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About this document. This document was developed by the National Oceanic and
Atmospheric Administration (NOAA) Carbon Dioxide Removal Task Team (CDR

Task Team), a cross-NOAA interdisciplinary team with relevant expertise in climate
and carbon, coastal and open ocean science, aquaculture development, and ocean
conservation. In November of 2020, the CDR Task Team was charged by the Senior
Research Council of the NOAA Office of Ocean and Atmospheric Research (OAR) with
devising a draft portfolio of CDR strategic research needs in support of a broader
climate recovery strategy pursuant to Sect. 214 and 216 of White House Executive
Order No.14008, 86 FR 7619, which was endorsed by the NOAA Science Council in
January 2022. This document also contains information relevant to White House memo
M-21-32 “Multi-Agency Research and Development Priorities for the FY 2023 Budget.”
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Executive Summary

How to use this document:

This document is intended to serve as a reference for exploration of carbon
removal research at NOAA. The report was drafted by authors from across NOAA
to provide strategic direction to relevant labs and programs in multiple line
offices. The goal has been to assemble as much information as possible in order to
facilitate conversations about Carbon Dioxide Removal (CDR) at a high level within
the agency. This document will be used to develop an implementation plan for CDR
research at NOAA in the event that Congress instructs the agency to engage in
this emerging research front.

This report does not endorse any specific CDR activity, technique, or application.
Rather, it is similar to recent reports released by the National Academies of
Science, Engineering, and Mathematics (NASEM); the Department of Energy;

and the Energy Futures Initiatives, which note that more research is necessary.
This report also does not compare or contrast nature-based and engineered CDR
techniques focused on emissions reductions, such as carbon capture, utilization,
and storage (CCUS). The goal is to explore NOAA's role in assessing negative
emissions strategies, which are techniques that remove carbon directly from the
atmosphere and marine systems.

Report Contents:

This document is organized in four parts:
I. Anintroductory section, including the scientific motivation for CDR
research;
Il. A review of potential CDR techniques and current science;
lll. A synopsis of NOAA's key assets for CDR research; and
IV. A vision of CDR research at NOAA.

Key Findings:
A summary of the key findings of this report is provided below.

Scientific motivation. Parts | and Il of this report provide a summary of the
scientific motivation for CDR research and a summary of the current status

of several atmospheric, coastal, and oceanic CDR techniques. Human-induced
climate changes already affect every part of the globe, with potentially dire
consequences for many ecosystems and human communities. Under current
emissions trajectories, global surface temperatures will continue to rise. With
further warming of the Earth system, every region is projected to experience
increasingly concurrent climate extremes, associated with clear impact drivers.
Limiting warming to levels that avoid extreme risk requires immediate and
substantial reductions of greenhouse emissions, as well as the removal of carbon
dioxide from the atmosphere. While emissions-reduction approaches are the
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primary component for addressing this challenge, negative emissions strategies
will be essential for keeping global temperatures at or below target levels.
Negative emission strategies refer to a portfolio of technigues that are used to
remove legacy greenhouse gasses from the atmosphere and lock them away from
the atmosphere. CDR, the focus of this report, specifically references techniques
that remove legacy emissions of carbon dioxide from the atmosphere. Many

of these technigues are promising in theory, but require additional research to
evaluate their effectiveness and scalability, and explore potential co-benefits and
environmental risk. This report includes a summary of several techniques, each
of which is compared in Table 1, which shows the current understanding of the
relative strengths and weaknesses of each technique, as well as NOAA's potential
contributions. Additional information visualizing the data in Table 1 can be found
in Figures 1a and 1b. A comparison of the potential ecosystem impatcs of each
method can be found in Table 3.

NOAA's role. Part lll of this report reviews NOAA's potential role in CDR research.
NOAA is recognized around the world for its leadership in Earth system science
and environmental stewardship. Its existing mandate already covers research and
monitoring of Earth’s carbon cycle and climate system. Accordingly, researching
how CDR technigues may change the climate system are already part of NOAA's
purview. NOAA has been approached by multiple federal agencies and private
sector interests to contribute expertise to CDR research. In addition, NOAA is an
internationally recognized leader in environmental stewardship and community
resilience. We envision that research in the agency and funded by the agency but
happening elsewhere could use existing and innovative observations, models,
ecosystem assessments, and decision support infrastructure to inform evidence-
based decisions concerning the effectiveness and potential implementation of
carbon removal technigues by federal and state governments, private sector
interests, and nonprofit organizations:

e NOAA's global to coastal observing networks and data assimilation
capabilities could monitor and verify the actual carbon drawdown of CDR
installations

e NOAA's earth system and regional ocean modeling capabilities could
be used to assess and inform the scale up of land and ocean based
methodologies.

e NOAA's ecosystem research is well suited to study the potential ecosystem
impacts of atmospheric and marine CDR deployments

e NOAA's decision support and ocean planning infrastructure, including
the agency’s management role and stakeholder relationships, could help
create essential data and data product infrastructures to resolve use,
siting, management and conservation challenges; conduct necessary
socioeconomic research; educate public and private partners; maintain trust
in climate data; and ensure high standards of scientific integrity and ethics.

A vision of NOAA CDR research in the future. In Part IV of this report, we offer
a vision of how NOAA may engage CDR research in the future. Estimates indicate
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that between 400 and 1000 GT' C must be removed from the atmosphere and
sequestered safely by 2100 to meet warming targets of 1.5 to 2 °C, depending
on the corresponding emissions reductions pathways (Rogelj et al., 2018, 2015).
Given the necessary pace of infrastructure development to meet these goals,
the construction, engineering, and equipment manufacturing sectors associated
with building CDR facilities could see at least 300,000 new jobs by 2050;
overall, the value of the carbon management sector could rise to U.S. $259 B by
2050 (Larsen et al., 2019). To meet the challenges associated with this growing
industry, we suggest that the global scientific community, including NOAA, will
need to proceed with a parallel research paradigm. This would include multiple
simultaneous streams of basic and applied research that address the effectiveness
and potential impact of carbon removal projects from a variety of efforts. Such
an effort would gradually build to field studies as each technique matures, and
then broaden to application of sustainable, effective methods of carbon removal.
Throughout this three-stage process, it will be imperative to act with the highest
standards of transparency and scientific integrity in order to protect the public’'s
confidence in Earth system data and the safety, sustainability, and fairness of
these deployments.

1. 1 gigaton (GT) of carbon dioxide (CO,), which is used in this document, is identical to 1 petagram
(Pg) of carbon dioxide (10" g) and equivalent to 0.27 GT of carbon (C), a term that is used in some
circles. To visualize this amount, 1 GT C can be represented by 1 km?3 of coal, or approximately 8.3
million train cars filled with coal. That train would wrap around Earth five times. The total amount
of carbon needed to be removed today from the atmosphere to reach pre-industrial concentra-
tions (~280 ppm) is ~1064 GT CO,. To bring today’s concentration of ~415 ppm down to 350 ppm, a
number once touted by many as acceptable, would require the removal of ~514 GT CO,. Rebounding
concentrations from other reservoirs could further increase this number (Cao and Caldeira, 2010;
Vichi et al., 2013).
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Part I: Introduction

It is abundantly clear that climate change is a threat to modern society and

will likely compromise key societal sectors in coming decades and centuries.

IPCC Assessments since 1990 have successively reported on the increasingly

dire impacts of climate change. Numerous additional IPCC special reports have
provided regional, national, or topical detail. All state that climate change will
significantly affect our national security, both directly through impacts on our
agriculture, environment, economy, public health and safety, food security, cultural
heritage, and political stability, and indirectly, as a threat multiplier.

The recent IPCC's 6th Assessment Report acknowledged that society must act
aggressively to hold warming to ~1.5 - 2 °C above pre-industrial levels by the

end of the century. In discussion of Mitigation (WG3), nearly every scenario that
achieved these goals included “deep emissions reductions.” Certainly, there will be
efforts to adapt to the consequences of rising temperatures, but society will also
need to take action to mitigate them and, consequently, reduce their impacts. The
IPCC ARG6 report on Mitigation (WG3) emphasizes three primary actions that can
help keep the temperature increase below 1.5 - 2 °C by the end of the century.

First, efficiencies help reduce the total overall demand for fossil energy. The
IPCC's 6th Assessment Report highlights “decarbonization gains" that result from
improved energy efficiency: The energy necessary to yield each unit of GDP has
fallen by approximately 2% per year (WG3). Some studies suggest that complete
implementation of all known energy efficiency strategies could provide 40%

of the emissions abatement required to meet Paris Agreement climate targets
(IEA). Circular economy innovation, involving designing products and processes to
increase recirculation of products and materials, and reduction of waste can also
contribute to greenhouse emission reductions by reducing waste in the embodied
energy, as well as in other resources. However, gains in mere production and
service efficiency can be masked by increased demand for energy to supply new
goods and services, unless accompanied by comprehensive circular economy
innovation. Circular economy innovation is one of the five net-zero game changers
identified by the WH as key innovation to meet 2050 Climate Goals (WH, 2022).

This leads to the second action: a shift from fossil fuels to renewable or non-
carbon based energy as the primary source of power could dramatically reduce
and ultimately eliminate most carbon dioxide emissions, despite increasing global
energy demands. This falls largely on the transportation, power production, and
power distribution sectors of our economy (WG3). This shift is already underway to
some extent, in part because the cost of renewable energy with storage is falling
below the cost of coal, oil, and natural gas. Accordingly, corporations, states, and
municipalities are already engaging in robust efforts to advance renewable energy.
Electric vehicle technology is advancing rapidly in the private sector, which, along
with a power grid based on renewable energy, could make a substantial dent in
emissions.
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Implementation of renewable energy and energy efficiency will require the nearly
complete transformation of today's energy system (WH, 2022). Although the
technologies needed to achieve these emissions changes are largely in place today,
technical innovation- and time to implement these innovations- are a necessity
(WH, 2022). This leads to the third action, the removal and stable storage of legacy
greenhouse gas emissions away from the atmosphere. According to the IPCC's
recent AR6 report, carbon removal techniques are now essential components

of almost all pathways that achieve 1.5 - 2 °C warming goals. If emissions rates
continue to rise, meeting these goals will require increasing reliance on negative
emissions technologies, or carbon dioxide removal (CDR).

While negative emissions technologies and carbon removal techniques are still

in the early stages of development in most cases, the body of research around
these techniques is growing fast (e.g., NASEM 2018, 2021, Smith et al., 2023),

as is private and public interest in the development of carbon sequestration
infrastructure. In one recent report summarizing the potential economic benefits
of Direct Air Capture (DAC), the construction, engineering, and equipment
manufacturing sectors associated with building CDR facilities could see at least
300,000 new jobs by 2050 (Larsen et al., 2019). Still, there is a clear gap between
the knowledge needed to successfully upscale this industry safely and the current
pace of innovation. The IPCC suggests that the biggest risk of implementing CDR
research is placing land use in competition with other sustainable development
goals (WG2).

Given the potential economic and climate benefits of carbon management for

the U.S., the Biden Administration has set a goal of Net Zero emissions from

the United States by 2050 (WH, 2021a and b). The Infrastructure Innovation

and Jobs Act also codified the potential benefits of Carbon Removal for both
climate and economies (Sec 40301), in addition to funding the establishment of
regional DAC infrastructure in the United States. These early investments are
essential, given that society has neither the technology nor the understanding

to remove CO, on the scale needed today, nor do we understand the potential
environmental and human impacts of such actions. Beyond developing the most
effective CDR systems (if any can be developed at the necessary scale), there are
huge challenges associated with this endeavor, including accurately tracking and
providing accountability metrics for carbon removal. Given these clear research
and development needs and broad potential impacts, there is a role in CDR
research for almost every federal agency, for the private sector, and for state and
local governments. This view was reflected in Congress’'s 2021 mandate that the
Department of Energy prepare a report on cross-sector CDR science, emphasizing
the role that federal research plays in the development and implementation of CDR
(Energy Act of 2020 Section 5002). These data will also be essential to supporting
regulatory decisions and permitting of CDR activities to ensure the protection of
the environment and human health.

As an internationally recognized leader in science, environmental stewardship, and
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community resilience, NOAA is well-positioned to lead in the analysis of impact,
effectiveness, feasibility, and risk of many CDR techniques. NOAA is recognized
around the world for its leadership in Earth system science and environmental
stewardship. NOAA leadership and transparency in observing and studying the
atmosphere and ocean make it a trusted agent for assessing the effectiveness

of CDR approaches. Additionally, NOAA's deep connections to regional and local
stakeholders across the nation connects decision makers with the data they need
to pursue evidence-based, actionable solutions for climate adaptation, mitigation,
and intervention. Numerous public and private entities at multiple scales are
already exploring various CDR techniques involving the biosphere, the ocean, and
even direct capture from the atmosphere. NOAA's emphasis on big-picture, long-
term monitoring and its research capabilities are ideally suited to understand,
evaluate, and verify these efforts and their potential for success.

This document focuses on NOAA's potential role in CDR and how its mission and
capabilities (including through grants to external entities) map to specific CDR
needs. CDR is currently in its infancy, as are NOAA's efforts to support it. NOAA
has a suite of capabilities that can be applied to understand and assess CDR and
understand its impacts on ecosystems and society. In this report, we outline some
key established techniques for CDR in land, marine, and coastal settings; discuss
how these techniques intersect with NOAA's existing research mandates; and,
finally, discuss what a mature CDR research and assessment strategy might look
like at the agency. What becomes readily clear is that NOAA's existing climate and
carbon cycle research are foundational, respected, and world class. We now need
to put these assets to work to address CDR as a key component of climate crisis
intervention.
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Part II: Overview of CDR Approaches

According to the recent IPCC Sixth Assessment Report (AR6), most emissions
strategies that limit climate warming to 1.5 - 2 °C rely on CDR. In general, by the
middle of the century, approximately 10 - 15 GT CO, removal is required each year?.
Worldwide, most operational projects are currently small (i.e., sequestering on the
order of 10,000 times less CO, than what is needed by the end of the century)?.

It has been estimated that the industry must grow rapidly in order to meet these
targets#: it will be necessary to not only increase the efficiency and number of
these projects but also explore alternative technologies to achieve these ambitious
goals by 2050 (Nemet et al., 2018).

It is extremely likely that these removal goals will be met by a portfolio of
techniques, rather than emphasizing one universal application. In the sections
below, we profile each of these technical sectors in which NOAA may engage,
including the stage of development of the technique, the possible co-benefits
and risks, and key research necessary to attain GT-scale carbon capture. NOAA
also has the ability to make grants to external entities to fill research gaps and
augment agency capabilities. We group these into three categories: Land-based
methods; ocean-based methods; and coastal methods. In this overview section,
we provide some technical background that can inform the relative strengths and
weaknesses of the methods described below.

Comparing CDR Techniques

Methods of carbon removal are traditionally evaluated on several success metrics,
including the additionality of the CO, removed, the durability of storage, and risk
of “leakage" leading to increased emissions as a result of a removal project. All
of these metrics contribute to estimates of a method's scalability and the cost
per ton of removal (e.q., see Figure 1). Scalability refers both to how quickly these
projects can be replicated, given space, time, and cost constraints, and to the
theoretical cap on the total potential carbon removal of these particular projects.
In general, methods that require limited infrastructure or infrastructure that can
scale relatively quickly and cost effectively, and which can remove very large
amounts of carbon from the earth system have a high scale potential. Beyond
scaling, another key challenge is to find durable deposition reservoirs that

2. The pace and magnitude of necessary carbon removals to meet warming targets varies between
climate scenarios. For example, scenario SSP1-1.9 requires about 430 GT CO, by the end of the cen-
tury, whereas other scenarios may require as much as 1000 GT CO, (Rogelj et al., 2018).

3. At the time of writing, there are currently 15 direct air capture plants operating worldwide, cap-
turing and storing more than 9,000 T CO, / year, with a1 MT CO, / year capture plant in advanced
development in the United States that may become operational by 2023 (IEA, 2020). The largest
DAC plant in the world opened in Iceland in 2021, which can by itself draw down and store 4,000 T
CO, annually (ClimeWorks, 2021). In addition to the low volumes of CDR sustained by these instal-
lations, it is also worth noting that the diversity of these projects is limited; all rely on primarily the
same modes of operation. Implementation of the U.S. DOE DAC hubs suggests this technological
diversity is essential to success (e.g., Bowman et al., 2022).

4. A sustained 6% annual increase in carbon removal capacity between 2040 and 2060 is re-
quired; see Minx et al. 2018, Figure 9.
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minimize leakage back into the atmosphere. CO, has a lifetime in the atmosphere
and oceans of 1,000s of years, which makes it imperative that the reservoirs are
sustainable over long periods. The duration of storage references how long the
carbon removed by a particular technique can be stored. The longest storage
times of 1,000 years are essentially permanent removal, while shorter storage
times, on the order of years or decades, are less efficient. Third, methods with

a low cost-per-ton for removal are considered more economically feasible®.
Therefore, an ideal method with respect to carbon removal would be highly
scalable with long-term storage at low cost. In addition to these three key carbon
removal metrics, all forms of CDR may have environmental co-benefits and risks
associated with their infrastructure or operation, which require equal consideration
in evaluating their potential.

A summary of how the different techniques we review below compare based on
these metrics can be found in Table 1. Note that none of the methods we surveyed
here fall into the highest category by all three of these metrics. Also included

in Table 1is an estimate of NOAA's potential overall impact with respect to each
particular technigue. Where the CDR Task Team felt that NOAA could assess the
duration, scalability, costs, risks, and co-benefits of the approach, or (b) improve
the readiness of the approach by providing decision support tools, we indicated
that NOAA may have a high overall impact.

Beyond the relative scalability, duration, energy requirements, and cost of carbon
removal approaches, there are other challenges associated with each technique.
Some methods of carbon removal that seem promising may be at an extremely
early stage of development, meaning that much more research will be required
before they can be successfully scaled. We emphasize here that this is especially
true for ocean-based CDR methods. Additional study by the entire research
community is needed to assess and / or accelerate technical readiness and help
better articulate the risks associated with each method. Further, the WG1 report
emphasizes that there is a high confidence that most CDR projects will have
additional synergies as well as risks that may impact Sustainable Development
Goals, particularly those that take place on land. For example, land CDR strategies
might improve soil quality (synergy), but also displace food production (risk)
(AR6 WGIII). Multiple reviews have posited how carbon removal strategies can
incorporate environmental justice (e.qg., Batres et al., 2021; Morrow et al., 2020;
Bergman and Rinberg, 2021; and the White House Council on Environmental
Justice, 2021). Most suggest that well-resourced community-driven decision
making, equitable distribution of deployment, geopolitical responsibility sharing,
and transparent technology transfer will be essential to inform deployment
strategies and build safequards against past, present, and future harms for
marginalized communities and those already disproportionately impacted by
climate change.

5. Costs per ton of removal are challenging to calculate, but overall should include the costs for
both removal and storage of CO, related to infrastructure, operations, and potentially negative en-
vironmental impacts. Generally, the costs of co-benefits (both sale of potential by-products as well
as environmental co-benefits) are not included in the cost per ton of removal.
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Issues in Monitoring, Reporting, and Verification

Given the potential economic benefits of many forms of CDR, there is an increasing
demand for Monitoring, Reporting and Verification (MRV) standards that can help
assess projects (CarbonPlan, 2023). In general, MRV refers to the accounting
practices that assess the additionality, durability, and leakage of a carbon removal
project:

e Additionality: Quantifying that, as a result of the project being assessed,
emissions are overall lower than they would have been in the most plausible
alternative scenario. Additionality assessments ensure that a real action was
taken, and verify that the action resulted in a net removal of carbon. Measuring
additionality requires separate measurements of (a) a counterfactual baseline,
(b) robust measurement of gross removal, and (c) calculations that account for
the emissions in the production and supply chain of the removal project (e.qg.,
Lifecycle Analysis (LCA)). (For additional discussion of additionality, see Terlouw
et al., 2021.)

e Durability: Assessment of how long the carbon removed can be stored with
a low risk that emissions removals can be reversed because (a) the project is
stopped (reversibility); (b) destroyed, as through a natural disaster or (c) is offset
by natural feedbacks. (For additional discussion of durability, see Ruseva et al.,
2020)

e Leakage: Estimates of how much carbon might escape back into the atmosphere
after it has been removed. Leakage can be direct (e.g., escape of gaseous CO,
from a storage tank over time), indirect (e.g., through natural carbon-climate
feedbacks, or shifts in algal production due to nutrient robbing), or market-based
(e.q., a CDR project somehow created increased emissions in an entirely different
sector). (For additional discussion of leakage, see Filewod and McCarney, 2023.)

It is important to note that much more research is required to define best practices
that quantify additionality, durability, and leakage. These measurements challenge
even the most robust biogeochemical measurement and modeling capabilities
existing today. From an observational perspective, carbon removal from CDR methods
often happens slowly over large spatial scales (e.g., Burt et al., 2021), meaning that
extremely precise measurements are required to detect a small removal signal
against an otherwise highly variable background. Even where these measurements
can be made, the current spatial density of observation networks may be insufficient
to resolve small-scale dynamic variability. Computational models can help resolve
some of this uncertainty, but face their own challenges, including coarse spatial
resolution compared to the scale of CDR projects. Validation of CDR packages for
earth system models is also particularly challenging: a model that is built to assess a
measurement that cannot be made in its own right necessitates a rigorous validation
protocol (e.g., Wang et al., 2022, Wu et al., 2023; Berger et al., 2023).

Measurement and modeling of leakage can also be challenging, through abiotic
feedbacks (e.g., Cao and Caldeira, 2010; Vichi et al., 2013) and ecosystem
compensation (e.g., Boyd et al., 2022, Hurd et al., 2022, Bach et al., 2021), which can
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be rife with parameter and process uncertainty and unknown unknowns. Although
carbon drawdown takes place over wide spatial scales and long time scales, leakage
assessments must be made on the same scale as storage, not removal: a project that
claims 1,000 years of durable carbon removal may require 1,000 years of leakage
monitoring.

NOAA's expertise and infrastructure is well suited to addressing some of these
challenges, especially as they inform the design of the next generation of observing
systems and earth system modeling. New sensing development, enhanced coverage
of observing systems, emerging computational modeling techniques, and carefully
designed decision support products will all eventually be required to create high-
quality, transparent MRV standards (again, see Table 2). Note that it is likely that
MRV practices may vary: the unique challenges associated with each CDR method,
as well as with specific deployments of varying scale, may necessitate individualized
approaches.

Another key NOAA asset is the agency's contributions to measuring and monitoring
the global carbon budget. In addition to MRV tuned to each project, it will also be
important to consider carbon removal in the aggregate. While this global-scale effort
cannot replace project-scale MRV, it is essential to understanding the overall impact
of mCDR. Independently tracking this aggregate impact also means a separate
system of infrastructure. While it may be convenient to use well-established climate
time series as a counterfactual baseline for small-scale CDR projects in the same
area, direct perturbation against these baselines will also reduce the integrity of the
time series as a whole. NOAA's expertise in building cost-effective, fit-for-purpose
observing systems is ideally matched to understanding how global climate monitoring
and monitoring for MRV can dovetail effectively.

It is important to note that MRV practices also address how the measurements of
additionality, durability, and leakage are reported, verified, and certified, as well

as the accounting and crediting of removals. There are important open questions
concerning which requlatory agencies may have jurisdiction over MRV and CDR
certification, and how issues such as environmental impact assessment, practicality,
intellectual property, and environmental justice will intersect with MRV practices.
Although MRV for some CDR methods is better established than others (e.g., DAC+S;
see Climeworks, 2023), at present, a patchwork of unevenly applied voluntary and
certification standards of varying quality guide the sector (e.qg., Arcusa et al., 2022;
Cooley et al., 2023). Some of these standards are applicable across multiple methods
of CDR, but importantly many ocean-based CDR methods do not map cleanly to
these existing guidance frameworks. In general, it will be essential for emerging MRV
methods and standards to be transparent, so that their effectiveness, uncertainty,
safety, sustainability, and fairness can be assessed (Batres et al., 2021; Cooley et al.,
2023).

Given these uncertainties and the implications that variable definitions can have,

we do not use the language of MRV in this report, although many relevant issues in
the quantification or verification of CDR methods are discussed both in reference to
individual CDR methods as well as NOAA's role in the observing, modeling, ecosystem
research, and decision support that will support high-quality MRV practices.
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Technological Estimated Cost Scale Potential  Duration of NOAA Potential NOAA
Readiness ($/tCOzremoval) (Gt COz/ yr) Storage (years) Impact Catalysts
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161 Smith, 2012, ' Smith, 2016, 8 NASEM 2019, ! Paustian et al., 2019, " UNEP, 2017, ™ Liu et al., 2016, "2 Smith et al., 2016b, o O .
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b8l de Lannoy et al., 2018, " NOAA 2010 OF White Paper, ?° Braswell et al., 2020, ?" Macreadie et al., 2019, 22 NRC 2019

Table 1. Summary of CDR methods by duration of storage, scale potential, estimated costs per ton
of CO, removal, and overall technical readiness. Methods are sorted by NOAA's potential impact.
Higher favorability (e.g., high technical readiness or low cost) is indicated by darker blue shading.
Boxes with multiple shades indicate a higher range of favorability. Filled circles indicate NOAA's ca-
pabilities to address, validate, measure, or improve any of these characteristics (e.g., by increasing
or validating storage duration, or by lowering costs of the method), though this may require addi-
tional capacity. NOAA's potential overall impact is addressed in the last two columns, highlighting
where key NOAA assets could catalyze research in each method, and where NOAA might have the
highest overall impact.
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Figure 1a. Comparison of various attributes of carbon removal methods, including the duration, ef-
fectiveness, cost range, technical readiness, and potential for NOAA to contribute for these meth-
ods. The data for this table are taken from Table 1. Highlighted here is ocean alkalinity enhance-
ment, one of the methods of carbon removal that is most related to NOAA's existing mission. Note
that this visualization is particularly challenging. An alternate visualization of some of this data
can be found in Figure 1b, next page.
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Figure 1b. Comparison of various attributes of carbon removal methods, including the effective-
ness (Gt CO2 removal / year), cost range ($ / ton CO2 removal), duration (size of dot), and potential
for NOAA to contribute for these methods (dot fill). Note that both axes are broken for ease of
visualizing data with large differences in cost and effectiveness. The quadrants are also shaded to
show how methods may be able to be grouped together. T bars represent ranges of data. Dots are
positioned at the center of these ranges. The data for this table are taken from Table 1. Note that
this visualization is particularly challenging. An alternate visualization of some of this data can be
found in Figure 1a, previous page.
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Global Carbon Budget

1GtC = 1PgC; Reservoirs Gt and Fquesp GtCl/year

Atmosphere
870 Gt

— il Lakes
errestria 2
Plants ? Gt

450 Gt

Soil
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Dissolved
Inorganic Carbon
37,100 Gt

Dissolved
Organic Carbon
615 Gt

Fossil Fuels
1,360 Gt

. Surface Ocean . Intermediate and Deep Ocean . Sediments

Data from Hansell et al. (2015) and Friedlingstein et al. (2022)

Figure 2. Global carbon budget. The latest global carbon budget given for 2022 from Friedlingstein
et al., 2022 and supplemented with data from Hansell et al., 2015. The estimated inventories of the
reservoirs shown here are in PgC (in bold) and the annual mean fluxes are in PgC / yr (in circles).
Each of the CDR approaches described in this report seeks to store atmospheric carbon in one of
these reservoirs.
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Our Natural Carbon Dioxide Removal System
Colm Sweeney

A broad perspective of carbon reservoirs and the present-day annual exchange
of carbon between these reservoirs (Figure 2) provides some important context
for understanding both the CDR processes that are naturally occurring and those
reservoirs and exchange processes that can be further enhanced.

The natural 50% uptake, climate change, and carbon-climate feedbacks: Natural
sequestration of atmospheric carbon dioxide in ocean and terrestrial environments
captures just under 50% of the CO, that is added to the atmosphere every year
through fossil fuels emissions. Without this mechanism, Earth would already be
facing a 1.5 °C warming due to the increase in atmospheric CO, that we project.
However, climate change is already reducing land and ocean carbon uptake capacity,
leading to a positive feedback that increases climate change. Permafrost may be a
particularly potent example: permafrost soils contain enormous amounts of organic
carbon that may respire and be released to the atmosphere as Earth’s climate warms.
Earth system models suggest that some of these feedbacks (like permafrost-driven
carbon release) are not reversible over decadal to centennial timescales, even under
scenarios that project gigaton-scale carbon removal from the atmosphere. In some
cases, removing carbon from the atmosphere could lead to CO, outgassing from other
natural carbon reservoirs. These carbon-climate feedbacks, both those induced by
climate change and those induced by CDR itself, may reduce the long-term efficiency
of many of these CDR methods (Cao and Caldeira, 2010; Vichi et al., 2013). NOAA's
atmospheric and ocean observations and analysis over the past 60 years have

played a critical role in understanding and quantifying the natural carbon cycle, and
will continue to play a role in detecting changes that result from continued climate
change and from CDR.

Ocean'’s role - Before atmospheric CO, started increasing, it had been assumed that
the oceans were a source of CO, into the atmosphere due to the fact that on an
annual basis ~0.65 Gt of C were being added to the surface oceans through riverine
input. However, with the exponential increase in atmospheric CO, through fossil fuel
emissions, the air-sea CO, gradient has increased over time leading to net uptake of
atmospheric CO, by the ocean. This natural response of the ocean to take up more
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carbon as it is introduced into the atmosphere may lose efficiency and slow down and
as solubility and biological transport processes change in response to surface ocean
warming and the stratification that follows (Cao and Caldeira, 2010; Vichi et al., 2013).
It is imperative that NOAA and its collaborators continue to understand carbon-
climate feedbacks to better understand the future response to warming and the long-
term efficiency of carbon removal.

The reservoir sizes in the ocean also give us valuable insights into marine CDR
opportunities. While the gross fluxes of carbon into the ocean are driven, in part,

by the biological pump, the 6 GT CO, reservoir of biomass signals that the carrying
capacity of that reservoir is small. While the dissolved and inorganic carbon
reservoirs (~101 Gt C) in the surface oceans are larger, and accordingly could be a less
disruptive way to sequester carbon from the atmosphere, sequestration is only half
the problem: transport of sequestered carbon to the deep ocean, and ultimately into
ocean sediments where it cannot escape back into the atmosphere will ultimately
determine the durability of any sequestered carbon pool. It is this ability of the
ocean to durably store carbon, rather than to simply absorb it, that is the driving
mechanism for several of the CDR approaches described in this report.

Land's role - Like the oceans, the land biosphere has continued to absorb increasing
amounts of CO, as concentrations in the atmosphere have increased. One mechanism
driving this process is known as CO, fertilization, which leverages the ever-increasing
concentration of atmospheric CO, to drive uptake in productivity of plants. In
principle, one expects land use constraints and nutrient and water limitation

to provide a future threshold to this process. Likewise, as atmospheric CO, has
increased, so have sources of atmospheric nitrogen which may also be playing a role
in biospheric uptake. Meanwhile wildfires are burning more frequently and hotter,
displacing massive amounts of soil carbon into the atmosphere.

Again, the simple picture of the carbon cycle (Figure 2) provides important insights to
natural processes that could be exploited to advance CDR. One of these takeaways is
the fact that terrestrial biota in the form of land plants provide an extremely efficient
mechanism for taking CO, out of the atmosphere and this process as the first step of
atmospheric CO, sequestration should be considered. The key here is capturing this
carbon in forms that can be stored in deep reservoirs.
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ATMOSPHERIC
Solar CLIMATE VARIABILITY and CHANGE COMPOSITION

Radiation Hz0, CO3, CHy, N30, Oy, etc.

Figure 3. Processes influencing the climate system. Schematic of major natural and anthropogenic
processes and influences on the climate system including CO,, dust, iron, and nitrogen interactions
between Earth system components, modified from Dunne et al., 2020.

Land-Based Approaches
Colm Sweeney

Numerous land-based CDR approaches have been proposed and are being tested
on various scales. They involve changes to agriculture, forests, and other land-
use activities (AFOLU, e.qg., Smith et al 2018, IPCC AR5 Chapter 11), as well as
direct air capture of CO,. Some experimental efforts are funded by the federal
government (e.qg., ARPA-E, USDA), foreign governments, and many private
organizations, who are seeking to support or develop CDR approaches. Most are
being conducted only at research levels at this time, but as they develop, there
will be a need for demonstrating their effectiveness, verifying that they work

on the scales needed, and monitoring the success and environmental effects of
each approach once implemented. Other challenges with land approaches include
estimating the longevity of sinks, given the likelihood of destruction of natural
land sinks (e.q., fires, degradation, respiration) and the resulting unanticipated
impacts on terrestrial, coastal and oceanic ecosystems. Just as emission
inventories of some greenhouse gases in the atmosphere, e.q., CFCs, HFCs,
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https://data.globalchange.gov/file/0b10dcfe-b7ec-42e0-baad-b6266cef96a3
https://www.american.edu/sis/centers/carbon-removal/fact-sheet-direct-air-capture.cfm
https://www.american.edu/sis/centers/carbon-removal/fact-sheet-direct-air-capture.cfm
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2019MS002015

SF,, are being improved with atmospheric measurements and inverse models,
atmospheric removal inventories of CO, and CH, could be similarly estimated with
additional adjustments to the way we currently monitor and report on atmospheric
composition.

Direct Air Capture

Technological Estimated Cost Scale Potential Duration of NOAA Potential NOAA
Readiness ($/tCOzremoval) (Gt COz/ yr) Storage (years) Impact Catalysts

. . CJ : . NOAA observing
Direct Air Low - Hig Low - Hig network (GGRN) sets
Capture ($40 - $100 (0 - 11) Moderate global standard for

verification

Direct air capture (DAC) describes a number of processes that remove CO,

from the atmosphere and put the carbon into a more stable form or long-

lived reservoir. There are several methods of DAC, but all follow a rather
straightforward approach, which involves passing large amounts of air through

a bed of adsorbent (liquid or solid) where CO, is selectively removed from the
air and purified into a stream of gas that can be transformed into biochar-like
material or deposited in geologic reservoirs where it can be subject to long-term
storage or remineralization (Figure 4). While these processes are generally well
developed, one key challenge of DAC is the necessary high-energy inputs: for
DAC to be carbon negative or even carbon neutral, the energy required to drive
these systems must come from renewable or non-CO_-emitting sources. Other
DAC challenges include siting plants where environmental conditions favor the
process and materials supply chains for these engineered sorbents / solvents.
This also contributes to the high estimated costs of DAC. However, in just a few
years, estimated removal costs have fallen from a prohibitive U.S. $2202 / T C
(NASEM 2015) to as low as U.S. $367 / T C or less (NASEM 2019, 2021)é. Several
companies, philanthropic NGOs, and venture capital organizations are continuing
to develop, refine, and improve approaches, including well-resolved pathways for
verifying the amount of carbon removed, such that the price of DAC is likely to fall
even further in coming years. DAC methods generally cause minimal ecosystem
disruption but do require expansive land use, a potential development hurdle.
Other detriments include limited availability of reactive substrates and relatively
unknown longevity of removal and cost of long-term storage.

NOAA's Capabilities Relevant to Direct Air Capture:
* NOAA has a strong atmospheric monitoring capability that can be

augmented to achieve the desired granularity and temporal resolution
in atmospheric observations needed to track DAC removal of gases.
NOAA's labs provide high quality, long-term observations of the trends
and distributions of CO, and other greenhouse gases (GHGs), make GHG
observations from large and light aircraft, surface sites, and tall towers,
conduct process studies to evaluate both point and distributed sources and

6. Originally expressed as U.S. $600 / ton CO, (NASEM 2015) and $100 / ton CO, or less (NASEM
2019, 2021)
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https://nap.nationalacademies.org/catalog/18805/climate-intervention-carbon-dioxide-removal-and-reliable-sequestration
https://www.nap.edu/read/25259/chapter/1
https://www.nationalacademies.org/our-work/a-research-strategy-for-ocean-carbon-dioxide-removal-and-sequestration
https://nap.nationalacademies.org/catalog/18805/climate-intervention-carbon-dioxide-removal-and-reliable-sequestration
https://www.nap.edu/read/25259/chapter/1
https://www.nap.edu/read/25259/chapter/1
https://www.nationalacademies.org/our-work/a-research-strategy-for-ocean-carbon-dioxide-removal-and-sequestration
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sinks of GHGs and other climate influencing constituents in the atmosphere,
and analyze and predict impacts of changing CO, concentrations. In tandem,
NOAA's satellites provide broad spatiotemporal coverage of CO,, and the
agency supports a strong aircraft capability for understanding changes in
the Earth system.

* Much of what we know about CO, in Earth’s atmosphere derives largely
from NOAA's observations. In particular, NOAA has built a data assimilation
system known as CarbonTracker which convolves atmospheric transport
and atmospheric CO, observations to produce a 4D state estimate of CO, in
the atmosphere that can also be used to identify sources and sinks of CO,
from land and oceanic reservoirs. As more observation sites are added to
this data assimilation system, the granularity of emissions information will
increase. Adding capacity to these capabilities will lead to a healthy system
for monitoring and evaluating the success or failure and risk of various CDR

approaches.
Direct Air
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Figure 4. Direct Air Capture. Extracting dilute concentrations of CO, (~410 ppm) into pure CO,

that can be transported to storage reservoirs requires technologies that can absorb CO, in solid or
liguid reservoirs in one phase and release concentrated CO, in a second phase. The above example
shows a filter-based approach that absorbs CO, at one temperature and releases captured CO, at a

higher temperature.
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https://gml.noaa.gov/ccgg/carbontracker/

The Role of Geologic Carbon Storage
Tamara Baumberger and David Butterfield

Long-term storage is a key part of carbon removal strategy and planning. Along with burial of
organic carbon in deep-sea sediments, reaction of carbon dioxide with rocks is a primary, natural
mechanism to remove carbon dioxide from the atmosphere / hydrosphere (Sleep and Zahnle,
2001). The dissolved carbon dioxide in seawater that infiltrates the ocean crust reacts with
basalt to form carbonate minerals, durably removing CO, and storing it as solid rock (Alt and
Teagle, 2003). The process is thermodynamically favorable at low to moderate temperatures and
requires no additional energy.

Large-scale experimental studies have been carried out in Iceland (Clark et al., 2020) and
Washington state (Goldberg et al., 2018) to demonstrate that concentrated carbon dioxide
pumped into basaltic formations reacts quickly to form carbonate minerals. Sub-seafloor storage
of CO, within exploited oil reservoirs in the North Sea has been tested but the results are not
published. The geochemistry of depleted oil reservoirs is substantially different from basaltic
reservoirs, so the conversion of CO, to carbonate minerals is less certain. Given the huge extent
of basaltic ocean crust and the known properties of permeability and porosity, the capacity of
sub-seafloor basaltic reservoirs exceeds the gigaton-scale needed for significant CO, removal
and storage (Goldberg et al., 2018). Off-shore, sub-seafloor storage of CO, does not require
precious fresh-water resources associated with terrestrial reservoirs and does not threaten
aquifers needed for agriculture and municipal water supplies.

The basaltic ocean crust along Cascadia Margin (off-shore Oregon, Washington, and British
Columbia) has been studied and characterized. Scientific drill-holes penetrate through the thick
sediment cover into the underlying basaltic crust (Hunter et al. 1999; Butterfield et al., 2001).
The high pressures and low temperatures at the seafloor and within the crust stabilize pure CO,
as a condensed liquid that is denser than surrounding seawater and, combined with the 200-m
thick sediment cap, make it highly unlikely that stored CO, would migrate back into the deep
ocean. Direct injection of CO, into the sub-seafloor may be more permanent and have fewer
potential ecological impacts on the deep ocean than sinking equivalent quantities of marine
organic material to the seafloor.

There are major technological challenges associated with scaling up CO, removal and pumping
into a sub-seafloor reservoir. A pilot project led by Ocean Networks Canada with a diverse
consortium of partners is directly addressing these issues, as well as the major socio-economic
challenges associated with CDR and sub-seafloor storage. Although not part of CDR, industrial
carbon capture in some coastal areas could also link to sub-seafloor storage (Goldberg et al.,
2018) and reduce the amount of point-source CO, released to the atmosphere during the societal
transition from fossil-fuel to carbon-free energy sources.

The Department of the Interior (BOEM) and the USGS, with academic and industry partners, are
conducting research and evaluating feasibility of carbon storage in basaltic reservoirs. As a result
of extracting oil from the ocean crust, the oil and gas industry has relevant technologies and
processes for piping CO, into the ocean crust.

as relevant expertise in the global and marine carbon cycle, seafloor mapping, geology,
geochemistry of water / rock reactions, benthic ecosystems, ocean engineering, deep-sea
technology, chemical monitoring and other areas needed to help site potential test projects

for sub-seafloor storage and to monitor their effectiveness and safety. As the agency with
responsibility for the health and sustainability of the oceans, NOAA has a mandate to be involved
in evaluating potential CDR and carbon storage strategies.
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Soil Carbon and Biospheric Approaches

Technological Estimated Cost Scale Potential Duration of NOAA Potential NOAA
Readiness ($/tCOzremoval) (Gt COz/ yr) Storage (years) Impact Catalysts
() O Low, potentially @) NOAA observing
Soil Carbon Hodenate reversible e network (GGRN) sets
(2 - 6) global standard for
(< 30 - 40 years) verification

Terrestrial systems in the northern hemisphere remove ~1/4 of the carbon emitted
to the atmosphere each year through anthropogenic activities (Tans et al 1990),
including agriculture, forests, and other land-use activities (AFOLU) capable of
storing carbon for long periods. However, this sink is particularly challenging to
guantify. Regrowth of forests, storage in soils (e.g., Figure 5), destruction of bio-
mass by fires, additional impacts of climate change, and other processes need to
be better monitored and understood before they can be accelerated to remove ad-
ditional CO, from the atmosphere. Changes in agricultural practices could possibly
be used to store more carbon in forest trees and their root systems, to retain more
carbon in soils, or to convert the biomass to stable forms (e.g., biochar). The prac-
tices will likely provide an important pathway for restoration of soil organic carbon
as well as reduction of costs for agriculture. However, the longevity of these stor-
age techniques and their broader impacts is poorly understood.

In all of these land-based efforts, monitoring and verification will be essential.
Many of these techniques are in their infancy and the widespread nature of soils,
forests, and the like make this particularly challenging. Inventory accounting will be
necessary to track carbon captured through these systems, but equally important
will be top-down approaches, i.e, validation from atmospheric observations, as

well as tracking of adverse effects on soil health (e.qg., Kowalska et al., 2020). If
CO, has been removed effectively from the atmosphere, that will be measurable in
the atmosphere over large enough scales. If efforts are not working, then that will
show up in the atmosphere, too.

NOAA's Capabilities Relevant to Biospheric Approaches

* NOAA's CarbonTracker product today provides quarterly estimates of CO,
transfers to / from the atmosphere by the oceans and terrestrial biosphere.
Currently, CarbonTracker can provide good estimates of net annual CO,
uptake across North America, and coarser estimates of world emissions
and uptake from the biosphere assuming fossil fuel estimates are well
constrained. In the continental US NOAA is also actively using radiocarbon
(*C) of CO, measurements from the atmosphere to separate fossil emissions
from biospheric emissions enabling quantification of changes in biospheric
uptake resulting from CDR at large scales.

Next Steps for Developing NOAA's Capabilities
* Wit