
A collaboration led by Stephen M Smith 
(University of Oxford), Oliver Geden 
(German Institute for International 
and Security Affairs, SWP), Jan C Minx 
(Mercator Research Institute on Global 
Commons and Climate Change, MCC) 
and Gregory F Nemet (University of 
Wisconsin-Madison)

A global, 
independent 
scientific 
assessment 
of Carbon 
Dioxide 
Removal

EXECUTIVE SUMMARY
1st EDITION



2

The State of Carbon Dioxide Removal

This year’s report is led by the University of Oxford’s Smith School of Enterprise and the 
Environment and has been supported by:

•	 CO
2
RE, a project funded by the UK’s Natural Environment Research Council (grant 

agreement NE/V013106/1);
•	 GENIE, a Synergy Grant funded by the European Research Council under the 

European Union’s Horizon 2020 research and innovation programme (grant 
agreement 951542); 

•	 CDRSynTra, a project funded by the German Federal Ministry of Education and 
Research (grant agreements 01LS2101H and 01LS2101F);

•	 ASMASYS, a project funded by the German Federal Ministry of Education and 
Research (grant agreement 03F0898E);

•	 with financial support from Carbon Gap and philanthropic support from Bank of 
America;

•	 and with analytical support from the International Institute for Applied Systems 
Analysis (IIASA).

Project team

Convenors
This project has been devised and convened by experts in the field of Carbon Dioxide 
Removal (CDR), who are authors of Intergovernmental Panel on Climate Change (IPCC) 
reports and currently lead major CDR research projects:

Stephen M Smith (University of Oxford)
Oliver Geden (German Institute for International and Security Affairs, SWP)
Jan C Minx (Mercator Research Institute on Global Commons and Climate Change, MCC)
Gregory F Nemet (University of Wisconsin-Madison)

Authors
Chapter leads: Oliver Gedeni, Matthew Giddenii, William F Lambiii iv, Jan C Minxiii iv, Gregory F 
Nemetv, Carter Powisvi, Stephen M Smithvi

Rob Bellamyvii

Max Callaghaniii 
Annette Cowieviii

Emily Coxvi 
Sabine Fussiii 
Thomas Gasserii 
Giacomo Grassiix 

Jenna Greenev

Sarah Lückiii 
Aniruddh Mohanx 
Finn Müller-Hanseniii 
Glen Petersxi 

Yoga Pratamaii 
Tim Repkeiii

Keywan Riahiii 
Felix Schenuiti

Jan Steinhauserii 
Jessica Streflerxii 
Jose Maria Valenzuelavi

i German Institute for International and Security Affairs, SWP
ii International Institute for Applied Systems Analysis, IIASA
iii Mercator Research Institute on Global Commons and Climate Change, MCC 
iv University of Leeds
v University of Wisconsin-Madison
vi University of Oxford
vii University of Manchester
viii New South Wales Department of Primary Industries/University of New England, Armidale, Australia
ix Joint Research Centre, European Commission
x Princeton University
xi CICERO Center for International Climate Research
xii Potsdam Institute for Climate Impact Research, PIK



3

The State of Carbon Dioxide Removal

Cite as: Smith, S. M., Geden, O., Nemet, G., Gidden, M., Lamb, W. F., Powis, C., Bellamy, R., 
Callaghan, M., Cowie, A., Cox, E., Fuss, S., Gasser, T., Grassi, G., Greene, J., Lück, S., Mohan, 
A., Müller-Hansen, F., Peters, G., Pratama, Y., Repke, T., Riahi, K., Schenuit, F., Steinhauser, J., 
Strefler, J., Valenzuela, J. M., and Minx, J. C. (2023). The State of Carbon Dioxide Removal - 
1st Edition. The State of Carbon Dioxide Removal. doi:10.17605/OSF.IO/W3B4Z

We extend our thanks to the following people for their invaluable inputs in reviewing early 
drafts: 

Chad M Baum, Aarhus University
Holly Jean Buck, University at Buffalo
Wil Burns, Northwestern University
Isabela Butnar, University College London
Sylvain Delerce, CNRS
Nicklas Forsell, International Institute for Applied Systems Analysis (IIASA)
Mathias Fridahl, Linköping University
Robin Haunschild, Max Planck Institute for Solid State Research
Robert Höglund, Marginal Carbon 
Matthias Honegger, Perspectives Climate Research
Jia-Ning Kang, Beijing Institute of Technology
Tim Kruger, University of Oxford & Origen
Niall Mac Dowell, Imperial College London
Alexander Mäkelä, Carbon Gap
Christine Merk, Kiel Institute for the World Economy
Eli Mitchell-Larson, Carbon Gap & Oxford Net Zero
James Irungu Mwangi, Climate Action Platform Africa
Anne Olhoff, CONCITO – Denmark’s Green Think Tank
Pete Psarras, University of Pennsylvania
Nan Ransohoff, Stripe
Artur Runge-Metzger, MCC

Lead institutions:

Funders:



4

The State of Carbon Dioxide Removal

Editing & design

Lead Editor: Roz Pidcock (Exalt Editing)
Managing Editor: Kate Heath (independent)
Co-design process for visual identity & Executive Summary figures: Angela Morelli 
(InfoDesignLab)
Report layout design: Liliana Resende (University of Oxford)
Graphics support: Nigel Hawtin (nigelhawtin.com)
Website design and communications support: George Hope (University of Oxford)

The views, opinions, findings, and conclusions or recommendations expressed in this report are 
strictly those of the authors. They do not necessarily reflect the views of funders or editors, who 
bear no responsibility for any errors or omissions in, or for the correctness of, the information 
contained herein, nor for any use that may be subsequently made of this. 

© 2023. The State of Carbon Dioxide Removal report is licensed under a CC BY 4.0 license.

https://creativecommons.org/licenses/by/4.0/


5

The State of Carbon Dioxide Removal

Executive Summary

Scaling up Carbon Dioxide Removal (CDR) is an urgent priority, as are efforts to rapidly 
reduce emissions, if we are to meet the temperature goal of the Paris Agreement. Scenarios 
for limiting warming to well below 2°C involve removing hundreds of billions of tonnes of 
carbon dioxide (CO

2
) from the atmosphere over the course of the century. Drawing together 

analysis across several key areas, this report is the first comprehensive global assessment 
of the current state of CDR. 

We find a gap between how much CDR countries are planning and what is needed in 
scenarios to meet the Paris temperature goal. The size of the “CDR gap” differs across 
scenarios, depending on how we choose to transform the global economy towards net-zero 
emissions. However, there are currently few plans by countries to scale CDR above current 
levels, exposing a substantial shortfall.  

CDR involves capturing CO
2
 from the atmosphere and storing it durably on land, in the 

ocean, in geological formations or in products. Examples include reforestation, biochar, 
Bioenergy with Carbon Capture and Storage (BECCS) and Direct Air Carbon Capture and 
Storage (DACCS). For the first time, this report compiles an estimate of the total amount of 
CDR currently being deployed around the world. 

Almost all current CDR (2 GtCO
2
 per year) comes from “conventional” CDR on land, primarily 

via afforestation, reforestation and management of existing forests. Scenarios that limit 
warming to 1.5°C or 2°C require further increasing current forest sinks, as well as minimising 
emissions from deforestation. By 2050, land-based removals approximately double in 1.5°C 
pathways and increase by around 50% in 2°C pathways compared to 2020 levels. In the near 
term, several countries plan to maintain or slightly increase conventional CDR on land by 
2030, which is on its own a huge challenge requiring dedicated policies and management. 

Only a tiny fraction of all current carbon dioxide removal results from novel methods
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Almost all current carbon 
dioxide removal, 2 GtCO2/yr, 
comes from conventional 
management of land and a tiny 
fraction, 0.002 GtCO2/yr, 
results from novel methods
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There is a      gap between proposed levels of carbon dioxide removal and what is needed to meet the 
Paris temperature goal
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Closing the gap requires 
scaling up carbon dioxide 
removal, particularly rapidly 
in the next decade
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There is a      gap between proposed levels of carbon dioxide removal and what is needed to meet the 
Paris temperature goal
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Virtually all scenarios that limit warming to 1.5°C or 2°C require “novel” CDR, such as BECCS, 
biochar, DACCS, and enhanced rock weathering. However, only a tiny fraction (0.002 GtCO

2 

per year) of current CDR results from novel CDR methods. Closing the CDR gap requires 
rapid growth of novel CDR.  Averaging across scenarios, novel CDR increases by a factor of 
30 by 2030 (and up to about 540 in some scenarios) and by a factor of 1,300 (up to about 
4,900 in some scenarios) by mid-century. Yet no country so far has pledged to scale novel 
CDR by 2030 as part of their Nationally Determined Contribution, and few countries have so 
far published proposals for upscaling novel CDR by 2050.  
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CDR is not a silver bullet, as scenarios that limit warming to 2°C or lower require deep 
cuts to emissions in addition to, not in place of, CDR. A few scenarios do meet the Paris 
temperature goal without novel CDR, but these require even more aggressive emission 
reductions, which we are not on track to achieve. To help manage uncertainties and risks 
associated with CDR at large scales, our dependence on it should be limited by reducing 
emissions faster.  

Spurring the rapid growth in CDR necessary to close the CDR gap requires urgent and 
comprehensive policy support that is tailored to specific national contexts. Over 120 national 
governments have a net-zero emissions target, which implies using CDR to counterbalance 
residual emissions, but only a few explicitly integrate CDR into their climate policies. The next 
decade is crucial for novel CDR, in particular, since the amount of CDR deployment required 
in the second half of the century will only be feasible if we see substantial new deployment 
in the next ten years, novel CDR’s formative phase. Yet our assessment reveals few countries 
have actionable national plans to develop CDR, particularly for novel methods. 

In terms of recent growth, our assessment of trends in the scientific literature, innovation and 
public perception of CDR reveal some interesting patterns as CDR evolves. The peer-reviewed 
scientific literature on CDR is growing faster than for climate change as a whole, now 
consisting of over 28,000 English-language studies. Most focus on land-based biological CDR 
methods such as biochar and soil carbon sequestration. Almost all are published in science and 
technology journals, with very few in social sciences or humanities publications, and only about 
a third have a specific geographic focus. This indicates a potential lack of information tailored to 
specific local contexts, particularly for novel CDR methods.

Innovation in CDR has expanded substantially in recent years. We see evidence of this in 
over $4 billion of publicly funded Research, Development and Demonstration (RD&D), a rise 
in patents (with China the lead country and Direct Air Capture the most patented technology) 
and investment in new CDR capacity totalling approximately $200 million from 2020 to 
2022. CDR is becoming more of a public talking point too, although awareness remains low 
relative to other aspects of climate change. A growing number of scientific studies on how 
people perceive CDR indicate public support for research into CDR but raise concerns about 
deployment at scale. CDR methods that are familiar and often perceived as natural, such as 
afforestation, are viewed more favourably than others. Discussion of CDR on the social media 
platform Twitter is growing fast, with a trend towards more positive sentiment for all CDR 
methods except BECCS. 

The primary policy implications of this first assessment of the state of CDR are that 
meeting the Paris temperature goal requires us to accelerate emission reductions, increase 
conventional CDR and rapidly scale up novel CDR. Actionable policy proposals, with 
standardised transparent reporting and involving societal deliberation, will support and shape 
these outcomes in a manner that acknowledges both the urgency of the challenge and issues 
such as policy costs, hazards and land-use conflicts. 
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We intend for this report to be the first in a series, continuing to track the CDR gap and 
providing a clear, authoritative, and up-to-date snapshot and serving as an information 
resource for those who are making decisions about CDR and its role in meeting climate goals. 
We have identified areas on which future assessments can build, including: (1) expanding 
the community of experts and data sharers to widen the knowledge, perspective and 
experiences that guide development of CDR; (2) improving the availability of data on CDR 
projects, plans, investment and other relevant dimensions; and (3) honing the analysis around 
more complete, consistent and comparable definitions and methods. 

Twenty years ago, renewable energy was a niche sector. Today, the picture is radically 
different. This rapid development was enabled in part by concerted efforts to build 
institutions and communities for gathering and sharing information. CDR is at the start of a 
similar journey. We, the scientific convenors, hope that this contribution, in addition to the 
contributions of many others, provides similarly important guidance so that CDR too can play 
an important role in addressing climate change.
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