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Photograph of a research site located above tree line in the Swiss 
Alps where CMI Principal Investigator Jonathan Levine and his 
team are studying alpine plant species response to climate change. 
(Photo by Jonathan Levine)
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Introduction

Pepper plants were grown in this greenhouse at the Museo Nacional de Ciencias 
Naturales (CSIC) in Madrid to investigate how their belowground behavior 
differed when planted alone or alongside a neighbor. (Photo by Ciro Cabal, 
Princeton University Department of Ecology and Evolutionary Biology)

Carbon Mitigation Initiative      Twentieth Year Report  20201



Since its inception in 2000, CMI has advanced understanding of 
climate and energy science, technology, and policy. Actively led by 13 
principal faculty, the program currently engages an additional 40 
research staff and students. These scientists, engineers and policy 
experts are committed to the dissemination of their joint and 
individual research findings so they may benefit the larger scientific 
community, government, and the general public.

The purpose of this report is to provide a summary of CMI’s 2020 key 
activities and research initiatives. This section includes a brief 
overview of CMI’s programming and collaborations, Annual Meeting 
highlights, and announcements about awards and changes in 
leadership. 

The rest of the report is comprised of a series of 11 research 
highlights. Every CMI Principal Investigator (PI) or team of PIs 
selected one research highlight from 2020 to feature and provided 
context for the work. For each highlight, a short summary is 
provided, which is referred to as “At a Glance.” These highlights are 
followed by a complete list of this year’s publications.

1 The Princeton Environmental Institute was renamed the High Meadows 
Environmental Institute by Princeton University in October 2020.

The Carbon Mitigation Initiative (CMI) 
is an independent academic research 
program housed within the High Meadows 
Environmental Institute at Princeton 
University.1  Sponsored by bp, CMI is 
Princeton’s largest and most long-term 
industry-university relationship. Its mission 
is to lead the way to a compelling and 
sustainable solution to the carbon and 
climate problem.
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Current Programing Throughout 2020, despite the Coronavirus pandemic, CMI 
researchers remained fully active and  engaged. Several CMI 
scientists played critical roles in the CMI-led Princeton 
University study, “Net-Zero America: Potential Pathways, 
Infrastructure and Impacts.” Published in December 2020, the 
report provides a detailed blueprint for achieving a carbon-
neutral economy in the United States by 2050. The study was 
extensively referenced by the recent National Academies of 
Sciences, Engineering and Medicine’s report “Accelerating 
Decarbonization of the U.S. Energy System.” It has resulted in 
the creation of an interactive website designed to help policy 
makers and other stakeholders extract specific information 
most useful to their particular contexts and priorities. This 
effort has been a focus of CMI for nearly two years and is an 
ongoing project.

During the year, another team of CMI investigators launched a 
new initiative to help determine how land-based climate 
solutions can be deployed globally to maximize carbon storage 
on land, while at the same time maintain global biodiversity 
and food security. While previous research efforts have 
tabulated the global potential of individual land-based climate 
solutions, no study has co-optimized the planning of multiple 
land-based climate solutions, biodiversity, and food. 
Ultimately, the team aims to develop an online tool for 
informing policy similar to the Net-Zero America Project’s 
website. This would allow policy makers and NGO’s to assess 
various scenarios of land-based climate solution planning 
within their region of influence.

The CMI-led Princeton 
University study, “Net-Zero 
America: Potential Pathways, 
Infrastructure and Impacts,” 
resulted in the creation 
of an interactive website. 
(netzeroamerica.princeton.edu)
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In addition, CMI is always keeping an eye out for new and 
emerging issues. CMI members are engaging in important 
work to better understand the climate problem and to find 
solutions. A few of these other research initiatives are listed 
below and described in greater detail in the highlights 
featured in this report.

• Understanding the biogeochemical controls, sources, 
and sinks of methane using experimental and modeling 
approaches

• The role of soils in the future of atmospheric hydrogen
• Pipeline infrastructure development for large-scale 

CCUS in the United States
• Understanding and optimizing fluid-silicate interfacial 

properties in low carbon emission technologies
• Mineral-organic interactions in soils and sediments
• Drought tolerant agriculture for semi-arid ecosystems
• Global climate changes and their hurricane impacts 
• Coastal dead zones in the northern Indian Ocean

Annual Meeting The Coronavirus pandemic has changed many things around 
the world, including how the CMI community gathered to hold 
its 19th Annual Meeting in April 2020.

The customary in-person meeting scheduled for April 22-23 in 
London was nearly upended in early February as concerns 
grew about the potential spread of the virus worldwide. 
Fortunately, the organizers were able to transition the meeting 
to a virtual platform, shortening the two days to accommodate 
the time change between Princeton and London.

Liz Rogers, then bp’s vice president of environmental 
technology and bp’s relationship manager for CMI, and Cindy 
Yeilding, then bp America’s senior vice president and bp’s 
executive sponsor for Princeton University, opened the 
meeting by highlighting the significance of the day, April 22, 
as Earth Day. Earth Day is an annual event celebrated around 
the world to demonstrate support for environmental protection 
and the focus in 2020 was climate change.

Remarking on Earth Day’s relevance to the current ambitions 
of both CMI and bp, Rogers said, “It is relevant to CMI’s 
mission to lead the way to a compelling and sustainable 
solution to the carbon and climate change problem and 
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relevant to bp for our recent announcement to be a net-zero 
carbon emissions company in absolute reductions by 2050 or 
sooner.”

Yeilding noted the synergistic 20 year-long relationship 
between Princeton and bp. “It’s a relationship based on shared 
challenges, trust, and respect built over 20 years of industry 
and academic perspectives on the challenges informing CMI 
as they conduct their independent research,” she said. “CMI 
continually approaches the climate challenges with fresh-eyes 
and always brings us back to the science.”

In an introductory overview of CMI, Stephen Pacala, the 
Frederick D. Petrie Professor in Ecology and Evolutionary 
Biology and the director of CMI stated, “The relationship 
between CMI and bp began at a time when John Browne, then 
the CEO of bp, sensed that the world might begin to take the 
climate change problem seriously and he wanted a relationship 
with a research center that would keep their eyes over the 
horizon to try to anticipate what was coming and what we all 
might do about it. This we have done now for about 20 years 
and it remains our joint objective.”

The major areas of research discussed during the annual 
meeting included terrestrial ecosystems and natural climate 
solutions, the methane cycle, and possible pathways for the 
United States to realize net-zero emissions of greenhouse gases 
by 2050.

In addition, Pacala announced the recipients of two awards 
named in honor of Robert H. Socolow, emeritus professor of 
mechanical and aeronautical engineering at Princeton and 
CMI co-director from 2000 – 2019.

CMI’s 19th Annual Meeting 
was held virtually April 22-23, 
2020. Liz Rogers (middle), 
then bp’s Vice President 
Environmental Technology 
and bp’s relationship manager 
for CMI, and Cindy Yeilding 
(right), then bp America’s 
Senior Vice President and bp’s 
executive sponsor for Princeton 
University, and Stephen 
Pacala (left), the Frederick D. 
Petrie Professor in Ecology 
and Evolutionary Biology and 
the director of CMI, provided 
introductory remarks.
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Former postdoctoral research fellow, Jane Baldwin, received 
The Robert H. Socolow Best Paper Award for Postdoctoral 
Fellows for her paper, “Temporally Compound Heat Wave 
Events and Global Warming: An Emerging Hazard,” published 
in Earth’s Future by the American Geophysical Union in 2019. 
Baldwin is now a postdoctoral fellow at Columbia University. 

Since 2010, the CMI Best Paper Award for Postdoctoral Fellows 
has been presented annually to one or two CMI affiliated 
postdoctoral research associate(s) or research scholar(s) 
selected for his or her contribution to an important CMI paper. 
In late 2019, CMI created a similar award for doctoral students 
to award a CMI affiliated doctoral student selected for his or 
her contributions to an important CMI paper.

Samantha Hartzell, a former graduate student in civil and 
environmental engineering, is the first recipient of The Robert 
H. Socolow Best Paper Award for Doctoral Students for her 
paper, “Unified representation of the C3, C4, and CAM 
photosynthetic pathways with the Photo3 model,” published in 
Ecological Modelling in 2018. Hartzell is an assistant professor 
in civil and environmental engineering at Portland State 
University.

Jane Baldwin, a former 
postdoctoral fellow at 
Princeton University, received 
The Robert H. Socolow Best 
Paper Award for Postdoctoral 
Fellows.
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 This year’s virtual Annual Meeting brought together over 100 
participants. This included Princeton faculty and researchers, 
postdoctoral fellows and graduate students, many colleagues 
from bp, the Geophysical Fluid Dynamics Laboratory, eight 
other national and international universities, and members of 
environmental nonprofit organizations and think tanks.

Samantha Hartzell, a former 
graduate student in civil and 
environmental engineering, 
received the Robert H. Socolow 
Best Paper Award for Doctoral 
Students. Hartzell is the first 
recipient of this new award.

Collaborations In addition to the external collaborations undertaken through 
the Princeton-led Net-Zero America Project and the National 
Academies of Sciences, Engineering and Medicine Committee 
on Accelerating Decarbonization of the U.S. Energy System, 
CMI continued its engagement with three excellent research 
programs bp has long supported: the Center for the 
Environment at Harvard University; the Center for 
International Environment and Resource Policy at Tufts 
University; and the Thermal Engineering Department and the 
Tsinghua-bp Clean Energy Research and Educational Center at 
Tsinghua University.

Honors In 2020, the following honors were awarded to CMI scholars 
including: the Robert MacArthur Award from the Ecological 
Society of America to Jonathan Levine; The 2020 Weldon 
Memorial Prize, Oxford University to Stephen Pacala; the 2020 
John Dalton Medal from the European Geosciences Union to 
Amilcare Porporato; and Jonathan Levine and Gabriel Vecchi 
were listed by the Clairvate Web of Science as “Highly Cited 
Researchers” in recognition for ranking among 1% of 
researchers for most cited documents in geosciences and the 
environment over 2008-2018.
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(left) Cindy Yeilding, then Senior 
Vice President, bp America and 
CMI’s executive sponsor
(right) Liz Rogers, then Vice 
President Environmental 
Technology, bp, and CMI’s 
relationship manager.

Changes in 
Leadership

At the end of 2020, Cindy Yeilding, then Senior Vice President, 
bp America and CMI’s executive sponsor and Liz Rogers, then 
Vice President Environmental Technology, bp, and CMI’s 
Relationship Manager, relinquished their CMI roles as they 
retired from bp. Yeilding served in her respective role for four 
years and Liz for two. The CMI community will miss working 
with them both and wish them every success in their future 
endeavors.

The new bp CMI Executive Sponsor is Kelly Goddard, Vice 
President Carbon Ambition. We are already enjoying working 
with her and her new team.

Kelly Goddard, Vice President 
Carbon Ambition, bp, and CMI’s 
new executive sponsor.
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Research – At a Glance 

Accelerating decarbonization and biological carbon storage
PRINCIPAL INVESTIGATOR: STEPHEN PACALA

Stephen Pacala is responsible for founding the Princeton Net-Zero America Project. This project seeks to 
develop technological pathways to decarbonize the U.S. economy by mid-century. Pacala also chaired a 
National Academies of Sciences, Engineering and Medicine committee to develop a policy manual for the U.S. 
to transition to net-zero emissions of all greenhouse gases by 2050. In addition, the Pacala group created a 
model that provides a valuable tool to predict root proliferation in global earth-system models, which is critical 
to predicting ecosystem carbon storage. 
 
 

Net-Zero America
PRINCIPAL INVESTIGATORS: ERIC LARSON, CHRIS GREIG, AND JESSE JENKINS

A growing number of companies and governments worldwide, including the United States, are pledging to 
reach net-zero greenhouse gas emissions by 2050, but there is a dearth of understanding of how to execute on 
these ambitions. The Net-Zero America study provides unprecedented sectoral, spatial, and temporal detail in 
describing five diverse net-zero pathways for the United States. The analysis quantifies challenges and 
opportunities at state and sub-state levels, including those relating to land use, employment, air pollution-
related health, capital mobilization, incumbent fossil fuel businesses and new clean-energy industries. The 
unique granularity of the analysis is drawing significant media interest and informing federal and state policy 
makers, private industry, non-governmental organizations, and future research initiatives around the world. 
 
 

Biodiversity impacts of land-based climate solutions
PRINCIPAL INVESTIGATOR: JONATHAN LEVINE

As society invests in land-based climate solutions, understanding the impacts of these actions on biodiversity 
becomes ever more critical. Research in the Levine group is using meta-analytical approaches to quantify these 
impacts, helping ensure that the portfolio of land-based climate mitigation is implemented in a way that 
maximizes biodiversity. 
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The CMI Methane Project: understanding the biogeochemical 
controls, sources, and sinks of methane using experimental and 
modeling approaches
PRINCIPAL INVESTIGATORS: XINNING ZHANG, ELENA SHEVLIAKOVA, AND VAISHALI NAIK

Methane (CH4) is the second most important anthropogenic climate forcer after carbon dioxide. Determining 
the importance and mechanisms of different methane sources and sinks across temporal and spatial scales 
remains a fundamental challenge for the scientific community. Three complementary CMI projects address 
critical unknowns in methane cycling. The first uses laboratory experiments to show how microbial dynamics 
control wetland CH4 emissions and how methane stable isotopes can be used to identify a novel biological 
methane source (Highlight 1a, 1b). The second highlight uses a NOAA-GFDL state-of-the-art model of methane 
cycling on land for use in Earth System Models to predict the activity of key microbial groups involved in 
carbon decomposition and methane emission (Highlight 2). Finally, CMI research with the GFDL chemistry 
climate model links recent atmospheric methane trends to increasing methane emissions, possibly from 
energy, agriculture, and waste sectors, and changes in the methane hydroxyl radical sink (Highlight 3). 
 
 

The key role of soils in the future of atmospheric hydrogen
PRINCIPAL INVESTIGATORS: MATTEO BERTAGNI, FABIEN PAULOT, AND AMILCARE PORPORATO

Hydrogen (H2) is gaining international attention as an energy carrier with a low carbon footprint. But a more 
H2-centered economy may also increase the amount of H2 in the atmosphere, causing indirect global warming 
effects (e.g., increasing methane lifetime). To sharpen future H2 projections, Porporato’s group is addressing 
the large uncertainties related to the H2 soil uptake by bacteria, which is currently estimated to be responsible 
for nearly 80% of the atmospheric H2 consumption.  
 
 

Pipeline infrastructure development for large-scale CCUS in the 
United States
PRINCIPAL INVESTIGATORS: MICHAEL CELIA AND YIHENG TAO

Princeton researchers are exploring the ways retiring coal-fired power plants can be replaced by Allam-cycle 
natural gas power plants with CCUS (carbon capture, utilization and storage). With reasonable levels of 
government support, the researchers suggest that the resultant carbon dioxide (CO2) captured during the Allam 
cycle can be transported via pipelines to major saline aquifers and EOR (Enhanced Oil Recovery) hubs. 
Developing a viable pipeline infrastructure system will go a long way in creating a productive and efficient 
CCUS industry in the United States, which will ultimately help reduce CO2 emissions from fossil fuel 
combustion. 

Carbon Mitigation Initiative      Twentieth Year Report  202010



Toward understanding and optimizing fluid-silicate interfacial 
properties in low carbon emission technologies 
PRINCIPAL INVESTIGATOR: CLAIRE E. WHITE

Research conducted by the Sustainable Cements Group promises to advance an understanding of silicate 
dissolution, a key process involved in several mitigation strategies aimed at reducing industrial CO2 emissions. 
Postdoc Bastien Wild, part of the White group, is working to understand how silicates (SiO2-rich solids) dissolve. 
In particular, he is focused on unravelling the properties of fluid-silicate interfaces across length scales and 
linking these properties to macroscopic dissolution behavior (i.e., how the solids decompose in aqueous 
environments). An important, but counterintuitive, finding is that silica-rich layers containing nanosized 
pores are seen to form at mineral surfaces when exposed to acidic conditions. This implies that the dissolution 
rate of the silicate mineral should be much reduced due to the presence of these layers. Yet, unexpectedly high 
dissolution rates are observed for these systems. 
 
 

Resolving the physics of soil carbon storage
PRINCIPAL INVESTIGATOR: IAN BOURG

The Bourg group is working to resolve the fundamental mechanisms of soil carbon storage. This research uses 
a combination of atomistic-level simulations and laboratory and field experiments to gain insight into two 
natural carbon sinks: the stabilization of soil organic carbon by clay minerals and the sequestration of soil 
inorganic carbon by mineral weathering. The results will enable more accurate Earth System Model 
predictions of soil organic and inorganic carbon dynamics and provide practical strategies for enhancing the 
soil carbon sink. 
 
 

Drought tolerant agriculture for semi-arid ecosystems
PRINCIPAL INVESTIGATORS: AMILCARE PORPORATO AND SAMANTHA HARTZELL

CMI researchers are developing models which allow them to better assess the potential role of drought-tolerant 
agriculture for carbon sequestration and food production in semiarid ecosystems. This research investigates 
Crassulacean acid metabolism (CAM) photosynthesis, a water-conserving pathway used by many epiphytes 
and dryland plants. By using models that couple plant hydraulics and carbon fluxes to the soil and atmosphere, 
the researchers are able to assess the viability of productivity, water use, and natural climate solutions for 
dryland ecosystems around the globe. 
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Global climate changes and their hurricane impacts
PRINCIPAL INVESTIGATOR: GABRIEL VECCHI

One of the consequences of global climate change is a predicted increase in the intensity of tropical cyclone 
(TC) activity and other climate impacts. Key to predicting the severity and duration of such impacts for future 
decades is understanding the dynamics of these phenomena over the past few centuries. To this end, the 
Vecchi group is using climate and atmospheric model studies, along with analyses of the observed record, to 
investigate the nature of these climate impacts. The group is especially interested in understanding how TCs 
develop, how they might be predicted, and the role global climate change plays in their generation and severity.  
 
 

Coastal dead zones in the northern Indian Ocean
PRINCIPAL INVESTIGATORS: LAURE RESPLANDY, JENNA PEARSON, AND MATHIEU POUPON

Global warming and anthropogenic activities are contributing to a loss of oxygen in the world’s oceans (Bopp et 
al., 2017), creating what are called “coastal dead zones.” These are areas of extremely low oxygen that threaten 
coastal ecosystems and populations. The Resplandy Group is evaluating the risk and studying the physical 
processes responsible for these dead zones in the tropical Indian Ocean – a particularly densely populated 
area.  
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