Another crucial aspect of this problem is the kinetics of hydrate formation. Understanding the 
formation of the critical hydrate nucleus, and its structural and dynamic characteristics are of 
primary importance. Experimental studies of this phenomenon are hindered due to the inability 
of current techniques to access the nanoscopic time and lengthscales involved in the nucleation 
and growth process.  
 
In principle, molecular dynamics is well-suited to tackle this challenge. However, the formation 
of a nucleus is a rare event and therefore, the waiting time for observing the formation of a 
critical nucleus within the typical ~103 nm3 systems used in molecular dynamics can be longer 
than the nanosecond time scale, thereby making it computationally challenging even with the 
current computer infrastructure. 
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In recent years, several advanced techniques have been proposed to enable sampling of rare 
events through molecular-based simulations. These techniques have been used successfully to 
model various complex phenomena such as salt dissociation in water, ice formation, and protein 
folding. The researchers aim to implement concepts of these advanced sampling techniques to 
study CO2 hydrate formation over broad ranges of temperature, pressure and salinity. This will 
enable them 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. 

Quantifying CO2 hydrate stability in confinement: 
Previous studies of confinement-induced clathrate inhibition clearly indicate that the dissociation 
of hydrates is moved to lower temperatures or higher pressures relative to bulk conditions, but 
we are clearly far from developing a comprehensive picture of clathrate inhibition in mesopores. 
Experimental studies have been challenging due to difficulty in attaining thermal equilibrium, 
and because of hysteresis between hydrate formation and dissociation in confinement.  
 
In addition to providing a detailed picture of clathrate behavior in confined systems, molecular 
simulations also enable systematic investigation of the effects of various parameters such as pore 
geometry and strength of pore-water interaction (which will modify how water wets the pore 
surface) on observed clathrate inhibition. Molecular simulations also provide a valuable tool to 
bridge microscopic behavior to observed macroscopic phenomena. For example, it will be of 
fundamental importance to explore the correlation between the changes in water behavior in the 
vicinity of various surfaces and the effect of those surfaces on hydrate stability. The goal of this 
work is to understand in a systematic way the roles of surface chemistry (hydrophobic, 
hydrophilic), extent of confinement, and thermodynamic conditions (temperature, pressure) on 
CO2 hydrate stability under conditions relevant to carbon capture and storage. 

Externally funded projects 
Within the broad CMI Storage Group, a number of new projects have been initiated in the last 
year.  These include projects funded by the Environmental Protection Agency (Celia), the 
Department of Energy (Celia, Peters, Scherer), and the National Science Foundation (Celia, 
Peters).  The projects complement the ongoing CMI storage activities in many ways, including 
the following: (1) joint work with EPA on practical models for practitioners including EPA 
regional offices and EPA personnel who are likely to review applications for CCS operations; (2) 
Field modeling applications focused on the Illinois Basin and the Michigan Basin; (3) Synthesis of 
leakage risk modeling with broader subsurface and surface constraints including protection of 
other subsurface minerals and economic and right-of-way issues associated with surface facilities 
and transport; (4) continuation of experiments in old wells with a focus on data analysis and 
automated algorithms; and (5) development of advanced numerical methods to incorporate 
system complexity.   
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The Science Group 

 
The Science Group, composed of the Pacala, Sarmiento, Morel and Bender teams, investigates the 
impacts of climate change on the carbon cycle using both observational data and models. 
 
 

Highlights 

 
• Nitrogen limitation appears to explain weak or absent CO2 fertilization in the temperate 

and boreal realms while high nitrogen fixation rates support a strong CO2 fertilization 
sink in the tropics.    

• A terrestrial model with nitrogen cycling is the first to explain both the geographical 
distribution and history of terrestrial CO2 sinks  

• A new statistical approach has been developed to investigate the timing and cause of a 
recent increase in the terrestrial CO2 sink 

• Work on air-sea fluxes shows the importance of seasonal changes in CO2 uptake 

• Studies of the impacts of ocean acidification on marine phytoplankton show effects on 
iron uptake, growth efficiency, and growth rate 

• A new instrument has been developed to continuously measure dissolved inorganic in 
surface seawater to improve estimates of ocean CO2 uptake and fertility 

• Recently obtained samples from Antarctica may extend the ice core record much further 
back in time 
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Carbon Observing System 

 
The Sarmiento and Pacala Groups work to continuously improve a "Carbon Observing System" 
that uses observational data and models to monitor both short and long time scale changes in the 
land and ocean carbon sinks, and to provide predictions for the future. This year’s research has 
examined the importance of CO2 fertilization, nitrogen fixation, seasonality, and ocean 
circulation on CO2 uptake. 
 

Nitrogen limitation of CO2 fertilization 
Steve Pacala, Stefan Gerber, Lars Hedin and colleagues have developed the first terrestrial model 
that is capable of reproducing the magnitude of the change in the land’s carbon inventory since 
the Industrial Revolution, current biospheric CO2 sequestration, and its broad geographic 
distribution. The researchers reconcile the terrestrial carbon budget with biospheric nitrogen 
supply using a state of the art dynamic vegetation model that explicitly take into account the 
dynamics of secondary vegetation and includes a mechanistic representation of biological 
nitrogen (N) fixation. 
 
While the biosphere’s carbon budget remained close to neutral since the onset of industrial-
ization, a considerable residual or “missing” terrestrial sink compensates for emissions due to 
land-use practices. The carbon flux into the residual terrestrial sink ranged between -0.2 and 4.3 
PgC yr-1 in the 1980s and 1990s and resulted in a total accumulation of 61 to 141 Pg C between 
1800 and 1994 (Sabine,et al., 2004). Sustained terrestrial carbon sequestration in terrestrial 
ecosystems worldwide, however, might be in conflict with nutrient availability, particularly 
nitrogen, and terrestrial models suggest wide-spread reduction in terrestrial uptake as CO2 rises 
due to limited N supply.  
 
Integrated over the historic period, the team found a terrestrial net carbon loss of about 58 PgC in 
agreement with estimates that stem from ocean, and atmosphere and fossil fuel budgeting. 
Accounting for emissions from land-use, model results suggest a residual terrestrial sink of ~150 
PgC over the same time period, in agreement with budget estimates. Further the simulated 
distribution of recent carbon sequestration across latitudes can be reconciled with inverse 
approaches that estimate terrestrial source/sink based on a network of CO2 measurements across 
the globe. 
 
Their results, however, suggest that N restrictions reduced carbon uptake by 51 PgC between 
1800 and 2000 and hampers current sequestrations by 0.9 PgC yr-1. The uptake of anthropogenic 
carbon is caused by the capacity of tropical trees to alleviate nitrogen limitation through up-
regulation of biological N fixation, supporting increased productivity from CO2 fertilization. In 
contrast, productivity in wide areas of temperate and boreal forest exhibits little response to 
increasing levels of atmospheric CO2 (see Figure 15 on following page). 
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CO2 uptake by U.S. forests 
An alternative mechanism to CO2 fertilization that may explain some or all of the observed land 
sink in some regions of the world is forest regrowth.  This mechanism is thought to be 
particularly important in the eastern U.S., where many previously forested areas are regrowing 
following agricultural abandonment and wide-spread logging during the previous century.  
Whether the land-sink is due primarily to CO2 fertilization or to forest regrowth has important 
policy implications.  If the land sink is due to CO2 fertilization (as assumed by most global 
ecosystem models), then the terrestrial biosphere should continue to sequester atmospheric CO2 
well into the future, providing a large natural offset to anthropogenic emissions.  In contrast, if 
the land sink is due to forest regrowth, the offset would disappear in the future as the biomass of 
recovering forests equilibrates. 
 
Using four decades of individual tree growth records from the U.S. Forest Service's inventory 
program, Steve Pacala, Jeremy Lichstein and colleagues have now shown that the dominant trend 
in the eastern U.S. is growth decline, not growth enhancement.  Thus, not only are trees not 
growing faster in the eastern U.S. now compared to the 1970s and 1980s (as expected from CO2 
fertilization), but they are in fact growing more slowly.  This implies that the land sink in the 
eastern U.S. is due entirely to forest regrowth, and is occurring despite the fact that individual 

Figure 15. Modeled carbon uptake into the residual terrestrial carbon sink, integrated between the 
years 1800 and 2000. Top: Results obtained by taking into account changes in CO2, anthropogenic 
N deposition and climate change after 1950. Bottom: Reduction  in carbon uptake  if N deposition 
rates  are  kept  at  pre‐industrial  levels.  CO2  fertilization  in  temperate  and  boreal  forest  occurs 
mainly in areas that experience high levels of anthropogenic nitrogen pollution. 
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trees are growing slower now than in the past.  The mechanism causing the growth declines is 
unclear, but may be related to nitrogen-limitation of tree growth, tropospheric ozone pollution, 
and/or soil acidification due to nitrogen deposition.  

Temporal shifts in terrestrial uptake of atmospheric CO2 
The Sarmiento Group has discovered a possible increase in net land uptake of CO2 of 0.9 (0.8 to 
1.0) Pg C/yr after 1988/89 based on an analysis of the atmospheric CO2 growth rate. In this 
approach, the net land flux is 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. Due to substantial uncertainties in the 
temporal variability of oceanic uptake, a suite of ocean models was used. 
 
The predominant signal in the inferred net land flux is one of very large interannual variability. 
However, using a low-pass Butterworth filter, it is possible to resolve a clear shift towards greater 
land uptake for the period after 1988/89 relative to the period before it (Figure 16a). Furthermore, 
the cumulative land sink clearly shows a deviation occurring after 1988/89 (Figure 16b). The 
variability may also have been increased after 1988/1989.  
 

Figure  16.  The  (a)  annual  and  (b) 
cumulative land carbon sink shown 
from  1960  onwards.  The  annual 
land  carbon  sink  also  shows 
smoothed  lines  filtered  with  a  5 
year  Butterworth  filter.  The 
straight  lines  in  (b)  area drawn  in 
by hand  to provide a guide  to  the 
eye  showing  that  the  slope 
increases  after  1988/89.  A 
negative  flux  indicates  uptake  of 
CO2 by the terrestrial biosphere. 
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To identify what causes this shift, it is important to determine the type of shift, when exactly it 
occurs, and its magnitude with associated uncertainty. Change point methods allow one to detect 
when the shift occurs and to estimate its magnitude, and also allow determining the nature of the 
shift (shift in the mean, in the trend or in the variance of a time series). Claudie Beaulieu has 
developed a general change point method that allows detecting step-like changes in the mean, the 
variance or in the coefficients of a multiple regression model. This new technique is currently 
being tested using Monte Carlo simulations to evaluate its power of detection and the risk of false 
detection one encounters when applying it. 
 
Meanwhile, the group is also analyzing changes in CO2 concentrations, in the atmospheric 
growth rate of CO2 and in the net land uptake of CO2 at several atmospheric observing stations to 
verify whether this change is occurring in several regions and if there is a latitudinal gradient in 
the time the shift occurs. The group is also testing whether the shift can be explained by ENSO 
mechanisms and/or by the volcanic eruptions. One possible explanation for this increased 
terrestrial uptake is an observed increase in shortwave radiation accompanied by an 
intensification of the hydrological cycle in the early 1990's. The group's plan to test this 
hypothesis is described in "Future Plans." 

Impact of interannual variability on terrestrial CO2 uptake 
To date, considerations of the response of the terrestrial biosphere to anthropogenic climate 
change have focused on how changes in the mean physical climate state may impact changes in 
the global carbon cycle.  For example, researchers have used coupled climate models to predict 
whether changes in precipitation over the Amazon over the next century will result in large 
losses of CO2 from the terrestrial biosphere to the atmosphere.  However, an important modeling 
result of the IPCC AR4 study is that the changes in the mean state of the physical climate system 
may be expected to be associated with changes in variance.  Thus there is a need for process-
oriented studies that can complement the fully coupled modeling studies by pointing out the 
relative importance of changes in the mean and changes in variance for the carbon cycle.   
 
To address this question, Keith Rodgers in the Sarmiento Group (in collaboration with Claudie 
Beaulieu, David Medvigy and Ni Golaz from the Pacala Group) is conducting a modeling study of 
the processes regulating the rate of exchange of CO2 between the terrestrial biosphere and the 
atmosphere using the LM3V dynamical vegetation model (developed jointly by the Pacala Group 
at Princeton and GFDL).  The goal of these simulations is to determine whether terrestrial 
ecosystems are sufficiently nonlinear that changes in the variance (in the absence of changes in 
the mean) for the physical forcing can result in a change in the time-mean carbon exchange over 
large scales.  Current work is focusing on the period 1977-1996, when it is known that the phase 
of the Pacific Decadal Oscillation was relatively stationary, facilitating a focus on interannual 
variability. 

A new forest model 
The Pacala group has developed a new forest model (the perfect plasticity approximation, or PPA) 
that scales from individual tree growth and mortality rates to community-level and ecosystem-
level dynamics.  A critical aspect of the model is its representation of height-structured 
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competition for light, a mechanism that is absent from most global vegetation models.  From an 
evolutionary perspective, this mechanism explains the existence of wood, which is the most 
abundant source of carbon in the terrestrial biosphere.  Previous work has demonstrated that the 
PPA model accurately predicts the dynamics of forest communities in the northern midwest of 
the U.S.   
 
More recently, the researchers have made significant progress on two fronts towards 
implementing a global version of the PPA model that can be coupled to global ecosystem models:  
(1) They have developed physiological and allocational submodels that quantify growth and 
mortality rates of individual trees as a function of plant traits (wood density; allocation to roots, 
leaves, and reproduction) and environmental conditions (disturbance rate, soil nitrogen and 
water availability).  These analyses will soon lead to a new biome model that predicts the 
characteristics of the optimal plant as a function of climate and soil characteristics.  (2) They are 
developing an optimization system that will allow them to fit parameters in global ecosystem 
models using formal, quantitative methods.  This technology will allow us to fine tune the 
parameters in a biodiversity rich global vegetation model that incorporates the PPA forest model. 

Temporal changes in air-sea CO2 fluxes  
An important goal of global carbon cycle research is to identify how ocean circulation changes 
over recent decades associated with anthropogenic climate change may be impacting the 
exchange of CO2 between the atmospheric and ocean carbon reservoirs.  To this end, Joseph 
Majkut and Jorge Sarmiento have been evaluating how air-sea CO2 fluxes have changed in an 
ocean circulation model (GFDL’s MOM4) coupled to an ocean biogeochemistry model forced 
with NCEP-1 reanalysis fluxes. This work has been included in a recent study that integrated 
physical and economic models as well as observational data to estimate the anthropogenic carbon 
budget through 2008.  A number of alternatives to the NCEP-1 data product now exist and differ 
in their representation of the structures and amplitudes of decadal trends in the surface winds and 
temperatures, and the group is currently investigating the implications of these differences for the 
ocean carbon cycle.  
 
Keith Rodgers is conducting a separate study to understand how changes in the climate system’s 
seasonal cycle could impact air-sea CO2 fluxes and global climate.  This work focuses on the latest 
generation of models that have been developed in preparation for the next IPCC study (IPCC 
AR5).   
 
The main first result is that the anthropogenic transient in the carbon cycle does in fact reveal 
substantial changes in seasonality for the models that have been evaluated thus far.  A comparison 
of the integrated fluxes for the GFDL and IPSL models is shown in Figure 17. For the global 
fluxes, both models exhibit an increase in uptake over the period 1861-2099.  However, when the 
hemispheres are considered separately the amplification of the seasonality becomes clearer.  For 
the extratropical fluxes, increased/decreased positive uptake is associated with winter/summer 
conditions.  For both the North and the South, there is a tendency for increased uptake in winter 
over the course of the models runs.  For summer, the trend is weaker, and can even be in the 
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Figure 17. A comparison of air‐sea fluxes over 1861‐2099 for concentration scenarios 
(SRES_A2) with two IPCC‐class Earth System Models.  Shown  are the global mean flux 
(top  two panels),  the Northern Hemisphere  flux  in  the extratropics over 15°N‐65°N 
(middle panels),  and  the  flux  for  the  Southern Hemisphere  extratropics over  80°S‐
15°S (bottom panels). For both models the monthly mean fluxes are shown in black, 
with positive  fluxes  indicating a net uptake of CO2 by  the oceans, and a 12‐month 
running mean is shown in red.
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opposite sense of the winter trend. Importantly, both models exhibit large increases in 
seasonality, although there are important differences between the models.  This work highlights 
for the first time that the full seasonal cycle must be taken into account to understand the 
changes in CO2 uptake.  
 

Controls on Ocean Productivity 

The Sarmiento, Morel, and Bender Groups conduct research on the impacts of changing 
atmospheric and ocean chemistry on the marine biota. 

Iron fertilization  
Sarmiento’s Group members Sarmiento, Slater and Hiscock, along with GFDL scientists Dunne 
and Gnanadesikan, have performed several simulations to examine the sensitivity of atmospheric 
CO2 drawdown to patch iron fertilization in High Nutrient Low Chlorophyll (HNLC) regions in 
the North and Equatorial Pacific Ocean and Southern Ocean (Sarmiento et al, 2009b). The group 
used a prognostic global ocean biogeochemical general circulation model developed at GFDL and 
Princeton. 
 
The researchers found the greatest response to fertilization occurred in the Ross Sea site of the 
Southern Ocean, with the smallest response in the North Pacific due to its lower initial nutrients 
and hence a lesser efficiency. When the model included a well-mixed atmospheric reservoir of 
CO2, the drawdown efficiency was reduced significantly due to a back flux of CO2 to the 
atmosphere. The back flux is caused by the fertilization-induced drawdown lowering the 
atmospheric CO2 globally, thereby reducing the CO2 gradient between the atmosphere and the 
ocean and lowering the uptake of CO2 by the ocean everywhere outside of the fertilization 
region. This effect is often left out of model simulations of iron fertilization, but these results 
show that the overall drawdown can be reduced by as much as 70% over a century time scale. 

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 fall 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. 
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Michael Bender’s group has begun the development of 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 (about twice the annual increase in the surface ocean DIC 
burden) 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.  At the present time, the researchers have set up a fluid 
flow system for the work, and are achieving a precision of ±0.2% or better averaged over tens of 
minutes. They are working through several approaches for improving this number and hope to 
deploy the instrument for selected cruises beginning sometime this year.  Eventually the plan is 
to replicate the instrument and integrate it into the global seagoing carbon observing system.  The 
initial focus in this respect will probably be 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 
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 a decade-old 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 special point of emphasis this past year was to synthesize data from discrete 
samples and continuous measurements made on over 50 cruises.   
 
The results support assumptions about several factors controlling productivity and show that they 
obtain over very large scales (Figure 18). Waters with shallow mixed layers tend to be more 
fertile as phytoplankton are concentrated in well-lit waters near the sea surface.  Productivity 
decreases going southward towards Antarctica because phytoplankton grow less rapidly in iron-
poor regions south of Australia, New Zealand, Africa, and South America.  Productivity is 
enhanced in some areas where shallow or rough topography accelerates vertical mixing.  
 
At the same time, two widely held views were not supported.  First, contrary to expectations, 
there was no indication of a spring bloom on repeat cruises south of Australia.  Actually, 
productivity is higher in the summer.  Second, again contrary to expectations, there was no 
indication that diatoms were required for rapid export of organic carbon from the euphotic zone.  
In fact, some regions of the oceans depleted in SiO2 (which diatoms need to make their skeletons) 
were found to be highly productive. 
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Figure  18. Net  community production  in  the  spring  and  summertime  Southern Ocean  (units of 
mmol m‐2 day‐1).  Hot colors equal higher rates. For example, productivity is higher in the northern 
part of the Southern Ocean. 

Impacts of Ocean Acidification on Phytoplankton 
The most certain effect of the ongoing increase in atmospheric CO2 is change in the chemistry of 
the surface ocean, including an increase in dissolved CO2 concentration, a decrease in pH, and a 
decrease in the saturation state of calcium carbonate, CaCO3(s). These changes, designated 
collectively as "ocean acidification," will have a host of effects on the ocean biota -- some subtle, 
some perhaps dramatic. The work of the Morel Group 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. 
 
Marine primary production is limited by a variety of major and trace nutrients such as nitrogen 
(N), phosphorus (P) and iron (Fe). Iron, which is limiting in large regions of the world's oceans, 
has a chemistry that is particularly sensitive to acidification. Morel and colleagues have found 
that decreasing seawater pH decreases the concentration of free Fe, Fe', at equilibrium with 
organic chelating agents to an extent that depends on the acid-base chemistry of the chelator. In 
laboratory cultures, the net result of this decrease in Fe' is a proportional decrease in the uptake 
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rate of Fe by phytoplankton. A qualitatively similar effect was observed in experiments carried 
out during 2009 with natural seawater from the Atlantic Ocean, where Fe is bound to chelators of 
unknown structure.  
 
In another field study in the Gulf of Alaska, incubation experiments were conducted to assess the 
effect of CO2 on the growth and photosynthetic physiology of natural phytoplankton assemblages 
under iron-limited and iron-replete conditions. In several incubations under iron-limited 
conditions, key photosynthetic proteins were down-regulated at elevated CO2 relative to low 
CO2. Comparisons of primary productivity with net growth rate indicate growth efficiency was 
increased at elevated CO2 in several experiments, possibly due to down-regulation of the carbon 
concentrating mechanism. Variability in the response of phytoplankton to CO2 was observed 
among the experiments. This did not appear to be caused by differences in phytoplankton 
community structure and may reflect the sensitivity of the net response of phytoplankton to 
antagonistic effects of the several parameters that co-vary with CO2. 
 
In regions where the available inorganic P is very low, some phytoplankton can acquire this 
nutrient from organic compounds. This requires that phosphate first be cleaved from organic 
molecules using an external alkaline phosphatase enzyme. The activity of this enzyme decreases 
rapidly with pH, however (Figure 19). As a result, phytoplankton grow more slowly at lower pH 
when grown on organic phosphate. A field study of this effect in the Sargasso Sea is planned for 
Spring 2010.  Other ongoing laboratory studies concern the effect of ocean acidification on 
phytoplankton growing under nitrogen limiting conditions.  

 Figure 19. Relative activity of alkaline phosphatase  (AP) on  cell  surface and  in culture  filtrate at 
different pHs.  For convenience, the activities were normalized to the maximum activity at pH 9.0.  
Three measurements were performed  for AP on  the  cell  surface  and  two  for AP  in  the  culture 
filtrate. 
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Paleoclimate 

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. 
 
There are no direct measurements of CO2 for earlier times, but there are proxy estimates based on 
certain physiological or geochemical properties of ancient plants or other fossils.  Surprisingly, 
much of this evidence, while equivocal, is not supportive of a close link between CO2 and climate 
at earlier times.  One example: at least 2 lines of evidence indicate that CO2 was lower than 
preindustrial (280 ppm) at around 7 Ma (7 million years ago).  Such a change is unexpected, as at 
that time global temperature was about 2˚ C warmer, Greenland was unglaciated, and the 
Antarctic ice sheet was half its present size.  The Bender Group has undertaken collaborative 
projects searching for much older ice, in two regions, Mullins Valley, and the Allan Hills (Figure 
20).  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.  Our earlier studies at one of these 
sites revealed an ice age of about 1 Ma, old but not as old as expected.  It is unclear if this 
relatively young age was an artifact of contamination of shallow ice samples with modern air.   
 
This past austral summer, the Bender team was involved in expeditions to drill deeper samples of 
ice at both sites.  These expeditions were reasonably successful.  Ice will be returned to the 
laboratory shortly, and the researchers will date it using an Ar isotope method recently developed 
with CMI support.  If dating studies demonstrate the antiquity of this ice, they will carry out 
additional sampling, and undertake analyses of CO2 and methane in the trapped gases. 
 

Figure 20. Drilling for old 
ice  in  the  Allan  Hills, 
Antarctic.  The “blue ice” 
(foreground)  is  ancient 
ice carried from below to 
the  surface  by  the  flow 
of the ice sheet. 
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Studying glacial-interglacial changes in the polar ocean 
 
As part of a long term collaboration with close colleague Gerald Haug, Professor in the Geological 
Institute at ETH Zurich, Daniel Sigman’s group continues to pursue evidence for reduced vertical 
exchange (i.e. “stratification”) in the halocline-bearing polar ocean regions under colder climates 
of the past 3 million years (Figure 21). A major motivation for this focus is that the reconstructed 
polar ocean changes have the capacity to affect atmospheric CO2 in the observed sense of its 
glacial/ interglacial oscillation, by reducing the natural leak of biologically sequestered CO2 out of 
the polar ocean and into the atmosphere during ice ages. 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 2009, ETH researcher Sam Jaccard authored a study on the uranium content and other 
properties of sediments from the deep North Pacific that together indicate a reduction in the 
dissolved oxygen content of the deep Pacific during the last two ice ages. Given the inverse 
relationship between the deep ocean storage of biologically sequestered CO2 storage and the 
dissolved oxygen content of deep water, this work identifies the CO2 that was kept away from the 
atmosphere during ice ages. Both the sense and amplitude of inferred deep ocean change are 
consistent with expectations of the polar stratification hypothesis for ice age CO2 drawdown. 
 
Recent Princeton Ph.D. Brigitte Brunelle authored a manuscript reporting new microfossil 
nitrogen isotope records from three of the major domains in the subarctic North Pacific: the 
Okhotsk and Bering Seas as well as the open western basin. These records, in concert with 
records of other sediment properties, further strengthen the evidence for increased stratification 
and nutrient consumption across the entire region during the last and previous ice ages relative to 
the current and previous interglacial periods. Moreover, the records indicate that stratification in 
the North Pacific first weakens at the end of ice ages on the same early deglacial schedule as the 
Antarctic region of the Southern Ocean and the same time that atmospheric CO2 first starts to rise 
toward interglacial. 
 
The North Pacific in itself was likely a minor player in the CO2 changes, which were most likely 
dominated by the Antarctic. However, the similarity in behavior of the North Pacific and 
Antarctic provides a critical constraint on the physical cause that can be imagined for polar 
stratification during ice ages as well as the processes that end a given ice age. Haug and Sigman 
elaborate on this in a short piece published in 2009, entitled “Polar Twins.” 
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Figure 21. Records of changing climate, atmospheric CO2, and Southern Ocean conditions over the last 
800 thousand years.  (a) A compilation of benthic foraminiferal δ18O records, which reflect changes  in 
continental  glaciation  and  deep  ocean  temperature.  (b)  Atmospheric  CO2  concentration  as 
reconstructed from Antarctic ice cores. (c) Antarctic air temperature reconstructed from the deuterium 
content an Antarctic  ice core. (d) The sediment reflectance of an Antarctic deep sea sediment record. 
This varies with the concentration of biogenic opal, which is produced by diatoms in the surface ocean 
and provides a measure of the export of biogenic material (including organic carbon) out of the surface 
ocean. According to the “stratification” hypothesis for ice age CO2 reduction (b), the ice age reduction 
in Antarctic productivity (d) is due to reduced exposure of nutrient‐ and CO2‐rich (and slightly warmer) 
deep  water  around  Antarctica,  which  cooled  the  region  (c),  reduced  productivity  there,  and  also 
reduced the leakage of deep ocean‐sequestered CO2 to the atmosphere.  
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Future Plans 

Temporal shifts in the sources and sinks of atmospheric CO2 
In order to be able to identify the mechanisms that are driving changes in the net land uptake of 
CO2, the Sarmiento Group plans to implement a statistical technique that is able to detect changes 
in the dependence between several variables using copulas.  
 
Copulas are multivariate statistical distributions widely used to represent multidimensional 
phenomenon such as observed in hydrology and climatology, for example. The advantage of 
copulas is that they allow one to represent the dependence (without assuming a specific form for 
the relation) between several variables that do not necessarily belong to the same distribution. 
For example, a copula can represent the dependence between a variable that has an asymmetric 
shape (e.g. precipitation totals) with another variable whose distribution has a symmetric shape 
(e.g. mean temperature). New efforts will be made with the goal of being able to detect a change 
in the copula parameters. These parameters express the dependence relation. This new approach 
will be used to study the dependence between the terrestrial uptake, the intensification in the 
hydrological cycle and/or the increase in shortwave radiation. 

Temporal changes in air-sea CO2 fluxes  
To better quantify air-sea fluxes of CO2, the Sarmiento Group plans to continue working with the 
differences between reanalysis forcings and their impact on how gas exchange calculations and 
carbon budgeting are performed. The motivation for this continuing work is to make the 
modeling methodologies more robust to dynamical changes in forcing, which the group seeks to 
study using long-term studies with earth system models. This is particularly important for studies 
of climate change using coupled ocean-atmosphere models. 

Impacts of ocean acidification 
The Morel Group’s ongoing work on the effect of ocean acidification on phytoplankton will 
continue during 2010 through: 1) laboratory studies of the effect of high CO2 on the iron 
requirement of phytoplankton; 2) laboratory experiments designed to elucidate the mechanisms 
by which high CO2 accelerates the growth rate of phytoplankton; and 3) field experiments to test 
the effect of low pH on the bioavailability of organic phosphate.   
 
In addition, future experiments will investigate the question of the effect of high CO2 
concentrations on the composition of marine phytoplankton.  The working hypothesis is that the 
carbon to nitrogen ratio in the biomass of N-limited phytoplankton may increase at high CO2 due 
to the diminished requirements for key proteins.  This work will involve the use of continuous 
cultures of model phytoplankton species in the laboratory and incubation experiments with 
natural phytoplankton populations in N-limited regions of the oceans. 

Southern Ocean biogeochemistry 
The Bender Group plans to continue its studies of Southern Ocean biogeochemistry.  This work is 
done on scientific ships of opportunity as a collaboration with oceanographers from Australia and 
South Africa.  The researchers will continue to measure net community production of the upper 
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ocean ecosystems and carbon export (sinking), and analyze the results to understand controls on 
the fertility of ocean ecosystems.  The work will comprise three new thrusts.  First, continued 
work on an instrument to make continuous measurements of dissolved inorganic carbon in 
surface seawater along cruise tracks.  If, as expected, it is ready for deployment next fall, the 
instrument will be added to a suite of measurements on one ship operating in the Southern 
Ocean, in order to determine rates of productivity over the entire spring and summer growing 
season.  
 
Second, Bender and colleagues will compare measured rates of net community production and 
carbon export with rates simulated by models of ocean circulation and ocean biology/chemistry.  
Third, encouraged by preliminary results, they will examine the possibility of using the 
concentration of particulate organic carbon in ocean surface water, accessed by global satellite 
measurements, to extrapolate ship-based measurements of net community production to the 
entire Southern Ocean and beyond.  The product would be maps of carbon export that would 
reveal, in great detail, the progression of carbon fluxes over the sea surface during the course of 
the growing season in the Southern Ocean, and would strongly reflect the underlying processes 
governing those fluxes. 

Paleoclimatology 
The Bender Group’s research in paleoclimatology for the coming year will focus on the dating of 
ice cores from Mullins Valley and the Allan Hills, Antarctica.  If ages greater than 1 million years 
are confirmed, the group 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. 
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The Integration Group  

 
The Integration Group, composed of the Socolow Group and the Oppenheimer Group, investigates 
challenges to implementing carbon mitigation efforts and seeks 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. 
 
 

Highlights 

• A new paper proposing an “individual emissions cap” is gaining recognition and is the focus of 
a new outreach effort 

• A  study of sulfur dioxide scrubber deployment in China shows the country’s capacity for 
achieving tough environmental goals 

• New work on the prediction of air travel demand quantifies the relationship between income 
and flying and projects large growth in demand for developing countries 

• Co-Directors Socolow and Pacala are working to shape carbon mitigation policy at the 
national level by leading committees on emissions monitoring and air capture of CO2  

• CMI’s re-designed website has made research results and outreach materials much more 
accessible to the public 
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Policy-Relevant Research 

The Pacala-Socolow Group is pursuing innovative modeling that ties future emissions to national 
income distributions and the Oppenheimer Group has initiated a historical study of scientific 
assessments. 

Tracking climate responsibility by individual emissions 
A new framework for assigning national obligations within a global climate agreement by focusing on 
individual emissions was completed during 2009 and published in July in the Proceedings of National 
Academy of Sciences (PNAS). The research develops an innovative proposal for setting national 
emission targets based on the actual emissions of a country’s individual citizens. It also provides a 
dynamic process that enables national obligations to be continuously adjusted to reflect relative 
changes in prosperity. The research combines an income inequality database from the World Bank 
with CO2 emissions data and projections from the U.S. government’s Energy Information 
Administration to estimate past and future emissions by individuals in each country or region. The 
globally averaged per capita annual CO2 emission rate at this time is 4 tCO2/yr; the per capita average 
is five times higher in the U.S. and three times smaller in India. In Figure 22, the world’s individuals 
are placed  in three bins, arbitrarily choosing partitions at 2 tCO2/yr and 10 tCO2/yr. Most global 
emissions will come from the so-called “high emitters” (those in the top bin), despite their small share 
of the global population. 

Figure 22. Population (left panel) and emissions (right panel) for three representative individual‐emission categories. 
The darker parts of the bars show estimates for 2003 and the lighter extensions show additions from 2003 to 2030.
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The methodology develops geographical distributions of individual emitters that reveal where the 
high emitters live now and will live in the future.  As shown in Figure 23, the high emitters in the 
OECD and non-OECD countries are projected to contribute approximately equally to global 
emissions in 2030, in contrast to 2003 when emissions of the high emitters in the OECD were 70% of 
total high-emitter emissions. China's share of the high emitters grows dramatically, a reflection of its 
assumed high rate of economic growth. Total global emissions in 2030 are projected to be two-thirds 
higher in 2030 than they were in 2003. 
 
The specific proposal explored in this research study addresses international equity in emissions 
reductions by basing national responsibility on the emissions of only the world’s high emitters, and 
for accounting purposes treating all emitters at every level the same no matter where they live. For 
example, if the global goal were to cap global emissions at today’s level in 2030, roughly 1 billion 
people living in 2030 would have emissions high enough to be included in the allocation accounting. 
This group of individuals would be roughly equally distributed in the US, other OECD, China and 
other non OECD countries – each with one quarter of a billion high-emitters.  
 
Fresh, and even surprising, insights emerge when the focus moves from high-emitting nations to 
high-emitting individuals. A focus on individual emissions that goes beyond nationally averaged per 
capita data and reveals all of the world’s high emitters provides an important tool for dealing with the 
decarbonization transition that lies ahead.  

Figure 23. Regional population shares in 2003 and 2030 for the high emitters (>10 tCO2/yr). 
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Of the six PNAS co-authors, four were based in CMI. The effort was led by Shoibal Chakravarty and 
Massimo Tavoni, CMI post-docs who continue to develop these ideas. They were joined by CMI co- 
PIs Steve Pacala and Robert Socolow, as well as Ananth Chikkatur (until recently at the Kennedy 
School at Harvard) and Heleen deConinck (ECN, the Netherlands). The key idea of basing national 
obligations on the emissions of the nations’ high emitters was cited as one of The 50 Best Inventions 
of 2009 (and placed at #12) by Time magazine in its Dec. 8, 2009, issue. 
 
In related work, Jie Li, a Ph.D. student in the Science, Technology, and Environmental Policy (STEP) 
program at the Woodrow Wilson School, applied this concept to the provinces in China. She asked: If 
China were to adopt a national CO2 target for a future date and were to use the individual-emissions 
methodology to allocate obligations among its provinces, what would be the outcome? She found an 
important generalizable result: when emissions associated with energy production are allocated to the 
sites of production (coal mines, gas and oil fields), people living in the regions containing these sites 
have inflated emissions – unrelated to their own energy use. A better allocation scheme in the spirit 
of the currently proposed accounting scheme based on high emitters would assign emissions related 
to energy production to the sites of consumption of these fuels. Incorporating trade is not 
straightforward, however, because of the multiple stages between fossil fuel extraction and 
consumption of final goods and services. Jie will defend her thesis in April 2010. She is currently a 
Young Professional at the World Bank. 

Forecasting air travel demand 
Shoibal Chakravarty and Massimo Tavoni are analyzing global and regional air travel demand with an 
innovative model that uses individual income distributions at the national level. Their empirical 
investigation seeks to identify the main drivers of the demand for air travel, a sector characterized by 
a steady and rapid growth in the past 20 years. Indeed, air travel demand is growing roughly 50% 
faster than overall economic activity. Their research bears on climate change, inasmuch as the 
currently small contribution of aviation to global CO2 emissions (about 5%) is on track to become 
much larger, creating concerns regarding the industry’s sustainability. The small number of “clean” 
alternatives amplifies these concerns. Another important reason for studying air travel demand is that 
flying dominates the carbon footprints of many high-emitting individuals – and the emissions of 
high-emitters are at the core of a new scheme for allocating global emissions reduction across nations 
in another CMI study (see above). 
 
The existing literature identifies income as the most relevant driver of demand, yet this relationship 
seems not to have been characterized explicitly. The authors’ analysis seeks to fill this gap by starting 
from income distribution data within countries and a global panel data set of country-level air travel. 
They find evidence of a sigmoid relationship between income and flying, marked by a steep take off 
in air travel demand beyond individual incomes of $20,000 to $30,000 that compares well with data 
from US surveys of travel demand, and the beginnings of a plateau only at much higher values. 
Combining this sigmoid relationship with assumptions about income growth and income distribution 
enables air travel demand projections at the national level. Flying will keep growing in most 
developed countries. As for the developing countries, those projected to experience strong economic 
growth will not see saturation of demand until far in the future. Nation-level projections of growth in 
aviation out to 2050, for specific assumptions about rate of growth and distribution of income, suggest 
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that carbon dioxide emissions from air travel could increase three to five times for some countries, 
and as much as eight times for China. Global demand, shown in Figure 24, exceeds ten trillion 
revenue-passenger-kilometers between 2030 and 2040. 
 

Can China achieve tough environmental goals? 
This is the question that has motivated the Ph.D. thesis of Yuan Xu, also a Ph.D. student in the 
Science, Technology, and Environmental Policy (STEP) program at the Woodrow Wilson School, and 
a member of the Pacala-Socolow Group. In 2009, Yuan did field work at eight coal power plants in 
several provinces in China to learn first-hand about the national campaign to install sulfur dioxide 
scrubbers. These visits confirmed his initial finding that incentives within the program were 
achieving their objective of getting scrubbers not only built and installed, but also put into operation.  
 
Yuan’s thesis documents the extraordinary rate of installation of scrubbers at coal power plants 
beginning in 2006. Over the three years, 2006 through 2008, China deployed 324 GWe of SO2 
scrubbers, each year the equivalent to the entire U.S. scrubber fleet that was accumulated over three 
decades. In 2008, China spent over $6 billion in the construction and the operation and maintenance 
of SO2 scrubbers. Economic-incentive environmental policies for the first time played a major role 
and were effective in assuring that most SO2 scrubbers operated normally. As a result, average SO2 
emissions per kWh of coal electricity in 2008 were down by about a half from their 2005 level.   

Figure 24. Projected global demand for air travel, in Revenue Passenger Kilometers. The green, blue and red bands 
show model projections for different levels of demand saturation, assuming 0%, 0.5%, and 1% growth per year in 
the duration or distance of the average flight. The red and green dots are projections from Airbus and Boeing, and 
the curves are projections from the World Business Council for Sustainable Development. 
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Yuan’s thesis traces this achievement to new environmental goals set by China’s leaders in its 11th 
Five Year Plan (2006-2010). Despite China’s colossal failure in the 10th Five-Year Plan to reduce its 
sulfur dioxide emissions, and in the face of rapidly increasing coal consumption, China in the 11th 
Five-Year Plan established the goal of 10% reduction of national SO2 emissions by the end of the 
period, relative to the beginning. The entire Chinese government was mobilized – not only at the 
central level but more importantly at local levels – to work effectively for the attainment of this goal. 
The non-cooperation of local governments was effectively discouraged, and local leaders were 
promoted and removed based on relevant performance. Intensive capacity building was pursued in 
environmental inspection, monitoring, and statistical data compilation. China in the first three years 
(2006-2008) reduced its SO2 emissions by 9%. 
 
Yuan conjectures that the 11th Five-Year Plan may mark a historical shift in China’s approach to 
environmental protection. China’s newly gained confidence in achieving tough environmental and 
energy goals, together with the mounting international pressure and domestic concern regarding 
climate change, are probably significant factors behind China’s first-ever goal-setting for CO2 
emissions, expressed in terms of reductions in the carbon intensity of the economy, that China’s 
leadership articulated in the run-up to the Copenhagen meeting in December 2009.  Yuan will 
defend his thesis in February 2010 and begin post-doctoral work at MIT. 
 

Nuclear power and climate change 
Robert Socolow and Alex Glaser published a paper in the Fall 2009 issue of Daedalus, the journal of 
the American Academy of Arts and Sciences, entitled “Balancing risks: Nuclear energy and climate 
change.” Five arguments capture the essentials of their paper:  
 
Nuclear power could make a significant contribution to climate change mitigation. To do so, 
however, nuclear power must be deployed extensively in many developing countries that 
increasingly share production and consumption patterns with the industrialized world. Some of these 
countries are politically unstable today. If nuclear power is sufficiently unattractive in such a 
deployment scenario, nuclear power is not on the list of solutions to climate change. 
 

Nuclear power will not benefit climate change if its contribution is withdrawn a decade or two after 
global scale-up begins, as a result of the coupling of nuclear power to nuclear weapons. The coupling 
of nuclear power to nuclear weapons is the most critical flaw of nuclear power today and is the result 
of nuclear power’s inadequate system of international governance and its reliance on uranium 
enrichment plants and reprocessing plants under national control.  
 

A world considerably safer for nuclear power could emerge as a co-benefit of the nuclear 
disarmament process. A multilateral nuclear disarmament process might be the most effective way–
perhaps the only way–for states to decouple nuclear power from nuclear weapons.  
 
The next decade is critical. It can used to establish international ownership of uranium enrichment, 
the cessation of all spent fuel reprocessing, and much more effective norms of international 
governance.  
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Every “solution” to climate change can be done badly or well. Done badly, solutions can be worse 
than the disease. Making climate change the world’s exclusive priority is therefore dangerous.   
 
Conceding that such conclusions can embody only the most subjective of considerations, the 
authors judge the hazard of aggressively pursuing a global expansion of nuclear power today to be 
worse than the hazard of slowing the attack on climate change by whatever increment such caution 
entails. If over the next decade the world demonstrates that it can do nuclear power well, a global 
expansion of nuclear power would have to be – indeed, should be – seriously reexamined. 
 

This work has received attention through the setting of the Doomsday Clock by the Bulletin of the 
Atomic Scientists. Both Glaser and Socolow, as members of the Science and Security Board of the 
Bulletin, participated in the decision to set the clock back by one minute (a judgment that in the past 
year global safety has increased), and the paper was cited explicitly in the background paper that 
announced this decision. 
 
Note: All of the articles in the Fall 2009 issue of Daedalus address nuclear power. They can be 
accessed on the website of the American Academy of Arts and Sciences:  
http://www.amacad.org/publications/daedalus/fall2009/coverpage.aspx. 
 

Lessons from recent scientific assessments 
Michael Oppenheimer and colleagues are carrying out 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?  
 
The ozone case, particularly the creation of the Montreal Protocol, is widely regarded as an example 
of successful policy-making (which came about, some analysts have argued, as a result of widespread 
scientific consensus).  At the same time, it is also an example of at least two scenarios that scientists 
and policy makers would wish to avoid if possible: an unexpected outcome of great import (the 
Antarctic ozone hole), and the tendency to follow a path of learning that turns out to have 
decreasing, rather than increasing correspondence with the correct answer over time (negative 
learning). In the case of ozone depletion, scientists initially dismissed from consideration knowledge 
that turned out to be critical - heterogeneous chemical reactions occurring on the surfaces of polar 
stratospheric cloud particles and volcanic aerosols.   
 
At the time, gas phase atmospheric chemistry was much better understood than multi-phase 
chemistry, and heterogeneous reactions were seen as arcane and generally unimportant to 
atmospheric processes.  Because scientific knowledge of heterogeneous chemistry was both uncertain 
and thought to be unimportant, the earliest ozone assessments either ignored heterogeneous reactions 
entirely, or mentioned them only to dismiss their possible significance.  Scientists did not address 
heterogeneous reactions in detail, as potential contributors to ozone depletion, until they were forced 
to by the discovery of an unexpected phenomenon: the Antarctic ozone hole, which made them 
realize that their models were either inaccurate or incomplete.   
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Because heterogeneous reactions are extremely hard to measure, even once it became clear that they  
were important scientists remained unable to fully incorporate them into their models.  They were 
thus unable to replicate the ozone hole (or mid-latitude ozone depletion, either), and this remains a 
challenge to this day.  Meanwhile, however, policy-makers have been making judgments about ozone 
depletion despite the absence of accurate models.  
 
There are some intriguing parallels between the ozone case and what is going on now in the 
assessments of the Intergovernmental Panel on Climate Change (IPCC).  The potential for sudden 
collapse of the West Antarctic ice sheet (WAIS) is as difficult to model and predict in its own way as 
heterogeneous reactions are in ozone depletion.  In the WAIS case, however, scientists have 
recognized early on that this little-understood phenomenon might prove to have extremely 
important effects.  The researchers’ key focus will be finding lessons in the experience of ozone 
scientists, assessors, and policy-makers that might benefit the groups currently struggling with the 
uncertainty caused by WAIS.   
 

Public Service 

Researchers at Princeton were deeply involved in national assessments of energy and climate in 2009. 
Four activities are of particular note: 
 

America’s Energy Future 
2009 was the concluding year of the study of energy options for the United States conducted by the 
National Academies. The study urges that the U.S. government devote the next decade to extensive 
implementation of energy efficiency in all economic sectors as well as aggressive development of 
options in energy supply (CO2 capture and storage, nuclear power, biofuels, renewable power), so 
that their relative merits can govern deployment decisions in following decades. The committee was 
chaired by Harold Shapiro, former President of Princeton University, and Robert Socolow was a 
member.  
 
A contract from the National Academies to Princeton University enabled a CMI group (Robert 
Williams, Thomas Kreutz, and Eric Larson) to develop a set of self-consistent models addressing the 
technology and economics of electric power and synthetic fuels production from coal, natural gas, 
and biomass. These models became valuable tools for several components of the overall study. 
 

America’s Climate Choices  
Similar in its blockbuster scope and in its attention to policy relevance, and going through its phases 
about 18 months later, this National Academies study is nonetheless not a sequel to America’s Energy 
Future. The emphasis is less on technology and more on policies and institutions. Socolow is a 
member of the committee. 
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Verifying greenhouse gas emissions for a climate treaty 
 Yet a third National Academies committee is charged with reviewing current methods and proposing 
improved methods for estimating and verifying greenhouse gas emissions at national, regional, and 
global spatial scales, and at annual and decadal temporal scales. The study, soon to be released, 
proposes a concrete plan to monitor and verify an international climate treaty and provides error 
estimates and costs. The study bears on the implementation of carbon trading, the setting of emissions 
reduction targets, and the monitoring and verifying of international treaties (Figure 25). Stephen 
Pacala is the chair. 
 

 

 

Direct chemical capture of carbon dioxide from the atmosphere 
The American Physical Society’s Panel on Public Affairs (POPA) conducts studies intended to sort 
out the science content of socially relevant issues. In this case the study seeks to inform the 
technically trained non-expert about the materials and systems challenges that complicate the task of 
removing CO2 from the air in large enough quantities to be relevant to climate change mitigation and 
at sub-astronomical costs. Robert Socolow and Michael Desmond (BP) are the co-chairs.  
 

Figure  25.    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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Outreach 

While continuing to disseminate information on “stabilization wedges,” CMI’s outreach activities 
have been expanded through an improved website and new initiatives.  

New CMI website 
The most visible outreach effort made by CMI this year was an overhaul of the Initiative’s website 
(http://cmi.princeton.edu).  Led by Pascale Maloof Poussart and Amy Hepler, the effort has made 
CMI materials much more accessible to the public.   Visitors to the website can now access a com-
plete bibliography of all CMI publications, presentations dating back to the initiation of the project, 
and educational resources on CMI’s popular “stabilization wedges” and “one billion high emitters” 
research. 

Stabilization wedges  
Five years after its publication, the stabilization wedges concept continues to be very popular, 
particularly for college and high school courses.   Roberta Hotinski continues to facilitate seminars for 
teachers, and receives monthly requests for permission to reprint wedges graphics in textbooks and 
other publications.  In addition, she is adding wedges content to ClimateLab, a new climate science 
oriented wiki, and continues to work with the Franklin Institute to incorporate stabilization wedges 
into their upcoming “Changing Earth” exhibit. 

One billion high emitters 
The individual emissions cap concept is a new focus for CMI outreach.  The authors of the paper gave 
numerous high profile presentations of this work in 2009, including at the United Nations, the World 
Bank, and meetings of the Framework Convention on Climate Change in Bali and Bonn, and 
explanatory materials are now available on the CMI website (http://cmi.princeton.edu/co2emissions). 
In addition, a website with interactive data visualization tools is being developed to provide a visual 
explanation of the basic ideas of the paper and allow the visitor to play with various scenarios. All 
data, graphs and programs will be available for download. 

Climate Central 
CMI has continued its involvement with Climate Central, a non-profit organization headquartered in 
Princeton that synthesizes climate change-related information to produce stories primarily for 
broadcast and the web that are relevant to policy makers and the general public.  In 2009 Climate 
Central produced its first hardcopy publication (also available electronically), "What You Need to 
Know: 20 Questions and Answers about Climate Change," in partnership with Sally Ride Science. Its 
web activities included launching of a new website (www.climatecentral.org) as well as distribution 
of content via other web outlets, including www.time.com, where 8 articles and 9 short videos 
appeared.  Television broadcast activities included airing of 5 Climate Central video segments on the 
PBS NewsHour with Jim Lehrer, including stories on ice cores and climate, wildfires, biofuels, and 
carbon capture and storage. Also, 3 Climate Central videos aired on The Weather Channel. 
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BP student expedition to Antarctica  
In March 2009, BP sponsored a student expedition to Antarctica led by the polar explorer Robert 
Swan, founder of the organization 2041.  CMI's Tom Kreutz and Pascale Maloof Poussart joined the 
expedition as part of a team of experts and facilitators to lead discussions on the challenges posed by 
climate change.  The expedition aimed to inspire a young generation of talented students on issues 
related to climate and energy. A total of 60 students from 20 countries and 30 universities took part. 
 

 

Figure 26. Pascale Poussart 
and  Tom  Kreutz  on  the 
expedition  ship  Akademik 
Ioffe. 
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Future Plans 

Over the coming year, the Integration group will continue public service commitments, establish 
links to the wider modeling community, and work to develop modeling tools accessible to the public. 

Public service: 
In 2010, both the air capture study for APS and the America’s Climate Choices project for NRC will 
be completed.  Rob Socolow, as a co-chair of the APS study, will be responsible for communicating 
the results of the study to a variety of audiences, and APS is considering building an educational 
component onto the report. The ACC study will also get much attention. 
 
As a new item under public service, Socolow is the incoming chair of APS’ Panel on Public Affairs 
(POPA).  POPA is charged by the APS Council with preparing a commentary on its 2007 Statement 
on climate change, which evoked strong negative reactions among a significant number of physicists 
when it appeared. POPA is to prepare its commentary over the next few months, and the 
commentary will be open for review by the entire APS membership prior to action by the APS 
Council.  

Research on individual emissions 
The “one billion high emitters” study on was criticized, notably by Lord (Nicholas) Stern, for setting 
aside considerations of the differential historical responsibility across nations for the extra CO2 
already in the atmosphere. Chakravarty, Tavoni and Socolow are now preparing a new paper on 
historical responsibility, exploring tradeoffs between "safe" and "fair." 

Linking with the international community of integrated assessment modelers 
Led by Tavoni, the Pacala-Socolow Group will further develop its collaboration with the community 
of researchers involved in modeling international and national climate policies. This research effort 
will be particularly important in the coming year, as results will be peer reviewed in time for their 
inclusion in the next IPCC 5th assessment report. 
 
In particular, two new international modeling comparison exercises will begin this year: the latest 
Energy Modeling Forum, coordinated by Stanford University, will focus on the role of technologies, 
and will officially initiate in April. The Asian Modeling Forum, coordinated by Pacific Northwest 
National Laboratory (PNNL), will concentrate on the role of Asian countries in international climate 
agreements, and is meant to bridge the gap between the modeling communities of developed and 
developing countries. Its first meeting will be held in Beijing in March. Tavoni plans to participate in 
both events, and to contribute in terms of both scientific contribution and research coordination. 
 
The output of the air capture study for the APS study will also be used to improve integrated 
assessment models in their description of technologies that sequester CO2 from the atmosphere. This 
enhancement is important since, until now, all integrated assessment models have focused on the 
coupling of biomass and CCS as the only option to achieve negative emissions. The add-on will be 
discussed in the context of the Energy Modeling Forum study on low carbon technologies. 
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Developing an open source model for India  
Shoibal Chakravarty will lead an additional modeling effort to develop a new energy-economy-
climate model for India.  The main feature of the model will be its use of an open source platform, 
with a user-friendly interface and full public access to the source code. This endeavor will allow 
researchers from India and elsewhere to be able to simulate climate policies for this important region, 
as well as help improve the modeling characteristics. A link with the above mentioned Asian 
Modeling Forum will be established to help validate and disseminate the work. 

Analyzing trends in household energy consumption in urban China  
Another strand of research under consideration, building on the completed Ph.D. thesis research of 
Jie Li, will be to analyze the changing patterns of direct and indirect energy use and emissions in 
urban Chinese households. The research aims at presenting a socio-economic approach to evaluating 
the energy and emissions system in urban China from a household perspective, at the disaggregate 
level, over time and space. Residential energy consumption in Chinese cities is rapidly increasing due 
to urbanization and higher standards of living. Consumption is a quite small fraction of GDP due to 
high savings rates and investment, but its role is likely to increase in the coming years and will play a 
determining role in China's overall energy and emission projections. Thus, shedding light on the 
transition of energy use in urban households is likely to provide valuable insights. The results will 
also be used to validate the reduced form approach underlying the "One billion high emitters" paper 
published in 2009 in PNAS. 

Dissemination of research in an international workshop 
Also under consideration is an international workshop in collaboration with the Fondazione Eni 
Enrico Mattei (FEEM) in Italy, a leading European research institute in the field of environmental 
economics. The workshop would be organized in the fall of 2010 to help disseminate the research 
carried out by both institutions. Among the potential topics, some would relate to the interplay 
between the safety of climate and the fairness of the mitigation effort across countries. 

Lessons from scientific assessments 
Keynyn Brysse’s project on scientific assessments is part of a joint initiative between Michael 
Oppenheimer at Princeton and Naomi Oreskes at UC San Diego.  A philosopher of science, Dale 
Jameison of NYU, has joined the team, and they have applied for additional funding from the 
National Science Foundation for their project. 
 
Dr. Brysse will continue interviewing key ozone scientists as well policy makers and members of 
industry.  She will combine the results of these interviews with extensive analysis of archival 
documents already gathered to reconstruct the history of scientific assessment of ozone depletion, in 
the hopes of informing current and future scientific assessments. 
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