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Abstract

An intense global research effort on carbon dioxide removal (CDR) technologies is generating a
rapidly expanding scientific literature. These contributions stem from various disciplines and
investigate various CDR concepts and their potential implications. This study conducts an updated
analysis of the international research effort on CDR from 2012 to 2023, examining 7893
publications using bibliometric techniques. We focus on the geographic distribution of
technology-specific research and the funding driving this research. Significant publication growth
is observed post-2015, particularly after 2018 and in 2023, driven primarily by the EU, China, and
the US. Notably, biochar, afforestation/reforestation, and soil carbon sequestration are among the
most researched CDR options, with direct air carbon capture and storage, bioenergy carbon
capture and storage, and blue carbon also receiving substantial attention, especially in 2023.
Analysis of scientific funding patterns aligns with these trends. Based on these findings, the study
proposes a knowledge roadmap to elucidate emerging trends in CDR literature, offering insights

for future research and policy development.

1. Introduction

The intergovernmental panel on climate change
(IPCC) consistently emphasizes the critical role of
carbon dioxide removal (CDR) technologies in mit-
igating the impacts of climate change and enabling a
smooth transition to a sustainable future (IPCC 2014,
2018, 2019, 2022). Various CDR options are envis-
aged, including bioenergy carbon capture and stor-
age (BECCS), direct air carbon capture and storage
(DACCS), biochar, afforestation/reforestation, soil
carbon sequestration, enhanced weathering, blue car-
bon, and ocean fertilization. These technologies are
deployed across different climate scenarios to achieve
negative emissions on a global scale, an essential com-
ponent for genuine carbon neutrality (Ho 2023).
In particular, CDR technologies are indispensable

© 2024 The Author(s). Published by IOP Publishing Ltd

for limiting global warming to 1.5°C above prein-
dustrial levels and are incorporated into numerous
2 °C pathways (IPCC 2022). Due to their potential,
CDR technologies have gained significant attention
in policy and scientific arenas (Schenuit et al 2021).
However, their deployment faces challenges in read-
iness, scalability, economic viability, and environ-
mental and societal impacts, requiring thorough con-
sideration (Fuss et al 2018, Nemet et al 2018, Jagu
Schippers 2022).

Given the rapid global expansion of CDR research
(Minx et al 2017), examining its directions and
dynamics is timely and offers insights for successful
deployment. Structured mapping of the CDR land-
scape is needed for two main reasons: CDR is evolving
quickly and gaining policy momentum, especially
with BECCS and DACCS technologies (McCulloch
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et al 2019), and its interdisciplinary nature requires
cross-disciplinary connections (Rogelj et al 2015,
Carton et al 2020, Grant et al 2021). Differing per-
ceptions among professional communities can hinder
interactions, making a trans-disciplinary perspect-
ive essential. As a result, bibliometric analyses are
key for mapping CDR research while mitigating bias
(Haddaway et al 2015). A triad of systematic reviews
on CDR in 2018 (Fuss et al 2018, Minx et al 2018,
Nemet et al 2018) coincided with the IPCC’s Special
Report on 1.5°C (IPCC 2018), laying a solid found-
ation for growing CDR research. Since then, bib-
liometric studies have focused on Carbon Capture
and Storage (Omoregbe et al 2020, Khosroabadi et al
2021, Ritchie and Tsalaporta 2022), carbon sinks
(Huang et al 2020), specific technologies (Miranda
etal 2022, Zolfaghari et al 2022), and mitigation scen-
arios (Hilaire et al 2019).

This paper provides an updated overview of
the CDR research landscape in the years 2012-
2023, focusing on the geographic distribution of
technology-specific CDR research and the funding
driving this research. Using bibliometric analysis, we
quantitatively assess the field to offer a structured
picture of existing literature and research trends.
This approach enables the identification of key insti-
tutions, authors, and funding sources while high-
lighting potential gaps in research efforts. From a
policy perspective, our analysis unveils comparat-
ive performances among countries engaged in CDR
research, reveals specialization patterns, and analyzes
differences in funding schemes. Moreover, it identi-
fies national research priorities and their impact on
the scope and direction of CDR studies, providing
valuable insights for designing research policies that
promote the development of CDR technologies and
optimize resource allocation.

From a methodological standpoint, the effective-
ness of this CDR literature overview depends on the
careful selection and analysis of specific datasets, thus
ensuring a comprehensive understanding of various
CDR technologies and their associated studies. In our
study, we consider a large set of CDR techniques,
including enhancing forest coverage through affor-
estation and reforestation, stimulating phytoplank-
ton growth via ocean fertilization, the application of
enhanced weathering that grinds up small parts of
ground silicate minerals that capture CO,, blue car-
bon that focuses on the conservation and restoration
of coastal and marine ecosystems, such as mangroves,
seagrasses, and salt marshes. We also investigate tech-
nologically advanced solutions such as BECCS, where
we use biomass for energy and then capture and store
the CO; they would have released, and DACCS, which
directly captures CO, from the atmosphere and stores
it underground.

R Presty et al

Our analysis highlights a growing literature with
surges after 2015 and 2018, with the European Union
(EU), China, and the United States of America
(US) leading the way, followed by Australia, the
United Kingdom (UK), Canada, and Germany. CDR
research is mainly studied in environmental sci-
ences, while other fields such as agriculture, engin-
eering, energy, and technology show country-specific
focuses. Among CDR technologies, biochar, affor-
estation/reforestation, and soil carbon sequestration
have received the most attention in terms of research
volume, with DACCS, BECCS, and blue carbon fol-
lowing closely behind, gaining prominence since
2015 and especially after 2018. Our data reveals a
focus on specific technologies in different countries.
Academic funding has significantly increased over the
years, predominantly from China, the EU, and the
US, with the UK following. Academic funding pat-
terns show China’s strong emphasis on older tech-
nologies, while the EU and the US influence aca-
demic research towards newer CDR technologies like
DACCS, BECCS, and blue carbon, albeit without
complete dominance. Our results indicate signific-
ant competition, intentional or not, between the US
and China in DACCS research investments. The EU
has historically led in funding DACCS and BECCS
research, but there has been a notable decline in CDR
research funding in 2022 and 2023.

The paper is organized as follows. In the next
section, we present the data and the methodology.
The third section provides a comprehensive analysis
supported by graphical visualizations and tables and
discusses the findings. Finally, the last section offers a
summary and some concluding remarks. For the sake
of reproducibility, appendix presents the search quer-
ies employed to obtain the data.

2. Data and methods

2.1. Data

We consider the period covering the years 2012-2023.
The choice of a restricted timeframe is consistent
with the standard recommendations for bibliomet-
ric studies (see, e.g. Luo et al 2022) that emphasize
the potential shortcomings (e.g. visualizations qual-
ity, data comparability) of including previous pub-
lications in recent analyses and specifically recom-
mend the use of a decade as the most appropriate
time frame for readability and comparability pur-
poses. Moreover, this timeframe is relevant due to the
recent development of the CDR literature, as shown
in figure 1.

Following AlRyalat et al (2019) guidance, our
bibliometric data is extracted from Web of Science,
using the query presented in appendix that is the
one already used in the landmarks reviews of Minx
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Figure 1. Number of publications (a) and citations (b) for the top 10 countries.

et al (2017, 2018), Fuss et al (2018) and Nemet et al
(2018). This query yields a sample comprising 9806
observations.

To correct for the possible presence of duplic-
ated occurrences in our sample (which could reflect
similar works presented in various forms, including
conference proceedings or book chapters), we fur-
ther restrict our sample to include published articles
solely. In addition, we use a dedicated algorithm to
verify potential duplicates. The algorithm is as fol-
lows. Two records are considered the same if they
match the first author’s last name, the first ten let-
ters of the title, the first ten letters of the source, the

year of publication, the DOI, if any, and the num-
ber of pages. If we find duplicates, we keep the Web
of Science version. If none of the records is from the
Web of Science, we keep the one with more inform-
ation, i.e. the longer one. We ensure zero duplicates
as their presence could introduce bias into our study.
This filtering yields a restricted sample that includes
8355 publications. Additionally, we have qualitat-
ively examined the data and detected the presence
of publications unrelated to negative emissions or
CDR technologies. We removed the inclusion criteria
for all fields with less than five publications in order
to eliminate unrelated fields such as pharmacology,
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medicine, and music publications. The resulting data-
set has a total of 7893 observations. Subsequently, this
dataset is partitioned into seven subsamples, one for
each CDR technology. These subsamples respectively
include 1299 publications for soil carbon sequest-
ration, 1573 publications for afforestation/reforest-
ation, 1959 for biochar, 191 for ocean fertilization,
250 for enhanced weathering, 994 for BECCS, 897 for
DACCS, and 768 for blue carbon. Note that public-
ations covering multiple technologies can appear in
multiple datasets.

2.2. Method

Bibliometric studies are quantitative examinations of
the literature that account for the characteristics of a
particular publication (Yu et al 2017). This methodo-
logy inherently allows for a quantitative disclosure of
characteristics, evolutionary trends, and research pri-
orities (White 2018). In this paper, we conduct a per-
formance analysis using metrics such as the number
of publications, the number of citations, and the aver-
age number of citations per publication to determine
the productivity and impact of the publications. From
a methodological standpoint, our analysis is derived
from the literature on bibliometric analysis methods
(e.g. metrics) (Donthu et al 2021) and software tools
(Moral-Munoz et al 2020) that provide guidance for
data cleaning.

As a preliminary step, we use the extracted data
to gain an overview and a better understanding of
our dataset. We visualize the data to gather insights
on the macro-level trends within the literature. By
examining the characteristics of the literature across
different countries, we seek to answer questions such
as: which countries, institutions, and authors are act-
ive in the CDR research community, and what are
their focus areas? Do countries’ research activities
align with climate objectives and industrial and geo-
graphical characteristics? Can we quantify their con-
tributions effectively? We use simple data visualiz-
ation techniques to investigate these questions and
cross-reference them with real-world policies, applic-
ations, and projects to glean insights and answers.

In this initial stage of our analysis, we visualize
trends and changes in the focus of the research com-
munity over time. We illustrate the proportion of
publications dedicated to each technology, provid-
ing an understanding of the distribution of research
effort. Additionally, we demonstrate the growth in
the number of publications in the CDR field over
the years, offering insights into the evolution and
expansion of the field. To demonstrate the country-
specific focus on CDR, we use the Herfindahl-
Hirschman index (HHI). This commonly used indic-
ator captures in detail the ‘concentration’ of a
portfolio (IEA 2007, Bazilian and Roques 2008a,
Loschel et al 2010). This index is derived as follows:

R Presty et al

HHI=Y"" | (%)2 With i being the type
of CDR method and Publications the number of pub-
lished studies. This index value sits between 1/N
(e.g. 12,5% for 8 CDR methods) and 1 (only 1 CDR
method has publications).

In the second phase of our analysis, we delve into
the allocation of funds for CDR research by extract-
ing funding information from the Web of Science.
This funding information includes the names of
funding agencies and the associated grant num-
bers. Investigating the flow of funding offers valu-
able insights into the strategic planning of various
countries or regions regarding specific CDR plans
or directions. This, in turn, provides an indication
of their response to climate change and sustainabil-
ity goals. However, this approach has certain limita-
tions. We do not have access to the exact amount of
allocated funds, which means that some technologies
might receive more substantial financial support than
expected from our results. Additionally, the dataset
containing funding information is smaller than the
initial dataset.

3. Results and analysis

3.1. Preliminary insights: how and where is CDR
researched?

3.1.1. The time dimension

We first investigate the temporal progression of CDR
literature among countries. The histogram shown in
figure 1(a) presents the top 10 countries in volume
of publications’. A clear trend of increasing publica-
tions per year across all countries indicates a growing
global interest in CDR technologies, resulting in an
exponential growth in citations. From 2012 to 2022,
the total number of publications increased fivefold.
Significant surges in publication volume occurred
after 2015, 2019, and 2023, possibly tied to interna-
tional events or advancements in the field, such as the
Paris Agreement in 2015 and the IPCC reportsin 2018
and 2022. Finally, despite China having more publica-
tions than the US (and the EU after 2022), we observe
fewer citations for Chinese publications.

3.1.2. Insights from a disciplinary clustering

We now explore the disciplinary landscape of CDR
research by analyzing publication patterns in the liter-
ature. Figure 2 maps out the most influential research
areas in CDR, following the disciplinary classifica-
tions of Web of Science based on publication volume.
The ‘Environmental Sciences and Ecology’ field dom-
inates the literature across all countries, typically

5 Due to collaborative research across countries, our data may con-
tain double-counting. For instance, a publication co-authored by
France and the US is counted once for each, thus inflating the total
when summing individual country counts.
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including soil sciences and marine biology studies.
The second dominant field then varies by country. A
high focus on ‘Agriculture’ can be observed in China,
Australia, Germany, and France. In the UK, the focus
is predominantly on ‘Energy and fuels, a field that
covers BECCS-DACCS and biochar. The remaining
research areas include ‘Engineering, which is often
associated with models and scenarios, and ‘Science
technology other topics, which includes publica-
tions related to the technological aspects of CDR. As

shown in our data, the distribution of research areas
highlights a diverse and country-specific disciplinary
engagement with CDR technologies.

3.1.3. Insights from a technological perspective
We now investigate the evolution of interest in each
CDR technology to explore the heterogeneity among
CDR technologies.

Regarding specific technologies shown in figure 3,
BECCS and DACCS have seen significant increases




10P Publishing

Environ. Res. Lett. 19 (2024) 103004

in research activity, especially after 2015 and 2018.
Interestingly, the number of BECCS articles surpassed
that of DACCS articles until 2022. In 2023, DACCS
received unprecedented attention, which could indic-
ate an increasing confidence in the feasibility of the
technology. Overall, these results corroborate a recent
study showing a relatively high expert support for
research on and deployment of BECCS and DACCS
(Kerner et al 2023).

Soil carbon sequestration and afforestation/refor-
estation have also seen significant growth in research
activity. The relatively higher maturity of these CDR
methods (IPCC 2022) may contribute to their pop-
ularity. Biochar has also seen an increase in interest,
possibly due to its easier access and multiple benefits,
such as improving soil fertility in addition to car-
bon sequestration. Ocean fertilization and enhanced
weathering have seen less research activity than other
technologies. Lastly, the research on blue carbon has
seen an important growth since 2015 and 2022.

These findings provide additional insights into
the data presented in figure 1. The first research boom
in 2015 marks the beginning of the recognition of
CDR and the possibility of new ways of capturing
carbon, such as BECCS. After 2018, new technologies
began to emerge. Finally, 2023 saw DACCS receiving
the largest growth in attention.

3.2. The geography of CDR research

3.2.1. Insights from a country-specific perspective

This section explores the production of articles on
each CDR technology across countries.

The distinct emphasis on CDR technologies,
as shown in figure 4, highlights national priorit-
ies, resources, and policies. This figure presents two
scales: the most active countries in CDR research
(Graph A) and the countries that are relatively active
but not leading the field (Graph B).

The EU, China, and the US show significant
research output on biochar, afforestation/ reforest-
ation, and soil carbon sequestration. This focus
suggests a potential emphasis on techniques with
higher technological readiness levels and multiple co-
benefits outside of CDR. In the EU, BECCS also
receives an important amount of attention (and
DACCS in a smaller way) that corresponds to the
EU vision for industrial carbon management, with
new CO, storage capacity in 2030 for instance
(European Commission 2024). The US leads the field
in DACCS and Blue Carbon research. The robust
focus on DACCS can be linked to the US Department
of Energy’s dedicated funding for DACCS techno-
logy research and development (US Departement of
Energy 2021). Meanwhile, the extensive research on
blue carbon might be associated with the US’s vast
coastal and marine ecosystems and their potential for
carbon sequestration (Kauffman et al 2020). China,
on the other hand, prioritizes biochar, soil carbon

R Presty et al

sequestration, and afforestation/reforestation. This
focus may be driven by China’s commitment to refor-
estation efforts and the potential for biochar and
soil carbon sequestration techniques to enhance soil
health and productivity while also providing car-
bon sequestration benefits (Majumder et al 2019).
Australia’s research is primarily on blue carbon, likely
due to its geographical characteristics (Gulliver et al
2020), followed by biochar and afforestation/refor-
estation. Interestingly, Australia’s research activity in
BECCS and DACCS is relatively limited. The UK,
focusing on BECCS and its access to one of Europe’s
largest carbon dioxide storage sites (the North Sea),
invests a significant portion of its research in BECCS
(Drax Group 2023). Similarly, Germany has a signi-
ficant focus on BECCS.

To ease cross-country comparisons, we also con-
sider a quantitative measure of diversity: the HHI,
as presented in the method section. By construction,
this indicator reflects both variety (i.e. the number
of technologies researched) and balance (the spread
among these technologies) (see: Bazilian and Roques
2008b, Massol and Banal-Estanol 2014).

In the US and the EU, we observe a balanced
activity across technologies, as shown by the research
concentration index (HHI) of 15% and 16%, respect-
ively. Compared to China’s high HHI of 22%, the US
and the EU have highly investigated emerging techno-
logies (BECCS, DACCS, and Blue carbon) since 2015.
On the other hand, China has maintained its histor-
ical focus on biochar, afforestation/reforestation, and
Soil carbon sequestration.

3.2.2. Impact of CDR research

The top ten countries are detailed in table 1, along
with their associated academic characteristics. The h-
index is described as follows: a set of papers has an h-
index of N if there are N published papers that have N
or more citations each. It is an indicator of how many
well-cited papers are in this set of papers. A key obser-
vation from the data is the prominence of the EU,
China, and the USA in CDR research, each demon-
strating a substantial volume of publications and a
high h-index. This indicates an active and influential
literature, with an average citation count of around
20-50 per publication. We also note some differences
between the most prolific and influential institutions
and authors.

3.2.3. A focus on institutions and individuals

The top 10 institutions presented in table 2 are mostly
groups of research departments or universities that
facilitate high-volume production. It appears that
among the top countries in our rankings, the UK
is the only one without a collective research group
comprising multiple universities. While Chinese
publications have the lowest average citations, France
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Figure 4. Number of articles published per year for each type of CDR technology for the top five countries and EU 27 (a). Graph

has the highest ratio for both countries and insti-
tutions. Finally, we observe diversity in research
focus, even if some technologies are less emphasized.
For example, DACCS is only a top focus of the US
Department of Energy.

3.3. How is academic CDR research funded?

3.3.1. Funding sources for CDR research

Table 3 illustrates the distribution of funded public-
ations across various institutions from 2012 to 2023.
Funded publications are articles with a declared state-
ment of funding in the manuscript. The publications
that have not declared any funding are directly stated
as ‘unfunded or unknown fund’ in our dataset. From
the data, several key trends and observations can be

identified. The National Natural Science Foundation
of China has consistently been the leading contributor
to scientific publications over the considered time
period, with a significant increase in the number of
funded publications in 2016.

The EU, the UK Research Innovation (UKRI),
and the National Science Foundation (NSF) have
also significantly contributed to the total count of
funded publications. The UKRI has demonstrated
steady growth in its funded research output, with a
consistent upward trajectory in the number of public-
ations funded until 2021. However, the NSF and the
EU exhibit more variability over the years, possibly
indicating shifts in research focus or fluctuations in
funding availability.
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Table 1. Top ten countries and their respective characteristics. The first column presents the country and its associated h-index. The
second column is the actual number of publications published. The third column is the total number of references for those
publications, and it only includes external references, with a maximum of one reference per paper. The most prolific institution and
author are the ones with the highest number of publications, while influential means the highest number of citations.

Country Total Total Most prolific Most prolific Influential Influential
(h-index) publi. reference  institution author institution author

EU 2451 52945 CSIC van Vuuren, D. P. CNRS Ciais, Philippe
(125) (Spain) (Utrecht Univ.) (U. Paris-Saclay)
China 2177 37089 Chinese Wang, Hailong Chinese Deng, Lei

(108) Acad. of Sci. (Foshan Univ.) Acad. of Sci. (Tsinghua U.)
USA 1880 50266 Univ. of Jones, Christ. USDA Lal, Rattan
(125) California (Georgia IT) (Ohio U.)

UK 893 25537 Imperial Smith, Pete Imperial Smith, Pete

(74) Coll. London (U. of Aberdeen) Coll. London (U. of Aberdeen)
Germany 679 20742 Helmholtz Kuzyakov, Yakov Helmholtz Luderer, Gunnar
(85) Association (Un. Gottingen) Association (PIK)

Australia 676 21818 CSIRO Macreadie, Peter I. CSIRO Macreadie, Peter I.
(83) (Deakin University) (Deakin U.)
Canada 447 12708 Univ. of Chang, Scott X Univ. of Angers, Denis A.
(51) Brit. Columb. (Univ. of Alberta) Brit. Columb. (AAFC)

Spain 405 10085 CSIC Penuelas, Josep CSIC Marba, Nuria
(58) (CREAF-CSIC) (IMEDEA)
India 364 9075 ICAR Maiti, Subodh K. IIT System Mohan, Dinesh
(45) (1IT) (JNU)

Ttaly 327 10715 CNR Tavoni, Massimo CNR Tavoni, Massimo
(59) (CMCC) (CMCC)

France 274 10851 CNRS Ciais, Philippe CNRS Ciais, Philippe
(54) (U. Paris-Saclay) (U. Paris-Saclay)

Table 2. Top ten institutions and their respective characteristics. Top ten countries and their respective characteristics. The first column
presents the institution and its associated h-index. The second column is the actual number of publications published. The third column
is the total number of references for those publications, and it only includes external references, with a maximum of one reference per
paper. It finally displays the three main CDR technologies focused on in their research.

Institution (h-index)  Total publications  Total references ~ Main focus  Second focus  Third focus
Chinese Acad. 663 15618 afforest./ Soil carb Biochar
of Sciences (71) reforest. seq.

University of 183 8530 Soil carb afforest./ Biochar
California (48) seq. reforest.

Northwest AF 182 5053 afforest./ Soil carb Biochar
Univ. China (41) reforest. seq.

US department 182 7061 DACCS Biochar BECCS
of Energy (43)

US dep. of 176 5998 Biochar afforest./ Soil carb
Agriculture (40) reforest. seq.
CSIC 151 5605 Biochar enhanced BECCS
(Spain) (37) weather.

Helmholtz 147 5020 Ocean Biochar afforest.
Association fertiliz. reforest.
(Germany) (41)

CNRS 139 7105 Soil carb BECCS afforest./
(France) (41) seq. reforest.
Ministry of 138 2653 Soil carb afforest./ Biochar
Agri. (China)(31) seq. reforest.

Some institutions, such as the National Basic years, from 118 in 2012 to 682 in 2023, sug-

Research Program of China and the Ministry of
Education, Culture, Sports, Science, and Technology
Japan, showed a declining trend in the num-
ber of publications funded. However, the over-
all number of publications with a declared state-
ment of funding increased significantly over the

gesting a global growth in public recognition
of CDR.

From the data, the NSFC, the EU, the NSF, and
UKRI appear to be the top CDR academic research
funders in their respective regions. While the NSFC
and the EU keep a consistent and growing funding
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Figure 5. Allocation of funded and unfunded publications across three major regions—China, the EU, and the US, from 2012 to
2023. Funded publications are articles with a declared statement of funding in the manuscript. The publications that have not
declared any funding are directly stated as ‘unfunded or unknown fund’ in our dataset.

allocation, the NSF and UKRI do not uniformly fund
CDR research, still with a growing trend.

Finally, the funding agencies’ funded publications
are consistent with the most active countries in the
CDR literature shown previously and the surges in
CDR interest after 2015, 2018, and 2023 with our pre-
vious analysis.

3.3.2. Funding allocation and technology preferences
Figure 5 presents the allocation of publications fun-
ded and ‘unfunded or unknown fund’ across three
major regions—China, the EU, and the US, from
2012 to 2023. One striking observation from the
data in figure 5 is the close numbers of declared
funds (1740) and publications (2177) originating
from China. This near-parity may suggest strong
central planning that dictates the direction of aca-
demic research, which tends to allocate funds to areas
that are national priorities and led by central institu-
tions. This is reflected in Soil Carbon Sequestration,
Afforestation/Reforestation, and Biochar receiving
the highest levels of investment®. In contrast, this cor-
relation is less evident in the cases of the US (648
vs 1880) and the EU (1016 vs 2451). This might be
indicative of their different approaches to scientific
research.

6 The main funding agency in China is the NSF of China (table 3)
which is directly administered by the Central government. Their
main tasks can be found here: (https://fundit.fr/fr/institutions/
national-natural-science-foundation-china-nsfc).

Figure 6 illustrates the allocation of funds across
different CDR technologies in three major regions—
China, the EU (which includes EU Bodies), and the
US—other regions are also included when they are
among the top funders on a specific technology from
2012 to 2023.

An unexpected finding is the technological shift
observed in regions outside of China. The EU is
allocating relatively more funds towards BECCS than
expected, considering the region’s predominance of
soil sciences publications. The U.S. presents a sim-
ilar pattern but towards DACCS; their investment
in DACCS exceeds that of biochar by far. In 2023,
funds in all technologies except DACCS were stagnant
or lowered. The growth in DACCS funding in 2023
corroborates the growth in DACCS publications.

Building on this trend, it is worth noting that
the EU is investing in various promising techno-
logies. The allocated funding is fairly distributed
across all promising technologies and may even be
higher for newer and more technologically sophist-
icated methods such as BECCS and DACCS since
2018. Surprisingly, blue carbon received enormous
attention, specifically during the year 2022 for
the EU.

Conversely, the US seems to be allocating its
additional funds towards DACCS, BECCS, and Blue
Carbon, while Soil Science research stays constant at
the top, with 2021 being a special funding-intensive
year. This shift could indicate a policy transition
towards innovative and potentially scalable CDR
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Figure 6. Allocation of funds across different CDR technologies in three major regions—China, the EU (of which includes EU
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2012 to 2023. Funded publications are articles with a declared statement of funding in the manuscript. The publications that have
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solutions. The stagnation of funding from the US for
Soil Sciences technologies may suggest a perceived
research saturation in this area or a strategic pivot
towards other technologies. The US research does not
rely much on grants compared to China and the EU.

In general, both the EU and the United States
seem to invest less in maritime technologies. The
EU has the smallest investment in ocean fertilization
and blue carbon research, while the United States is
least involved in funding enhanced weathering stud-
ies. Interestingly, smaller regions such as the UK and
Australia are making a noticeable impact.

The literature on enhanced weathering is pre-
dominantly funded by the UK, which also holds a
strong position in BECCS research funding. When the

funding contributions of the EU and the UK are com-
bined, it becomes clear that BECCS occupies a cent-
ral and perhaps dominant role in their climate change
strategies. Meanwhile, Australia stands out for its sig-
nificant investment in Blue Carbon research, a focus
that aligns with its unique coastal geography.
Despite being the least active and starting with rel-
atively modest funding levels, the European Bodies
have increased their funding across all technologies
over the past decade. The EU bodies’ funds are pre-
dominantly directed toward BECCS research, fol-
lowed by studies in soil sciences. Other technolo-
gies, however, attract significantly less attention from
funding agencies. For instance, DACCS receives a
considerably smaller portion of the funding but is a

10
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relatively newly funded technology, with funds act-
ively growing since 2018. Despite a growing trend in
funding for maritime CDR, particularly focusing on
blue carbon in 2022, research in maritime techno-
logies remains significantly underfunded. This high-
lights a potential area for increased attention and
support.

4, Conclusion

In light of the rapid growth and expanding diversity of
CDR research, there is a pressing need for a structured
interdisciplinary perspective on the existing literature
and research trends. This study proposes an updated
picture of the CDR research landscape in the years
2012-2023, focusing on the geographic distribution
of technology-specific CDR research and the funding
driving this research. Through bibliometric analysis,
we aimed to facilitate the identification of research
trends, key contributors, funding sources, and poten-
tial gaps in the research landscape. Our data encom-
passes all published research on the eight main types
of CDR methods, representing approximately 7900
papers.

Our exploration highlights the diversification and
expansion of CDR research, marked by three not-
able surges in activity after 2015, 2018, and 2023.
We observe a growing literature driven by the EU,
China, and the US, followed by the UK, Australia,
Canada, and Germany, with significant attention
given to Biochar, afforestation/reforestation, and soil
carbon sequestration historically. Emerging techno-
logies such as DACCS, BECCS, and Blue Carbon have
gained prominence since 2015, with DACCS receiv-
ing unprecedented attention in 2023. Each country
appears to pursue its own goals and objectives regard-
ing CDR, reflecting varying technological focuses.

One striking observation is the differences in
research portfolios. The US and the EU exhibit
the most diversified approaches to CDR research,
whereas China’s strategy focuses on CDR methods
that present high co-benefits for agriculture. In devel-
oping their research strategies, the US and the EU
focus on BECCS and DACCS in distinct ways. The US
primarily concentrates on DACCS, directing about
half of its efforts towards BECCS, whereas the EU
does the opposite. This divergence may stem from the
US viewing CDR as a pathway to innovation, suppor-
ted by the Inflation Reduction Act and the willingness
to continue fossil energy (Bigger et al 2022). At the
same time, the EU considers it primarily as a climate
neutrality tool (Tatarewicz et al 2021).

The analysis of academic funding reveals that
the EU and the US have adopted a diverse research
strategy in a range of technologies, particularly
DACCS and BECCS, since 2018. Investigating funds
highlights greater diversification in CDR research
than merely examining research volume for those
two regions. In contrast, the NSF of China funds the
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vast majority of Chinese research, indicating strong
central planning due to the strategy of ‘command
and control’ (Liu et al 2021) and a less diversified
approach, as evidenced by the concentration index.
The results on the funding for DACCS indicate sig-
nificant competition, intentional or not, between
the US and China in DACCS research investments.
Historically, the EU has been the leading region in
funding DACCS research. However, in 2023, there
was a noticeable reduction in the funds allocated to
DACCS and other CDR methods. Based on the EU’s
climate objectives (IPCC 2022), the EU should be
careful not to under-invest in CDR research com-
pared to other regions. After 2021, the EU failed to
remain the most productive region in BECCS and
DACCS research. China and the US did the opposite
for DACCS by investing in almost three times more
publications in 2023 than in 2021.

Our study is limited by several factors. First, our
data are limited by including only English-speaking
studies. We may leave out a big portion of Asian,
South American, and even European parts of the liter-
ature (Linkov et al 2021). A second factor to consider
is the metric used for publication; we used the num-
ber of articles published, with no access to the differ-
ences in publishing strategies or the quality of pub-
lished articles. In a similar way, we have access to the
declaration of funds within each study; some studies
may not disclaim any funds, even if some were per-
ceived. In addition, we do not have access to the mon-
etary amount of those funds.

It should also be noted that some of the pub-
lications included in this study may not primar-
ily focus on CDR but rather on other co-benefits.
For example, biochar provides numerous benefits for
agriculture (Tisserant and Cherubini 2019, Campion
et al 2023) and biodiversity (Tammeorg et al 2017).
Afforestation and reforestation offer co-benefits such
as habitat provision, biodiversity enhancement, soil
retention, water conservation, and reduction in non-
point source pollution (Li et al 2021). Soil carbon
sequestration improves soil health, which is benefi-
cial for food production (Eddy and Yang 2022). Blue
carbon contributes to coastal protection and habitat
restoration (Morris et al 2023), and enhanced weath-
ering mitigates ocean acidification (Taylor et al 2016).
In contrast, other CDR methods may have min-
imal or no co-benefits or even negative side effects.
BECCS mostly has negative side effects beyond energy
production, and DACCS primarily presents negative
impacts (Priitz et al 2024).

In conclusion, this study underscores the need
for continued interdisciplinary research efforts to
address the challenges and opportunities in the
field of CDR. Leveraging bibliometric analysis can
advance knowledge and offer timely insights to
inform research policy decisions aimed at achiev-
ing carbon neutrality and mitigating climate change.
Future research directions could include a more
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extensive analysis of the CDR research landscape
by visualizing collaboration and influence dynam-
ics within the literature, enriching the understand-
ing of the field. Another potential extension could
involve comparing our data on research funding with
patents to examine whether funding impacts patent-
ing, thereby documenting the interactions between
funding, published research, and patented innova-
tion in CDR. Finally, one could explore whether the
interplay between funded and unfunded academic
research preserves a diversified portfolio compared
to the ‘innovation mercantilist’ strategy that solely
involves publicly funded research (Atkinson 2020,
2021).
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Appendix

Al. Full search query

(TS = (biochar* AND ((carbon OR CO2) NEAR/3
(sequest™ OR storage OR stock OR accumulat® OR
capture))) OR TS = (ocean NEAR/5 iron NEAR/5
(fertili*ation OR enrichment) NOT natural NOT ice*
NOT glaci*) OR TS = ((soil NEAR/3 (carbon OR
CO2) NEAR/3 (sequest* OR storage)) AND (‘cli-
mate change’ OR ‘global warm*’) AND (manag* OR
practice® OR restoration OR land-use)) OR TS =
((afforestation OR reforestation) AND ((carbon OR
CO2) NEAR/3 (sequest* OR storage))) OR (TS =
((‘ocean liming’) AND (removal OR storage) AND
(CO2 OR carbon*)) OR TS = ((geoengineer*) AND
(silicate OR olivine OR albite OR CACO3)) OR
TS = ((silicate OR olivine OR albite OR CACO)
AND (mitigat* NEAR/3 (‘climate change’ OR ‘global
warming’))) OR TS = ((‘ocean alkalini*’) AND
(remov* OR storage OR mitigat* OR sequest™)
AND (CO2 OR carbon*)) OR TS = (((enhance*
OR artificial*) NEAR/2 weathering ) AND ((car-
bon OR CO2 OR ‘climate change’ OR ‘global warm-
ing’) NEAR/3 (remov* OR sequest* OR storage OR
sink OR mitigat* OR reduc*)))) NOT TS = (glaci*
OR ice* OR ordovic* OR Aptian OR Cenozo* OR
Paleo™ OR Mezoso™) OR (TS = (((capture OR extrac-
tion OR absorbtion) NEAR/3 (air OR atmosph*))
AND (ambient OR ‘atmosph* pressure*’) AND (CO2
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OR carbon)) OR TS = (((captur® OR extract)
NEAR/3 (direct* OR ‘carbon dioxide’) NEAR/3 (air
OR atmosph*)) AND (CO2 OR carbon)) OR TS =
((*sorbent OR amine) AND capture AND (carbon
OR CO2) AND (‘ambient air’)) OR TS = ((captur*
NEAR/3 CO2 NEAR/3 (air OR atmosph*)) AND
solar)) NOT TS = (phenolic OR PCB* OR particu-
late OR NOx OR isotope OR ‘heat pump’ OR poly-
cyclic OR *bacteria* OR lignin OR sink OR pollu-
tion OR photosynth* OR biofuel* OR sugar) OR TS
= (BECCS OR ((biomass OR bioenerg*) AND (‘CCS’
OR “Carbon capture and Storage’ OR ‘Carbon dioxide
capture and Storage’ OR ‘CO2 capture and storage’))
NOT ‘co-fir*” NOT ‘co-generat®” NOT cogeneration
NOT coal) OR TS = ((seagrass OR mangrove* OR
macroalgae OR ‘blue carbon’) AND ((carbon OR
CO2) NEAR/3 (sequest* OR accumulat* OR stor-
age OR capture)) AND ( deforest® OR afforest*
OR conserv* OR restor* OR manag* )) OR (TS
= ((CDR AND ( CO2 OR carbon* )) OR ‘neg-
ative carbon dioxide emission®” OR ‘negative CO2
emission®” OR ‘negative GHG emission*” OR ‘neg-
ative greenhouse gas emission*” OR ‘carbon-negative
emission®” OR (‘negative emission®” NEAR/10 car-
bon) OR (‘negative emission*” NEAR/10 CO2)) OR
TS = ( geoengineering AND ((carbon OR CO2)
NEAR/3 (sequest* OR accumulat* OR storage OR
capture))) OR TS = ((‘geoengineering’ OR ‘climate
engineering’) AND CDR)) NOT TS = (N20 OR
nitrogen OR NOX)) NOT TS = (‘bioactive equi-
valent combinatorial components’ OR ‘bandwidth-
efficient-channel-coding-scheme’ OR ‘bronchial epi-
thelial cell cultures’ OR ‘california current system’
OR comet OR Mars OR exoplanet* OR ‘competition
chambers’ OR gastric OR (mercury NEAR/3 capture)
OR (image NEAR/3 capture) OR ‘canary current sys-
tem’ OR ‘heavy metal’ OR eicosanoid OR ‘companion
cells’ OR ‘calcium carbonate sand’ OR ‘copper chap-
erone’ OR ‘commercial cane sugar’ OR ‘Cindoxin
reductase’ OR ‘coupled dissolution reprecipitation’
OR ‘carbon dioxide reforming’ OR rats OR ‘comple-
mentarity determining regions’ OR deoxycytidine).

A2. Soil carbon sequestration

TS = ((soil NEAR/3 (carbon OR CO2) NEAR/3
(sequest™ OR storage)) AND (‘climate change’ OR
‘global warm*’) AND (manag" OR practice* OR res-
toration OR land-use)).

A3. Afforestation/reforestation
TS = ((afforestation OR reforestation) AND ((carbon
OR CO2) NEAR/3 (sequest® OR storage))).

A4. Biochar

TS = (biochar* AND ((carbon OR CO2) NEAR/3
(sequest™ OR storage OR stock OR accumulat® OR
capture))).
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A5. Ocean fertilisation
TS = (ocean NEAR/5 iron NEAR/5 (fertili*ation OR
enrichment) NOT natural NOT ice* NOT glaci*).

A6. Enhanced weathering

(TS = ((‘ocean liming’) AND (removal OR storage)
AND (CO2 OR carbon*)) OR TS = ((geoengineer*)
AND (silicate OR olivine OR albite OR CACQO3))
OR TS = ((silicate OR olivine OR albite OR CACO)
AND (mitigat* NEAR/3 (‘climate change’ OR ‘global
warming’))) OR TS = ((‘ocean alkalini*’) AND
(remov* OR storage OR mitigat* OR sequest™) AND
(CO2 OR carbon*)) OR TS = (((enhance® OR
artificial*) NEAR/2 weathering ) AND ((carbon OR
CO2 OR ‘climate change’ OR ‘global warming’)
NEAR/3 (remov* OR sequest* OR storage OR sink
OR mitigat* OR reduc*)))) NOT TS = (glaci* OR
ice* OR ordovic* OR Aptian OR Cenozo* OR Paleo*
OR Mezoso*).

A7.Bioenergy carbon capture and storage
TS = (BECCS OR ((biomass OR bioenerg*) AND
(‘CCS’ OR ‘Carbon capture and Storage’ OR ‘Carbon
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dioxide capture and Storage’ OR ‘CO2 capture and
storage’)) NOT ‘co-fir” NOT ‘co-generat”” NOT
cogeneration NOT coal).

A8. Direct air capture

(TS = (((capture OR extraction OR absorbtion)
NEAR/3 (air OR atmosph*)) AND (ambient OR
‘atmosph™ pressure®”) AND (CO2 OR carbon)) OR
TS = (((captur® OR extract) NEAR/3 (direct® OR
‘carbon dioxide’) NEAR/3 (air OR atmosph*)) AND
(CO2 OR carbon)) OR TS = ((*sorbent OR amine)
AND capture AND (carbon OR CO2) AND (‘ambi-
ent air’)) OR TS = ((captur* NEAR/3 CO2 NEAR/3
(air OR atmosph*)) AND solar)) NOT TS = (phen-
olic ORPCB* OR particulate OR NOx OR isotope OR
‘heat pump’ OR polycyclic OR *bacteria* OR lignin
OR sink OR pollution OR photosynth* OR biofuel*
OR sugar).

A9. Blue carbon

TS = ((seagrass OR mangrove* OR macroalgae OR
‘blue carbon’) AND ((carbon OR CO2) NEAR/3
(sequest™ OR accumulat* OR storage OR capture))
AND (deforest* OR afforest™ OR conserv* OR restor*
OR manag®)).
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