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Novel carbon dioxide removal (CDR) technologies are increasingly being considered as potentially
useful tools to combat climate change. For specific atmospheric carbon dioxide management targets to
be achieved, large-scale CDR strategies may be needed, even with aggressive efforts to reduce carbon
dioxide emissions in the coming decades. This American Physical Society report breaks down the physical
requirements necessary for large-scale implementation of CDR technologies, demonstrating the challenges
inherent to incorporating CDR into any carbon dioxide management portfolio. It also provides a technical
overview of new and current CDR approaches and evaluates their fundamental physical constraints. Based
on the technical overview, the report makes several recommendations for the U.S. federal government and
industry. These include ensuring that the potential for CDR does not compromise ongoing actions to reduce
carbon emissions. The report observes, however, that while large-scale CDR technologies require a lot of
energy and material resources, they might be needed in combination with emission reduction strategies to
achieve specific climate goals. Research and development on CDR should be selectively pursued, despite
the many challenges described in the report.
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EXECUTIVE SUMMARY

Humanity’s activities currently lead to a net increase
in atmospheric carbon dioxide (CO2) by more than 15
billion metric tons per year. Concerns about the global con-
sequences of this continuing rise, coupled with growing
global energy needs, political constraints, and economic
challenges that limit the rate of reduction of global CO2
emissions, are driving strong interest from both the pub-
lic and private sectors in the development of atmospheric
carbon dioxide removal (CDR) methods.

CDR implementation methods, sometimes referred to
as negative emission technologies, reduce the CO2 lev-
els in Earth’s atmosphere by removing carbon dioxide
molecules from the air and sequestering them for very long
times. These approaches are distinct from carbon capture
and storage (CCS) technologies that remove CO2 at fossil
fuel-powered sources, such as power plants or cement pro-
duction facilities. CCS at fossil CO2 point sources can help
reduce emissions but does not remove CO2 already in the
atmosphere.

This report provides an overview of CDR methods
and their fundamental physical constraints. We focus on
CDR approaches that have the potential to contribute to
CO2 removal at the gigaton/year scale (where 1 giga-
ton = 1 Gt = 1 billion metric tons). This is the scale of
effort that would be needed to have a meaningful global
impact.

For those making and implementing policy, the general
findings and recommendations of the report may provide
a helpful science-based perspective. For those supporting
or working directly on research and development efforts,
and for those with some scientific background interested
in a deeper understanding of the issues, the main text of
the report includes concise but relatively self-contained
descriptions of various technical and scientific points rel-
evant to the broader conclusions of the report. The cen-
tral findings and recommendations are outlined below.
Section VII provides more detailed guidance for policy-
makers and for potential funders of CDR research, pilot
programs, and technology.

Finding 1: CDR approaches divide loosely into
two distinct categories, cyclic and once-through. CDR
methods in these two categories have different features
and challenges. Many approaches have been proposed
in each category, although most approaches are still at
early stages of development.

Cyclic CDR systems, such as chemical direct air cap-
ture (DAC), use the same materials to capture atmospheric
CO2 over and over. These systems are necessarily energy
intensive, but may enable carbon sequestration that is eas-
ier to verify and has less environmental impact than other
approaches to CDR.
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Once-through CDR systems, such as enhanced rock
weathering (ERW), involve the single use of a resource.
For example, many such approaches employ minerals
extracted from the Earth to directly or indirectly absorb
CO2. These systems may use less energy, but they
generally require extensive resource extraction and may
have a significant environmental impact. Their effective-
ness has been challenging to measure and verify.

Finding 2: CDR at the scale of many gigatons of CO2
per year requires large amounts of energy, particularly
for cyclic processes.

Capturing one gigaton of CO2 from the atmosphere
using cyclic CDR processes requires a lot of energy. The
laws of physics dictate the absolute minimum energy
needed, which is comparable to the combined electric
consumption of 11 million average U.S. households in
2021 (14 gigawatt-years). The cyclic CDR approaches
currently in development, including existing small-scale
installations, require at least several times the theoretical
minimum energy requirement for any amount of carbon
captured.

Finding 3: CDR at the scale of many gigatons of
CO2 per year requires processing large quantities of
materials, particularly for once-through processes.

For once-through processes, capturing several gigatons
of CO2 annually would require substantial effort. This
would include mining, grinding, and widely distributing
quantities of rock comparable to the mass of all cement
produced globally, on a yearly basis. For cyclic DAC sys-
tems, capturing CO2 at the rate of 1 Gt per year would
involve processing a quantity of air at the scale of all
AC/cooling systems currently operating on the planet.

Finding 4: Unlike past experience with computing
technology, there is no prospect of exponential growth
in capability for any CDR approach.

The semiconductor industry has notably doubled the
number of transistors within a fixed space or at a fixed
cost every two years since 1965. This rapid, exponential
increase in computing capability is often referred to as
Moore’s law. There is no possible version of Moore’s law
for CDR. Physical constraints make it clear that there is
no path by which the amount of carbon captured at a fixed
energy or material cost will scale in a similar way. Note
that achieving emission reductions through the replace-
ment of fossil fuel energy sources by zero-carbon sources
is similarly based on extensive material and infrastructure
use and has similar constraints.

Based on the findings of this report, we recommend the
following.

Recommendation 1: Research and development on
CDR should be selectively and prudently pursued,
despite the many challenges described in this report.

Even with sharp reductions in CO2 emissions, CDR
may be needed at the scale of 1–20 Gt/yr later this cen-
tury to reach desired targets. Research investments and
deployment of trial/demonstration projects can aid in the
development of effective, economical CDR systems. In
particular, they can improve understanding of the full
life-cycle energy and material needs — along with possi-
ble negative consequences — of each of these approaches.
Understanding these issues clearly can inform sound pol-
icy decisions. Funding agencies should carefully consider
energy and materials needs, as well as scalability, for any
proposed CDR project. A portfolio of approaches is likely
necessary for a large-scale reduction in atmospheric CO2.
CDR technologies are rapidly evolving and new ideas con-
tinue to emerge. Thus, care should be taken not to commit
to a specific approach that may limit innovation.

Recommendation 2: The prospect of large-scale
CDR should not compromise efforts to reduce carbon
emissions.

CDR at a large scale requires vast energy and material
resources. Reducing carbon emissions is in general a more
direct way of decreasing future atmospheric carbon levels.
Emissions reductions can be achieved through changes in
energy sources, systems, and infrastructure and by reduc-
ing carbon loss from natural and managed ecosystems
(e.g., avoiding deforestation); efforts in these directions
should not be reduced simply based on hypothetical future
CDR scenarios without a fuller understanding and compar-
ative analysis of cost, environmental impact, and lifecycle
requirements.

Recommendation 3: Ecosystem-based CDR appro-
aches should be pursued when they are feasible and
effective and do not compromise food production or
other priorities.

Carbon representing hundreds of gigatons of CO2 has
been lost from soil and terrestrial biomass through human
activity. Reforestation, restoring wilderness, and changing
agricultural practices can recapture some of this carbon at
a relatively low cost without compromising other needs
like food security. In the near term, this is likely the
most immediate and cost-effective approach for reduc-
ing atmospheric CO2 by one or more gigatons per year.
However, the scale and net capture from these approaches
are limited and depend upon sustained land use changes
over very large areas. In addition, measurement and ver-
ification can be difficult, and carbon can be returned
to the atmosphere by fires, logging, erosion, and other
disturbances.

Recommendation 4: CDR planning must incorpo-
rate substantial additional carbon-free power sources,
particularly for cyclic approaches. Such planning
should also consider the land or sea area required and
impacted.
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Implementing CDR at the scale of multiple giga-
tons of CO2 per year using any cyclic approach should
include installing dedicated carbon-free or low-carbon
power sources. Direct air capture systems (DAC) at the
several gigatons per year scale would require hundreds of
gigawatts of additional power beyond what is needed for
other existing and future energy uses. Using renewable
sources to power any cyclic CDR approach may require
substantial land areas. To reach scale, biologically based
CDR approaches, such as bioenergy with carbon capture
and storage (BECCS), may require vast land areas to gather
the needed energy via photosynthesis. This may compete
with food production, other land uses, and conservation.
Nuclear power is a carbon-free power source that requires
little land area, but raises issues of cost, safety, waste, and
security. Once-through approaches also have significant
energy requirements and the potential to impact large land
and sea areas. Funding agencies should request that R&D
plans for any CDR approaches seeking support should
identify the expected energy demand and power source,
and should provide a careful accounting of the land area
needed and impacted.

Recommendation 5: Once-through CDR approaches
should not be deployed on a large scale until research
determines their effectiveness and impact.

Once-through approaches such as enhanced weathering
and ocean alkalinity enhancement use large quantities of
ground minerals to capture CO2 directly through chemi-
cal reactions or indirectly by modifying ocean chemistry.
While these may be promising large-scale solutions, their
efficacy and environmental impacts are not yet clearly
established. Further research and small-scale trial projects
are needed before any attempt at large-scale implementa-
tion of these approaches.

Recommendation 6: Reliable systems of measure-
ment, reporting, and verification (MRV) must be devel-
oped for CDR systems. Robust standards for sequestra-
tion and for safety and environmental impact are also
needed.

Accurate measurement, reporting, and verification
(MRV) mechanisms must be established for any CO2 cap-
ture program to be effective. In a fast-moving technological
landscape, MRV capabilities are crucial for assessing and
comparing different approaches. The federal government,
in partnership with the private sector, should establish clear
standards and procedures for MRV. Standards are also
needed to quantify and minimize or mitigate the risks and
environmental impact associated with CDR. Evaluation of
any proposed large-scale CDR system should include an
assessment of its interactions with other components of
Earth’s coupled climate and biosphere systems.

Recommendation 7: Economic and policy frame-
works for carbon management should be designed and
implemented. Such frameworks are needed to facilitate
balancing the costs and benefits of large-scale CDR and
emission reduction strategies.

Large-scale carbon capture has enormous energy and
material requirements, and would be quite costly, e.g., esti-
mated at the level of hundreds of billions of dollars per
gigaton for large-scale chemical DAC. Currently, there is
no clear domestic or international framework for paying
for large-scale CDR. Policies should be developed that
enable an efficient balancing of CDR and emission reduc-
tion strategies. Such policies could include, for example,
a mechanism for imposing a cost for carbon emissions
that reflects the cost of abatement, and commitments by
governments and/or private industries to bear these costs
through an internationally equitable framework. Specific
policy recommendations are outside the scope of this
report.

I. INTRODUCTION

Atmospheric carbon dioxide (CO2) levels have contin-
ued to rise rapidly in recent years, due in large part to CO2
emissions from fossil fuel use. As human energy needs
and population continue to expand around the globe, efforts
for significant reductions in CO2 emissions in the coming
decades face a number of political, economic, and techni-
cal challenges. Furthermore, even with a substantial shift
toward carbon-free or carbon-neutral energy sources, some
sectors will likely emit significant amounts of carbon from
fossil sources into the atmosphere well into the future.

It is widely accepted that the continued rise in atmo-
spheric CO2 levels will have significant global conse-
quences, although the precise extent of the impacts on
Earth’s complex climate and living systems is uncer-
tain. As a result, the public and private sectors have
expressed increasingly strong interest in developing meth-
ods and technologies for directly removing carbon diox-
ide molecules from the air. Such carbon dioxide removal
(CDR) methods are also often referred to as negative
emissions technologies.1

Large-scale deployment of CDR systems can in prin-
ciple complement emissions reduction strategies to keep
atmospheric carbon levels below thresholds of concern.
While emission reduction can reduce the rate of growth of
atmospheric CO2 levels, CDR has the unique potential to
directly reduce atmospheric CO2 and realize net-negative
emissions, and can also potentially offset ongoing emis-
sions that are diffcult or expensive to eliminate in the
longer-term. Balancing the allocation of resources between
emission reduction, CDR, and other pressing societal con-
cerns, including energy needs, is a complex policy and

1Following standard usage [1], in this report we define CDR as anthropogenic activities that remove CO2 from the atmosphere and
store it durably in geological, terrestrial, or ocean reservoirs, or in products.
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values problem for which a clear understanding of the
potential benefits and resource requirements of CDR is a
crucial input.

There are a number of possible approaches to CDR.
Determining which approach(es) may be most effective
and implementing these approaches pose substantial sci-
entific and engineering challenges. Fundamental physi-
cal constraints, however, show that any carbon dioxide
removal effort that would affect atmospheric CO2 concen-
trations at a policy-relevant scale in the coming decades
will require tremendous quantities of energy and materials.

This report is an effort by the APS Panel on Pub-
lic Affairs (POPA) to provide a concise and clear sum-
mary of the main proposed approaches to carbon dioxide
removal (CDR), with an emphasis on fundamental phys-
ical constraints, in order to provide policy guidance and
perspective for a variety of stakeholders based on sound
science.

A. Framing of this report

Carbon dioxide reduction (CDR) methods have been
studied extensively. There have been a number of recent
studies and reports on CDR, including a prior POPA report
on chemical direct air capture (DAC) [2], two National
Academies studies [3,4], books [5,6], and online resources
such as the “Carbon Dioxide Removal Primer,” [7] the
“Roads to Removal” report [8], and a “Strategy for NOAA
Carbon Dioxide Removal Research” [9]. There are also
reviews of many aspects of CDR in the “6th Assess-
ment Report of the Intergovernmental Panel on Climate
Change” (IPCC); see particularly [1]. A recent review of
the status of various CDR approaches and technologies
appears in Ref. [10]. This report builds upon these and
other published reports and analyses as well as primary
literature, and on discussion and consultation with sub-
ject matter experts. This report followed APS POPA report
procedures and was peer-reviewed by experts in various
relevant fields before approval by the APS Council.

This report focuses specifically on some of the fun-
damental physical limitations of CDR methods and how
these limitations constrain existing and proposed CDR sys-
tems. The report considers a broad range of approaches
to capturing atmospheric carbon in the form of CO2;
methane and other non-CO2 greenhouse gases are dis-
cussed briefly in Appendix C12. This report does not cover
technologies for carbon capture at fossil fuel-based point
sources.2 Solar radiation management (SRM) efforts that
would, for example, reflect some solar radiation without
addressing the underlying atmospheric carbon issues are
also outside the scope of this report. This report summa-
rizes the basic physical limits and scaling aspects of several

approaches to removing atmospheric carbon. It does not
attempt a detailed comparison of specific technologies,
nor recommend specific companies or enterprises in this
domain.

Understanding the principles underlying the wide range
of proposed CDR methodologies, and the constraints on
these approaches, involves concepts and analyses from
many fields, including physics, chemistry, biology, and
earth sciences. To make the report as readable and self-
contained as possible, we include a number of technical
appendices with concise descriptions of some key scien-
tific principles relevant for the systems described here, as
well as a glossary of terms and acronyms. In various places
we have included “back-of-the-envelope” estimates that
are intended to communicate the scales involved or plau-
sibility of certain issues or assertions. These estimates are
not intended to provide precise estimates or values.

This report is aimed at readers with a wide range of
technical backgrounds. For readers primarily interested in
policy-level questions, the executive summary, introduc-
tion (Sec. I), conclusions (Sec. VII), and summary boxes
may be of most interest. The main text expands on vari-
ous points in more detail, and different sections may be of
interest to different readers. The footnotes and appendices
include more technical points and arguments, as well as
detailed background on relevant subjects, and may be of
greater interest to those with a more technical background.

B. Anthropogenic CO2 and the motivation for CDR
research and development

Summary: Motivations for CDR

As of 2023, human activity adds approximately thirty-
five gigatons (35 Gt) of CO2 to Earth’s atmosphere
yearly from fossil fuel sources. Roughly half of this
added CO2 is absorbed into the oceans and terrestrial
biomass.

Limiting the total warming from anthropogenic CO2
to 1.5 or 2 °C above preindustrial times would involve
removing multiple gigatons of CO2 per year of CDR
later in this century, according to scenarios studied by
the IPCC and others. Independent of such scenarios,
estimates of climate sensitivity suggest that to limit
warming to 1.5 °C, much or all of the net atmospheric
CO2 increase beyond current levels would need to be
offset by CDR.

Even with a higher bound on atmospheric CO2 and
significant emissions reductions, CDR at the scale of
multiple gigatons of CO2 per year may be desired to
offset continuing emissions.

2Carbon capture and storage (CCS) at fossil CO2 point sources (Sec. VI H) can be part of a low-carbon energy portfolio but does
not directly reduce atmospheric carbon; when combined with biological energy sources, however, point-source capture can provide a
net-negative carbon technology (BECCS, Sec. IV B 2).
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Human activity over the last century has led to an
increase in atmospheric CO2 levels from 280 ppm (parts
per million by volume) in preindustrial times to around
420 ppm today (Fig. 1). This increase is well understood
and well measured, and comes primarily from the com-
bustion of fossil fuels (coal, oil, natural gas, etc.), with
additional contributions from activities such as cement
production and deforestation. Using fossil fuels releases
carbon into the atmosphere-terrestrial carbon cycle that
has been geologically sequestered for millions of years.
Such changes in carbon levels are fundamentally different
from effects such as methane production from biolog-
ical activity, which modifies the form and distribution
of carbon already in the system but does not add net
carbon.

Current rates of fossil fuel use add approximately
35 Gt CO2

3 to the atmosphere each year. Roughly another
3–4 Gt CO2/yr of emissions come from industrial pro-
cesses such as cement production, and there is a compa-
rable flux of about 3–4 Gt CO2/yr into the atmosphere
from other human activities such as land use and defor-
estation. Roughly half of this total anthropogenic car-
bon release is currently taken up by natural land and
ocean systems (Appendix C8), leading to a net rate of
increase in the atmospheric CO2 concentration of over
20 ppm each decade since 2000. Fossil fuels are com-
pact and reliable sources of energy that have improved
the human condition over the last century. However, the
ongoing increase in atmospheric carbon levels will con-
tinue unless and until fossil fuel usage is substantially
replaced by carbon-free alternatives such as solar, wind,
other renewables, nuclear power, or fossil fuel plants with
point-source carbon capture and minimal residual emis-
sions. There is also significant uncertainty regarding how
long the ocean and land sinks will continue to take up CO2
at the current rate. A more complete picture of changes
in atmospheric CO2 over varying time scales is given in
Appendix C12.

In projected scenarios where atmospheric carbon lev-
els are managed so that Earth avoids a surface temper-
ature rise of more than 1.5 °C or 2 °C without drastic

and immediate cessation of CO2 emissions, the IPCC and
others incorporate CDR at the level of multiple giga-
tons of CO2 per year in the latter part of this century
[1,4,10,12]. These scenarios depend upon estimates of
climate sensitivity and assumptions regarding the future
behavior of ocean and land sinks, both of which are
difficult to predict with precision. Even with more opti-
mistic (lower) estimates of climate sensitivity, CDR at
the scale of multiple gigatons per year may be needed
in the coming decades to keep temperatures within a
desirable range. (See Appendix C12 for more details and
references.) These considerations have recently led to
substantial public and private efforts to understand and
develop approaches and technologies for removing CO2
from Earth’s atmosphere.

Even with dramatic reductions in CO2 emissions in the
coming decades, it may be difficult or impossible to com-
pletely eliminate anthropogenic CO2 emissions. Assessing
the magnitude of these residual emissions is challenging.
One analysis [7] based on a number of studies estimates
1.5–3.1 Gt CO2/yr of difficult-to-avoid emissions.4 While
there is significant uncertainty in such estimates, in the
longer (century) time scale — even if most fossil fuel usage
is replaced with carbon-free energy sources — ongoing
CDR at the level of one or several gigatons of CO2 per year
may be needed to keep atmospheric CO2 levels relatively
constant.

In this report we discuss CDR in units of 1 Gt CO2/yr
of atmospheric carbon dioxide removal. Efforts to stabi-
lize atmospheric CO2 may combine emissions reductions
and CDR strategies in various ways, with approaches con-
tributing at different levels. For example, [13] proposes a
U.S. effort to achieve 1 Gt CO2/yr of CDR by 2060.

II. CLASSIFICATION OF CDR METHODS

This section gives an overview of CDR approaches. We
begin with a conceptual classification of two distinct types
of CDR systems (Sec. II A). We then give an overview of
some of the main CDR approaches (Sec. II B); these are
described in more detail in Sec. IV.

3Note: Carbon dioxide fluxes are sometimes measured in (metric) tons of carbon (t C), and sometimes in tons of CO2 (t CO2); we
primarily use Gt CO2, but depending upon context we go back and forth between these units, which are related by ∼12/44, the mass
fraction of carbon in CO2 (see Appendix C1). Thus, for example, anthropogenic carbon emissions from fossil fuel usage are often
alternatively quantified as 9–10 Gt of fossil carbon. One gigaton (Gt) is one billion tons (109 t), while one megaton (Mt) is one million
tons (106 t), and one kiloton (kt) is one thousand tons (103 t).

4Difficult-to-avoid emissions may include, for example, emissions from shipping, trucking, and air transport that are difficult to com-
pletely eliminate, although there are, current efforts to develop alternatives such as electric, biofuel-powered, or hydrogen-powered
airplanes. The estimate quoted also includes CO2 equivalent greenhouse gas emissions from non-fossil sources such as nitrous oxide
from agriculture; while such emissions can also cause net radiative forcing and associated warming, they are not involved in the
long-term atmosphere-terrestrial carbon cycle, which is the primary focus of this report (see Appendix C12 for further discussion).
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A. Classification: cyclic vs. once-through carbon capture processes

Summary: Cyclic vs. Once-Through CDR Systems

CDR systems can be conceptually divided into two basic types:

Cyclic CDR systems, such as chemical DAC, use a single batch of material to capture CO2 over and over again in a
cyclic process. After the material captures some CO2, the CO2 is extracted (typically using heat), the CO2 is separated
into a relatively pure stream suitable for storage (geologic sequestration or mineralization), and the material is reused
in the next cycle. The primary input (aside from air) for cyclic systems is energy, although some cyclic systems also
require substantial amounts of water and, in application, materials degrade and must be replaced over time. For cyclic
CDR systems, the second law of thermodynamics gives a lower bound on required energy.

Once-through CDR systems, such as enhanced weathering and ocean alkalinity enhancement (OAE), use materials
that are out of equilibrium with the atmosphere, such as alkaline minerals extracted from the earth or certain kinds
of industrial byproducts. After being processed, for example by grinding to a fine powder, this material is distributed
broadly and allowed to react with atmospheric CO2 to bind the carbon. The reaction products are often left in place
and/or dispersed into the environment, with potentially significant (negative or positive) environmental consequences.
In more controlled situations the products may be disposed of or used in industrial processes (e.g., in construction
materials).

The essential difference between these two types of systems is that the thermodynamic bound on minimum energy
needs applies directly to all cyclic systems but not to once-through systems.
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FIG. 1. Atmospheric CO2 levels from 1958 through mid-2023, as measured at the Mauna Loa Observatory; observations from
12/22–7/23 were taken at Mauna Kea. (Adapted from a figure by NOAA/Scripps [11]).

A wide variety of approaches for reducing atmospheric
CO2 concentrations have been proposed in recent years.
Some involve using natural or engineered materials to
directly bind CO2 from the atmosphere (or from ocean
surface waters) through chemical or biological processes.
Other approaches involve modifying ocean chemistry or
terrestrial biological systems to retain more carbon out of
the atmosphere.

In some systems, the captured carbon is released in the
form of (relatively) pure CO2 that can easily be sequestered
or used. In other systems the captured carbon is bound
into solids, integrated into soil, tied into modified ocean
chemistry, or ends up in other forms.

Carbon dioxide capture methodologies can be roughly
separated into two distinct categories by distinguishing
cyclic processes from once-through processes. The key dif-
ference between these categories of processes is that there
are energetic constraints from thermodynamics that pro-
vide a clear lower bound on the energy needed for cyclic
processes, while for many once-through CDR approaches,
such as ERW and OAE, some of this energy has been

supplied over millennia by natural processes. We char-
acterize a cyclic carbon capture process as one in which
the materials involved in the capture process are reused
over and over as carbon is repeatedly separated from the
atmosphere and then removed from the capture system.5

In an ideal cyclic carbon capture process, the only inputs
are energy and air (or CO2-containing seawater), and the
outputs are a stream of pure CO2 and the residual air (or
seawater) with reduced carbon content. Some cyclic sys-
tems also use water in each cycle, and in practice materials
and system components must be replenished periodically.
However, a once-through process generally uses a mate-
rial only once in a chemical or biological reaction that
captures molecules of CO2. The material used in such
processes may be extracted from a natural source or manu-
factured (including industrial byproducts). The outputs of
a once-through process include a modified version of the
input material that cannot easily be reused to capture more
carbon.

Cyclic and once-through capture systems generally have
different types of physical constraints as well as different

5This parallels the notion of a cyclic ideal heat engine, as described in introductory physics and engineering courses.
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environmental impacts. They also have different measure-
ment, reporting, and verification (MRV) concerns and
technical challenges.6

A principal characteristic of cyclic systems is that they
have a minimum energy requirement given by the sec-
ond law of thermodynamics, described further in Sec. III
A. Most existing and proposed chemical DAC systems
(Sec. IV A) are cyclic-type systems. The output stream of
relatively pure CO2 from a cyclic capture system can be
geologically stored or used in other ways (Sec. V). Hybrid
(engineered/biological) carbon capture systems such as
BECCS (Sec. IV B 2) where the output is basically a pure
CO2 stream are also, in essence, cyclic systems, when the
full set of processes including initial photosynthesis by
plants is considered. The materials used are the ingredients
of the natural ecosystem (e.g., water/H2O), and the energy
input comes directly from solar radiation. Note that in this
case, however, the working material (H2O) is drawn from
and returned to the environmental pool, so the specific
molecules involved vary from cycle to cycle.

In contrast, once-through systems can avoid the energy
constraints imposed by the second law of thermodynam-
ics if the input material is found in nature (or results from
industrial processes) in a state that is out of equilibrium
with the atmosphere. Generally, such materials bind with
carbon dioxide through an exothermic (heat-releasing)
reaction. Carbon removal proposals of this type include
accelerated weathering of silicate rocks (ERW, Sec. IV C)
and ocean alkalinity enhancement (OAE, Sec. IV D 1).
While such systems do not have the same minimum energy
input requirements (Sec. III A) as cyclic systems (the
needed energy is already provided by geologic processes),
they still have substantial energy needs (e.g., grinding and
transporting the material). Furthermore, because the out-
put of these systems is not pure CO2, and in many cases
ends up widely distributed on land or in the ocean, there
are complicated environmental and ecological issues to
consider. In particular, the mass of the input material is
generally several times greater than that of the removed
CO2. That means, for example, that removing 1 Gt of CO2
yearly through such systems would involve distributing
something like one to several gigatons of material into the
environment each year.

As a simplistic analogy, the distinction between cyclic
and once-through CDR methods is like the difference
between cleaning up a spilled liquid in the kitchen using
a sponge/dishcloth or a paper towel. The sponge can be
cleaned and re-used while the paper towel is discarded with

the mess. While production of a sponge is more resource-
intensive than that of a paper towel, just as for cyclic
and once-through CDR approaches a full system analy-
sis including number of cycles/duration of use would be
required to fully evaluate the tradeoff between specific
versions of these approaches.7

For ecosystem-based CDR approaches such as refor-
estation or biomass with carbon removal and storage
(BiCRS, Sec. IV B 1), the classification into cyclic ver-
sus once-through is slightly less clear. On the one hand,
these approaches, which use solar energy to combine
atmospheric CO2 with water and other materials to form
products that are retained in soil and biomass or are
sequestered, are essentially once-through processes. On
the other hand, unlike the other once-through processes
considered here such as ERW and OAE, the materials
used (primarily water) are more readily available, and
these materials are not out of equilibrium with the atmo-
sphere, so that the solar energy needed for carbon cap-
ture significantly exceeds the second law lower bound
(Appendix C5). Thus, from the point of view of energy
requirements, ecosystem-based CDR fits most closely with
the cyclic classes of processes considered here.

In this report we consider both cyclic and once-through
types of carbon capture systems. We clarify further how
some of the many ideas proposed in this arena fit into this
classification and parse the resulting physical requirements
and system issues in that context.

B. Approaches to CDR

In this section, we briefly describe some of the pos-
sible approaches to CDR (see Fig. 2). More detailed
analyses of these and other approaches are found in
Sec. IV.

• Chemical direct air capture (DAC): In chemical
direct air capture systems (Sec. IV A), large volumes
of air are brought into contact with materials that bind
the CO2. The CO2 is then extracted and the process is
repeated. Chemical DAC is a cyclic process in which
the same batch of materials is used over and over to
capture CO2. DACCS (direct air capture with carbon
storage) is a CDR method in which CO2 from DAC is
put into long-term storage, for example, in geological
repositories.

• Biological carbon capture: Biological systems nat-
urally capture CO2 through photosynthesis, using

6In the CDR literature, cyclic systems and once-through systems are sometimes referred to as “closed systems” and “open systems,”
respectively, by analogy with these types of thermodynamic systems. We avoid this potentially confusing terminology because cyclic
CDR approaches generally involve the transfer of CO2 in and out of the system, while in standard physics, chemistry, and engineering
terminology a closed system is defined as one that does not allow the transfer of matter in or out of the system.

7Note that in this analogy, the second law bound on energy for CDR would correspond to energy needed for use and
squeezing/cleaning of the sponge, not the energy used in its production.
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solar energy. Ecosystem-based CDR (Sec. IV B 1)
harnesses this natural process to increase car-
bon stores in soil and plant material, decreas-
ing atmospheric CO2. Other biological approaches
involve growing crops that capture CO2 for long-
term sequestration. In those approaches, the car-
bon is either sequestered directly or after extract-
ing energy from the plant materials through, for
example, biofuels or bioenergy with carbon cap-
ture and storage (BECCS, Sec. IV B 2). Biologi-
cal carbon capture processes such as BECCS that
sequester carbon in the form of CO2 are cyclic
processes in the nomenclature of this report. As
discussed above, other biological/ecosystem-based
processes may be thought of as once-through pro-
cesses with readily available materials but are
subject to the same energy constraints as cyclic
processes.

• Enhanced rock weathering (ERW): In enhanced
weathering (Sec. IV C), materials such as mined
alkaline minerals are brought into contact with air
containing CO2, and the CO2 binds with the materials.
This process occurs naturally at geological rates. The
idea of enhanced weathering is to artificially enhance
the rate of this process. This is a once-through pro-
cess because the material is not used again for CO2
capture after binding with CO2 to form relatively inert
products.

• Ocean-based CDR: There are a number of
approaches to ocean-based CDR (Sec. IV D). The
world’s oceans contain much more CO2 than the
atmosphere, and in near-surface waters there is an
approximate equilibrium between dissolved inor-
ganic carbon (DIC) and atmospheric CO2 levels.
By manipulating the chemistry of ocean surface
water, for example, by ocean alkalinity enhancement
(OAE), Sec. IV D 1, the balance between different
carbon-carrying DIC molecules is shifted so that more
carbon is stored and atmospheric carbon is drawn
into the surface waters. There are also ocean-based
versions of chemical DAC (direct ocean capture or
DOC) and accelerated mineralization where carbon
is removed from ocean surface waters to indirectly
reduce atmospheric carbon dioxide levels. DOC is
a cyclic process for CDR, while OAE and ocean-
based accelerated mineralization are once-through
approaches.

III. PHYSICAL LIMITS ON CAPTURE OF
ATMOSPHERIC CO2

A. Energy constraints from thermodynamics

Summary: Energy Constraints on Cyclic CDR
Systems

The second law of thermodynamics gives a well-
understood absolute lower bound on the energy cost of
CO2 capture for any cyclic CDR process:

Energy needed ≥ 120 kilowatt-hours per ton of CO2

This lower bound describes the amount of energy
needed regardless of its source. If a system uses ther-
mal energy as its input, only a fraction of the input
energy can be applied toward this bound. This abso-
lute lower bound gives a useful metric for evaluating
different approaches to carbon capture.

Most existing and proposed methods for chemical
DAC require an energy input of at least three to ten
times this lower bound, even when considering only the
useful fraction of energy from thermal sources. Captur-
ing CO2 at the rate of one gigaton per year using energy
at three to ten times the thermodynamic lower bound
would require generating new carbon-free power at a
level of 1–4% of 2021 global electric power generation.

The second law of thermodynamics imposes a funda-
mental lower limit on the energy needed by any cyclic
direct air capture process. The mixing of carbon diox-
ide molecules with the dominant nitrogen and oxygen
molecules in the atmosphere involves a high degree of
disorder (entropy). Removing this disorder by sorting the
molecules (i.e., separating out the CO2) requires energy,
because the entropy must be dumped back into the atmo-
sphere through the transfer of thermal energy.

Quantitatively, the thermodynamic lower bound states
that the energy cost of separating 1 ton of CO2 from the
atmosphere is at least 120 kilowatt-hours8 (Appendix C3).
This means that the minimum energy cost of removing
1 Gt CO2/yr would be equivalent to the full output of 14
nuclear power plants generating a continuous power out-
put of 1 GWe each,9 and comparable to the yearly energy
used in mining bitcoin circa 2023 [14]. At a more realistic
rate of energy use of three to ten times the thermodynamic

8This assumes an ambient temperature of 300 K and CO2 mixing at 420 ppm, with an output stream of pure CO2. In standard
physics and chemistry units, this energy cost is 120 kWh/t CO2 ∼= 440 MJ/t CO2 ∼= 20 kJ/mol CO2.

94.4 × 1017 J ∼= 14 000 MWy, or ∼14 GWe of average power. By 14 GWe, we mean 14 GW of electric power or equivalent. Power
plants are often rated in thermal output, e.g., 1 GWt, but only a fraction of such thermal output represents “useful energy” (exergy)
that can be used toward the thermodynamic energy bound on CDR, as discussed in Appendix C2. Elsewhere in the report we drop the
appended e, but it is generally implied in discussing power needs for cyclic plants. Note that this does not include the energy needed
to compress the CO2 for storage.
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FIG. 2. Some of the main approaches that have been proposed for atmospheric CDR: direct air capture (DAC), enhanced rock
weathering (ERW), ecosystem-based CDR, bioenergy with carbon capture and storage (BECCS), and ocean alkalinity enhancement
(OAE).

minimum, the steady state power requirement for each
gigaton of CO2 per year of CDR would be 40–140 GWe.
This is 1–4% of the current global rate of electric power
generation.10 This lower bound on energy requirements is
very familiar to scientists and engineers working on carbon
capture systems, but must be considered in any discus-
sion of scaling and large-scale implementation of carbon
capture systems (Fig. 3).

Existing or foreseeable direct air carbon capture systems
will likely require at least several times as much energy as
the thermodynamic lower bound.11 As discussed in Sec. II,
the thermodynamic lower bound on energy requirements
applies to any CO2 capture process that uses a closed cycle
of material inputs (aside from the CO2-containing atmo-
sphere, of course), such as most chemical-based DAC sys-
tems (Sec. IV A). This bound also applies to biologically
based CDR approaches, where the power needed is pro-
vided by solar energy through photosynthesis. For biologi-
cal systems, the second law constraint thus translates into a
requirement for large land areas for CDR at large scale (see
further discussion in Sec. III B, Appendix C5). Note also,

however, that the minimum energy required by any cyclic
CDR process is reduced if the output stream after capture
is not pure CO2

12 (see discussion in Appendix C3).
Many CO2 capture approaches can directly use ther-

mal energy (such as waste heat from industrial processes)
for key processes. However, the second law imposes a
further limit that restricts the fraction of thermal energy
that can be used to overcome the energy constraint on
CO2 capture. As discussed in detail in Appendix C2, the
thermal energy required to provide a fixed amount of
useful energy (exergy) increases rapidly as the temper-
ature of the thermal resource drops toward the ambient
temperature. This issue adds to the challenge of using
the limited thermal energy available from waste heat and
near-surface geothermal sources to power large-scale CDR
deployment.

In addition to the energy needed to separate out CO2
from the atmosphere, energy is needed for storage. In one
primary sequestration paradigm (Sec. V A), the CO2 is
compressed to a supercritical fluid at a pressure of at least
72.8 atm. Compressing 1 ton of CO2 from atmospheric

103.2e TW in 2021 [15].
11Due to the dilute nature of atmospheric CO2, approaching the thermodynamic limit for cyclic capture processes is likely to be

harder than for processes like thermal-to-electric energy conversion in power plants, which can have efficiencies of 75% or more of
the second law theoretical bound.

12For example, if the output stream is only 5% CO2, the energy required is reduced to roughly 62% of the energy needed to capture
a pure CO2 stream (although the volume of gas that must be sequestered grows by a factor of 20).
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FIG. 3. Rough estimates of the energy and materials needed to capture 1 Gt of atmospheric CO2 using cyclic and once-through
processes, respectively. Energy is given in gigawatt-years (GWy, see units definitions). Capturing multiple gigatons per year would
require proportionally more energy and materials. Note that while the ratio of materials for the once-through process example is greater
than the ratio of energies for the cyclic process example, the production of crushed rock represents a relatively small fraction of total
energy used in the United States.

pressure to 72.8 atm requires roughly 250 MJ (70 kWh)
of energy. This brings the total minimum energy required
for the capture and compression of 1 ton of CO2 to about
700 MJ (190 kWh).13

As discussed in Sec. II, the energy constraints described
here do not apply directly to once-through processes such
as enhanced weathering or OAE. The energy needs for
those approaches, such as for grinding rock, are dis-
cussed separately (Sec. IV C). Note that much of the
energy used in mining and transporting raw materials,
such as would be needed for extensive once-through CDR
efforts, currently comes from fossil fuel sources such as
diesel fuel. This may present challenges to fully decar-
bonizing in the near future. Also note that the thermo-
dynamic constraint on energy use does hold for cyclic
systems like electrochemical DOC systems that extract
CO2 from seawater (Sec. IV D 2), because the carbon
in surface waters is in equilibrium with the atmosphere
(Appendix C7).

B. Material and volume constraints for CDR systems

Summary: Material and Volume Requirements

Capturing gigatons of carbon dioxide requires pro-
cessing gigatons of material, in one way or another.
Once-through CDR approaches (enhanced weathering,
OAE) require mining, grinding, and distributing mul-
tiple tons of rock or other alkaline materials per ton
of CO2 captured. Cyclic DAC systems require moving
large quantities of air. Biologically based systems such
as BECCS require growing biomass over large areas
(at the scale of a thousand square kilometers for each
megaton of CO2 captured, Appendix C5), competing
with agriculture for land use.

In this section we give some order of magnitude esti-
mates for the mass and volume of materials that must be

13Note that the compression process is not particularly difficult technically and it should be possible to carry out with energy inputs
reasonably close to the thermodynamic limit.
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processed for some approaches to large-scale CO2 cap-
ture. More precise statements are given in Sec. IV. First,
note that extensive amounts of material are involved in the
fossil fuel combustion that produces CO2 emissions in the
first place (1100 pounds of coal, 18 000 cubic feet of natu-
ral gas, or 120 gallons of gasoline per ton of CO2 emitted
[16]). It is thus perhaps not surprising that the recapture
of any substantial part of this CO2 from the atmosphere
requires similar levels of materials and infrastructure.

For once-through approaches such as enhanced weather-
ing (Sec. IV C) or ocean alkalinity enhancement (Sec. IV
D 1), material such as silicate rocks must be mined and
ground in quantities commensurate with the quantity of
CO2 captured. Thus, to capture 1 Gt of CO2, roughly
1 Gt or more of rock must be extracted, processed,
and distributed.14 By comparison, the quantity of iron
ore mined worldwide (2015–2019 average) is more than
3 Gt/yr [17].

For carbon capture in systems such as chemical DAC
plants (Sec. IV A), large volumes of air must be circulated
past the capture materials. For example, at a typical air-
flow rate of 2 m/s, a system with an intake height of 20 m
would require a total horizontal intake length on the order
of 1000 km to capture 1 Gt CO2/yr (see Appendix C4
for details).15 To capture 1 Gt of CO2, the amount of air
that would need to be moved is comparable to the amount
moved by all air conditioning systems in the world yearly.
This is roughly the volume of air over a region the size of
the state of Georgia.

Sequestering gigatons of CO2 also requires large storage
reservoirs. One gigaton of supercritical CO2 has a volume
of several cubic kilometers.16

Note that the carbon density (per unit volume) of sea-
water is higher than that of air by a factor of roughly 100
(Appendix C7). Therefore, in ocean direct carbon capture
systems (Sec. IV D 2), the minimum volume and corre-
sponding intake sizes are reduced by roughly a factor of
100 compared to air capture systems with a similar flow
rate.17 [However, removing a large fraction of the car-
bon may be more challenging for ocean DOC (DAC-like)
approaches.]

Biological approaches to CDR require large land areas
and large quantities of fresh water (in some cases naturally
supplied) to produce large quantities of biomass. Cap-
turing and removing 1 Gt CO2/yr using photosynthesis-
based processes would require sequestering the carbon

in about 1 Gt of biomass yearly. For comparison, global
cereal grain production (maize, wheat, rice, etc.) is about
3 Gt/yr. A more detailed analysis of energy and land needs
for photosynthesis-based approaches to CDR is given in
Appendix C5.

C. Rate constraints

The rate at which chemical reactions occur is not limited
by any principle as fundamental as the energy and material
constraints from thermodynamics and mass conservation.
In general, reaction rates are controlled by a variety
of factors, such as concentration, temperature, diffusion,
surface area, turbulent mixing, and the presence of cata-
lysts. For example, in many cases a chemical reaction rate
can be increased by either increasing the temperature or
lowering the energy barrier.18 Nonetheless, it may not be
easy to speed up many naturally slow reactions. This may
be a limiting factor for some CDR processes. For example,
the weathering of silicate rocks is limited by the diffusion
of ions. This process only occurs on geologic timescales
unless significant energy is spent on grinding the rock to
small enough grains [typically on the order of 10 microm-
eters (10 μm), smaller than the thickness of a human hair].
As discussed in Sec. IV C, this grinding process can be
the single largest energy cost for enhanced weathering
schemes.

D. Carbon budget

Summary: Carbon Budget

For CDR systems to effectively remove net carbon
dioxide from the atmosphere, the energy inputs should
be as carbon-free as possible.

One important consideration for atmospheric CO2
removal systems is the extent to which generating the
energy to run them will emit additional carbon dioxide.
Direct air capture systems should be powered by renewable
or low-carbon energy sources to be effective, due to the
substantial overhead for carbon intensive energy sources.

As a simple and extreme example, consider a coal plant
(burning subbituminous coal or lignite [16]) that operates
at 33% efficiency. This plant will emit roughly 1 kg of
CO2 for every 3.3 MJ (0.9 kWh) of electrical energy that
it produces. Imagine that this example coal plant powers

14While the molecular weight of alkaline minerals is generally several times larger than the molecular weight of CO2, up to two
molecules of CO2 can be captured for each magnesium or calcium ion, so there is roughly a one-to-one correspondence between the
mass of material used and the mass of CO2 captured.

15Higher flow rates are possible for some systems, and would reduce the intake area, but require more energy.
16At the critical point, T = 304.13 K and pressure 72.8 atm, 1 gigaton of CO2 has a volume of 2.14 km3.
172 m/s is about the average flow rate of the Gulf Stream.
18This follows from the Arrhenius equation for a reaction rate: k ∝ exp(−Eb/kBT), where Eb is the energy barrier and T is the

temperature (kB is the Boltzmann constant defined in Appendix C2).
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a CO2 capture and sequestration system that uses three to
five times the thermodynamic minimum of capture energy,
and that it compresses the CO2 to a supercritical fluid.
The power plant would need to produce 3 GJ or 9.5 GJ,
respectively, for every net decrease of 1 ton in atmospheric
CO2. A carbon-free energy source would need to produce
only 1.6 GJ or 2.45 GJ, respectively, for the 3× and 5×
cases. Note that the increase in energy needs is highly
nonlinear in the efficiency factor.19 For energy sources
with lower carbon intensity, and efficient direct air capture
systems, the overhead (extra energy needed) is less; for
example, for a combined cycle natural gas plant operating

at 60% efficiency, the power plant would need to produce
1.85 GJ for the 3× DAC plant, with an overhead of about
15%, and 3.1 GJ for the 5× plant, with an overhead of
about 27%.

IV. APPROACHES TO CDR

This section gives an overview of many of the princi-
pal approaches to CDR that have been suggested. While
we do not cover every possible technology, most of the
approaches that we encountered during this study fit rea-
sonably well into these frameworks.

A. Chemical direct air capture (DAC) systems

Summary: Chemical DAC systems

Chemical DAC systems are cyclic systems in which CO2 is brought in contact with a working material that easily binds
the CO2 molecules. The CO2 is then dissociated from the working material in a separate process by using a change of
temperature, pressure, humidity, or other conditions, or by using electrochemistry. Then the same material is reused for
additional cycles. The output CO2 is typically a relatively pure gas that can be sequestered or used for other purposes.

Process type: Cyclic

Inputs: Air (with CO2 concentration 0.04%), energy (more than 120 kWh/t CO2), water (for some processes), and, as
needed, replacement materials.

Output: Relatively pure CO2 stream.

Advantages: Simple output, less land area is impacted than in many other CDR systems, manageable measurement,
reporting, and verification (MRV).

Potential drawbacks: Energy requirements.

Uncertainties and research opportunities: Energy optimization, material optimization, water and other material
requirements, scaling.

19In general, if the energy source of a CO2 capture system produces additional atmospheric CO2 that represents a fraction x of the
CO2 captured by the system it is powering, then the net energy needed to capture a fixed net quantity of CO2 is increased by a factor of
1/(1 − x). In this example, for the 3× case, the energy requirement to capture and sequester 1 kg of atmospheric CO2 would be roughly
1.6 MJ. (This comes from multiplying the capture energy 0.44 MJ by 3 and adding the compression energy, 0.25 MJ.) The emission
fraction would be x ∼= 1.6/3.3 ∼= 0.48, giving 1/(1 − x) ∼= 1.9, and leading to the result quoted above. A similar computation gives the
9.5 GJ result for the 5× case. Note that this calculation is a very rough approximation, intended only to illustrate the rapid growth in
energy need as x increases toward 1.
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Chemical DAC systems remove CO2 from the air using
a working material, such as a solid sorbent or a liquid
solvent, that combines with CO2 at the molecular level
in a process called sorption. When the sorbent/solvent is
sufficiently saturated with CO2, the material is isolated
from the air and the CO2 is extracted. This regenerates the
working material for use in another extraction cycle. The
CO2 is then sequestered (DACCS) or, perhaps, utilized for
an industrial application (DACCU). The last decade has
seen an explosion of research [18–22] on DAC science and
engineering, and there has been a significant increase in the
number of companies operating in the DAC field. Detailed
introductions to aspects of DAC systems can be found in
Refs. [5,6].

Removing multiple gigatons per year of CO2 from
the atmosphere using chemical DAC systems would be
a major infrastructure project and have significant chal-
lenges. Among them are energy demands, water usage,
sorbent and other material consumption, land use (land
is needed both for removing CO2 and for new energy
sources), capital and operating costs, and environmental
impacts.

The largest energy demand in DAC systems is for
extracting CO2 from the sorbent or solvent. The thermo-
dynamic minimum energy for separating 1 Gt CO2/yr (see
Sec. III A) requires roughly 14 GW average power. Pumps,
compressing CO2 for storage, and fans for moving air
through the facility require additional power. Energy esti-
mates for existing and larger-scale planned facilities are in
the range of three to ten times the thermodynamic limit on
exergy (Sec. III A) needs.20

One important question in DAC is to what extent the
chemical sorption and desorption processes can approach
the thermodynamic limit in large-scale, deployable sys-
tems. The energy needed to dissociate CO2, for any given
process, has a lower bound given by the Gibbs free energy
of the relevant chemical reaction. This is generally at least
three times the thermodynamic bound of 20 kJ/mol for cur-
rent systems. Further research may lead to more effective
materials and processes that lower the energy requirement,
such as in battery technology. There, a system of chemical
reactions can be performed with an efficiency reasonably
close to the theoretical limit (lithium-ion batteries have
an energy efficiency of more than 90%). However, the
highly diffuse nature of atmospheric CO2 may make it
much harder to come close to the thermodynamic limit for
carbon capture systems.

The removal of CO2 at the gigatons per year level
requires large facilities. A moderate continuous air flow
of about 2 m/s corresponds to an intake area of roughly
20 m × 1000 km for 1 Gt CO2/yr, even assuming 100%

carbon removal (see Sec. III B). Using higher flow rates
would reduce the plant size (for the same CO2 removal
rate) but the fans would require more energy.

No single solution to these complex challenges has
emerged as the preferred chemical DAC technology
choice. The two main approaches use a solid sorbent or
liquid solvent as the working material and heat input to
separate CO2. More recent concepts that use electrical
energy instead of heat offer potential improvements. In
particular, electrochemical systems could be powered by
solar photovoltaics (PV). This may be economically favor-
able as PV prices continue to drop. Further details on these
approaches to chemical DAC, with further references, are
given in Appendix C10.

Chemical DAC has some potentially attractive features.
Facility locations can be selected that optimize the avail-
ability of waste heat or renewable energy sources, water
requirements, proximity to CO2 sequestration sites, operat-
ing environments (such as temperature and humidity), and
geopolitical considerations, among other factors. Measure-
ment, reporting, and verification (MRV, Sec. VI A) should
be more straightforward than in most other large-scale
CDR systems that have been proposed, because chemi-
cal DAC facilities would produce easy-to-measure outputs
of concentrated CO2. While chemical DAC plants would
be large, they would impact significantly less land area
than most terrestrial once-through or biological CDR sys-
tems with comparable capacity. This is the case even for
DAC systems powered by dedicated renewable energy sys-
tems, such as a field of solar thermal or PV collectors
(Sec. VI E). The land area need would be even smaller
for a DAC plant powered by a nuclear plant (with atten-
dant concerns) or by a fossil-fuel power plant that itself
would produce additional CO2 unless equipped with CCS
technology (Sec. III D).

B. Biological carbon capture

Biological systems across the planet capture atmo-
spheric carbon dioxide every day through photosynthesis.
Using solar energy, they transform CO2 and water (H2O)
into hydrocarbons such as sugars (e.g., C6H12O6) and other
molecules used in plant metabolism and structure. Most of
the captured carbon is eventually released back into the
atmosphere as CO2 or methane, either when the energy is
used in metabolic activity or the biological material decays
and breaks down. The balance between these carbon cap-
ture and release processes can be seen in the seasonal
variation of atmospheric CO2 in Fig. 1, dominated by the
annual cycle of northern hemisphere vegetation.

Biological systems provide opportunities to decrease
atmospheric carbon levels over longer time scales through

20Solvent/causticization approaches are around ten times the thermodynamic limit (10× TL) ([23] Table 1); sorbents are lower, but
at least 3.5–5× TL ([24] Table 2); the moisture swing process of [25] has a theoretical minimum energy need of at least 2.5× TL, just
for the desorption reaction, not including water needs or other energy requirements.
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this natural carbon capture process. One approach is
through ecosystem restoration and other changes in land
use that promote increased carbon storage in soil or terres-
trial biomass (Sec. IV B 1). We refer to these approaches
collectively as “ecosystem-based” CDR methods. Another
approach to biological CDR is using natural or engineered
biological systems to capture carbon and then sequestering
it as a liquid or solid in perpetuity. In BECCS (bioenergy
with carbon capture and storage, Sec. IV B 2) the chem-
ical energy in biomass containing carbon is released and
used, and the resulting CO2 is sequestered. Alternatively,
biomass can be sequestered directly or used in long-lasting
built systems, such as in construction materials (Sec. IV B
3). We address these different types of systems separately.

There are ancillary benefits to many ecosystem-based
CDR approaches, and they likely represent the most
economical immediate approach to CDR. Indeed, CDR
through land use changes and BECCS are the dominant
forms of CDR incorporated in, for example, scenarios
explored by the IPCC [1,12] for the remainder of the
twenty-first century. However, ecosystem-based CDR has
limited capacity and is diffcult to guarantee over longer
time scales. While many of the technical components of
BECCS systems are reasonably well-developed, deploy-
ment of BECCS is so far still quite limited. Energy
constraints and associated land area issues may limit the
potential contribution of biological CDR in the coming
decades.

1. Ecosystem-based biological CDR

Summary: Ecosystem-Based Biological CDR

Ecosystem-based biological carbon dioxide removal generally involves modifying land use and management practices
to promote increased carbon storage in soil or biomass.

Process type: Once-through but subject to second law energy bounds; can also be thought of as cyclic with extended
carbon retention time.

Inputs: Air and water.
Output: Air and water.
Advantages: Often associated with increased ecosystem health, biodiversity, and improved ecosystem services such as

clean water and air; low cost and minimal material and infrastructure investment.
Potential drawbacks: Approaches somewhat site-specific, scale of CDR is limited in any given location, challenging to

ensure durability/permanence of storage.
Uncertainties and research opportunities: MRV is difficult, in particular difficult to verify additionality and assess

leakage rates; changing climate conditions may reduce carbon storage potential in some systems.

Forests, grasslands, and other terrestrial ecosystems
store several times as much carbon in their soil and
biomass as is present in the atmosphere (Appendix C8).
This carbon stock has been depleted over centuries
by human patterns of land use, such as deforestation

and agricultural practices. Terrestrial ecosystem-based
approaches to CDR (a.k.a. natural climate solutions)
involve modifying land use in ways that increase the
amount of carbon stored in soil and biomass. (Sim-
ilar approaches for oceanic systems are described in
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Sec. IV D 3). CDR approaches through land stewardship
include ecosystem restoration and improved land man-
agement practices in forests, wetlands, grasslands, and
agricultural lands.

In most accountings of current CDR efforts (e.g., [10]),
ecosystem-based CDR removes more atmospheric CO2
than any other method. An overview of ecosystem-based
CDR [26] suggests that these approaches could, in princi-
ple, reduce atmospheric CO2 by something like 3–10 Gt/yr
at relatively low cost over the coming decades, without
compromising other human needs such as food and fiber
security. However, an impact at this scale would involve
modifying land management practices over very large
areas globally. Furthermore, the rate of CDR could not
be sustained indefinitely in any given place, because soil
and terrestrial biomass have limited potential for carbon
storage.

As discussed in Sec. II A, ecosystem-based CDR
approaches can be thought of in some sense as once-
through processes where water is the working material,
although the process is driven by solar energy and must
respect the second-law energy bound. If the processes in
which the water is again separated from the carbon are
included, ecosystem-based CDR can also be thought of as
a cyclic approach where the carbon is retained for some

time. The residence time of carbon in soil and biomass can
range from 10–1000 years (Appendix C8); for ecosystem-
based approaches requiring active management, even to
maintain a given level of storage, once achieved, would
require continued activity. Additional details on the poten-
tial of these approaches are given in Appendix C9.

Ecosystem-based CDR approaches often have other
benefits such as preserving biodiversity, increasing ecosys-
tem health, and promoting ecosystem services such as
fresh water. However, ecosystems are complex, methods
must be tailored to individual locations, and it can be diffi-
cult to predict and evaluate the results of specific changes
in land use (Sec. VI A). In particular, it can be difficult to
determine the additionality of carbon gains due to specific
activities and to measure rates of leakage over time. Fur-
thermore, ecosystem-based CDR has limited potential in
any given land area and is only effective when the added
carbon storage is maintained over long times; this requires
long-term intentional land use practices, and durability of
storage can be compromised by many difficult-to-control
factors including fire, insects, and changes in climate. On
a related note, avoiding deforestation and the degradation
of existing ecosystems will help reduce net anthropogenic
CO2 emissions.

2. Bioenergy with carbon capture and storage (BECCS)

Summary: BECCS

BECCS involves growing crops or trees over large land areas, using that biomass to produce energy though direct
combustion or via fermentation to biofuel, and then capturing the released CO2 for sequestration.

Process type: Cyclic
Inputs: Air, water, likely nitrogen-based fertilizer
Output: Relatively pure CO2 stream, energy
Advantages: Simple output, negative-carbon energy
Potential drawbacks: Land use competes with agriculture and natural ecosystems, loss of biodiversity, energy inputs

for fertilizer
Uncertainties and research opportunities: Scaling
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Bioenergy with carbon capture and storage (BECCS)
generally refers to growing crops or trees that capture
biomass, using that biomass in power plants with point-
source carbon dioxide capture, and sequestering the CO2
(through, e.g., direct geologic storage or integration into
long-lived products that are used or sequestered, as in
Sec. V). In the carbon management scenarios consid-
ered by the IPCC [1], the largest contribution to atmo-
spheric CO2 removal was assumed to come from BECCS.
The NASEM report [4] states that BECCS “has come to
be viewed as a key carbon dioxide removal approach.”
BECCS is often viewed as the least expensive technologi-
cal approach to large-scale CDR. However, as emphasized
in NASEM [4], BECCS is not yet widely deployed, and
there are a number of obstacles to implementing this
approach at large scales.

BECCS is essentially a cyclic process, as discussed
in Sec. II A, when the energy capture process through
photosynthesis is included. The primary molecule that
binds with atmospheric CO2 is water (H2O). Energy
is input (through photosynthesis) to bind carbon into
a sugar/carbohydrate molecule. The energy is released
through combustion, and the water and carbon dioxide are
separated in a controlled environment where the CO2 can
be captured and sequestered.

Primary approaches to BECCS involve either direct
combustion or fermentation (as in ethanol production), fol-
lowed by combustion of the biomass. The outputs of these
processes contain much higher concentrations of CO2 than
the atmosphere. The thermodynamic lower bound on cap-
ture energy at this stage of the process is therefore sig-
nificantly lower than the amount needed for atmospheric
capture.21 There are currently no existing power plants
based on the combustion of purpose-grown biomass that
perform carbon capture and storage (CCS) [4]. However,
CCS is incorporated in several ethanol plants to capture
the CO2 output in the fermentation process, for which the
practical technology and frameworks are more commer-
cially ready [27]. CCS is also used at several municipal
solid waste plants around the world.

Substantial land area in the United States and other
countries is used, at least in part, for biofuel (e.g.,
ethanol) production, but point-source capture is much
harder to implement (and may be intractable) when use is
widely distributed, such as in automobiles. Thus, achiev-
ing BECCS at the gigatons of CO2 per year scale would
involve technical innovation and revamping existing
energy infrastructure (e.g., replacing direct biofuel use in
transportation with combustion in power plants and elec-
tric vehicle use). Another approach to BECCS involves
biomass conversion to fuels with the co-production of
biochar (Sec. IV B 3).

Any BECCS scenario using conventional crops would
need large amounts of land to capture CO2 at the gigatons
per year scale, as well as potentially substantial energy
inputs for fertilization. Large-scale BECCS also requires
extensive freshwater inputs [28], which could be challeng-
ing in areas where water is already limited. Carbon capture
and storage at this scale using plants with a photosynthe-
sis efficiency near that of current agricultural crops would
require land on the scale of 1 million km2, representing
about 20% of U.S. farmland; it has been suggested that
“second-generation” biomass such as perennial grasses
could reduce the needed area somewhat (see Sec. III
B and Appendix C5 for more details). By using waste
and residues from existing agricultural processes, BECCS
could be realized in principle by using some fraction of the
photosynthetic productivity on a given land area without
displacing other agricultural land uses. Other approaches,
such as growing species of algae that are more efficient at
photosynthesis, may eventually reduce the amount of land
required for BECCS and related CDR methods. However,
in any scenario using conventional terrestrial crops, large-
scale BECCS would compete with other land uses such as
growing food and ecosystem conservation.

3. Other biological approaches to CDR

Direct biocapture and storage. One strategy that has
been suggested in a variety of contexts is to simply capture
carbon in biomass and then sequester the biomass, often
after some processing that increases its carbon density
and/or improves its potential for long-term storage. This
is sometimes referred to as BiCRS (biomass with carbon
removal and storage). Like BECCS, any such approach
needs large land areas for biomass crops (Appendix C5),
competing with agriculture and reducing biodiversity.
Energy-intensive fertilizers may also be required. One
approach that has been considered is large-scale cultiva-
tion of high-productivity crops such as switchgrass, with
stable sequestration in biolandfills [29]. Another approach
that has been suggested is planting large areas with specific
tree species followed by regular harvesting and process-
ing of the wood (e.g., through gasification) for long-term
sequestration [8]. While such monocrop tree plantations
may remove more carbon dioxide over the long term, they
come at the cost of displacing more diverse and healthy
ecosystems.

Using wood and other carbon-containing natural mate-
rials in long-lasting building materials, such as for houses,
can sequester CO2 potentially for centuries. There is also
some research on using biological approaches to directly

21The energy for atmospheric capture has already been supplied from solar energy through the photosynthesis process.
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produce carbonates for storage. This research is still at an
early stage, but it may be an effective way to sequester
carbon.

Biochar and bio-oil. Biochar is a solid material with a
high carbon content. It is produced by thermo-chemically
processing biomass in an oxygen-limited environment. It
has been suggested that adding biochar to soil can posi-
tively impact crops and vegetation, particularly in tropical
areas, and may increase long-term soil carbon retention.
The extent of these benefits is uncertain, however. Some
energy is released when biochar is produced, so biochar

production can be incorporated into BECCS-type systems.
MRV is difficult with biochar as with other approaches to
increasing soil carbon; more research is needed to under-
stand the impact and long-term benefits of biochar, as well
as its stability and longevity in soil. This is complicated
by the fact that different processes can produce different
forms of biochar with widely varying properties. Further
comments and references regarding biochar can be found
in Appendix C9.

Bio-oil is a liquid that is also produced from biomass
through pyrolysis. Bio-oil can be used in biofuel, and there
are currently efforts to directly sequester bio-oil as a form
of CDR.

C. Enhanced rock weathering

Summary: Enhanced Rock Weathering

The idea of enhanced rock weathering (ERW) is to capture atmospheric CO2 using minerals that are out of equilibrium
with the atmosphere. This can be done by mining, crushing, and grinding rock containing alkaline minerals and spread-
ing them over large areas. There, they react with CO2 to form relatively stable carbonates or carbonate ions in solution.
In some cases, the process may lead to increased agricultural yields, but there are many environmental concerns.

Process type: Once-through
Inputs: Ground rock containing alkaline minerals
Output: Carbonate rock and/or carbonate ions and other products, e.g., silicon dioxide
Advantages: Total energy requirements (including for mining and processing) likely less than for cyclic systems
Potential drawbacks: Requires large amount of mining and processing
Uncertainties and research opportunities: Rate and effectiveness unclear; measurement, reporting, and verification is

difficult; environmental consequences of distributed reaction products, some that may include heavy metals

When exposed to the atmosphere, rocks are weathered
by wind, rain, and other physical, chemical, and biologi-
cal mechanisms. Some minerals react exothermically with
atmospheric and soil CO2, the latter of which is derived
from root and microbial respiration, producing carbonate
ions or solids. Over geologic time scales, some of these
carbonates accumulate in deep ocean sediments and lock
away atmospheric CO2. Enhanced rock weathering (ERW,
also known as “accelerated weathering” or “accelerated

mineralization”) attempts to speed up these natural weath-
ering processes in order to capture significant quantities of
atmospheric CO2 over time scales of a few years.

More generally, a variety of approaches have been pro-
posed that use alkaline minerals to remove carbon dioxide.
Campbell et al. [30] classify the approaches into three
groups: surficial (alkaline minerals at the surface of the
Earth react with atmospheric CO2 or fluids containing
CO2), in situ (CO2 is injected into underground rock
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FIG. 4. Peridotite in the Trinity Alps of northern California, showing orangish weathered surfaces and freshly exposed dark surfaces.
(Photo credit: Brad Marston.)

formations), and ex situ (alkaline minerals are brought to
sites of highly concentrated carbon dioxide production).
Here we focus on surficial processes. The other two types
of processes are discussed in Sec. V B.

Natural weathering has played an important role in
determining Earth’s current climate and CO2 levels.22 The
present-day net global CO2 absorption rate by natural rock
weathering has been estimated [32] to be roughly 1.1 Gt
CO2/yr but with substantial uncertainty. Much lower esti-
mates have also been reported [33,34]. The mineralization
of CO2 is concentrated in hot spots around the globe where
ultramafic rocks are exposed, especially in moist tropical
regions and in some mine tailings. Ultramafic rocks are sil-
icate rocks with relatively low (<45%) silica content that
are rich in magnesium and iron. A detailed study of hot
spots may shed light on how to best engineer enhanced
rock weathering.

A number of specific rocks and minerals have been pro-
posed for enhanced weathering processes. Peridotite, an
ultramafic rock that makes up much of Earth’s upper man-
tle, consists mostly of the minerals olivine and pyroxene
(Fig. 4). Forsterite (Mg2SiO4), one of the olivine group of
minerals, reacts energetically with carbon dioxide to form
magnesium carbonate and silicon dioxide [35]:

Mg2SiO4 + 2CO2 → 2MgCO3 + SiO2 + 90 kJ/mol (1)

(See Appendix C6 for the basic chemistry of such reac-
tions.) Serpentine rocks are composed of hydrothermally
altered ultramafic minerals and react less energetically,
releasing about 64 kJ/mol. Mafic rocks such as basalt react
less energetically still but are more abundant, forming
much of the ocean floor and flood basalts (Fig. 5) such as
those found in eastern Washington state.23

The concentration of CO2 in soils can be much greater
than that of the atmosphere, enhancing mineralization. Wet
locations are best for accelerating weathering, because car-
bon in the form of carbonic acid reacts with silicate miner-
als. To maximize reaction rates, the rock should be ground
to a fine powder [38] through a process called comminu-
tion. The ideal grain size is on the order of 10 micrometers
— about one-fifth the width of an average human hair. The
energy required for comminution down to that size exceeds
the energy required for mining and transporting the rock
[36,39,40].

Technology for mechanical comminution has a long his-
tory, because it is the first step in processing ore [41]. The
estimated energy efficiencies of mechanical comminution
starting at the level of covalent molecular bonds [42–
44] are on the order of 1%, thus there is potential for
improvements in efficiency [45].24 Comminution can also
be carried out with electromagnetic mills, electric pulses,

22For example, geologists have proposed that the uplift of the Tibetan and Colorado plateaus exposed enough fresh rock to
weathering that the resulting drop in carbon dioxide levels played an important role in the development of the ice ages in Earth’s
climate [31].

23Though silicate rocks react exothermically with carbon dioxide, the chemical reaction rate with CO2 dissolved in water is limited
by the breaking of ionic bonds between the cations (Mg2+ or Ca2+) and silicate groups [37], as well as the formation of clay passivation
layers around the mineral grains. Olivine dissolves faster than crystalline basalt over a wide temperature range, but glassy basalt reacts
even more quickly than olivine showing that free energy differences are not the only, or even most important, factor [4].

24The trade-off between higher reaction rates and greater energy consumption is complicated but explored in Refs. [39,46] where
it is noted that surface areas of 1–10 m2/gm (corresponding to grain sizes on the order of 10 μm) can currently be achieved with an
energy input of 10–100 kWh per ton of rock.
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FIG. 5. View from space of the 45 km2 Ice Springs basalt lava flow in Utah. This is part of the Cinders volcanic complex, which has
a total volume of 5.4 × 108 m3. Assuming the basalt has a density of 2.9 g/cm3, the flow has a mass of about 1.5 Gt. At a conversion
rate of 0.3 t CO2/ton basalt [36], this source could remove about 0.5 Gt CO2. (Photo credit: NASA Earth Observatory.)

and microwaves. It is unclear if these technologies are
more efficient than standard mechanical methods [47].

Transporting large amounts of material from quarries
and mines to farmland or coasts (for ocean alkalinity
enhancement) might appear to be a major problem, but
the technology and some of the infrastructure already exist.
As mentioned, the energy cost of transporting the material
is small compared to fine comminution [46], although it
will require effort and time to fully decarbonize the trans-
portation system. Accelerated weathering of silicate rock
to form solid carbonates sequesters up to 1 CO2 molecule
per Mg2+ or Ca2+ ion per reaction, as in Eq. (1).25 Thus,
1.5 Gt of forsterite could capture up to 1 Gt CO2. The
United States already mines and transports quantities of
crushed rock at a scale comparable to that required for sub-
stantial enhanced weathering. About 142 Mt of coal was
mined in the United States during 2021 [48] and 1.5 Gt of
crushed stone was produced.26

If the energy needed for comminution can be kept sig-
nificantly below 100 kWh/t of rock, and weathering and
carbon retention rates are high, the energy cost of this CDR
approach may be lower than the thermodynamic bound on
the energy input for cyclic processes. Therefore, the total
energy requirements for ERW may be significantly lower

than that of cyclic approaches requiring an energy of three
to ten times the thermodynamic bound.

Ground rock can fertilize soils, which is potentially an
attractive co-benefit of this approach as long as contami-
nation with heavy metals can be avoided [40,50]. Silicate
rock can move soil pH levels into desirable ranges and
potentially replace the lime additives often used for this
purpose. However, some ultramafic rocks should not be
used for this, because they contain nickel and chromium.
Rock dust can be harmful to the lungs; serpentine rock
in particular often contains asbestos. Additionally, magne-
sium from ultramafic rocks can interfere with plant uptake
of calcium.

Determining the effectiveness of ERW is a complex
problem. Soils are diverse and complex. Field experi-
ments designed to measure the uptake of carbon dioxide
by soils treated with crushed rock have found greatly vary-
ing results [51–53]. One recent experimental study, for
instance, finds limited removal of carbon dioxide by soils
in the United Kingdom treated with ground basalt for rea-
sons that were not clear [54], but another study in the
U.S. Corn Belt shows more promising results [55]. A 2024
meta-analysis of ERW field studies illuminates uncertain-
ties in quantifying CDR and the wide range of measured

25The molecular weight of forsterite is 140 g/mol compared to 12 g/mol for carbon; because a mole of forsterite contains 2 moles
of magnesium ions, roughly 5 Mt of forsterite would need to be mined to compensate for the added CO2 from burning 1 Mt of coal
under the assumption that the forsterite completely weathers.

26Of this crushed stone, 70% was limestone and dolomite and 15%, granite rock [49].
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responses [56]. Note that a rate of absorption of CO2 by
treated soils on the high end of 10 t/ha/year translates
to one million square kilometers of land that would be
required to remove 1 Gt CO2 per year. Before the viabil-
ity of ERW can be determined, a better understanding of
how different soils respond to treatment with silicate rock
is needed, including an understanding of the fraction of
silicate minerals that react and the rate of the reactions.
Possible changes in the amount of light reflected by the sur-
face (its albedo) and increased emissions of nitrous oxide
(a potent greenhouse gas) from treated soils [57] should
also be considered, as well as the fraction of carbon dioxide
that escapes from streams and rivers as dissolved inorganic
carbon (DIC) makes its way to the sea [58].

D. Ocean CDR

The world’s oceans contain roughly 40 times as much
carbon as the atmosphere, and have a carbon density per
unit volume roughly 100 times that of air. Most of the dis-
solved inorganic carbon (DIC) in ocean surface waters is
in the form of bicarbonate (∼90%, HCO−

3 ) and carbonate

(∼9%, CO2−
3

). Only about 1% is in the form of dissolved
CO2(COaq

2 + H2CO3). On rapid timescales, these forms of
carbon equilibrate in surface water, in ratios that depend
on the pH or alkalinity of the water, temperature, pres-
sure, and other factors. Related aspects of ocean chemistry
are described briefly in Appendix C7. While carbon levels
equilibrate quickly between the atmosphere and ocean sur-
face waters, it takes thousands of years for surface waters
and the carbon they contain to mix and reach equilibrium
with the deep ocean.

Because the ocean contains such vast quantities of car-
bon, it is natural to consider ways that this carbon store
can be used to capture and hold additional carbon from
the atmosphere. A wide range of approaches have been
proposed, including modifying ocean chemistry to move
atmospheric CO2 into the form of carbonate ions dissolved
in surface waters (ocean alkalinity enhancement) and elec-
trochemical approaches. We briefly describe some of the
main ideas here. More comprehensive reports on a broad
range of approaches to ocean CDR (also known as marine
CDR or mCDR) can be found in Refs. [30,59,60].

1. Ocean alkalinity enhancement (OAE)

Summary: OAE

The idea of ocean alkalinity enhancement (OAE) is to use alkaline minerals or other materials to change the chemistry
of ocean surface waters so that they uptake and store atmospheric CO2 in the form of carbonate ions. In time, this
captured carbon is brought into the deep ocean by global ocean circulation.

Process type: Once-through
Inputs: Ground rock containing alkaline minerals
Output: Dissolved alkaline material, increased carbonate in ocean surface waters
Advantages: Total energy requirements likely less than for cyclic systems, reduction in ocean acidity may positively

impact some ecosystems
Potential drawbacks: Requires a large amount of mining and processing
Uncertainties and research opportunities: Rate and effectiveness unclear, measurement and verification difficult, envi-

ronmental consequences of adding large quantities of alkaline materials and trace elements to oceans are not
understood
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Atmospheric carbon can be removed by increasing the
alkalinity of ocean waters.27 With an increase in alkalin-
ity, the DIC composition shifts. The fraction of dissolved
CO2 decreases in favor of carbonate ions. As the water’s
concentration of dissolved CO2 is rapidly brought back
into equilibrium with the atmosphere through mixing by,
e.g., wave action, the water pulls in more atmospheric
CO2. Using this mechanism for CDR is known as ocean
alkalinity enhancement (OAE).

One approach for increasing ocean alkalinity is deposit-
ing tons of ground silicate minerals, such as olivine, into
ocean surface waters. Limestone and calcium carbonate
derivatives have also been considered. Using this mech-
anism for CDR is a type of once-through carbon capture
process (Sec. II), so the mass of material needed is similar
to the mass of the carbon that is removed. For example,
at least 2 Gt of olivine is required to remove 1 Gt of CO2
[61]). Implementing this approach on the gigatons per year
scale would thus require adding billions of tons of alkaline
minerals yearly to ocean systems.

The energy requirements for OAE are similar to those
for enhanced rock weathering (Sec. IV C). Energy needs
are likely dominated by the energy for grinding rock, but
also include transportation and distribution needs. In prin-
ciple, if done in appropriate places, the surface water bear-
ing extra alkalinity would equilibrate with atmospheric
carbon dioxide and then sink into the deep ocean, where
the captured carbon would remain over thousands of years
[62].28 Regions of strong deep convection, such as the
ocean south of Iceland, where the surface waters may sink
before carbon capture from OAE has a chance to fully take
effect should thus be avoided.

OAE may be a promising approach to large-scale atmo-
spheric carbon removal, similar in spirit to enhanced
weathering. However, many aspects of the ocean chem-
istry and biological impacts of this approach are poorly
understood and need further research before any effort to
implement at scale.29 In particular, as with ERW there are
questions about the overall efficiency of the approach in
terms of the quantity of CO2 captured for a given amount
of material added. Some recent research [64] indicates that
adding alkaline minerals may lead to much less change
in total alkalinity (TA) and associated CO2 uptake than
expected,30 although other studies suggest that these effects

may be controllable [65,66]. There are also questions
regarding the environmental impact of OAE.31 Distribut-
ing the alkaline material as broadly as possible to minimize
the magnitude of local changes may help to reduce adverse
effects, but would increase the cost of transport and distri-
bution. The long-term effects of adding gigatons of alkaline
minerals to the ocean and the time scale of mixing also
need to be better understood. Possible changes to ocean
albedo due to plankton blooms or through the release of
dimethyl sulfide that can form cloud condensation nuclei
should be considered. There may also be issues with a
decrease in the Meridional Overturning Current driven by
climate change [67,68] that could reduce the sinking of
carbon-rich waters.

Just as for enhanced weathering, before any effort to
undertake OAE at large scale, it is important to better
understand the issues associated with the full implementa-
tion cycle, including the energy costs of extraction, trans-
port, and grinding, as well as the environmental impacts
and other externalities for gigatons of materials (for com-
parison, the global cement industry uses roughly 7 Gt of
material annually). It has also been suggested that some
industrial waste may be used as a source of alkalinity,
but this would likely raise increased issues of toxic trace
elements.

There are close connections between the chemistry
involved in enhanced weathering (Sec. IV C) and OAE.32

The enhanced weathering process removes atmospheric
carbon through the formation of carbonates. If the carbon-
ates enter the ocean and dissolve, the originally captured
carbon is released but the increase in alkalinity causes the
uptake of other atmospheric CO2 through OAE. This is the
reverse of the process noted in Appendix C7, where the
precipitation of calcium carbonate leads to the expulsion
of CO2 from the ocean into the atmosphere.

2. Electrochemical ocean CDR

Various electrochemical approaches to ocean carbon
dioxide removal have been considered. Many of them
either modify ocean alkalinity as in Sec. IV D 1, or are
essentially cyclic CO2 removal processes (Sec. II) like the
chemical DAC systems described in Sec. IV A. Reviews of
some of these approaches can be found in Refs. [30,59,60].

27Alkalinity is related to but distinct from pH, see Appendices C6 and C7.
28It is worth noting that an additional consequence of adding alkalinity to ocean water that sinks into the deep ocean is that it offsets

the extent to which ocean acidification increases dissolution of calcium carbonate in the deep ocean floor — such dissolution would
add alkalinity while bringing deposited carbon back into the ocean system.

29This is a very active area of investigation. Some of the issues are outlined in more detail in, e.g., [63].
30This is attributed to precipitation of, e.g., calcium carbonate (which reduces pH, see Appendix C7), Mg-Si precipitates, and

buffering effects of seawater.
31For example, in addition to the magnesium that enhances alkalinity, reaction products from olivine include silicic acid and iron,

which can significantly impact marine biology, as well as trace amounts of nickel, chromium, and other potentially harmful metals.
32In particular, enhanced weathering on beaches has aspects of both approaches (see, e.g., [63]).
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In many cases, electrochemical OAE uses electrodes to
separate acid and base components from seawater or brine
from desalination plants. The acid is then neutralized (typi-
cally through reaction with a silicate mineral), and the base
is returned to the ocean. This increases the alkalinity and
leads to a shift in carbonate chemistry that pulls CO2 from
the atmosphere as described in Sec. IV A. This approach
shares many of the issues with the general OAE approach.
The impacts and effectiveness of these approaches have
similar uncertainties in terms of ocean chemistry. In elec-
trochemical OAE, however, the material output (e.g., salt
and silica) is contained and not distributed in the ocean, so
it can be disposed of or used in other ways. The energy cost
of separating the acid and base can be high, with estimates
of 3–18 GJ per ton of CO2 [63].

Two kinds of electrochemical ocean carbon capture
(often called direct ocean capture or DOC) systems are
being considered. In the “acid process,” an acid is com-
bined with a contained quantity of seawater, promoting the
release of CO2. That CO2 is then captured and stored. In
the “base process,” a base is added to the seawater and
carbonates are precipitated as solids and removed. Precipi-
tation of the carbonates can also shift the chemistry so that
CO2 is released (Appendix C7), and both the solid carbon-
ate and CO2 gas can be sequestered and stored. In both
electrochemical ocean DOC processes, the acting acid or
base is typically produced by an electrochemical process
like electrolysis that generates both an acid and a base.
The acid and base streams are recombined before they
are returned to the ocean, so there is no net change in
ocean alkalinity. These approaches are cyclic (Sec. II), so
second law constraints apply to the energy inputs. These
approaches do not modify ocean chemistry as significantly
as OAE approaches, but electrochemical DAC/DOC pro-
cesses are not yet well developed. The much higher carbon
density of seawater per unit volume (compared to air)
suggests that such approaches may be effective. Note, how-
ever, that seawater is also much more dense than the
atmosphere (by a factor of about 1000), so the mass of
water that needs to be processed to capture a given amount
of CO2 is roughly 10 times greater than the mass of air
needed.

3. Biologically-based ocean CDR

There are a wide range of approaches to using oceanic
biological systems to capture and store atmospheric car-
bon. We briefly describe some of the main ideas here.

Restoration of coastal and marine ecosystems (coastal
blue carbon). Just as in terrestrial ecosystems, human
activity has led to a substantial loss of carbon stored in
coastal and marine ecosystems — including salt marshes,
mangroves, seagrasses, and others — through environmen-
tal degradation. Protecting and conserving existing coastal

ecosystems is important for maintaining carbon stores.
Restoring damaged ecosystems can effectively remove
carbon dioxide and store it for hundreds or thousands of
years, as long as the ecosystem is preserved. Similar to
the CDR approaches based on the restoration of terrestrial
ecosystems described in Appendix C9, restoring coastal
and marine ecosystems can provide a moderate amount
of carbon recapture and storage with relatively minimal
risks and potential auxiliary benefits (e.g., water quality,
biodiversity, flood control). While such efforts are highly
location-specific and must be considered in the broader
context of human activity, land use, and biodiversity con-
servation, very rough estimates suggest that 0.1–1 Gt/yr of
CO2 could be captured and sequestered in this way [59].

Seaweed cultivation. Large-scale cultivation of sea-
weed has been proposed for carbon capture, similar to
the idea of terrestrial direct carbon biocapture and stor-
age. This approach and relevant literature are reviewed in
Ref. [59]. A significant challenge to large-scale implemen-
tation of the seaweed approach is that coastal waters are
essentially one-dimensional. Furthermore, seaweed pho-
tosynthesis is less efficient than microalgae photosynthe-
sis and seems harder to optimally configure. For these
reasons, seaweed farms capable of sequestering 0.1 Gt
CO2/yr would require roughly 60% of global coastline
[59]. There are also substantial uncertainties and con-
cerns about the environmental impact of this approach and
proposed sequestration methods such as by sinking the
seaweed to the deep ocean.

Artificial upwelling and downwelling. It has been sug-
gested that artificially enhanced upwelling, bringing up
nutrient-rich ocean water (e.g., by large banks of pumps),
could enhance phytoplankton production and associated
carbon capture. This idea is unproven and there are seri-
ous questions about its effectiveness and global impacts
[59]. There are related suggestions for accelerating down-
welling, increasing the rate at which the higher surface
carbon content is brought into the deep ocean. It seems
unlikely that these ideas could lead to effective large-scale
atmospheric carbon removal, and much more research on
their feasibility and potential impacts is needed before they
should be considered possible CDR approaches.

Nutrient fertilization. Another proposed approach to
increasing the rate of carbon capture by oceanic biological
systems is adding nutrients (e.g., iron) to surface waters.
The idea is to enhance phytoplankton photosynthesis and
help the resulting carbon-based biomass reach the deep
ocean for sequestration. It has been suggested that such
fertilization efforts may have the co-benefit of enhanc-
ing some fisheries. While the cost and effort involved in

017001-24



ATMOSPHERIC CARBON DIOXIDE REMOVAL. . . PRX ENERGY 4, 017001 (2025)

implementing such processes may be relatively low, the
effectiveness and environmental impact of such large-scale
activities are complex and not well understood. For exam-
ple, large-scale nutrient fertilization in the southern oceans
could remove nutrients that would otherwise be consumed
by organisms in northern oceans later (see, e.g., [69]).
Research in this area has been complicated by poorly-
designed experiments.33 Some of the issues and related
literature are reviewed in Refs. [59,70]. This area is expe-
riencing a revival in interest and government funding, but
we do not focus on it in this report due to the uncertainties
and potential large-scale global impact on ecosystems and
human activity.

E. Other approaches

As illustrated, a wide range of ideas have been proposed
for CDR, and further creative solutions to the carbon cap-
ture problem may emerge. While not all ideas are treated
directly here, we expect the general principles underly-
ing this report to be relevant for most approaches. In
Appendix C11, we briefly describe a few more specula-
tive directions beyond the main approaches treated in this
section.

V. APPROACHES TO STORING CAPTURED
CARBON

Summary: Carbon Storage and Sequestration

A straightforward approach to carbon storage and
sequestration involves compressing the CO2 to a super-
critical fluid and injecting it into an underground
reservoir, where it remains trapped. Under some cir-
cumstances the CO2 can significantly impact marine
biology can gradually mineralize underground. Stud-
ies suggest that underground storage sites are available
that could accommodate many thousands of gigatons
of supercritical CO2 can significantly impact marine
biology. There do not seem to be any fundamental
obstacles to implementing this type of CO2 can sig-
nificantly impact marine biology sequestration at large
scales, but concerns such as leaks and earthquakes need
to be addressed.

Other approaches for dealing with captured CO2 can
significantly impact marine biology include mineraliza-
tion and use in long-lived construction materials such
as concrete. These methods are less developed.

A number of approaches have been suggested for using,
storing, and sequestering captured CO2. Currently, most
captured CO2 is used in enhanced oil recovery or for var-
ious industrial purposes (Sec. V C). To affect actual net
carbon emissions over the long term, however, the carbon
in the CO2 must not reenter the atmosphere/biosphere car-
bon cycle for thousands of years — using CO2 to produce
carbonated beverages, for example, does not count. The
primary approaches to long-term sequestration can be bro-
ken down into (1) storing CO2 permanently underground,
(2) binding captured carbon into solid materials that may
be buried or sequestered, and (3) incorporating captured
carbon into relatively permanent material structures for
human use. While there is some overlap, we briefly dis-
cuss each of these separately. A comprehensive report on
these topics is given in chapters 4–7 of [71].

A. Compressed underground storage

The primary approach envisioned for handling large
quantities of CO2 captured in cyclic CDR approaches, such
as chemical DAC, is compressing the CO2 to a supercrit-
ical fluid and sequestering it in geologic reservoirs.34 The
supercritical fluid has a high density that reduces buoyancy
and allows more CO2 to be sequestered. This approach
can be effective on millennial time scales. Over time,
depending upon conditions, the CO2 can become miner-
alized (Sec. V B) — further increasing the stability of this
approach.

Geologic formations suitable for long-term CO2 stor-
age generally consist of porous and permeable rock that
can serve as a reservoir and a seal, such as a “cap” of
impermeable rock. Many depleted oil and gas fields meet
these criteria. There are also many deep saline forma-
tions that satisfy these conditions [74], with a range of
trapping mechanisms, including residual trapping and dis-
solution trapping in addition to structural trapping [75].
Currently, CO2 is used in enhanced oil recovery (EOR) to
push out the last parts of a fossil fuel reservoir, although
the CO2 in this context is gaseous and long-term storage
is not an explicit goal. For large-scale storage and seques-
tration of supercritical CO2, it will likely be necessary to
go beyond current and depleted fossil fuel reservoirs.35

A 2013 meta-analysis of published literature on available
geologic storage estimates a “practical” capacity of more
than 3900 Gt CO2 [74], much in deep saline formations.
A more recent report estimates 8000–55 000 Gt [78]. Con-
sidering these and other estimates, there is likely more than
enough capacity to store tens of gigatons of CO2 per year

33In addition, in 2012 the Haida Salmon Restoration Corporation added five times more iron sulfide than previous experiments to
the Pacific Ocean off the coast of British Columbia without approval by Environment Canada, setting back further research.

34This includes offshore storage in geologic reservoirs beneath the sea floor [72]. Deep ocean storage has also been considered but
is not currently viewed as a favorable option [73].

35However, it is worth noting that, for example, the yearly volume of reinjected produced fluids from the U.S. oil and gas industry
— ∼15–25 Gbbl ∼= 24–40 × 1011 liters [76,77] — is equivalent to that of several Gt of compressed CO2.
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for the rest of the century. At the current time, roughly
30 Mt/yr of CO2 is being sequestered in a combination of
enhanced oil recovery projects and saline aquifers [79].

Some concerns have been expressed regarding the
potential for leakage or seismic events from CO2 injec-
tions. A high rate of leakage could compromise the perma-
nence of storage. Because CO2 is denser than air, and can
pool in low-lying areas, a large-scale rapid leak of com-
pressed CO2 could also have tragic local consequences (as
in the 1986 Lake Nyos disaster [80] and Mammoth Moun-
tain CO2 leakages [81], both involving natural subsurface
CO2 accumulations). Some studies [82] have estimated
low risks from natural CO2 seeps. While experience and
studies related to fossil fuel exploration and extraction
offer some perspective on seismic risks, a more thorough
understanding of these issues in the context of large-scale
injection of pressurized CO2 is desirable. Recent sum-
maries of these risks and how they may be addressed are
given in Refs. [83,84].

Large-scale sequestration can likely be carried out at
many sites with safety precautions that reduce the likeli-
hood of disastrous leakage or a catastrophic seismic event
to a very small possibility. Nonetheless, accurate measure-
ment and evaluation methods, including establishing base-
line conditions and monitoring both subsurface and surface
changes, are needed to detect leaks or reservoir weaknesses
in a timely fashion. There have been a number of exper-
imental tests of CO2 release from shallow sources, and
quantifying leakage is challenging using current method-
ologies [85]. Some further discussion of measurement,
reporting, and verification (MRV) approaches for geologic
storage is given in Sec. VI A. It would be prudent, how-
ever, to do further study and risk assessment and to develop
robust MRV protocols while moving toward large-scale
implementation of underground CO2 sequestration. It is
worth noting that the consequences of leaks and seismic
events are substantially attenuated for geologic reservoirs
beneath the sea floor.

B. Mineralization

Carbon dioxide can react with alkaline minerals to pro-
duce solid carbonates such as calcium carbonate (CaCO3)
and magnesium carbonate (MgCO3) (as described in
Sec. IV C and Appendix C6). In addition to surficial
approaches, like ERW, carbon mineralization can be car-
ried out in situ in subsurface reservoirs, or ex situ in con-
trolled situations such as engineered reactors. The resulting
carbonates store the carbon in a stable and compact form.

While we focus primarily on chemistry-based mechanisms
for mineralization, there is also current research on using
biological systems to enhance or implement mineralization
processes. This is a promising avenue for further research
and development. A more complete review of many of
these processes and approaches can be found in Ref. [30].

In situ mineralization can occur naturally in geologic
repositories when the surrounding rock types are suffi-
ciently alkaline, such as basalt or other mafic or ultramafic
rocks. The mineralization rate is enhanced in the presence
of water.36 At the Climeworks/Carbfix Orca DAC plant in
Iceland, CO2 from direct air capture is dissolved in water
and mixed with brine before injection, and the reaction rate
is enhanced by geothermal energy (see, e.g., [87]); in this
operation, around 25 t of water are needed for each ton of
CO2. Studies based on models [88] suggest a high rate and
capacity for mineralization, although there are substan-
tial uncertainties regarding many of the processes involved
(for further discussion and references see [30]).

Ex situ approaches to mineralization have been stud-
ied in the context of point-source carbon dioxide capture,
but could potentially be applied in DAC scenarios as well.
In ex situ mineralization, natural rock or industrial alka-
line waste or byproducts are reacted with CO2-rich gases
in controlled environments, such as engineered reactors.
Ex situ approaches may enable better control of toxic or
environmentally hazardous trace elements, particularly for
industrial output, compared to surficial approaches such as
simply spreading alkaline industrial output or mine tailings
over large land areas. The quantity of industrial alkaline
waste material produced globally has been estimated at
7 Gt/yr, with a potential for capturing 3–8 Gt CO2/yr,
[89]. An overview of the carbonation of silicate minerals
and alkaline industrial wastes is given in Ref. [90]. Ex situ
approaches may also be desirable in situations where CO2
is integrated into a solid that may have other uses (see next
section).

C. Integration of captured CO2 into value-added
materials

Carbon dioxide has extensive uses in industry. Aside
from its previously mentioned use in enhanced oil recov-
ery, CO2 is used to produce urea for fertilizer, in food
and beverage packaging and production, and for many
other purposes. About 150 Mt of CO2 is used in these
ways each year [91], but much of this CO2 is released
to the atmosphere within a few months or years.37 How-
ever, there has been recent interest in integrating captured

36The effectiveness of injecting water with the supercritical CO2 has been investigated, see, e.g., [86]. Other approaches to in situ
mineralization include pre-dissolution of CO2 before injection, even in the absence of a caprock or containing structure; mixing of the
CO2 with alkaline geological fluids before injection to form DIC; and circulating seawater through ultramafic rocks in coastal regions
[30]. The last of these approaches is closely related to surficial weathering and coastal OAE approaches that also capture carbon
through alkalinity enhancement (Sec. IV D 1).

37And, in the case of urea used in fertilizer, there is associated release of other greenhouse gases (N2O). see, e.g., [91].
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CO2 into building materials such as concrete, where it can
be sequestered for potentially hundreds to thousands of
years. Global cement production occurs at a rate of roughly
4.2 Gt/yr [92]. Because producing cement for concrete
contributes substantially to anthropogenic CO2 emissions,
integration of captured CO2 is often studied in conjunction
with other approaches to producing building materials with
a low carbon footprint. There are also efforts underway to
incorporate CO2 into the stony aggregate that constitutes
more than half of the mass of most concrete mixtures (vs
∼10–15% for cement). These efforts are at an early stage
of development, but may be a promising approach to long-
term sequestration of multiple Gt of CO2 yearly and further
research and development in these directions should be
pursued. Further details on such approaches can be found
in Refs. [90,93]. Other uses for captured CO2, such as
fuel production, are also being explored.38 An overview
of technological and economic aspects of a number of
pathways for CO2 utilization is given in Ref. [94].

VI. SYSTEMS CONSIDERATIONS AND
FRAMEWORKS

Summary: Measurement, Reporting, Verification,
and Other System Issues

Good measurement, reporting, and verification (MRV)
methodologies need to be developed for most
approaches to atmospheric carbon dioxide removal.
MRV for geologic sequestration of compressed CO2
is somewhat developed already. For ecosystem-based
CDR and once-through processes such as enhanced
weathering and OAE, the issues are more subtle and
systematic methodologies have yet to be developed.

Good MRV is needed in order to create an effective
economic framework that supports large-scale CDR.
Atmospheric carbon capture at the Gt/yr scale will be
difficult and costly, but if the price can be reduced to
$100–$200 per ton of CO2 for engineered CDR sys-
tems, as some estimates suggest, that would correspond,
for example, to a cost of $1–$2 to capture the carbon
released when an automobile burns a gallon of gasoline.

Building a coherent and effective portfolio of
CDR systems requires a better understanding of the
risks and potential environmental impacts of different
approaches. It also requires a coordinated approach to
implementing CDR systems in appropriate geographi-
cal locations, in combination with energy sources and
storage sites, and with consideration of land use and
energy issues.

In this section we consider some systems aspects of
CDR approaches and technologies, as well as questions

related to measurement, verification, safety and environ-
mental impact, costs, and policies.

A. Measurement, reporting, verification (MRV), and
standards

If a serious effort is made to implement CDR at a
large scale, it is vital to have accurate and reliable meth-
ods for verifying that carbon has actually been removed
from the atmosphere and is stored permanently with min-
imal leakage, and that the process has not had serious
negative impacts on ecosystems or human welfare. We
briefly discuss here some issues of measurement, report-
ing, and verification (MRV), with a focus on the chal-
lenges of measuring and verifying that carbon has actually
been stored and is retained; such systems are needed for
any functional carbon management policy. Issues of risk,
safety, and impact are discussed briefly in the following
subsection.

A number of third-party organizations have developed
guidelines for MRV practices, particularly in the context of
geologic storage [95–97], following the ISO International
Standard for GHG Emissions Inventories and Verifica-
tion [98]. Some private companies developing direct air
capture systems have made preliminary progress in verifi-
cation systems. The US Environmental Protection Agency
(EPA) has developed an MRV framework for geologic
sequestration sites (Class VI wells), that is designed to
protect public health and underground sources of drink-
ing water [99]. There is, however, no general, systematic,
and well-defined framework in the United States for setting
standards or vetting carbon capture and storage efforts for
most potential CDR methods. The lack of systematic MRV
has led to claimed carbon offsets of questionable validity
(see, e.g., [100]). Uncertainty in carbon storage measure-
ments has been cited as a contributing factor in the failure
of one U.S. attempt to form a voluntary carbon market (the
Chicago Climate Exchange) [101]. In the European Union,
a carbon Emissions Trading System (EU ETS) has been
developed around allocations for carbon emissions from
various industries. This has motivated some of the MRV
efforts for carbon capture systems. Nonetheless, the tech-
nical components and institutional structures needed for a
robust MRV framework for CDR implementations are still
at an early stage of development. Such systems are crucial
to enabling governments and private organizations to work
in consort with market forces to effectively develop and
harness large-scale carbon capture systems. One effort to
organize the current state of MRV frameworks for a variety
of proposed CDR pathways can be found online at [102].

At a technical level, the questions involved in MRV are
perhaps clearest for the geologic storage of compressed
CO2 gas. In this context, measurement and verification

38See, e.g., [91].
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procedures are needed to assess the rates of storage, leak-
age, and mineralization, and other factors such as the sub-
surface distribution of CO2. For such assessments, it is cru-
cial to have accurate baseline measurements. A review of
some state-of-the-art systems involved in such monitoring
and verification is given in Ref. [96]. For geologic stor-
age, monitoring techniques are roughly divided into atmo-
spheric monitoring techniques, near-surface monitoring
techniques, and subsurface monitoring.39 While further
research is desirable on these (and other) MRV approaches
to underground storage, many of the ingredients exist for a
robust measurement framework that can be integrated into
a uniform system of standards and regulation around geo-
logic CO2 sequestration (like the EPA Class VI framework
mentioned above). MRV frameworks should also be rel-
atively manageable for the long-term storage of compact
material containing carbon as in BiCRS (Sec. IV B 3), and
there are recent efforts in this direction.

Monitoring and verification for other carbon capture
approaches, particularly once-through (Sec. II) systems
such as enhanced weathering and OAE, are at a much less
developed stage.40 One primary challenge is to separate
CDR gains from large natural fluxes that may occur —
to identify CO2 that is removed beyond what would hap-
pen in the absence of CDR. Measurement alone may not
suffice. Accurate modeling (with its inherent uncertainties)
will likely be required [62]. This makes verification and
standardization of such systems a significant challenge.
For ERW, one MRV challenge is studying how carbon
captured on land may be lost as the carbon in reaction prod-
ucts runs off the land, through rivers, and to the ocean. In
OAE, particular challenges for accurate MRV include clar-
ifying the dispersal of alkalinity, the rate of CO2 uptake,
and the extent to which the inorganic precipitation of car-
bonates occurs, leading to the release of carbon dioxide
gas [105].

MRV for changes in soil organic carbon (SOC) in
ecosystem-based CDR that alters agriculture and grazing
practices is challenging for similar reasons, as is ensur-
ing the longevity of CDR realized through reforestation.
Land use practices lead to large fluxes associated with

the emission as well as removal of atmospheric carbon,
and changes in terrestrial biomass and soil carbon content
come from both human land management choices and
changing environmental conditions.41 In addition, it is dif-
ficult to ensure the longevity of ecosystem-based CDR in
the face of a still-growing human population, changing
human resource needs, and climate change.

Developing MRV approaches for once-through and
ecosystem-based CDR that honestly verify and evaluate
net carbon capture, as well as confirm that such carbon
removal is additional (an added gain that would not have
occurred naturally), real, and permanent, is an important
challenge for integrating these CDR approaches into a
broad carbon management strategy.

B. Safety, risk, and environmental impact of CDR

Because any approach to CDR at the gigaton per year
scale will involve processing billions of tons of material,
it is important to carefully assess the risks and poten-
tial impact of any CDR process before implementing
at scale. MRV efforts (as described in, e.g., [102]) are
often primarily focused on measuring and verifying the
amount of carbon captured and that the sequestration is
real and permanent. However, a systematic approach and
associated regulations and standards are also needed to
ensure that large-scale CDR efforts do not have an undue
impact on humans or the environment. We have men-
tioned some of these issues in connection with various
CDR approaches in Sec. IV. For chemical DAC and asso-
ciated geologic storage, some of the concerns are of large
CO2 leaks and induced seismic activity (see Sec. IV A).
While these concerns can likely be managed, active and
effective monitoring is important for a reliable and robust
large-scale geologic sequestration effort. For ERW and
OAE, in addition to the environmental impact of mining
billions of tons of alkaline minerals, the primary concerns
revolve around the environmental impact of adding bil-
lions of tons of reaction products to the land or ocean. For
both these once-through approaches, the reaction products
will gradually disperse into the environment, and their full

39Atmospheric monitoring techniques include relatively inexpensive optical sensors, with lower precision, and eddy covariance flux
monitors, which are more expensive but more precise, among other technologies. Space-based monitoring techniques may also play a
role here. Near-surface tools and techniques include geochemical monitoring of soil and groundwater and surface displacement mon-
itoring. Subsurface monitoring techniques are generally based on well-developed approaches used in the oil and gas industries, and
include wellbore-based monitoring tools, active and passive seismic methods, and gravity and electrical measurements. One primary
role of subsurface methods is to track the motion of an injected CO2 plume in a geologic formation. Note that a number of new sensor
systems are also under development for detecting methane emissions from oil and gas infrastructure [103]. The standard near-IR bands
for sensing methane are relatively close to bands for sensing CO2, so new methane detection technologies might be repurposed for
CO2 detection.

40There is a great deal of work on this and progress has been made on some approaches, such as isotope dilution inductively coupled
plasma mass spectrometry (see, e.g., [104]).

41Examples of CO2 fluxes from changing environmental conditions include the increased fertilization effect associated with
increased atmospheric CO2 and possible enhancement of soil organic carbon decomposition in a changing climate [106,107])
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life cycle should be understood and modeled. In some
cases, ecosystem-based CDR can have more environmen-
tal benefits than negative impacts, but poorly planned or
poorly managed projects can do harm both to ecosys-
tems and ecosystem services for humans. Tradeoffs in land
use are important in any approach to CDR, particularly
for biologically based approaches, as discussed further in
Sec. VI E.

C. Systems considerations

There are a number of system-level issues to consider
for large-scale implementation of CDR. Here we focus on
some aspects relevant to cyclic terrestrial DAC systems.
More distributed approaches, such as ERW, OAE, and
ecosystem-based capture, also have important life-cycle
and system issues, but the issues are perhaps more diffuse
and complex.

Energy sources. Capturing a few gigatons of CO2 per
year using cyclic CDR systems would likely require hun-
dreds of gigawatts of power, and capturing 10–20 Gt/yr
would require power at the terawatt (TW) scale (Sec. III
A). This power cannot come from the existing grid without
displacing existing energy uses, so significant new power
production capacity would be necessary for any large-scale
CDR effort of this type.42 Because fossil-fuel based power
generation without point-source carbon capture lowers the
effectiveness of any carbon capture system (Sec. III D), the
power supply should be carbon-neutral or as low-carbon as
possible.

Many existing and proposed systems rely heavily on
thermal energy, for example, those that use thermal swing
chemical processes to capture and release CO2. It is thus
natural to consider directly using energy from thermal
sources. As of 2023, the largest existing CO2 capture plant
was located in Iceland and makes use of that country’s
abundant supply of geothermal energy. In other locations,
potential sources of carbon-free thermal energy include
solar thermal energy and waste heat. While in princi-
ple using waste heat from power plants or industry is
an appealing approach, the quantity available may be
insufficient for gigaton-scale CDR, and the fraction of
useful energy (exergy, Sec. III A) is relatively low. This

is an important area for further research and develop-
ment, which is onging. That being said, solar energy is
widely available. The technology for concentrated solar
power has long been developed and could potentially
play a role in powering cyclic DAC systems with high-
temperature thermal energy. The rapidly dropping costs
of photovoltaic (PV) solar panels, however, may make
PV a simpler and more economical energy source. PV
power may be particularly effective with new electrochem-
ical DAC methods (see further discussion in Sec. VI E),
although it would require storage for 24/7 operation.43

Nuclear power is another potential carbon-free option with
low land requirements, although it has its own issues.

Because the energy and materials needed for CDR are
so extensive, new capacity will be needed to power CDR
systems. This should be additional to the development of
carbon-free energy sources to replace existing fossil-fuel
based infrastructure and to expand energy availability. In
many circumstances, even without considering economics,
using new carbon-free power generation to replace existing
fossil fuel infrastructure is more effective than using it to
power CDR.44 For either application, storage and intermit-
tency issues for renewables such as solar and wind need to
be addressed systematically.

Siting. It is widely appreciated that proximity to energy
sources and geological storage sites is an important con-
sideration in siting CDR plants such as chemical DAC
systems. One question that needs to be understood better
is how densely placed CO2 capture systems can be while
remaining effective. Similar to the need to place wind tur-
bines sufficiently far apart to avoid interfering with one
another, there is likely an optimum density for different
DAC plant designs. It is not clear if this imposes any prac-
tical limitations on large-scale implementation of these
technologies, but the question should be studied further.
Additionally, lower CO2 downstream may adversely affect
sensitive ecosystems or agricultural areas, which may also
affect siting decisions.

D. Time scales of different CDR approaches

Different CDR methods may be more appropriate for
different time scales and goals. Many factors should be

42As renewable energy sources power increasingly large fractions of the grid, it may be possible to consider using intermittent
renewable overcapacity to power CDR, although, for example, running a DAC plant only during daytime hours may be economically
inefficient.

43For DAC processes that primarily require thermal energy, solar thermal energy can be more easily stored over the diurnal cycle.
44For example, using a 100 MW solar plant to replace a coal plant with typical emissions of ∼1 t CO2/MWh results in a similar

net energy output and CO2 emission reduction profile as powering a chemical DAC plant operating at eight times the thermodynamic
limit for carbon capture energy needs. Replacing the coal plant, however, removes the cost of operation of the coal plant and fuel (as
well as avoiding any adverse health effects from coal plant emissions), whereas there would be additional costs to building the DAC
plant and for compression and storage. While issues such as intermittency and storage would need to be addressed in a more complete
analysis, energy and carbon considerations alone suggest that in a case like this replacing the coal plant should be prioritized, even
without considering the details of costs. In any realistic situation, of course, particularly for DAC systems with lower energy costs, or
power plants like combined cycle natural gas plants with lower emissions, a more detailed economic analysis would be needed.
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considered in this context, such as the timescale over
which CO2 removal is needed, the natural life-cycle time
of different CDR systems, their predicted removal rate, and
the time to vet and develop them fully. Some technologies
may take longer to develop, or may operate at a slower
rate, but may remove atmospheric CO2 in a more inexpen-
sive, safe, and sustainable way over long time scales. For
example, the natural weathering of silicate rocks removes
around 1 Gt CO2/yr (Sec. IV C). Doubling the rate with
ERW would not remove the multiple gigatons of CO2 per
year that may be desirable in the coming decades, but if
this could be done safely the approach might play a signif-
icant role in keeping CO2 levels constant on a century time
scale. Similarly, other relatively low-tech approaches, like
OAE, may play a useful role in the long-term management
of atmospheric CO2.

E. Land use

One important issue for many CDR methods is land
use. In particular, biologically based CDR such as BECCS
requires large land areas for growing crops (Appendix C5),
and the total amount of carbon that ecosystem-based CDR
can capture and sequester is limited to a fixed total that
is proportional to the land area over which these strate-
gies are applied. By contrast, chemical DAC plants based
on cyclic processes require less land. Their main land area
requirement may be primarily what is needed to power the
system with renewable energy. As a back-of-the-envelope
estimate, consider powering a set of chemical DAC plants
capturing 1 Gt CO2/yr using three times the thermody-
namic minimum of energy. Generating sufficient power
using solar collectors would require about 4000 km2.45

This is a large area but smaller — by at least an order
of magnitude — than the area necessary for similar cap-
ture using BECCS (Appendix C5). The area needed for a
chemical DAC plant itself is comparatively smaller, but

still substantial; there are likely some constraints on how
closely such plants can be placed to remain fully effective
(Sec. VI C).

F. Cost of atmospheric carbon capture

In the bulk of this report we have avoided discussing
specific cost estimates for atmospheric CDR technologies.
A complete cost analysis must include the cost of all
aspects of the life cycle, including extraction of materials,
construction of systems, energy and other inputs, trans-
portation, storage, and externalities. Such an analysis is
outside the scope of this report. Some estimates suggest
that chemical DAC systems currently under development
may be able to achieve costs in the range $100–$200/t
CO2 (see [4,20] for a more extensive discussion and ref-
erences).46 A back-of-the-envelope computation47 shows
that even at several times the thermodynamic minimum,
the basic energy costs for a cyclic CDR approach like DAC
can, in principle, be on the order of $20–$40/t CO2. This
suggests that the basic energy constraints given by thermo-
dynamics are not incompatible with the goal of reducing
the cost of capturing carbon with chemical DAC systems
to $100–$200/t CO2.

The relatively high cost of carbon capture makes it clear
that it will often be less expensive to avoid emissions
than to recapture carbon. In particular, it would make eco-
nomic sense to replace power plants and other systems
that generate extensive CO2 emissions with carbon-free
or lower-emitting alternatives when the cost lies below
that of the CDR alternative. For example, before installing
a DAC system at a cost of $200/t CO2, it would make
sense to replace any coal plant emitting on the order of
1 t CO2/MWh with alternative zero-carbon power sources
having levelized energy costs below $200/MWh (see,
e.g., [111]).

4542 GW of sustained power is necessary. We assume solar collectors operating at a typical gross efficiency of 5%, and land areas
with an average surface irradiation of 200 W/m2. While typical modern solar cells have an efficiency of ∼20% for normally incident
light, for large solar fields the relevant parameter is “gross conversion efficiency,” given by average power output divided by average
irradiation, which takes into account the substantial fraction of land that is covered by infrastructure and not solar panels. For example,
the largest U.S. solar plant, the Copper Mountain Solar Facility, in a location with irradiation ∼ 270 W/m2, has a site area of 16 km2, a
capacity of 802 MW, and a capacity factor (ratio of average actual production to full capacity) of 27.9%, so gross efficiency is close to
5%. Note that land area is smaller if irradiation is above 200 W/m2; we have chosen this typical number as representative because many
factors beyond irradiation will go into siting large chemical DAC installations, we have also used this number of 200 W/m2 elsewhere
for analogous calculations, e.g., Appendix C5. Similarly, for systems with larger gross efficiency, land area reduces correspondingly.

46One commonly used benchmark is the goal of direct air carbon capture and storage at a cost of $100/t CO2; this is the target cost,
for example, of DOE’s Carbon Negative Earth Shot program [108]. The full cost of current chemical DAC systems, including all stages
of the life cycle, seems to be substantially higher than this (e.g., Climeworks has stated prices of $500–$600/t, [20]), and the target of
$100/t CO2 may be difficult to reach [109]. In this context, it is worth noting that it has been estimated that nature/ecosystem-based
CDR approaches can potentially remove up to several Gt CO2/yr over the next several decades at a much lower cost of ∼$10/t CO2
[26,110], although there are limitations regarding scale and MRV, and ensuring permanence of CO2 removal can be difficult.

47Using an estimate of $40/MWh [111] for the levelized cost of electricity (which includes life-cycle costs such as power plant
construction, etc.), and assuming the CO2 separation process can be implemented at three to six times the thermodynamic limit, i.e.,
1.5–3 MJ/kg, and assuming that additional energy costs for compression and/or air movement raise this to 2–4 MJ/kg, this gives a cost
of roughly $20–$40/t CO2.
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G. Economic framework for atmospheric carbon
management

Removing multiple gigatons of carbon dioxide from
the atmosphere on a yearly basis using approaches such
as chemical DAC and once-through processes like OAE
and enhanced weathering would be quite costly. At a cost
of $100–$200/t CO2, the cost of CDR would amount to
$100–$200 billion a year for each Gt/yr of CO2 captured.
Emissions reduction strategies also have associated costs,
and a rational strategy for atmospheric carbon management
would involve developing policies that provide compara-
ble economic incentives for these approaches, while also
considering environmental and social costs.

A conceptually simple framework correlates the cost of
carbon capture with the cost of CO2 emissions. CDR at the
rate of $100–$200/t CO2 would represent a cost of roughly
$0.90–$1.80 to capture the CO2 emitted in burning a gal-
lon of gasoline.48 Whether the cost of atmospheric carbon
management through emissions reductions and CDR is
borne by some kind of cap and trade system, as has been
developed in the European Union, or is shouldered by gov-
ernments (as proposed in, e.g., [13]), is a policy question
that goes beyond the framework of this report. It seems
logical, however, if CDR is to be implemented at any
substantial scale, that an economic and policy framework
should be put in place to impose an effective cost on car-
bon emission that reflects the abatement cost.49 Such a
framework would allow the market to naturally imple-
ment trade-offs like those discussed above.50 Note that
this kind of framework can apply even in scenarios with
net negative emissions, although in such scenarios the
question of who pays for the atmospheric carbon reduc-
tion (which we do not address here) becomes particularly
difficult.

How efforts to limit atmospheric carbon levels and asso-
ciated costs are distributed internationally is a difficult and
important question. Some equity considerations may sug-
gest that developed countries that have already emitted
substantial amounts of carbon have greater responsibility
for carbon removal, and balancing the rights and respon-
sibilities of different countries in this regard will be a
challenging aspect of managing global atmospheric carbon
levels.

H. Other technologies: Point-source capture and solar
radiation management

This report has not focused on direct air capture at
fossil CO2 point sources (as in CCS), such as pre- or
post-combustion capture in fossil fuel power plants. For
such systems the concentration of CO2 in, for example,
flue gases is much higher than in the atmosphere.51 Thus,
the energy costs of point-source capture are significantly
smaller than DAC systems per ton of CO2, although point-
source capture at fossil fuel power plants does not directly
reduce atmospheric carbon and must be tailored to the spe-
cific parameters of different sources. While this approach
may be useful in reducing carbon emissions in the coming
years, efforts to date have been less successful and more
costly than anticipated [113].

This report has also not considered solar radiation man-
agement (SRM) approaches that would offset warming
without reducing atmospheric CO2 levels by, for example,
seeding the stratosphere with reflective aerosols or bright-
ening marine clouds. The impacts of such approaches
are still poorly understood, and consideration of these
issues is outside the scope of this report. We note, how-
ever, that some approaches to CDR, such as foresta-
tion and possibly ERW and OAE, may have signifi-
cant secondary radiative impacts [114]. It is also impor-
tant to note that methods proposed for solar radiation
management do not actually reduce atmospheric carbon.
Thus, in addition to other possible negative impacts on
the environment, if these technologies are implemented
and anthropogenic carbon emissions are not significantly
reduced, CO2 will continue to build up in the atmo-
sphere and oceans, requiring even greater offsets and
leading to increasingly strong repercussions if/when the
radiation management effort is ended or interrupted. This
could create a situation in which the disruption of human
activity due to any global crises (pandemic, war, etc.)
could be exacerbated by an artificially maintained cli-
mate system in an unstable state. Additionally, offset-
ting warming does not mitigate other aspects of anthro-
pogenic CO2-related climate change such as increased
ocean acidification. Further discussion of the issues and
concerns with solar radiation management appears in
Ref. [115].

48Burning a gallon of gasoline releases roughly 8.9 kg CO2 into the atmosphere.
49A similar conclusion was expressed in a special report on CDR in The Economist [112]: “The idea of a market where the cost of

emitting carbon dioxide is the price you have to pay to have it removed is very appealing.” They continue, however, with “Actually
creating one will be very hard.”

50Recent enhancements to 45Q tax credits for carbon capture in the Inflation Reduction Act incentivize both point-source and direct
air carbon capture by U.S. companies.

51e.g., 13–15%/3–4% for coal/gas plants for post-combustion, 50% or higher in syngas in pre-combustion capture systems.
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To develop a sensible carbon management policy that
reflects the potential costs and benefits of all avail-
able options, careful evaluation and risk assessment of
solar radiation management approaches to offset warming
should be pursued. Some specific recommendations along
these lines are given in Ref. [116].

VII. OVERVIEW, CONCLUSIONS AND
RECOMMENDATIONS

A. Overview

Modern society depends crucially on access to exten-
sive and reliable energy, and fossil fuels have provided
a compact and economical source of such energy over
the last century. There are various strategies — depending
on wealth, resources, politics, and societal values — that
countries (independently or through international agree-
ments) may use to balance energy needs with concerns
about the ongoing rapid increase in atmospheric carbon
dioxide levels.

A. Emissions reductions: Replace existing fossil fuel-
based energy systems that emit CO2 with low-
carbon or zero-carbon alternatives, and use low-
or zero-carbon energy sources for new additional
energy systems. Pursue energy efficiency measures
and conserve carbon-rich ecosystems.

B. CDR: Use carbon dioxide removal (CDR) meth-
ods, as described in this report, to extract
excess CO2 from the atmosphere and/or bal-
ance ongoing emissions from difficult-to-transition
technologies.

C. Solar radiation management (SRM): Imple-
ment large-scale SRM to reduce warming. Var-
ious concepts have been proposed for reducing
the warming effects of atmospheric CO2 by off-
setting incoming solar radiation without directly
addressing atmospheric CO2 levels. Some of these
ideas are speculative, and the direct and indirect
impacts of solar radiation management strategies
are not yet well understood. While these are not
the subject of this report, a brief discussion of
such technologies and potential issues is given in
Sec. VI H.

D. Adaptation: Where feasible, offset the undesir-
able consequences of warming and adapt systems
to accommodate changes in climate. Such strate-
gies, and whether they are practical, is outside the
domain of this report, but they may be expensive
and would only address specific problems at a local
level.

These strategies are not mutually exclusive, and likely
some combination of approaches will be taken. These
choices are set against a backdrop where global energy

consumption continues to grow. Increasing energy avail-
ability could enable a wider global population, includ-
ing those currently without substantial access to energy
resources, to enjoy the benefits energy can provide. In
this context, keeping CO2 levels below 500 ppm, for
example, while increasing the equity of energy use would
likely require both strategies A and B to be vigorously
implemented.

A principal goal of this report is to provide guidance
on the challenges and realistic expectations of strategy B,
CDR. The report aims to inform sensible policy decisions
regarding balancing the extent to which approaches A-D
are taken, given the costs, challenges, and impacts of each
as understood in the framework of current scientific and
technical knowledge, and in a global context with many
concurrent challenges — international conflicts, a large
and still growing human population, the need for increased
energy and food security for substantial parts of that pop-
ulation, and critically endangered species and ecosystems
around the planet.

The conclusions summarized in this section are broken
into guidance for policymakers (Sec. VII B) and guid-
ance for funding experimental or pilot projects for different
CDR approaches and technologies (Sec. VII C). Because
this report starts from a fundamental physics perspective,
we focus primarily on questions related to this general
domain; however, it is important to emphasize the broad
and interdisciplinary nature of CDR research and technolo-
gies. Developing effective and economical approaches to
large-scale CDR will likely require extensive research and
development efforts involving physics, chemistry, biology,
materials science, earth sciences, agricultural and ecologi-
cal sciences, and other technical areas. It will also require
work on the economic and societal frameworks for the
large-scale transitions that may be needed to implement
these methods at scale.

Note that this report focuses on the fundamental princi-
ples underlying broad classes of CDR methods and does
not attempt to pick winners and losers. Different CDR
approaches have different features and issues, most are at
an early stage of development, and it seems likely that a
portfolio of different CDR methods will be most effective
as a component of a comprehensive carbon management
strategy. For other perspectives on the relative advantages
of different approaches, see, for example, [4,117]. Note
also that the DOE Office of Fossil Energy and Carbon
Management is currently engaged in efforts to support and
facilitate research and development at various levels on
the full range of carbon capture and storage methodologies
discussed here [118], in the context of the DOE Carbon
Negative Earth Shot [108]. These efforts are broadly com-
patible with the perspective and conclusions of this report
in the context of the larger policy framework in which
the United States and the international community seek to
understand and balance strategies A-D.
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We briefly summarize here types of CDR approaches
that can potentially contribute to a large-scale global CDR
effort. There is a key distinction here between cyclic pro-
cesses where thermodynamics places a lower limit on the
energy needed, and once-through processes, which may
have smaller energy needs but greater material needs and
environmental impact.

Engineered cyclic CDR approaches, in particular
chemical direct air capture with carbon storage (DACCS)
(Sec. IV A), can in principle be scaled up to capture
and sequester atmospheric CO2 at the gigatons per year
scale and have simple primary inputs (energy) and outputs
(relatively pure CO2 stream). The current challenge is to
develop energy-efficient methods with system life cycles,
material and water needs, and other requirements that are
feasible and economical at the necessary scale. A key to
scaling such systems is developing integrated carbon-free
energy sources (e.g., solar thermal, PV, or nuclear power)
so that these CDR systems do not take energy away from
other uses. Bioenergy with carbon capture and seques-
tration (BECCS) is essentially a cyclic system where the
energy input is from solar radiation. It has the co-benefit
of producing some useful biomass energy. The low effi-
ciency of photosynthesis in converting energy to biomass,
however, means that a lot of land would be required to
implement BECCS on a large scale. This land use would
compete with agriculture and biodiversity efforts. In addi-
tion, further energy inputs in the form of nitrogen-based
fertilizer would generally be needed.

Ecosystem-based biological CDR, such as reforesta-
tion and other ecosystem restoration efforts, as well as
changing agricultural and grazing practices to increase the
retention of carbon in soil, may provide relatively low-cost
opportunities for CDR at the gigatons of CO2 per year
scale. Potential side benefits include positive impacts on
ecosystems and ecosystem services; however, total car-
bon capture is limited to a fixed amount for any given
ecosystem. Furthermore, ecosystems are highly diverse,
MRV is difficult, efforts must be tailored to local con-
ditions, persistent storage is difficult to guarantee, and
accurate predictions are challenging due to the complexity
of ecosystems and human interactions.

Once-through CDR approaches, such as enhanced
rock weathering (ERW) and ocean alkalinity enhance-
ment (OAE) involve extracting and processing material
that is out of equilibrium with the atmosphere (e.g., alka-
line rock). These approaches thus avoid the fundamen-
tal energy constraints on cyclic processes given by the
second law of thermodynamics; this energy has already
been provided by natural processes. The effectiveness
of these approaches, however, is still a subject of basic

research, as is their potential impact on land and ocean
ecosystems. The latter consideration is particularly com-
plicated for once-through ocean CDR approaches, because
ocean waters are generally considered part of the global
commons.

B. Science-based conclusions and guidance for
policymakers

A summary of recommendations for the different types
of CDR approaches is given in Table I.

Large-scale CDR requires substantial energy inputs
and massive material infrastructure. This is a primary
message of this report. These facts are well-known to
experts on CDR, and they are important to keep at the fore-
front of any discussion on incorporating large-scale CDR
into global efforts to stabilize atmospheric carbon levels.
In particular, the second law of thermodynamics gives an
absolute lower bound to the energy needed to capture car-
bon with any cyclic system, such as chemical DAC or
BECCS.52 Similarly, basic chemistry constraints dictate
that the mass of rock or other material needed for any
once-through process is comparable to the mass of CO2
captured. This means that there is no analogue of Moore’s
law for any approach to CDR. In other words, unlike the
computing industry, which has benefited from an exponen-
tial growth in computational capacity for a fixed chip size
or cost, there is no possible technological route in which
the amount of carbon captured will scale exponentially in
time for a fixed cost or fixed energy and material inputs.
Note that similar considerations hold for any effort to
replace fossil fuel power sources with zero-carbon power:
any known energy source requires an amount of mate-
rial infrastructure that is proportional to the rate of useful
energy production.53

CDR at the GtCO2/yr scale may be desirable in
the coming decades to meet specific climate goals,
so research and development on a variety of CDR
approaches is recommended despite their extensive
energy and material needs. Keeping atmospheric carbon
dioxide below a specific level, such as 500 ppm, would
almost certainly require deploying CDR at the scale of
multiple gigatons of CO2 per year, even with aggressive
efforts to curtail emissions and/or allowing for somewhat
higher atmospheric CO2 levels. Cyclic systems currently
in development require substantially more energy than the
second law minimum. The additional power needed for
such extensive atmospheric carbon removal using cyclic
approaches such as chemical DAC would likely approach
the terawatt scale (a noticeable fraction of global electric
power generation — 3 TW [15]). The material needed

52For BECCS the energy requirement translates into a land area requirement.
53For nuclear power systems, however, the power source can be much more compact because nuclear interactions instead of

chemical interactions are involved.
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TABLE I. Summary of issues and recommendations for different types of CDR.

Primary Physical
Type of CDR Constraint Other Potential Issues Recommendation

Engineered Cyclic (e.g.,
Chemical DAC)

Energy Cost, scale Pursue research, development and pilot
projects to develop cost-effective and
scalable approaches

Once-through
Approaches (e.g.,
ERW, OAE)

Materials Uncertain effectiveness,
environmental impact

Pursue further research on impact and
effectiveness before considering
large-scale deployment

Ecosystem-based
Approaches (e.g.,
reforestation)

Energy → Land Limited capacity,
verifying effectiveness
and longevity

Pursue further research on MRV; deploy
where effective and economical,
particularly where there are co-benefits
for biodiversity, conservation, and
ecosystem services

for once-through CDR approaches at this scale would
require mining and processing rock at a scale comparable
to global cement production. Investments in CDR research
and deployment of trial/demonstration-scale projects can
help enable the development of effective, economical sys-
tems and improve understanding of the full life-cycle
energy and material needs — along with possible negative
consequences — of each of these methods and technolo-
gies, in order to inform sound policy decisions. A portfolio
of different approaches would likely be needed to achieve
capture and sequestration at very large scales. These tech-
nologies are rapidly evolving and new ideas for CDR
continue to emerge, so care should be taken not to pre-
maturely commit to a specific approach that may soon be
superseded.

Efforts to reduce carbon emissions should not be
compromised by the possibility of future large-scale
atmospheric carbon dioxide removal. It is important
to prioritize reducing emissions and converting to zero-
carbon energy sources (i.e., strategy A) in all situations
where the effective cost (monetary, societal, and environ-
mental) is lower than the (appropriately weighted) cost
of capturing the associated atmospheric carbon. Because
CDR at large scales will be expensive and require exten-
sive energy and/or material resources, the potential for
implementing CDR systems should in no way replace or
diminish efforts to decarbonize current energy systems and
reduce the carbon losses in natural systems.54

Ecosystem-based CDR approaches (“natural climate
solutions”) should be pursued where feasible and effec-
tive in the near term. While developing other larger-
scale, longer-term CDR approaches. As discussed in
Sec. IV B 1, ecosystem-based approaches are estimated
to have the potential to remove several gigatons of CO2

per year for several decades at costs well below $100/t
CO2 without compromising other important human prior-
ities such as food and water security. These approaches
have additional benefits such as generating clean water
and air and other ecosystem services, and helping to pre-
serve biodiversity. Quantifying the effects of many natural
CDR approaches presents an outstanding challenge, how-
ever. Additional challenges are that restoring lost soil and
biomass carbon at the gigaton scale requires site-specific
changes in land use practices over large areas and that
it is difficult to ensure that carbon is retained over long
times.

Any substantial development of CDR systems, par-
ticularly cyclic systems such as DAC, should be done in
combination with dedicated low-carbon or carbon-free
energy sources. Large-scale CDR efforts would require
additional power sources beyond those needed for other
existing and growing world energy needs. This addi-
tional energy supply should be based on low-carbon or
carbon-neutral power sources, because powering CDR sys-
tems with carbon-intensive energy sources dramatically
decreases their effectiveness. While much of the energy for
certain CDR systems, such as chemical DAC systems, can
come from low-temperature waste heat, the usable fraction
of this energy is limited by the laws of thermodynamics.
For any large-scale direct air capture system, the source of
energy is thus a central consideration.

Economic and policy frameworks should be put into
place to balance emissions with removal costs. This
report has avoided detailed analysis of monetary costs and
related economic issues. At the present time there is no
clear U.S. domestic or international framework for pay-
ing for large-scale CDR. The essential purpose of CDR,
however, is simply to remove carbon dioxide from Earth’s

54Concerns that the investigation or implementation of CDR approaches may be used to justify continuing to emit CO2 from fossil
sources is often framed as a “moral hazard” of CDR.
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atmosphere.55 This suggests that to maintain atmospheric
carbon at or below any fixed level, the cost of capturing and
sequestering a ton of CO2 (with appropriate adjustments
for timing and other external factors) should eventually
determine the effective cost of emitting a ton of CO2
through some rational economic policy that balances the
incentives for CDR and emission reduction. While current
costs are much higher, some projections anticipate that the
cost of direct air carbon capture systems may come down
to the range of $100–$200/t CO2 in the foreseeable future.
This translates, for example, into a cost of roughly $1–$2
to capture the amount of CO2 that would be emitted by
burning a gallon of gasoline. Specific policy recommenda-
tions based on these observations are outside the scope of
this report.

It is important to develop reliable systems of mea-
surement, reporting, and verification (MRV). To quan-
tify the effectiveness of CDR systems and confirm that
they are reliably capturing and permanently sequester-
ing atmospheric CO2. This is particularly important for
market transparency, given the broad and varied set
of potential CDR approaches and technologies. Cur-
rently, MRV methodologies are particularly weak for
many once-through approaches (e.g., enhanced weather-
ing, OAE) and ecosystem-based approaches (e.g., refor-
estation/afforestation). It may be difficult to incentivize a
rigorous and effective MRV system with purely voluntary
offsets. If CDR is implemented at large scale, govern-
ments will need to regulate emissions in some way, which
would allow the market to manage the problem, or gov-
ernments will need to foot the bill for much of the CDR
deployment (as advocated in, e.g., [13]). In either case,
policies should be considered that balance the role of
government with market efficiency and promote efforts
that are equitable internationally. Developing a system of
government-approved standards that can be applied across
the range of CDR methodologies may be helpful in any
scenario where large-scale CDR is deployed.

C. Science-based guidance for funding pilot programs

This section is aimed at funding agencies and investors
who are considering proposals for pilot programs and/or
demonstration plants implementing potentially scalable
technologies for carbon capture. We provide a set of key
questions that should be considered in evaluating the pos-
sible challenges facing any CDR program or implementa-
tion, including both cyclic and one-through approaches.

How much energy does the underlying set of physical processes
require?

What is the estimated actual energy cost for the full system?

Where will the energy come from?

What carbon output will be associated with producing this
energy?

If low-temperature thermal energy is used, are expectations for
energy needs compatible with second-law bounds and underly-
ing energy requirements?

What are the material needs?

Is there a realistic framework for the integration of all parts of
the system, from the material needs in production to deployment
to the sequestration of captured carbon?

What are the plans for scaling up from a pilot program to tens
or hundreds of Mt CO2/yr?

What MRV approaches are available and how reliable are they?

What are the risks and potential impacts on land and oceans and
how well are they understood?

For cyclic systems, questions regarding energy inputs
are particularly relevant, although material needs, impact,
and scaling issues should also be considered.

For once-through systems, questions regarding mate-
rial needs, verification, effectiveness, longevity, and envi-
ronmental impact of the output stream are particularly
important; energy needs and scaling issues should also be
considered.
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APPENDIX A: GLOSSARY

A number of similar terms and acronyms are used to
refer to carbon reduction strategies. This brief glossary
describes how we use these and other relevant, common
terms and acronyms in this report.

55However, some approaches such as ecosystem-based CDR, BECCS, and, e.g., use of carbon in construction materials may provide
auxiliary benefits.
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BECCS Bioenergy with carbon capture and storage,
Sec. IV B 2.

BiCRS Biomass with carbon removal and storage,
Sec. IV B 3.

CCS Carbon capture and sequestration, refers to
general approaches to carbon capture and
sequestration, in particular including non-CDR
approaches such as carbon capture (pre-/post-
combustion) at point sources such as fossil fuel
power plants, Sec. I A.

CDR Carbon dioxide removal, refers to anthropogenic
activities that remove CO2 from the atmosphere
and store it durably in geological, terrestrial, or
ocean reservoirs, or in products, Sec. I.

DAC Direct air capture, primarily refers to chemical
direct air capture, a specific class of approaches
to carbon capture that can be used in combination
with sequestration/storage for CDR (DACCS),
Sec. IV A.

DACCS Direct air capture with carbon storage, see also
DAC.

DIC Dissolved inorganic carbon, refers to all inor-
ganic carbon species in an aqueous solution,
Appendix C7.

DOC Direct ocean capture, refers to the direct removal
of CO2 from the oceans, a specific class of
approaches to CDR, Sec. IV D 2.

ERW Enhanced rock weathering, Sec. IV C.
LULUCF Land use, land use change, and forestry,

Appendix C8.
mCDR Marine CDR, Sec. IV D.
MRV Measurement, reporting, verification, Sec. VI A.
NET Negative emissions technologies, see CDR,

above.
OAE Ocean alkalinity enhancement, Sec. IV D 1.
SOC Soil organic carbon, Appendix C9.

APPENDIX B: UNITS

For convenience, we list here some of the units that
occur frequently in this report.
Mass units for carbon dioxide and carbon:
One metric ton of CO2 (1 t CO2 = 1000 kg CO2 ∼= 2205 lb
CO2) contains 272 kg of carbon (272 kg C) (see
Appendix C1).
1 Mt (megaton) = 1 000 000 t
1 Gt (gigaton) = 1 Pg (petagram) = 1 000 000 000 t
Energy units:
Energy is often measured in joules (J) or kilowatt-
hours (kWh), with 1 kWh = 3.6 MJ = 3 600 000 J.
1 MWh = 1000 kWh
1 GWh = 1 000 000 kWh

1 MWy = 8760 MWh = 8 760 000 kWh
1 GWy = 8 760 000 MWh = 8 760 000 000 kWh
1 MJ (megajoule) = 1 000 000 J
1 GJ (gigajoule) = 1 000 000 000 J
Power units:
Units of energy and power are often confused.
Power is a rate of energy production, use, or transfer per
unit time, and is measured in watts (W), with 1 W = 1 J/s,
1 kW = 1000 J/s.
A kilowatt-hour is thus the amount of energy produced,
used, or transferred over one hour at a rate of 1 kW. 1 kW
(kilowatt) = 1000 W
1 MW (megawatt) = 1 000 000 W = 1000 kW
1 GW (gigawatt) = 1 000 000 000 W = 1 000 000 kW
1 TW (terawatt) = 1 000 000 000 000 W =
1 000 000 000 kW

APPENDIX C: TECHNICAL APPENDICES

1. Quantifying carbon and carbon dioxide

In this appendix we include a few relevant notes regard-
ing carbon and carbon dioxide quantities and concentra-
tion.

In some situations and in some references, carbon diox-
ide is quantified by the mass contained in CO2 molecules,
while in other places only the mass contained in the
carbon atoms is included; atmospheric carbon dioxide lev-
els are also frequently indicated by a concentration in
parts per million (ppm) by volume, while sometimes the
concentration is given in ppm by mass.

The conversion factor between the mass of CO2 and
the mass of the carbon contained therein is given by
the mass fraction ∼12/44 of carbon in CO2, so we can
approximately relate

1 kg C ↔ 3.67 kg CO2. (C1)

The mass density of air (at sea level) is approximately
1.275 kg/m3. At 420 ppm by volume with a molecular
weight of approximately 44 for CO2 and 29 for the atmo-
sphere, the carbon concentration is 640 ppm by mass, so
this gives an atmospheric mass density of carbon dioxide
of 816 kg CO2/(106 m3).

2. Second law of thermodynamics

Here, we briefly review the essence of the second law of
thermodynamics.56 A more thorough introduction to these
ideas can be found in Ref. [119]. Note that the description
here is simplified in various ways, omitting details that are
not relevant for the issues at hand.

The notion of entropy is fundamental to thermodynam-
ics. Entropy is a measure of the randomness of a state, i.e.,

56The first law of thermodynamics simply refers to conservation of energy: the fact that in any closed system the amount of energy
does not change with time, although it can change in form.
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the extent to which the detailed positions and velocities of
particles (or the quantum equivalents) are not fixed by the
known thermodynamic quantities. For example, take a gas
that is initially at a fixed temperature and pressure in a par-
tition of size V within a box of size 2V, separated by a wall
from a vacuum in the remaining volume V. If we suddenly
remove the wall so that the gas expands freely to fill the
rest of the box, after the system comes to equilibrium the
gas molecules will be uniformly distributed throughout
the larger volume. Their average kinetic energy does not
change, but there is essentially one extra bit (0/1) of infor-
mation for each molecule in the random state of the gas,
corresponding to which half of the box that molecule is in
after the gas has freely expanded. This leads to an entropy
increase of �S = kB ln (2) for each of the N molecules
of the gas, where kB ≡ 1.381 × 10−23 J/K is the Boltzmann
constant.57

The essence of the second law of thermodynamics is that
the amount of entropy in a given closed system, or in a
system along with the environment to which is coupled,
cannot decrease. This fundamental principle essentially
follows from the reversibility of the laws of physics. If
a system has 100 possible unknown states, and one per-
forms a fixed series of reversible manipulations on the
system without considering the state of the system, then
the system will still have at least 100 possible unknown
states at the end of the process. Thus, the second law of
thermodynamics states that for any closed system, �S ≥ 0.

In general, in many important energy systems (such as
a car engine or direct air capture device), the desired out-
put of the system (mechanical energy or captured carbon)
has less entropy than the initial state. In such a situation,
entropy must be jettisoned to the environment. This is done
by expelling energy to the environment, which is at an
ambient temperature T. The minimum amount of energy
that must go to the environment along with a transfer of
entropy �S is �E ≥ T�S. This relation is so fundamental
that it is in many cases used to define temperature in terms
of energy and entropy, and also underlies the principle that
there is a minimum energy cost to decreasing the entropy
of a system.

In this report, entropy and the second law play a fun-
damental role in governing several aspects of direct air
capture systems.
Entropy of mixing. When molecules of two distinct sub-
stances are fully mixed, as carbon dioxide is mixed into

Earth’s atmosphere, there is an entropy associated with this
mixing. For example, if we have 100 red marbles and 100
blue marbles mixed together in a bag, there is an entropy
of mixing associated with the number of random ways in
which the 200 marbles are distributed into red and blue.
When the total number of molecules is large, the entropy
of mixing associated with NA molecules of a substance
A mixed into a larger system with a small concentration
fraction c � 1 is just

S ∼= NAkB ln 1/c. (C2)

This can be understood heuristically in terms of the above
discussion by noting that, for example, if the concentra-
tion c is 1/K for some large number K, this means that
1/K of the molecules is a molecule of substance A, and
the number of bits of information needed to identify each
such molecule is roughly log2K = ln K /ln 2, and multi-
plying NA × (ln K /ln 2) × kB ln 2 gives precisely (C2).
The formula (C2) for the entropy of mixing is used in the
next section to compute the energy needed to “unmix” N
molecules of CO2 from the atmosphere at a concentration
c = 420/106 = 420 ppm.58

Thermal energy and usable energy. Many energy sys-
tems, from power plants to car engines, rely on the conver-
sion of thermal energy to mechanical energy. Because of
the second law of thermodynamics, there is a fundamen-
tal limit to the fraction of thermal energy that can be used
to produce mechanical energy or any other effect that is
essentially entropy-free. Basically, because thermal energy
carries entropy, to convert thermal energy into something
like mechanical energy, the excess entropy in the origi-
nal thermal energy must be jettisoned to the environment
along with some of the energy. Therefore, not all of the
energy can be used for the intended purpose. Known as the
Carnot limit, this fundamental physical limit states that the
maximum efficiency η = Euseful/Eused is capped at

η ≤ T+ − Tenv

T+
= 1 − Tenv

T+
, (C3)

where T+ is the temperature of the thermal energy resource
being used, and Tenv is the energy of the environment. One
convenient way to think about this limit is captured by
the notion of exergy, or “usable energy” associated with
thermal energy. Given a small portion59 �Ethermal of the
thermal energy in a fluid at temperature T+, the fraction

57The factor of ln(2) arises because when entropy was first discovered, it was standard to use natural logarithms rather than mea-
suring information in units of bits. Note that this direct information-theoretic description of the entropy change for free expansion is
possible because no thermal energy is transferred and no work is done; for more details see [119], Secs. VIII D 2 and VIII D 4.

58Note that the formula (3) also gives the exact entropy change for separating NA molecules of species A from an atmosphere
at concentration c, even when the concentration factor is not small, in the ideal gas approximation and in the limit of an infinite
atmosphere.

59Technical note: We need to consider a small portion �E of all the energy because once we use some of the energy, the temperature
goes down.
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of this portion of energy that can be used for processes
without residual entropy is thus at most

�B =
(

1 − Tenv

T+

)
�Ethermal (C4)

The thermal energy used in processes that separate car-
bon dioxide from the atmosphere is subject to this same
bound relative to the energy requirement associated with
the entropy of mixing. Note that the bound stated on
available energy relies on a continuous supply of thermal
energy at the high temperature; for a finite volume of mate-
rial at a higher temperature, the exergy is actually lower
because the fraction of thermal energy that can be extracted
drops steadily as the material cools.

3. Energy cost of carbon capture from atmosphere:
Computation

In this appendix we compute the minimal energy cost
for separating carbon dioxide from the atmosphere.

Using the formula (3) for the entropy of mix-
ing, and recalling the basic mathematical relation that
ln 1/c1− ln 1/c2 = ln c2/c1, we see that the decrease in
entropy of N molecules of carbon dioxide as they are
concentrated from c1 to c2 is given by60

�S ∼= NkB ln
(

c2

c1

)
. (C5)

(The Boltzmann constant kB is defined in Appendix C2). At
an ambient temperature T, the minimum energy required to
separate out the CO2 in this way is

�E ∼= T�S, (C6)

because the decrease in entropy of the CO2 must be made
up for by increasing the entropy of the environment at
temperature T by at least this much.

For 1 kg of CO2, we can compute that the number of
molecules is

N ∼= 1 kg/44u ∼= 1.4 × 1025, (C7)

where u ∼= 1.66 × 10−27 kg is the atomic mass unit, and
the molar mass of CO2 is 44.01 u. The absolute minimum
energy cost to extract 1 kg of CO2 from an atmospheric
concentration of 420 ppmv (parts per million by volume,
elsewhere abbreviated ppm) at an ambient temperature

T ∼= 300 K (∼=26.85 °C), with a final concentration of c = 1
(pure CO2) is then given by

�E = T�S ∼= (300 K)NkB ln

(
106 ppm
420 ppm

)
∼= 441 kJ.

(C8)

Because of the logarithm in this equation, the energy cost
reduces only slowly as atmospheric CO2 levels rise. At a
concentration of 500 ppm, the energy cost is reduced by
only a few percent, to 431 kJ.

We use the round number 440 kJ elsewhere in
this report. This is easily converted into kWh using
1 kWh = 3.6 MJ, so 441 kJ/kg ∼= 122.4 kWh/t. In chemistry
units, one mole (6.022 × 1023 molecules) of CO2 weighs
44.01 g, so the energy cost is 19.39 kJ/mol, approximated
elsewhere in the report as 20 kJ/mol.

Using this estimate, the steady state power needed to
capture 1 Gt of CO2 over a year is

P ∼= 1012(kg/Gt) × 441 kJ/kg/(3.15 × 107 s/yr)
∼= 14 GW/(Gt/yr). (C9)

If the final concentration is lower than c2= 1, the entropy
difference (C5) is reduced, and the minimum energy cost
is similarly decreased. The implications of this for carbon
capture systems are discussed briefly in Sec. III A.

Note that the calculations in this appendix do not involve
any unknown or uncertain quantities; instead, they rely
only on basic physical principles that have been well
understood since early in the last century.

4. Energy and volume of air movement needs for
cyclic CDR

In this appendix we briefly describe the energy and vol-
ume requirements for moving air through a large-scale
cyclic CDR system.

Some energy is needed to move air through any direct air
capture system. Unlike in the preceding appendix, physics
gives no fundamental lower bound on the energy needed
for this. If the air moves through the system extremely
slowly, very little energy is required, but then the system
will not process CO2 very quickly and needs to be larger
for a given capture rate. Thus, there is a trade-off between
energy used for the fans and the size of the system.

Let us consider as an example a system with a
flow rate of v = 2 m/s.61 From Appendix C1, we recall

60This formula gives the change in the full entropy of mixing for a finite size system in the ideal gas approximation when the con-
centrations c1, c2 are small. To completely separate out a pure stream of CO2, we take c2 = 1, and the formula gives an exact measure
of the entropy change needed in the assumption of an infinite atmosphere. Note that when c1 is not small, and the separation is done
in a finite volume, the entropy change is slightly larger. For atmospheric concentrations c1 ∼= 0.0004, corrections to this formula are
negligible.

61We assume here a continuous flow rate; some DAC approaches such as solid sorbent systems (Appendix C10) turn the fan off for
parts of the cycle; in this case the same net flow rate can be realized at the cost of a slightly higher v when the air is flowing.
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that the concentration of CO2 by mass is 640 ppm. Thus,
the mass of atmosphere that must be moved through
the system to capture 1 kg CO2 at 100% efficiency is
M ∼= 106/640 kg ∼= 1560 kg. The kinetic energy of this
mass of air would be

Mν2 ∼= (1560 kg) × (2 m/s)2 ∼= 6 kJ. (C10)

This is less than 2% of the energy needed for the unmix-
ing process (C8). Because this energy scales quadratically
with the velocity, however, at much higher airflow speeds
like 10 m/s, the energy requirement for moving the air
would become a significant fraction of the thermodynamic
minimum for the carbon capture process.

For a simple estimate of the volume of air involved
in large-scale carbon capture systems, note that 1 t of
CO2 represents about 1.2 × 106 m3 of atmosphere. Thus,
to capture 1 Gt CO2, even using a 100% effective removal
process, over 1015 m3 of air would need to be moved
through the system. To move this much air per year
through a system at 2 m/s the intake area would need to be
roughly 20 000 000 m2, requiring, for example, an intake
height of 20 m and a linear horizontal intake length of
around 1000 km. To get another perspective on the scale
involved, we can compare with the amount of air moved
globally in air conditioning systems. In rough numbers, 1
ton of air conditioning in constant operation draws roughly
3.5 kW, and involves an airflow typically on the order
of 600 m3/h. As a result, 1 kWh of AC involves moving
roughly 200 m3 of air. Roughly 10% of electrical capacity
worldwide, or 2800 TWh, goes to residential and commer-
cial cooling [120]. Finally, this means that if we outfitted
all cooling units in the world with devices enabling com-
plete capture of all carbon in all the air flowing through
them, we would get less than 1 Gt CO2/yr of carbon
capture.62

5. Energy and land area for biological carbon capture

Virtually all life on Earth depends directly or indirectly
on the energy and carbon captured by photosynthesis.
Although this process evolved over many millions of years
to be as efficient as possible for the organisms involved,
there are both fundamental and practical limits to the rate
at which any given biological system in a fixed area can
use photosynthesis to produce biomass storing carbon. A
simple estimate of the scale of effort needed to capture
gigatons of CO2 in biomass comes from considering the
carbon content of typical agricultural crops such as grains,

which is roughly 40% of dry weight [121]. Because car-
bon mass ratio for CO2 is 12/44 ∼= 27%, roughly speaking
1 Gt of carbon dioxide corresponds to the carbon in 2/3 of
a Gt of biomass. Thus, capturing 1 Gt of CO2 in biological
systems will require a comparable effort that needed to
grow 2/3 of a billion tons of crops.

Considering the energy aspect of these processes, avail-
able solar energy (insolation) is abundant in many loca-
tions. Thus, while the energy bound from the second law
of thermodynamics plays some role in limiting biological
carbon capture, there are two further factors that limit the
effectiveness of biological carbon capture. One fundamen-
tal issue is that in terms of the conversion of incident solar
energy to energy in available excess biomass (i.e., not used
in metabolism), the efficiency of photosynthesis is rather
low. In this sense, the photosynthetic efficiency of most
crops is generally below 1% and often closer to 0.25–0.5%
[122]. Beyond this, the biomass energy associated with a
given amount of carbon is significantly above the thermo-
dynamic bound on energy needed for capturing the carbon.
Taken together, these factors make biological carbon cap-
ture a very land-intensive process in any scenario using
conventional terrestrial crops.

To get a sense of the order of magnitude, if we assume
a photosynthesis energy efficiency of 0.25%, and a typi-
cal average irradiance of 200 W/m2, the rate of carbon-
containing biomass production63 will be roughly 1 kg
C6H12O6/m2 per year. This corresponds to a capture rate
of roughly 1.5 kt CO2/yr over an area of 1 km2. At this
rate, the area needed for a capture of 1 Gt CO2/yr would
be roughly 0.7 million km2, or 0.35 million km2 at a photo-
synthetic efficiency of 0.5%. This can be compared to the
area of all farmland currently in the United States, roughly
3.6 million km2.

The above estimates are based on a photosynthetic effi-
ciency of 0.25–0.5%, which is comparable to that realized
for many crops with current intensive agriculture meth-
ods. It is certainly possible, however, that with the right
organism and an engineered environment, much higher
efficiencies and capture rates may be possible. One recent
estimate suggests that one gigaton of CO2 per year could
be captured on 0.25 million km2 using high-productivity
crops such as switchgrass [29]. For certain species of
microalgae, in controlled environments such as suspended
or attached growth reactors, a net photosynthetic effi-
ciency of 3–6% can be achieved [122]. At this rate, the
area needed to capture 1 Gt CO2/yr would be roughly
30 000–60 000 km2. Such systems would have large water
requirements, but may be a useful way of implementing

62Note that this is a very rough back of the envelope estimate; cooling systems include not only AC but also “swamp fans” and
other systems, and the air movement through different cooling systems varies fairly widely, this is just intended to give a very rough
sense of the scale of effort involved.

63For this calculation we assume the carbon and energy content of the biomass is in the form of simple sugars, e.g., glucose,
C6H12O6, with an energy density of 15.5 MJ/kg; the numbers for starches or similar compounds in other biomass are not too different.
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CDR at a significant scale, particularly in conjunction with
BECCS systems. Note that even these numbers are still
larger by an order of magnitude than the areas needed to
supply solar energy to something like a chemical DAC
system operating at three times the thermodynamic limit
(Sec. VI E).

One way to think about these numbers is that, roughly
speaking, the lower energy efficiency of photosynthesis of
typical crops compared to, e.g., a solar field, increases the
area needed by one order of magnitude from energy con-
siderations alone (see, e.g., [123]). The biomass energy
per kilogram (∼15 MJ/kg) is also much larger than the
thermodynamic energy bound for capture (∼0.44 MJ/kg),
increasing the land area needed for biological capture by
another order of magnitude. Thus, the land area and asso-
ciated solar energy needed for atmospheric carbon capture
through photosynthesis by typical crops is roughly two
orders of magnitude greater than what would be needed
for, e.g., a solar field to power a CDR plant operating at
three times the thermodynamic lower bound described in
Sec. III A.

6. Basic chemical reactions

In this appendix we review some basic chemistry rel-
evant for ERW (Sec. IV C) and chemical DAC (Sec. IV
A). The following appendix goes further into the chem-
istry relevant for ocean CDR (Sec. IV D). It is instructive to
first consider the chemistry of carbon dioxide dissolved in
pure water without the complicating effects of other ions.
(The role of other ions is discussed later in Appendix C7.)
The equilibrium concentration of aqueous carbon dioxide,
COaq

2 , in otherwise pure water, is given by Henry’s law:

[COaq
2 ] = p(CO2) KH (C11)

where KH = 3.4 × 10−2 moles/liter
bar at 25 °C and p(CO2) is

the partial pressure of gaseous CO2 in bars (1 bar is nearly
the mean atmospheric pressure at sea level). The nota-
tion [X] indicates the concentration of molecules of X in
a solution (here in moles/liter).

Aqueous CO2 partially reacts with water to yield car-
bonic acid (H2CO3), and we introduce the notation CO∗

2
to refer to a mixture of aqueous COaq

2 and H2CO3. Car-
bonic acid then reaches an equilibrium with bicarbonate
ions HCO−

3 (note that “bicarbonate” is a misnomer and
is used for historical reasons; more properly it is called
“hydrogencarbonate”):

H2CO3 ↔ HCO−
3 + H+. (C12)

Finally, the bicarbonate ion partially dissociates into car-
bonate ions and protons:

HCO−
3 ↔ CO2−

3 + H+. (C13)

Equations (C12) and (C13) each have associated equi-
librium constants. Each proton liberated by the forward
reactions increases the acidity of the water as quantified
by a decrease in the pH:

pH ≡ −log10([H
+]). (C14)

The addition of hydrogen ions (e.g., by adding acid) forces
the reactions to the left, eventually reducing the concentra-
tions of carbonate and bicarbonate ions in favor of aqueous
carbon dioxide (see Fig. 6). The concentration of total
dissolved inorganic carbon (DIC) is given by

[DIC] = [CO∗
2] + [HCO−

3 ] + [CO2−
3 ]

= [COaq
2 ] + [H2CO3] + [HCO−

3 ] + [CO2−
3 ].

(C15)

Silicate minerals such as forsterite (Mg2SiO4), when
dissolved in water, can react with rainwater to form mag-
nesium ions, bicarbonate ions, and silicic acid:

Mg2SiO4 + 4CO2 + 4H2O → 2Mg2+

+ 4HCO−
3 + H4SiO4. (C16)

Thus each magnesium atom can remove two atoms of car-
bon, in contrast to the solid reaction of Eq. (1) where they
are in a 1:1 ratio. If, however, the water is then removed by
evaporation, the magnesium ions precipitate out as magne-
sium carbonate (magnesite) but at the cost of releasing CO2
per Eq. (1). Similar reactions involving calcium ions result
in calcium carbonate (calcite). Formations of ultramafic
rocks interpenetrated with calcite veins show that such
reactions occur in nature and participate in the carbon cycle
on geologic timescales. Carbon dioxide injected into mafic
basalt formations can also solidify to form carbonates, thus
immobilizing the carbon.

Perhaps the simplest reactions for chemical DAC, such
as the one employed by Heirloom Carbon Technologies,
are the exothermic combination of solid calcium oxide
(“quicklime”) or magnesium oxide with carbon dioxide to
form calcite or magnesite [30]:

MgO + CO2 → MgCO3 + 76 kJ/mole
CaO + CO2 → CaCO3 + 141 kJ/mole . (C17)

Spreading MgO over large areas has been proposed as
a way to absorb CO2; the resulting MgCO3 could then
be calcinated, regenerating the MgO and releasing a con-
centrated stream of carbon dioxide that could be stored
[124].

7. Ocean chemistry

We review here some basic aspects of ocean chemistry
relevant for Sec. IV D. More detailed treatments of these
topics can be found in, for example, [125–127].
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FIG. 6. Bjerrum plot of the concentrations of different constituents of the DIC as a function of pH for typical surface temperature
and salinity (after Wikipedia article: carbonic acid). The gray region indicates recent pH range in surface waters; the recent trend is
downward (more acidic).

As described in Appendix C6, the ratios between con-
centrations (typically measured in moles/liter or μmol

kg−1) of dissolved CO2([CO∗
2] = [COaq

2 ] + [H2CO3])

bicarbonate ([HCO−
3 ]), and carbonate

([
CO2−

3

])
, as well

as hydrogen ions ([H+]), are determined by chemical equi-
librium equations with equilibrium coefficients that vary
with temperature, salinity, and pressure. For typical condi-
tions near the ocean’s surface, where the system is roughly
in equilibrium with the atmosphere, the concentrations of
the DIC (dissolved inorganic carbon) constituents [CO∗

2],
[HCO−

3 ], and
[
CO2−

3

]
, are roughly in the ratios 1:90:9,

but vary strongly with changes in pH; see Fig. 6.64 The
pH of ocean surface waters measured in various loca-
tions has decreased from around 8.1 to 8.05 over the last
30 years; while this change appears numerically small,
due to the logarithmic definition of pH, this corresponds
to an increase in hydrogen ion concentration of ∼20%
to ∼35%, depending upon the specific location sampled
[128,129]. With a concentration of DIC in surface waters
around 2 mmol kg−1, one cubic meter of surface seawater
(∼=1020 kg) contains roughly 24 g of carbon, or 88 g of
CO2 equivalent; this is roughly 100 times the volumetric
carbon density of Earth’s current atmosphere.

The total alkalinity AT of a solution describes the sensi-
tivity of its pH to the addition of protons. For seawater,
total alkalinity can be defined as the (charge-weighted)

difference between the sum over conservative positive ions
(cations) and the sum over conservative negative ions
(anions), where conservative ions are those relatively unaf-
fected by variation in pH, temperature, or pressure. Thus,
for a net charge-neutral solution,

AT = [Na+] + 2[Ca2+] − [Cl−] + · · ·
= [HCO−

3 ] + 2[CO2−
3 ] + [B(OH)−4 ] + [OH−]

− [H+] + . . . , (C18)

where the right-hand side contains all the non-conservative
ions. Many aspects of ocean carbon systems are most con-
veniently understood in terms of the variation of DIC and
AT (rather than pH) [125]. In fact, the carbonate system
acts as a kind of buffer moderating changes to the pH;
the addition of an acid or alkaline substance to seawa-
ter leads to a change in the relative balance within the
carbonate system that moderates the expected change in
pH. Increased DIC due to anthropogenic CO2 increases
leaves AT unchanged, because all the associated charged
ions appear on the right-hand side of Eq. (18) and can-
cel, although it decreases the pH. In contrast, dissolution
in seawater of, e.g., olivine into 2Mg++

2 + SiO4−
4 increases

AT, because the magnesium ions are conservative while the
SiO4−

4 are not.

64In the discussion here we neglect ion-pairing effects in describing DIC for clarity; ion pairing complicates the speciation of
seawater, but does not have a significant impact on the conclusions discussed here.
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An important process in ocean carbon chemistry is
the precipitation of carbonates such as calcium carbon-
ate (CaCO3). Precipitation of 1 mol of CaCO3 per liter
decreases AT by two units, and decreases DIC by one unit.
While this removes carbon from the system, it also lowers
the pH and pushes the carbonate system toward a higher
fraction of [CO∗

2]; in surface waters this pushes CO2 out of
the ocean and back into the atmosphere. In many places the
surface ocean is supersaturated with calcium and carbonate
ions, meaning that the concentrations present are greater
than the equilibrium concentration in the presence of solid
calcium carbonate (which has several forms). Calcium car-
bonate that forms through precipitation in the upper ocean
sinks downward; below a depth known as the “saturation
horizon,” it begins to dissolve again and is completely dis-
solved below the “carbonate compensation depth.” Some
of the calcium carbonate accumulates into sediments on
the ocean floor above the carbonate compensation depth;
some of these sediments are buried deeply and leave the
ocean-atmosphere carbon cycle.

8. Global carbon budget and carbon in the terrestrial
biosphere

A comprehensive review of the global carbon budget
is given in Ref. [130]; best estimates of carbon stores
in the ocean, atmosphere, soil and biomass, etc., and the
net fluxes for the decade 2012–2021 are shown in Fig. 7.
Similar estimates appear in Ref. [131].

The net increase in atmospheric CO2 from 2021–2022
(see Fig. 1) measured by NOAA [11] was roughly
2.1 ppm/yr, representing roughly a 0.5%/yr increase in the
current level of 420 ppm, or an increase of roughly 4.4 Gt
C/yr ∼= 16 Gt CO2/yr; slightly larger estimates from [130]
give ∼= 19 Gt CO2/yr.

Of the 9–10 Gt of carbon added to the atmosphere yearly
from fossil sources, roughly 30% is absorbed by the ocean
sink. Another 30% is currently taken up by land ecosys-
tems through natural processes associated with increased
CO2 and warming (CO2 fertilization effect, longer growing
season), although human land use offsets some of this by
releasing over 1 Gt of carbon from terrestrial systems back
to the atmosphere.65 Biomass in forests is estimated to give
a net sink of roughly 1.1 Gt C/yr, including both natural
drivers and human land use (deforestation, afforestation,
etc.) [133]; grasslands and changes in soil carbon also con-
tribute to the net land sink. There is, however, substantial
uncertainty regarding the longevity of both the ocean and
the terrestrial carbon sinks.

Considering the terrestrial part of the carbon bud-
get in more detail, carbon circulates constantly between

the atmosphere and the biosphere. Terrestrial biomass
uptakes roughly 130 Gt C/yr from the atmosphere each
year. Roughly half of this is returned to the atmosphere
directly through plant respiration, and the other half
through microbial respiration and decomposition of decay-
ing organic matter. The annual cycle of spring growth and
fall decay is apparent in the detailed atmospheric measure-
ments of CO2 in Fig. 1, dominated by seasonal change
in the Northern Hemisphere. A small fraction of the car-
bon that circulates through terrestrial biomass is retained
over a longer time in soil. The residence time of car-
bon in tropical soils is roughly 10 years or less, while
in temperate soils there are organic carbon components
with residence times closer to 100 and 1000 years [134].
Total carbon in terrestrial ecosystems is roughly 3000 Gt66,
most of which is contained in the soil (∼1500 Gt organic
(SOC) [132] to a depth of 1 m, ∼1000 Gt inorganic,
∼500 Gt biomass/vegetation). This is several times larger
than the quantity of carbon in the atmosphere (∼900 Gt
C, equivalent to 3200 Gt CO2). Human land use patterns
significantly affect the total quantity of carbon stored in
terrestrial biomass and soil. Current estimates suggest that
the total carbon currently stored in terrestrial biomass is
roughly 450 Gt while biomass carbon stocks of poten-
tial vegetation are over 900 Gt C. This means that human
land use practices, primarily agriculture, grazing, and for-
est management, reduce the net carbon storage potential of
biomass by a factor of roughly two [135]. Human activity
has also broadly decreased the carbon content of soils glob-
ally. A recent estimate suggests a loss of 116 Gt of SOC
(∼400 Gt CO2 equivalent) through agricultural land use
(grazing + cropland) [136] since pre-agricultural times.

9. Ecosystem-based CDR: Details and further
references

A broad variety of ecosystem-based approaches to CDR
exist. Ecosystem restoration can include simple land aban-
donment: allowing land that has been cleared for culti-
vation or other usage to regrow naturally; more active
measures can also be used to remove artificial construc-
tions such as dams or to restore lost species to enable
natural processes to repair damaged ecosystems (“rewil-
ding”). Regrowth of forests in the northeast United States
in land previously used for agriculture over the last 150
years, for example, contributes to the current land sink
(Appendix C8). Reforestation and ecosystem restoration
fit with other national and international goals such as the
30 × 30 Initiative [137,138] to protect 30% of Earth’s
land and ocean areas by 2030. Other ecosystem-based
CDR approaches involve more active changes in land

65The combined effect of land use, land-use change, and forestry is sometimes referred to as LULUCF. Roughly another 1,500 Gt
of C is stored in frozen/permafrost soils [130,132].

66Roughly another 1,500 Gt of C is stored in frozen/permafrost soils [130,132].
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FIG. 7. The global carbon cycle, from [130]: Anthropogenic changes to the global carbon cycle (mean annual fluxes for the decade
2012–2021) are illustrated by thick arrows at the top of the figure. Current carbon stores are at the bottom; the natural cycle is illustrated
by thin background arrows. Note that changes in CO2 are related to changes in C by a factor of 44/12 ∼= 3.67.

management practices, such as modifying agricultural or
grazing methodology to increase persistent carbon stores
in biomass and/or soil. An overview of ecosystem-based
approaches for carbon storage and avoided emissions is
given in Ref. [26]. This appendix contains a few further
details and references regarding these approaches.

Carbon retention in soil. It has been estimated that over
the last 12 000 years, human activity has reduced the
net quantity of soil organic carbon (SOC) and terrestrial
biomass by hundreds of Gt C, with SOC losses from agri-
cultural land use exceeding 100 Gt C (Appendix C8).
Some fraction of this could be restored by selective aban-
donment and rewilding, and another fraction could be
regained by changing agricultural land use approaches,
such as overgrazing and monoculture practices that
degrade the soil. A recent second-order meta-analysis of
current and future human and climate impacts on SOC is
given in Ref. [107], with the overall conclusion that the
impacts on SOC of land-use change in the coming decades
will be much larger than the direct effects of climate
change. Some estimates suggest that restoring broader bio-
diversity in grasslands and modified grazing approaches
could lead to carbon sequestration at the rate of up to
several gigatons per year [139]. There are also sugges-
tions that modified “no-till” agricultural practices, use of
cover crops, and addition of biochar (Sec. IV B 3) to soil
can enhance the accumulation of organic carbon in soil
(see, e.g., [140] for a meta-analysis), although the extent to
which no-till agriculture can significantly impact soil car-
bon content has been disputed [141] and understanding of

the longevity of the carbon in biochar in soil is still lim-
ited, with half-life estimates ranging from 102 to 107 years
depending on composition [142].

A recent synthesis of peer-reviewed literature on SOC
sequestration in agroecosystems estimates 1.45–3.44 Pg
C/yr (∼5–13 Gt CO2/yr, 1 Pg = 1 Gt) of technical poten-
tial [132], which would involve changing land use prac-
tices on something like 70 million km2 of agricultural
land and degraded land. Other estimates based on bio-
chemical and photosynthesis constraints suggest that the
realistic sequestration potential of agroecosystems is less
than 1 Pg C/yr (∼1–3 Gt CO2/yr) [143,144]. A likely
practical limit on ecosystem-based SOC restoration of at
most 10–30% of the total of ∼100 Gt of lost carbon (i.e.,
40–120 Gt CO2 equivalent) was suggested in Ref. [136].
While there is a wide range of variation in estimates, the
viable rate of equivalent CO2 sequestration in soil through
these kinds of land management practices seems likely
to be in the range of hundreds of Mt to a few Gt of
CO2 yearly. The effectiveness and permanence of these
approaches are also difficult to measure and verify. Even
with relatively stable land use patterns, accurately measur-
ing increases in soil carbon is challenging due to a high
degree of spatial heterogeneity and relatively small annual
changes from management interventions (e.g., <0.1–0.5%
for no-till conversion and biochar application) [101]. How-
ever, by comparing soils in similar landscapes at different
stages (chronosequence data), estimates of, for example,
+2.3%/yr for farm abandonment on Mediterranean lands
have been measured [145].
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As discussed above, the long-term retention of carbon
in soil depends upon environmental factors and continued
appropriate land use.

Carbon retention in terrestrial biomass. Forests, includ-
ing the associated living biomass and soil carbon, hold
roughly half of the terrestrial carbon on the planet [146],
and (primarily tropical) deforestation contributes sub-
stantially to net anthropogenic carbon emissions. Well-
managed projects to restore forest ecosystems in suit-
able locations may present one of the most cost-effective
methods of large-scale carbon capture in the near future
[26,110] by increasing carbon in terrestrial biomass and
soil. This can be done while other larger-scale CDR
approaches and technologies covered in this report are
gradually brought up to scale. Preserving existing forest
ecosystems, particularly in tropical areas, is also essen-
tial to reduce the further loss of carbon from terrestrial
biomass and soil. An estimate for potential carbon accu-
mulation in above-ground biomass over a 30-year window
through the reforestation of ∼700 Mha (7 M km2) is
1.6 Pg C/yr (∼5 Gt CO2/yr, with another 50% in poten-
tial SOC increase) [147]; a similar estimate (with large
error bars) appears in Ref. [26]. Like changes in agriculture
and grazing practices, the restoration of forest ecosystems
can bring many auxiliary benefits including increased bio-
diversity and ecosystem services to humans. While full
ecosystems are highly complex and the goals of precisely
reproducing previously stable ecosystems by introducing
specific species may be difficult to achieve in many loca-
tions, particularly with on-going environmental changes,
simply enabling reforestation to occur on degraded lands
through, e.g., farmland abandonment, can be effective from
the CDR point of view.

Despite these positive attributes, afforestation/
reforestation has been used in many circumstances for
questionable carbon offsets (see, e.g., [100]), because
it is often difficult to verify that the associated carbon
removal satisfies the criteria of being real, permanent,
quantifiable, verifiable, etc.; planting trees in unsuit-
able locations will not lead to lasting carbon removal.
Afforestation/reforestation efforts can only be success-
ful in appropriate ecological contexts and often require
location-specific active management and ongoing forest
preservation. In addition, forest carbon stocks are suscep-
tible to issues such as fires and insect infestation, patterns
of which may change significantly as climate change
continues [148,149].

10. Approaches to chemical DAC: Details and further
references

This appendix describes some of the technical aspects
of different approaches to chemical DAC. More detailed
descriptions and analyses can be found in Ref. [20].

Solid sorbent systems. A wide range of technical
approaches to solid sorbent DAC systems are under inves-
tigation. The furthest developed scheme for solid sorbent
DAC uses temperature and/or pressure changes (“ther-
mal/pressure swing”) between the adsorption and desorp-
tion processes. A generic example is depicted in Fig. 8.

On the left of Fig. 8, air enters the extraction cycle
where it is moved through a porous, multi-scale struc-
ture that has been chemically treated with a sorbent that
will capture CO2 for removal. Adsorber chemistry for the
removal of CO2 (a Lewis acid) is base-acid; for exam-
ple, an amine group might be grafted to the multi-scale
structure. Generally, the adsorption process is exother-
mic, and the sorbent with its supporting structure must
conduct away this heat to avoid temperature increases
that can reduce sorbent performance. Once the sorbent
has reached the desired CO2 saturation, the CO2 must be
removed and sequestered and the sorbent regenerated for
another capture cycle. Water vapor may also be captured
by the sorbent. For some processes this is desirable and
increases the CO2 capture rate. There is a concomitant
energy penalty when the water is removed from the sur-
face during the regeneration of the sorbent. Materials under
investigation for DAC include amine-functionalized sili-
cas, metal-oxide frameworks, porous polymers, zeolites,
and porous carbons.

In the desorption process (right side of Fig. 8), the fans
are turned off and the sorbent is isolated from fresh airflow.
The remaining air inside the unit that houses the sorbent
is evacuated, and the sorbent is heated, usually by steam,
to a temperature of around 100 °C. This causes the CO2
and any water on the surface to desorb, after which it is
pumped to a condenser where H2O is separated from CO2
as the mixture cools to ambient temperature. Sequester-
ing the CO2 requires further compression and transport to
long-term storage or other usage.

Efficient removal of CO2 requires that the sorbent
and supporting structure have sufficient surface area to
facilitate CO2 capture, while energy considerations require
that CO2 capture systems be designed to minimize the
pressure drop needed to push air through the structure.
Sorbents should have a high capacity for CO2, energeti-
cally favorable thermodynamics, robustness to variations
in environmental parameters (humidity, temperature, pol-
lutants), minimal losses during regeneration cycles, and
affordability. Energy considerations further favor sorbate
structures with a lower heat capacity, and facility size
will decrease as sorbate capacity increases and extraction-
regeneration times decrease. Table 5.6 [4] provides a sum-
mary of the useful parameters governing solid sorbent
performance.

Liquid solvent DAC. Liquid solvent approaches have
been studied extensively in the context of point-source
carbon capture, where the CO2 density is higher [6]. A
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FIG. 8. A schematic of a temperature-vacuum swing solid sorbent DAC unit. In the CO2 capture phase (left), air is forced by the
capture material. In the extraction phase (right), the chamber is closed off, residual air is removed, and CO2 and water vapor are
extracted.

detailed analysis [150] has also been developed for at least
one approach to a liquid-based DAC facility, which we
review briefly here. In a simplified description, the liquid-
based scheme uses two coupled loops to extract CO2. In
the contactor loop, air is blown horizontally through the
contactor, which consists of a long tube filled with small
PVC pellets. A solution of aqueous potassium hydroxide
solution (KOH) is sprayed from nozzles above the con-
tactor and coats the pellets as it flows. The KOH reacts
with CO2 to form water and potassium carbonate via the
reaction 2KOH + CO2 → H2O + K2CO3.

Regeneration and CO2 removal are accomplished in
multiple steps: After flowing through the contactor, the
H2O and K2CO3 are pumped into a pellet reactor where
the K2CO3 reacts with calcium hydroxide (Ca(OH)2). This
process regenerates KOH, which is sent back to the con-
tactor, and produces a precipitate of calcium carbonate
(CaCO3). The CaCO3 enters the calciner loop, which is
comprised of a slaker and a calciner. This loop separates
CO2 for sequestration, and produces the Ca(OH)2 needed
in the pellet reactor. (Note that the H2O flows are not fully
described in Fig. 9). The liquid solvent system involves
more steps and generally requires [4] higher temperatures
and greater thermal energy input than do solid sorbent
systems.

Achieving high efficiency is challenging because it
necessitates meticulous management of heat and material
losses across multiple chemical processes. These processes
proposed for liquid-based schemes, however, derive from
well-established industrial applications.

Electrochemical and other mechanisms for DAC. A
number of alternatives to the temperature/pressure swing
approach are being actively pursued [22,151,152]. In a
“moisture-swing” process, CO2 is removed at low humid-
ity and the sorbent is regenerated by exposure to high
humidity. In this scheme, water, rather than heat, provides
the free energy needed to remove the CO2 from the sor-
bent. It has been argued that this approach comes closer to
the thermodynamic bound for energy [25]. However, abun-
dant water supplies are not available everywhere, limiting
the siting possibilities or requiring additional infrastruc-
ture/energy expenditures.

Newer technologies for DAC which utilize only elec-
trical power or a hybrid of heat and electrical power
can avoid or lessen thermodynamic losses that are
inevitable when heat is used to desorb CO2. The tempera-
ture/electrical [153] swing process employs a combination
of thermal energy and Joule heating to realize the desired
temperature swings in the process. Microwave-accelerated
[154] processes use microwaves to reduce the heat input
needed to remove CO2 from the adsorber. The magnetic
induction [155] swing process uses an alternating cur-
rent magnetic field which inductively couples to embedded
magnetic nanoparticles embedded in a metal-oxide frame-
work. The nanoparticles, in turn, heat the adsorber through
collisions, and the heated material releases captured
CO2.

Electrochemical swing [156–158] technologies that
reduce the need for heat or mechanical (vacuum/pressure)
changes have the potential to increase the efficiency of
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FIG. 9. Schematic of a liquid solvent DAC following the design of Keith et al. [150]. Green (blue) lines correspond to gaseous
(liquid) flows. The dashed line represents CO2-depleted air returning to the atmosphere. On the left, air enters the extraction cycle
where it is moved through a honeycomb-like structure chemically treated to facilitate CO2 absorption. Taken from [20].

CO2 removal. Electrochemical DAC systems can utilize
a pH-swing process, where the solubility of CO2 in a
working fluid is changed by varying the fluid’s pH. A
variety of methods for electrochemical DAC are under
study [157,158], including electrolysis, bipolar membrane
electrodialysis, reversible redox reactions, and capacitive
deionization. Electrochemical DAC offers potential advan-
tages over other methods. Power can be supplied by solar
arrays, and in some realizations they can be part of a
process to produce hydrogen fuel.

11. Some further ideas for CDR approaches

In general, most CDR approaches will fit into some
of the primary paradigms described in the main text. We
briefly list a few further ideas here for CDR to illustrate
some of the range of possibilities; these are all currently at
a rather speculative stage.

Cryogenic separation of CO2. Cryogenic separation of
carbon dioxide from air is already in use at industrial
scale [159]. Condensation of carbon dioxide ice (“dry ice”)
occurs on the surface of Mars, and temperatures in the
interior of Antarctica occasionally drop low enough for
carbon dioxide to solidify. This has been proposed as a
possible way to capture CO2 directly from the atmosphere
[160]; at least one company has proposed doing so on
balloons [161].

Plasmons. Natural photosynthesis converts about 1% of
the energy in sunlight to the reduction of carbon dioxide

to form carbohydrates. Artificial photosynthesis driven by
surface plasmons (electron waves that propagate on the
surface of a conductor) offers a possible route to more
efficiently use sunlight [162–164], converting atmospheric
CO2 to either hydrocarbon fuels or carbon-containing
material suitable for storage.

Geothermal water with high alkalinity. Geothermally
heated water from carbon-depleted aquifers could be
brought to the surface to generate electrical power and
absorb atmospheric CO2 before being injected into ultra-
mafic rock for in situ mineralization [39]. It may be a
challenge to sufficiently scale up this approach.

12. Anthropogenic CO2 and climate warming

On average, when Earth’s climate is in an approximate
equilibrium, roughly 70% of the net incoming solar radia-
tion that hits Earth is absorbed. The land and oceans bal-
ance the incoming radiation flux by emitting outgoing ther-
mal radiation in the infrared. Water vapor, CO2, and other
greenhouse gases in the atmosphere absorb and re-emit this
outgoing thermal radiation, adding to the downward flux of
radiation (radiative forcing), thereby maintaining Earth’s
surface temperature at a higher value than it would have
been in the absence of greenhouse gases. An increase in
atmospheric CO2 levels drives additional downward radia-
tive forcing, which leads to planetary warming until the
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extra downward radiation flux is balanced by increased
thermal radiation from a higher equilibrium temperature.67

While it is not clear that a quasi-equilibrium approxi-
mation will accurately describe changes in Earth’s climate
from anthropogenic CO2, such a model is widely used to
provide a rough estimate of expected temperature increase
for a given change in atmospheric CO2 levels. Based on a
synthesis of multiple approaches, including the best avail-
able current models of the full climate system and evidence
from historical and paleoclimate data, along similar lines
to [165], the Intergovernmental Panel on Climate Change
(IPCC) AR6 report estimates that the rise in Earth’s
mean surface temperature from a doubling of CO2 from
preindustrial levels (ECS = equilibrium climate sensitiv-
ity) would be roughly �T2×= 3 °C, with uncertainties giv-
ing a likely range of 2.5–4 °C [131]. From the IPCC esti-
mate of climate sensitivity and the logarithmic dependency
of radiative forcing on CO2 levels, in the quasi-equilibrium
approximation the expected rise in mean surface temper-
ature from preindustrial times due to anthropogenic CO2
emissions already present in the atmosphere would be
expected to be roughly 1.75 °C (∼=3 °C × ln (420/280)/ln
2). Because equilibration takes place on a decades-long
time scale, this temperature shift has only partially taken
effect, and CO2 already in the atmosphere will continue to
drive increased warming through the remainder of this cen-
tury, in the absence of other factors. Most anthropogenic
atmospheric CO2 emissions (∼80%) have occurred since
1950, when levels were around 310 ppm. The measured
mean surface temperature rise of over 0.8 °C since 1950
[166,167] is largely attributed by the IPCC and others to
human activity, with atmospheric CO2 a primary driver of
this warming. As an order-of-magnitude reality check, this
observed warming since 1950 is roughly compatible with
the IPCC ECS estimate and a rough estimate that some-
thing like half of the expected warming from CO2 in the
atmosphere has taken place since then.

A similar computation using the ECS of 3 °C shows
that the atmospheric CO2 levels associated with roughly
a 2 °C warming would be roughly 445 ppm, which would
be reached by around 2035 if emissions were to continue
at the current rate and CDR is not implemented at scale. It
is worth noting, however, that these and similar estimates
of temperature variation with CO2 concentration depend
upon the ECS estimate, and accurate evaluation of the ECS
is very challenging. For example, other estimates based on
the same data [168] suggest an ECS value of 2.2 °C. This
would reduce the expected temperature change from CO2
already in the atmosphere to 1.3 °C, with warming reach-
ing 2 °C only after another 40 years of emissions at current

rates. By contrast another recent study [169] finds an ECS
value of 4.8 ± 1.2 °C. (See Fig. 1 [170] for an overview
of different estimates of climate sensitivity.) If the ECS
takes the upper value in the IPCC’s likely range, 4 °C, then
the warming expected from CO2 already in the atmosphere
would be over 2.3 °C.

The level of temperature rise considered tolerable
is a question that depends upon many factors, includ-
ing impacts on ecosystems, agriculture, and human liv-
ing conditions, many of which are not well under-
stood scientifically or have high uncertainties, as well as
tradeoffs between addressing climate and other critical
issues.

The IPCC and other entities have analyzed a variety
of scenarios, based on different assumptions about many
controlling factors including human activities and varying
levels of future emissions, as well as the future behavior
of the ocean and land carbon sinks. In scenarios where
atmospheric carbon levels are managed to avoid a sur-
face temperature rise of more than 1.5 °C or 2 °C and CO2
emissions are not drastically and immediately reduced,
substantial carbon dioxide removal (CDR) implementa-
tion is incorporated (including from LULUCF), at the
level of 1–20 Gt CO2/yr in the latter part of this cen-
tury. Specifically, in the IPCC AR6 (WGI) report [12]
(page 622), the median of CO2 removal needed by 2100
in various scenarios is quoted as 730 Gt CO2, with a
range of 1–20 Gt CO2/yr yearly after 2050; very aggres-
sive emission reduction scenarios can reduce the necessary
rate of carbon removal toward the lower values. Similar
and related analyses appear in Ref. [1]. The NASEM 2019
report [4] concludes that CDR will likely need to remove
∼10 Gt CO2/yr globally by 2050 and ∼20 Gt CO2/yr by
2100. The analysis of [10] suggests that somewhat lower
amounts of CDR, although still at the level of multiple
gigatons of CO2 per year, may be feasible in scenarios
keeping temperature rise below 2 °C.

One simple way to think about these numbers (see Real-
ity Check box) is that, assuming an equilibrium climate
sensitivity in the range of 2.2–3 °C, the anthropogenic
CO2 already in the atmosphere has already “locked in”
an eventual temperature change of ∼1.5 °C. To keep the
temperature increase below that goal, this simple model
implies that most or all of any further net CO2 emissions
must eventually be recaptured. Because it will likely take
at best several decades to reduce the current rate of emis-
sion below 10 Gt CO2/yr, this suggests a necessary rate
of removal of multiple gigatons of CO2 per year over
comparable or longer time scales to achieve such climate
goals.

67This story is complicated by a number of factors. Multiple positive and negative feedbacks, such as clouds and albedo changes
due to variations in snow and ice coverage, modify the simple direct effect of CO2. Earth’s climate systems are complex, nonlinear,
multiscale, and multifluid. The net effect of atmospheric CO2 changes takes decades to be fully realized. Numerous other natural and
anthropogenic forcing factors are relevant.
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Reality Check: Temperature Change and CDR
(Approximate Analysis)

The scenarios described by the IPCC and others for
emissions and warming trajectories involve a compli-
cated set of assumptions. It is easy to see, however,
from the rough numbers involved that the IPCC esti-
mations of climate sensitivity imply that Gt-scale CDR
would be needed to keep warming from anthropogenic
CO2 below 1.5 or 2 °C. In particular, the eventual
warming that will occur from CO2 already in the atmo-
sphere is around 1.75 °C, assuming that the central
IPCC estimate of ECS = 3 °C for a doubling of CO2
is correct. With the more optimistic ECS = 2.2 °C, the
“locked-in” warming would be around 1.3 °C and the
increase of 1.75 °C would be reached in 26 years.
Thus, to keep warming at 1.5 °C, most or all future
net increases in atmospheric CO2 (i.e., emissions minus
sinks) would need to be cancelled by CDR. Because
such net emissions are currently over 15 Gt CO2/yr,
and are unlikely to decrease below 10 Gt CO2/yr very
quickly, CDR at the multiple gigatons per year scale
would be needed to achieve that target.

There are a number of other significant greenhouse gases
besides CO2. Water vapor (H2O) is the dominant green-
house gas, and changes in atmospheric water vapor content
and the associated lapse rate (rate of change of tempera-
ture with altitude) represent important climate feedbacks.
Methane, which also contains carbon, has an even stronger
effect on radiative forcing per unit mass than CO2; how-
ever its lifetime in the atmosphere is much shorter (∼10
years for methane rather than thousands of years for CO2).
Other greenhouse gases include nitrous oxide and other
molecules with anthropogenic sources through agriculture
or other activities. The focus in this report is on CO2, which
is a key greenhouse gas for several reasons. First, its long
lifetime makes CO2 the primary factor that will control
Earth’s climate over the time scale of centuries. Second,
CO2 is currently the primary driver of planetary warming.
Third, the primary emissions from fossil fuel combus-
tion are CO2 molecules that represent additional carbon
brought into the atmosphere-terrestrial carbon cycle.68

This report is about methods to remove carbon in the
form of CO2 from the atmosphere to keep the system

closer to the approximate equilibrium that it has been in
over recent millennia. Given a fixed amount of carbon
in the atmosphere-terrestrial system, many other factors
influence changes in radiative forcing and climate over
shorter time scales. Human activities, including grazing,
agriculture, and forest management practices, move car-
bon between terrestrial ecosystems and the atmosphere,
and change the form of carbon (e.g., methane release from
farming). Some of these activities fit into the realm of bio-
logical CDR, as discussed in Sec. IV B. There are also
many other shorter-lived greenhouse gases such as nitrous
oxide that do not specifically contain carbon. In consider-
ing how to manage atmospheric carbon levels to achieve
specific climate-related goals, it may be useful to concep-
tually separate efforts like chemical DAC that can per-
manently remove carbon from the atmosphere-terrestrial
system from other activities that move the carbon around
within that system. It should be noted that other effects
beyond fossil fuel use and CDR may impact the total
atmosphere-terrestrial carbon budget, particularly in a con-
text where climate is out of equilibrium; for example,
a warming climate can lead to release of methane from
clathrates in formerly frozen tundra leading to a secondary
source of increased carbon in the terrestrial-atmosphere
system (and a potentially nonlinear climate feedback).69

All of these issues must be taken into account when deter-
mining the right balance of resources to put into CDR
versus management of other relevant activities.

To put the effects of anthropogenic CO2 and climate
warming in context, it is helpful to consider atmospheric
carbon changes that have occurred over longer time scales.
While the current atmospheric CO2 levels are believed to
be the highest reached in several million years, Earth’s
atmosphere has endured enormous fluctuations in carbon
content over longer time periods. Over the longest “tec-
tonic” time scale of tens of millions of years, atmospheric
CO2 levels have been affected by large-scale changes in
the arrangement of Earth’s continents and oceans. Fifty-
five million years ago in the Eocene, CO2 levels were
estimated, based on various proxies such as benthic 18O
levels, to have been at least five times greater than cur-
rent values. At that time there were no polar ice caps, the
temperature was higher by 5–10 °C (with larger differen-
tial at higher latitudes), and sea levels were hundreds of
meters higher than they are currently. Life was abundant
and mammals began to proliferate. Over the interceding

68Fossil fuels are carbon-containing resources in Earth’s crust that were formed from organic material over millions of years. Burn-
ing fossil fuels therefore releases into the atmosphere-terrestrial carbon system an abundance of carbon-based molecules that have
been locked away in geological repositories, thus changing the net quantity of carbon in the atmosphere-terrestrial system. While over
time scales of thousands of years, carbon from the atmosphere and terrestrial system gradually equilibrates with the much larger deep
ocean carbon repository, over the time scales currently relevant for humanity — decades or centuries — carbon, once released from
fossil fuels, increases the atmosphere-terrestrial carbon account, generally in the form of increased CO2.

69Note that the IPCC estimates that it is unlikely that release of methane from permafrost clathrates will have a significant impact
on the expected emissions trajectory this century [131].
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tens of millions of years, CO2 levels and global tempera-
tures have dropped fairly steadily (with some temporary
increases in between). The precise mechanisms for the
reduction in CO2 levels and temperature over this tec-
tonic time scale are not fully understood, but it is believed
that chemical weathering of rock exposed in the forma-
tion of the Tibetan plateau, a decrease in the rate of sea
floor spreading, and changes in ocean circulation (such
as the formation of the Antarctic circumpolar current)
may all have played substantial roles in driving these
changes. Over the last 3 million years or so, superim-
posed on a gradual overall cooling, Earth’s climate has
been dominated by regular glacial/interglacial periods with
oscillations of 40 000–100 000 years, driven by changes
in Earth’s orbital parameters described by the now widely
accepted Milankovitch theory.

While the presence of high atmospheric CO2 levels and
temperatures earlier in Earth’s history at a time when
life was abundant provides reassurance that Earth’s cli-
mate and ecosystems can in principle thrive in such envi-
ronments, it should be kept in mind that these changes
occurred over many millions of years, giving organisms
and ecosystems time to adapt to the changes. Even if
anthropogenic carbon has a more modest effect of run-
ning CO2 conditions back 5–10 million years, this will
cause changes in climate over the next century at a
rate much faster than most geologic changes, and more
quickly than species and ecosystems adapt through evo-
lution. A recent report [171] estimates that one million
animal and plant species are threatened with extinction70,
and expects that rapid climate change will exacerbate
the rate of ecosystem and biodiversity loss in coming
decades. Human society, which has developed in the rel-
atively stable climate of the last 10 000 years, also may
face substantial challenges in the face of changing cli-
mate impact on weather, sea level, and ecosystem services.
These changes are arising at the same time as many other
critical issues, such as a large and still growing popula-
tion where many lack access to adequate energy, water, and
other resources, and dangers of increasing conflicts and the
threat of nuclear war. Addressing and balancing these mul-
tifaceted and interconnected problems presents a complex
task that will require coordinated efforts and innovative
solutions.
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T. Roylands, and M. Ogrič, Rock organic carbon oxida-
tion CO2 release offsets silicate weathering sink, Nature
623, 329 (2023).

[35] R. Chang, S. Kim, S. Lee, S. Choi, M. Kim, and Y. Park,
Calcium Carbonate Precipitation for CO2 Storage and Uti-
lization: A Review of the Carbonate Crystallization and
Polymorphism, Front. Energy Res. 5, 17 (2017).

[36] J. Strefler, T. Amann, N. Bauer, E. Kriegler, and J. Hart-
mann, Potential and costs of carbon dioxide removal by
enhanced weathering of rocks, Environ. Res. Lett. 13 (3),
034010 (2018).

[37] M. J. A. Qomi, Q. R. S. Miller, S. Zare, H. T. Schaef, J. P.
Kaszuba, and K. M. Rosso, Molecular-scale mechanisms
of CO2 mineralization in nanoscale interfacial water films,
Nat. Rev. Chem. 6 (9), 598 (2022).

[38] B. A. Wills and J. Finch, Wills’ Mineral Processing
Technology: An Introduction to the Practical Aspects
of Ore Treatment and Mineral Recovery (Butterworth-
Heinemann, Oxford, United Kingdom and Waltham, MA,
USA, 2015).

[39] P. B. Kelemen, N. McQueen, J. Wilcox, P. Renforth, G.
Dipple, and A. P. Vankeuren, Engineered carbon min-
eralization in ultramafic rocks for CO2 removal from
air: Review and new insights, Chem. Geol. 550, 119628
(2020).

[40] R. M. Eufrasio, E. P. Kantzas, N. R. Edwards, P. B.
Holden, H. Pollitt, J.-F. Mercure, S. C. L. Koh, and
D. J. Beerling, Environmental and health impacts of
atmospheric CO2 removal by enhanced rock weathering
depend on nations’ energy mix, Commun. Earth Environ.
3 (1), 106 (2022).

017001-50

https://ccaf.io/cbnsi/cbeci
https://www.bp.com/content/dam/bp/business-sites/en/global/corporate/pdfs/energy-economics/statistical-review/bp-stats-review-2022-full-report.pdf
https://www.eia.gov/environment/emissions/co2_vol_mass.php
https://www2.bgs.ac.uk/mineralsuk/download/world_statistics/2010s/WMP_2015_2019.pdf
https://doi.org/10.1021/acs.chemrev.6b00173
https://doi.org/10.1039/D0CS00075B
https://doi.org/10.1088/2516-1083/abf1ce
https://doi.org/10.1016/j.egyr.2021.06.002
https://doi.org/10.1016/j.mattod.2022.08.018
https://doi.org/10.1073/pnas.1012253108
https://doi.org/10.1016/j.jclepro.2019.03.086
https://doi.org/10.1039/C2CP43124F
https://doi.org/10.1073/pnas.1710465114
https://doi.org/10.1073/pnas.1719695115
https://doi.org/10.1073/pnas.2217695120
https://doi.org/10.3389/fclim.2022.879133
https://doi.org/10.1130/0091-7613(1988)016<0649:IOLCMB>2.3.CO;2
https://doi.org/10.1016/j.gca.2014.02.033
https://doi.org/10.3389/fenrg.2017.00017
https://doi.org/10.1088/1748-9326/aaa9c4
https://doi.org/10.1038/s41570-022-00418-1
https://doi.org/10.1016/j.chemgeo.2020.119628
https://doi.org/10.1038/s43247-022-00436-3


ATMOSPHERIC CARBON DIOXIDE REMOVAL. . . PRX ENERGY 4, 017001 (2025)

[41] J. Jeswiet and A. Szekeres, Energy Consumption in Min-
ing Comminution, Procedia CIRP 48, 140 (2016).

[42] D. Tromans and J. Meech, Fracture toughness and surface
energies of minerals: theoretical estimates for oxides, sul-
phides, silicates and halides, Miner. Eng. 15 (12), 1027
(2002).

[43] D. Tromans and J. Meech, Fracture toughness and sur-
face energies of covalent minerals: theoretical estimates,
Miner. Eng. 17 (1), 1 (2004).

[44] D. Tromans, Mineral comminution: Energy efficiency
considerations, Miner. Eng. 21 (8), 613 (2008).

[45] S. De Marco, S. Caserini, T. Amann, and M. Grosso,
Energy demand and saving opportunities of limestone and
olivine-rich rocks supply for geochemical carbon dioxide
removal, Environ. Res. Lett. 19 (7), 073009 (2024).

[46] D. J. Beerling, et al., Potential for large-scale CO2
removal via enhanced rock weathering with croplands,
Nature 583 (7815), 242 (2020).

[47] D. Saramak, Challenges in Raw Material Treatment at
the Mechanical Processing Stage, Minerals 11 (9), 940
(2021).

[48] U.S. Energy Information Administration. Quarterly Coal
Report. Tech. rep., 2023. https://www.eia.gov/coal/prod
uction/quarterly/

[49] U.S. Geological Survey. Mineral commodity summaries
2022. Tech. rep., 2022. http://pubs.er.usgs.gov/publi
cation/mcs2022

[50] David J. Beerling, Jonathan R. Leake, Stephen P. Long,
Julie D. Scholes, Jurriaan Ton, Paul N. Nelson, Michael
Bird, Euripides Kantzas, Lyla L. Taylor, Binoy Sarkar,
Mike Kelland, Evan DeLucia, Ilsa Kantola, Christoph
Müller, Greg Rau, and James Hansen, Farming with crops
and rocks to address global climate, food and soil security,
Nat. Plants 327 (3), 1 (2018).

[51] I. O. Holzer, M. A. Nocco, and B. Z. Houlton, Direct
evidence for atmospheric carbon dioxide removal via
enhanced weathering in cropland soil, Environ. Res. Com-
mun. 5 (10), 101004 (2023).

[52] T. Linke, E. H. Oelkers, S. C. Möckel, and S. R. Gisla-
son, Direct evidence of CO2 drawdown through enhanced
weathering in soils, Geochem. Perspec. Lett. 30, 7 (2023).

[53] F. Buckingham and G. Henderson, The enhanced weather-
ing potential of a range of silicate and carbonate additions
in a UK agricultural soil, Sci. Total Environ. 907, 167701
(2024).

[54] F. Buckingham, G. Henderson, P. Holdship, and P. Ren-
forth, Soil core study indicates limited CO2 removal by
enhanced weathering in dry croplands in the UK, Appl.
Geochem. 147, 105482 (2022).

[55] David J. Beerling, Dimitar Z. Epihov, Ilsa B. Kan-
tola, Michael D. Masters, Tom Reershemius, Noah J.
Planavsky, Christopher T. Reinhard, Jacob S. Jordan,
Sarah J. Thorne, James Weber, Maria Val Martin, Robert
P. Freckleton, Sue E. Hartley, Rachael H. James, Christo-
pher R. Pearce, Evan H. DeLucia, and Steven A. Banwart,
Enhanced weathering in the US Corn Belt delivers carbon
removal with agronomic benefits, Proc. Natl. Acad. Sci.
U. S. A. 121 (9), e2319436121 (2024).

[56] T. Kukla, T. J. Suhrhoff, S. Loeffler, K. Martin,
and F. Chay. Does enhanced weathering work? We’re

still learning., 2024. https://carbonplan.org/research/enha
nced-weathering-fluxes

[57] I. Chiaravalloti, N. Theunissen, S. Zhang, J. Wang, F.
Sun, A. A. Ahmed, E. Pihlap, C. T. Reinhard, and N.
J. Planavsky, Mitigation of soil nitrous oxide emissions
during maize production with basalt amendments, Front.
Clim. 5, 1203043 (2023).

[58] Hanqin Tian, Yuanzhi Yao, Ya Li, Hao Shi, Shufen
Pan, Raymond G. Najjar, Naiqing Pan, Zihao Bian,
Philippe Ciais, Wei-Jun Cai, Minhan Dai, Marjorie A.
M. Friedrichs, Hong-Yi Li, Steven Lohrenz, and L.
Ruby Leung, Increased Terrestrial Carbon Export and
CO2 Evasion From Global Inland Waters Since the
Preindustrial Era, Global Biogeochem. Cycles 37 (10),
e2023GB007776 (2023).

[59] National Academies of Sciences, Engineering and
Medicine, A Research Strategy for Ocean-based Car-
bon Dioxide Removal and Sequestration (The National
Academies Press, Washington, DC, 2022). https://doi.org/
10.17226/26278

[60] K. Lebling, E. Northrop, C. McCormick, and E.
Bridgwater. Towards Responsible and Informed Ocean-
Based Carbon Dioxide Removal: Research and Gover-
nance Priorities. Tech. rep., World Resources Institute,
2022. https://www.wri.org/research/responsible-infor
med-ocean-based-carbon-dioxide-removal

[61] J. Hauck, P. Köhler, D. Wolf-Gladrow, and C. Völker, Iron
fertilisation and century-scale effects of open ocean disso-
lution of olivine in a simulated CO2 removal experiment,
Environ. Res. Lett. 11 (2), 024007 (2016).

[62] D. T. Ho, L. Bopp, J. B. Palter, M. C. Long, P. Boyd, G.
Neukermans, and L. Bach, Chapter 6: Monitoring, Report-
ing, and Verification for Ocean Alkalinity Enhancement,
State Planet Discuss. 2023, 1 (2023).

[63] P. Renforth and G. Henderson, Assessing ocean alkalin-
ity for carbon sequestration, Rev. Geophys. 55 (3), 636
(2017).

[64] M. Fuhr, S. Geilert, M. Schmidt, V. Liebetrau, C. Vogt, B.
Ledwig, and K. Wallmann, Kinetics of Olivine Weather-
ing in Seawater: An Experimental Study, Front. Clim. 4,
831587 (2022).

[65] C. A. Moras, L. T. Bach, T. Cyronak, R. Joannes-
Boyau, and K. G. Schulz, Ocean alkalinity enhancement –
avoiding runaway CaCO3 precipitation during quick and
hydrated lime dissolution, Biogeosciences 19 (15), 3537
(2021).

[66] J. Hartmann, N. Suitner, C. Lim, J. Schneider, L.
Marín-Samper, J. Arístegui, P. Renforth, J. Taucher,
and U. Riebesell, Stability of alkalinity in Ocean Alka-
linity Enhancement (OAE) approaches – consequences
for durability of CO2 storage, Biogeosciences Discuss.
2022, 1 (2022). https://bg.copernicus.org/preprints/bg-
2022-126/

[67] S. Rahmstorf, J. E. Box, G. Feulner, M. E. Mann, A.
Robinson, S. Rutherford, and E. J. Schaffernicht, Excep-
tional twentieth-century slowdown in Atlantic Ocean
overturning circulation, Nat. Clim. Change 5 (5), 475
(2015).

[68] L. Caesar, G. D. McCarthy, D. J. R. Thornalley, N.
Cahill, and S. Rahmstorf, Current Atlantic Meridional

017001-51

https://doi.org/10.1016/j.procir.2016.03.250
https://doi.org/10.1016/S0892-6875(02)00213-3
https://doi.org/10.1016/j.mineng.2003.09.006
https://doi.org/10.1016/j.mineng.2007.12.003
https://doi.org/10.1038/s41586-020-2448-9
https://doi.org/10.3390/min11090940
https://www.eia.gov/coal/production/quarterly/
http://pubs.er.usgs.gov/publication/mcs2022
https://doi.org/10.1088/2515-7620/acfd89
https://doi.org/10.7185/geochemlet.2415
https://doi.org/10.1016/j.scitotenv.2023.167701
https://doi.org/10.1016/j.apgeochem.2022.105482
https://doi.org/10.1073/pnas.2319436121
https://carbonplan.org/research/enhanced-weathering-fluxes
https://doi.org/10.3389/fclim.2023.1203043
https://doi.org/10.1029/2023GB007776
https://doi.org/10.17226/26278
https://www.wri.org/research/responsible-informed-ocean-based-carbon-dioxide-removal
https://doi.org/10.1088/1748-9326/11/2/024007
https://doi.org/10.1002/2016RG000533
https://doi.org/10.3389/fclim.2022.831587
https://doi.org/10.5194/bg-19-3537-2022
https://bg.copernicus.org/preprints/bg-2022-126/


TAYLOR, MARSTON, ROSNER, and WURTELE PRX ENERGY 4, 017001 (2025)

Overturning Circulation weakest in last millennium, Nat.
Geosci. 14 (3), 118 (2021).

[69] J. L. Sarmiento, N. Gruber, M. A. Brzezinski, and J.
P. Dunne, High-latitude controls of thermocline nutri-
ents and low latitude biological productivity, Nature 427
(6969), 56 (2004).

[70] Exploring Ocean Iron Solutions. Paths Forward for
Exploring Ocean Iron Fertilization, October 27, 2023.
https://cloud.3dissue.com/2331/167634/195898/paths-
forward/

[71] IPCC, IPCC Special Report on Carbon Dioxide Cap-
ture and Storage. Prepared by Working Group III of
the Intergovernmental Panel on Climate Change, edited
by B. Metz, O. Davidson, H. C. de Coninck, M. Loos,
and L. A. Meyer (Cambridge University Press, Cam-
bridge, United Kingdom and New York, NY, USA, 2005),
p. 442. https://www.ipcc.ch/site/assets/uploads/2018/03/
srccs_wholereport-1.pdf

[72] P. S. Ringrose and T. A. Meckel, Maturing global CO2
storage resources on offshore continental margins to
achieve 2ds emissions reductions, Sci. Rep. 9 (1), 17944
(2019).

[73] D. Golomb and S. Pennell, in Developments and Inno-
vation in Carbon Dioxide (CO2) Capture and Storage
Technology, chap. 11: Ocean sequestration of carbon diox-
ide, edited by M. Mercedes Maroto-Valer (Woodhead
Publishing, CRC Press, Cambridge, UK, 2010).

[74] J. J. Dooley, Estimating the Supply and Demand
for Deep Geologic CO2 Storage Capacity over the
Course of the 21st Century: A Meta-analysis of
the Literature, Energy Procedia 37, 5141 (2013).
https://www.sciencedirect.com/science/article/pii/S18766
10213006723

[75] G. Turan, A. Zapantis, D. Kearns, E. Tamme, C. Staib,
T. Zhang, J. Burrows, A. Gillespie, I. Havercroft, D. Ras-
sool, C. Consoli, and H. Liu, The Global Status of CCS
2021. Tech. rep., 2021. https://www.globalccsinstitute.
com/wp-content/uploads/2021/10/2021-Global-Status-of-
CCS-Report_Global_CCS_Institute.pdf

[76] J. Veil. U.S. Produced Water Volumes and Management
Practices in 2017. Tech. rep., 2020. https://www.gwpc.
org/wp-content/uploads/2020/02/pw_report_2017___
final.pdf

[77] Mohamed A. Kassab, Ali E. Abbas, Iman Elgamal, Basem
M. Shawky, Mahmoud F. Mubarak, and R. Hosny, Review
on the estimating the effective way for managing the pro-
duced water: case study, Open J. Mod. Hydrol. 11, 19
(2021).

[78] J. Kearns, G. Teletzke, J. Palmer, H. Thomann, H.
Kheshgi, Y.-H. H. Chen, S. Paltsev, and H. Herzog, Devel-
oping a consistent database for regional geologic CO2
storage capacity worldwide, Energy Procedia 114, 4697
(2017).

[79] Y. Zhang, C. Jackson, and S. Krevor, An estimate of
the amount of geological CO2 storage over the period
of 1996–2020, Environ. Sci. Technol. Lett. 9 (8), 693
(2022).

[80] Encyclopedia Britannica. Lake Nyos disaster. https://
www.britannica.com/event/Lake-Nyos-disaster

[81] U.S. Geological Survey. Invisible CO2 gas killing trees
at Mammoth Mountain, California. https://pubs.usgs.
gov/dds/dds-81/Intro/facts-sheet/GasKillingTrees.html

[82] J. J. Roberts, R. A. Wood, and R. S. Haszeldine, Assessing
the health risks of natural CO2 seeps in Italy, Proc. Natl.
Acad. Sci. U. S. A. 108 (40), 16545 (2011).

[83] International Energy Agency. IEAGHG: Current state of
knowledge regarding the risk of induced seismicity at
CO2 storage projects. Tech. rep., 2022. https://ieaghg.
org/publications/technical-reports/reports-list/9-techni
cal-reports/1065-2022-02-current-state-of-knowledge-reg
arding-the-risk-of-induced-seismicity-at-Co2-storage-
projects

[84] S. Hovorka. Developing a Robust Commercial Demon-
stration and Deployment Track Record for Geologic
Sequestration. Tech. rep., EFI, 2022.

[85] J. J. Roberts and L. Stalker, What have we learnt about
CO2 leakage from CO2 release field experiments, and
what are the gaps for the future?, Earth-Sci. Rev. 209,
102939 (2020).

[86] B. McGrail, H. Schaef, F. Spane, J. Horner, A. Owen, J.
Cliff, O. Qafoku, C. Thompson, and E. Sullivan, Wallula
Basalt Pilot Demonstration Project: Post-injection Results
and Conclusions, Energy Procedia 114, 5783 (2017).
https://www.sciencedirect.com/science/article/pii/S18766
10217319173. 13th International Conference on Green-
house Gas Control Technologies, GHGT-13, 14–18
November 2016, Lausanne, Switzerland.

[87] V. Gutknecht, S. O. Snaebjörnsdóttir, B. Sigfússon, E.
S. Aradóttir, and L. Charles, Creating a carbon dioxide
removal solution by combining rapid mineralization of
CO2 with direct air capture, Energy Procedia 146, 129
(2018).

[88] T. M. Ratouis, S. O. Snaebjörnsdóttir, M. J. Voigt, B.
Sigfusson, G. Gunnarsson, E. S. Aradóttir, and V. Hjör-
leifsdóttir, Carbfix 2: A transport model of long-term
CO2 and h2s injection into basaltic rocks at hellisheidi,
sw-iceland, Int. J. Greenhouse Gas Control 114, 103586
(2022).

[89] P. Renforth, The negative emission potential of alkaline
materials, Nat. Commun. 10 (1), 1401 (2019).

[90] G. Gadikota, K. Fricker, S.-H. Jang, and A.-H. A. Park,
in Advances in CO2 Capture, Sequestration, and Con-
version, chap. 12: Carbonation of Silicate Minerals and
Industrial Wastes and Their Potential Use as Sustainable
Construction Materials, edited by Jin F., He L.-N., and Hu
Y. (American Chemical Society, Washington, DC, 2015).

[91] International Energy Agency. Putting CO2 to Use. Tech.
rep., 2019. https://www.iea.org/reports/putting-co2-to-use

[92] International Energy Agency. Cement. Tech. rep., 2022.
https://www.iea.org/reports/cement

[93] Y. Guo, L. Luo, T. Liu, L. Hao, Y. Li, P. Liu, and T.
Zhu, A review of low-carbon technologies and projects
for the global cement industry, J. Environ. Sci. 136, 682
(2024).

[94] C. Hepburn, E. Adlen, J. Beddington, E. A. Carter, S. Fuss,
N. M. Dowell, J. C. Minx, P. Smith, and C. K. Williams,
The technological and economic prospects for CO2 uti-
lization and removal, Nature 575 (7781), 87 (2019).

017001-52

https://doi.org/10.1038/s41561-021-00699-z
https://doi.org/10.1038/nature02127
https://cloud.3dissue.com/2331/167634/195898/paths-forward/
https://www.ipcc.ch/site/assets/uploads/2018/03/srccs_wholereport-1.pdf
https://doi.org/10.1038/s41598-019-54363-z
https://doi.org/10.1016/j.egypro.2013.06.429
https://www.sciencedirect.com/science/article/pii/S1876610213006723
https://www.globalccsinstitute.com/wp-content/uploads/2021/10/2021-Global-Status-of-CCS-Report_Global_CCS_Institute.pdf
https://www.gwpc.org/wp-content/uploads/2020/02/pw_report_2017___final.pdf
https://doi.org/10.4236/ojmh.2021.112002
https://doi.org/10.1016/j.egypro.2017.03.1603
https://doi.org/10.1021/acs.estlett.2c00296
https://www.britannica.com/event/Lake-Nyos-disaster
https://pubs.usgs.gov/dds/dds-81/Intro/facts-sheet/GasKillingTrees.html
https://doi.org/10.1073/pnas.1018590108
https://ieaghg.org/publications/technical-reports/reports-list/9-technical-reports/1065-2022-02-current-state-of-knowledge-regarding-the-risk-of-induced-seismicity-at-Co2-storage-projects
https://doi.org/10.1016/j.earscirev.2019.102939
https://doi.org/10.1016/j.egypro.2017.03.1716
https://www.sciencedirect.com/science/article/pii/S1876610217319173
https://doi.org/10.1016/j.egypro.2018.07.017
https://doi.org/10.1038/s41467-019-09475-5
https://www.iea.org/reports/putting-co2-to-use
https://www.iea.org/reports/cement
https://doi.org/10.1016/j.jes.2023.01.021
https://doi.org/10.1038/s41586-019-1681-6


ATMOSPHERIC CARBON DIOXIDE REMOVAL. . . PRX ENERGY 4, 017001 (2025)

[95] M. McCormick, Greenhouse Gas Accounting Framework
for Carbon Capture and Storage Projects (Center for Cli-
mate and Energy Solutions, Arlington, VA, 2012). https://
www.c2es.org/document/greenhouse-gas-accounting-fra
mework-for-carbon-capture-and-storage-projects/

[96] National Energy Technology Laboratory. Best Practices:
Monitoring, Verification, and Accounting (MVA) for Geo-
logic Storage Projects, 2017 revised edition. Tech. rep.,
2017. https://netl.doe.gov/node/5827

[97] American Carbon Registry. Methodology for the quan-
tification, monitor-ing, reporting and verification of
greenhouse gas emissions reductions and re-movals
from carbon capture storage projects. Tech. rep., 2021.
https://americancarbonregistry.org/carbon-accounting/
standards-methodologies/carbon-capture-and-storage-in-
oil-and-gas-reservoirs/acr-ccs-v1-1-new-format.pdf

[98] International Standards Organization and the Canadian
Standards Organization. Greenhouse gases—Part 2: Spec-
ification with guidance at the project level for quantifica-
tion, monitoring and reporting of greenhouse gas emission
reductions or removal enhancements. Tech. Rep. ISO
14064-2, 2019.

[99] U.S. Environmental Protection Agency. Class VI – Wells
used for Geologic Sequestration of Carbon Dioxide.
https://www.epa.gov/uic/class-vi-wells-used-geologic-
sequestration-carbon-dioxide

[100] B. K. Haya, S. Evans, L. Brown, J. Bukoski, V. Butsic,
B. Cabiyo, R. Jacobson, A. Kerr, M. Potts, and D. L.
Sanchez, Comprehensive review of carbon quantification
by improved forest management offset protocols, Front.
For. Glob. Change 6, 958879 (2023).

[101] P. Stanley, J. Spertus, J. Chiartas, P. B. Stark,
and T. Bowles, Valid inferences about soil carbon
in heterogeneous landscapes, Geoderma 430, 116323
(2023).

[102] Carbon Plan. CDR Verification Framework – Methods,
2022. https://carbonplan.org/research/cdr-verification-
methods

[103] William Collins, Raymond Orbach, Michelle Bailey,
Sebastien Biraud, Ian Coddington, David DiCarlo, Jeff
Peischl, Anuradha Radhakrishnan, and David Schimel
Monitoring Methane Emissions from Oil and Gas Oper-
ations. Tech. rep., American Physical Society Panel on
Public Affairs, 2022. https://www.aps.org/policy/reports/
popa-reports/methane.cfm

[104] R. the Earth. A new soil-based approach for empirical
monitoring of enhanced rock weathering rates. Tech. rep.
https://www.remineralize.org/wp-content/uploads/2023/
05/A-new-soil-based-approach-for-empirical-monitoring.
pdf

[105] [C]Worthy: Building the tools needed to ensure safe,
effective ocean-based carbon dioxide removal, 2023.
https://cworthy.org

[106] Martin Wiesmeier, Christopher Poeplau, Carlos A. Sierra,
Harald Maier, Cathleen Frühauf, Rico Hübner, Anna Küh-
nel, Peter Spörlein, Uwe Geuß, Edzard Hangen, Bernd
Schilling, Margit von Lützow, and Ingrid Kögel-Knabner,
Projected loss of soil organic carbon in temperate
agricultural soils in the 21st century: effects of climate

change and carbon input trends, Sci. Rep. 6 (1), 32525
(2016).

[107] D. Beillouin, M. Corbeels, J. Demenois, D. Berre, A.
Boyer, A. Fallot, F. Feder, and R. Car-dinael, A global
meta-analysis of soil organic carbon in the anthropocene,
Nat. Commun. 14 (1), 3700 (2023).

[108] U.S. Department of Energy. Carbon Negative Shot, DOE
Energy Earth Shots, 2022. https://www.energy.gov/fecm/
carbon-negative-shot

[109] John Young, Noah McQueen, Charithea Charalambous,
Spyros Foteinis, Olivia Hawrot, Manuel Ojeda, Hélène
Pilorgé, John Andresen, Peter Psarras, Phil Renforth,
Susana Garcia, and Mijndert van der Spek, The cost of
direct air capture and storage can be reduced via strategic
deployment but is unlikely to fall below stated cost targets,
One Earth 6 (7), 899 (2023).

[110] R. Q. Grafton, H. L. Chu, H. Nelson, and G. Bon-
nis. A global analysis of the cost-efficiency of for-
est carbon sequestration. Tech. rep., Organization
for Economic Co-operation and De-velopment, 2021.
https://www.oecd-ilibrary.org/content/paper/e4d45973-en

[111] U.S. Energy Information Administration. Levelized Costs
of New Generation Resources in the Annual Energy Out-
look 2022, 2022. https://www.eia.gov/outlooks/aeo/pdf/
electricity_generation.pdf

[112] Special report: Carbon dioxide removal. The Economist,
(November 25th–December 1st 2023), 2023.

[113] K. Sievert, L. Cameron, and A. Carter. Why the cost
of current capture and storage remains persistently
high. Tech. rep., International Institute for Sustainable
Development, 2023. https://www.iisd.org/system/files/
2023-09/bottom-line-why-carbon-capture-storage-cost-
remains-high.pdf

[114] J. Weber, J. A. King, N. L. Abraham, D. P. Grosvenor, C.
J. Smith, Y. M. Shin, P. Lawrence, S. Roe, D. J. Beerling,
and M. V. Martin, Chemistry-albedo feedbacks offset up
to a third of forestation’s CO2 removal benefits, Science
383 (6685), 860 (2024).

[115] D. W. Keith, Toward constructive disagreement about
geoengineering, Science 374 (6569), 812 (2021).

[116] National Academies of Sciences, Engineering and
Medicine. Reflecting Sunlight: Recommendations for
Solar Geoengineering Research and Research Gover-
nance (2021). Tech. rep., 2021. https://doi.org/10.17226/
25762

[117] S. Cobo, V. Negri, A. Valente, D. M. Reiner, L. Hamelin,
N. M. Dowell, and G. Guillén-Gosálbez, Sustainable
scale-up of negative emissions technologies and prac-
tices: where to focus, Environ. Res. Lett. 18 (2), 023001
(2023).

[118] U.S. Department of Energy, Office of Fossil Energy and
Carbon Management. Strategic Vision: The role of fos-
sil energy and carbon management in achiev-ing net-zero
greenhouse gas emissions, 2023. https://www.energy.gov/
fecm/strategic-vision-role-fecm-achieving-net-zero-
greenhouse-gas-emissions

[119] R. Jaffe and W. Taylor, The Physics of Energy (Cambridge
University Press, Cambridge, UK and New York, NY,
USA, 2018).

017001-53

https://www.c2es.org/document/greenhouse-gas-accounting-framework-for-carbon-capture-and-storage-projects/
https://netl.doe.gov/node/5827
https://americancarbonregistry.org/carbon-accounting/standards-methodologies/carbon-capture-and-storage-in-oil-and-gas-reservoirs/acr-ccs-v1-1-new-format.pdf
https://www.epa.gov/uic/class-vi-wells-used-geologic-sequestration-carbon-dioxide
https://doi.org/10.1016/j.geoderma.2022.116323
https://carbonplan.org/research/cdr-verification-methods
https://www.aps.org/policy/reports/popa-reports/methane.cfm
https://www.remineralize.org/wp-content/uploads/2023/05/A-new-soil-based-approach-for-empirical-monitoring.pdf
https://cworthy.org
https://doi.org/10.1038/srep32525
https://doi.org/10.1038/s41467-023-39338-z
https://www.energy.gov/fecm/carbon-negative-shot
https://doi.org/10.1016/j.oneear.2023.06.004
https://www.oecd-ilibrary.org/content/paper/e4d45973-en
https://www.eia.gov/outlooks/aeo/pdf/electricity_generation.pdf
https://www.iisd.org/system/files/2023-09/bottom-line-why-carbon-capture-storage-cost-remains-high.pdf
https://doi.org/10.1126/science.adg6196
https://doi.org/10.1126/science.abj1587
https://doi.org/10.17226/25762
https://doi.org/10.1088/1748-9326/acacb3
https://www.energy.gov/fecm/strategic-vision-role-fecm-achieving-net-zero-greenhouse-gas-emissions


TAYLOR, MARSTON, ROSNER, and WURTELE PRX ENERGY 4, 017001 (2025)

[120] International Energy Agency. The Future of Cooling:
Opportunities for energy-efficient air conditioning. Tech.
rep., 2018. https://www.iea.org/reports/the-future-of-
cooling

[121] S. Ma, F. He, D. Tian, D. Zou, Z. Yan, Y. Yang, T. Zhou,
K. Huang, H. Shen, and J. Fang, Variations and deter-
minants of carbon content in plants: a global synthesis,
Biogeosciences 15 (3), 693 (2017).

[122] Robert E. Blankenship, David M. Tiede, James Barber,
Gary W. Brudvig, Graham Fleming, Maria Ghirardi, M. R.
Gunner, Wolfgang Junge, David M. Kramer, Anastasios
Melis, Thomas A. Moore, Christopher C. Moser, Daniel
G. Nocera, Arthur J. Nozik, Donald R. Ort, William W.
Parson, Roger C. Prince, and Richard T. Sayre, Comparing
photosynthetic and photovoltaic efficiencies and recogniz-
ing the potential for improvement, Science 332 (6031),
805 (2011).

[123] D.-J. v. d. Ven, I. Capellan-Peréz, I. Arto, I. Cazcarro, C.
d. Castro, P. Patel, and M. Gonzalez-Eguino, The potential
land requirements and related land use change emissions
of solar energy, Sci. Rep. 11 (1), 2907 (2021).

[124] N. McQueen, P. Kelemen, G. Dipple, P. Renforth, and
J. Wilcox, Ambient weathering of magnesium oxide for
CO2 removal from air, Nat. Commun. 11 (1), 3299
(2020).

[125] R. E. Zeebe and D. Wolf-Gladrow, CO2 in Seawater:
Equilibrium, Kinetics, Isotopes (Gulf Professional Pub-
lishing, Amsterdam, Netherlands, 2001), pp. 65.

[126] R. G. Williams and M. J. Follows, Ocean Dynamics and
the Carbon Cycle: Principles and Mechanisms (Cam-
bridge University Press, Cambridge, UK, 2011).

[127] M. E. Pilson, An Introduction to the Chemistry of the Sea
(Cambridge University Press, Cambridge, UK, 2012).

[128] School of Ocean and Earth Science and Technology at
the University of Hawaii at Manoa. Hawaii Ocean Time-
series (HOT), 2023. https://hahana.soest.hawaii.edu/hot/

[129] N. Bates, Y. Astor, M. Church, K. Currie, J. Dore, M.
Gonaález-Dávila, L. Lorenzoni, F. Muller-Karger, J. Olaf-
sson, and M. Santa-Casiano, A time-series view of chang-
ing ocean chemistry due to ocean uptake of anthropogenic
CO2 and ocean acidification, Oceanography 27 (1), 126
(2014).

[130] P. Friedlingstein, et al., Global carbon budget 2022, Earth
Syst. Sci. Data 14 (11), 4811 (2022).

[131] P. A. Arias, P. A. Arias, N. Bellouin, E. Coppola, R. G.
Jones, G. Krinner, J. Marotzke, V. Naik, M. D. Palmer,
G.-K. Plattner, J. Rogelj, et al., Climate Change 2021: The
Physical Science Basis. Contribution of Working Group I
to the Sixth Assessment Report of the Intergovernmental
Panel on Climate Change, edited by V. Masson-Delmotte,
P. Zhai, A. Pirani, S. L. Connors, C. Péan, S. Berger, N.
Caud, Y. Chen, L. Goldfarb, M. I. Gomis, M. Huang, K.
Leitzell, E. Lonnoy, J. B. R. Matthews, T. K. Maycock, T.
Waterfield, O. Yelekçi, R. Yu, and B. Zhou (Cambridge
University Press, Cambridge, United Kingdom and New
York, NY, USA, 2021).

[132] R. Lal, Digging deeper: A holistic perspective of factors
affecting soil organic carbon sequestration in agroecosys-
tems, Global Change Biol. 24 (8), 3285 (2018).

[133] Yude Pan, Richard A. Birdsey, Jingyun Fang, Richard
Houghton, Pekka E. Kauppi, Werner A. Kurz, Oliver L.
Phillips, Anatoly Shvidenko, Simon L. Lewis, Josep G.
Canadell, Philippe Ciais, Robert B. Jackson, Stephen W.
Pacala, A. David McGuire, Shilong Piao, Aapo Rauti-
ainen, Stephen Sitch, and Daniel Hayes, A large and
persistent carbon sink in the world’s forests, Science 333
(6045), 988 (2011).

[134] S. E. Trumbore, Comparison of carbon dynamics in tropi-
cal and temperate soils using radio-carbon measurements,
Global Biogeochem. Cycles 7 (2), 275 (1993).

[135] Karl-Heinz Erb, Thomas Kastner, Christoph Plutzar,
Anna Liza S. Bais, Nuno Carvalhais, Tamara Fetzel,
Simone Gingrich, Helmut Haberl, Christian Lauk, Maria
Niedertscheider, Julia Pongratz, Martin Thurner, and
Sebastiaan Luyssaert, Unexpectedly large impact of forest
management and grazing on global vegetation biomass,
Nature 553 (7686), 73 (2018).

[136] J. Sanderman, T. Hengl, and G. J. Fiske, Soil carbon debt
of 12,000 years of human land use, Proc. Natl. Acad. Sci.
U. S. A. 114 (36), 9575 (2017).

[137] U.S. Department of the Interior. Conserving and Restor-
ing America the Beautiful, preliminary report. Tech. rep.,
2021. https://www.doi.gov/sites/doi.gov/files/report-cons
erving-and-restoring-america-the-beautiful-2021.pdf

[138] C. on Biological Diversity. Kunming-Montreal Global
Biodiversity Framework. Tech. rep., 2022. https://www.
cbd.int/gbf/

[139] Y. Bai and M. F. Cotrufo, Grassland soil carbon seques-
tration: Current understanding, challenges, and solutions,
Science 377 (6606), 603 (2022).

[140] X. Bai, Y. Huang, W. Ren, M. Coyne, P.-A. Jacinthe, B.
Tao, D. Hui, J. Yang, and C. Matocha, Responses of soil
carbon sequestration to climate-smart agriculture prac-
tices: A meta-analysis, Global Change Biol. 25 (8), 2591
(2019).

[141] D. S. Powlson, C. M. Stirling, M. L. Jat, B. G. Ger-
ard, C. A. Palm, P. A. Sanchez, and K. G. Cassman,
Limited potential of no-till agriculture for climate change
mitigation, Nat. Clim. Change 4 (8), 678 (2014).

[142] A. R. Zimmerman, Abiotic and microbial oxidation of
laboratory-produced black carbon (biochar), Environ. Sci.
Technol. 44 (4), 1295 (2010).

[143] W. H. Schlesinger, Biogeochemical constraints on cli-
mate change mitigation through regenerative farming,
Biogeochemistry 161 (1), 9 (2022).

[144] H. H. Janzen, K. J. v. Groenigen, D. S. Powlson, T.
Schwinghamer, and J. W. v. Groenigen, Photosynthetic
limits on carbon sequestration in croplands, Geoderma
416, 115810 (2022).

[145] S. M. Bell, C. Terrer, C. Barriocanal, R. B. Jackson, and
A. Rosell-Melé, Soil organic carbon accumulation rates
on mediterranean abandoned agricultural lands, Sci. Total
Environ. 759, 143535 (2021).

[146] Food and Agriculture Organization of the United Nations.
The state of the world’s forests 2020. forests, biodiversity,
and people. https://www.fao.org/state-of-forests/en/

[147] Susan C. Cook-Patton, C. Ronnie Drever, Bronson W.
Griscom, Kelley Hamrick, Hamilton Hardman, Timm

017001-54

https://www.iea.org/reports/the-future-of-cooling
https://doi.org/10.5194/bg-15-693-2018
https://doi.org/10.1126/science.1200165
https://doi.org/10.1038/s41598-021-82042-5
https://doi.org/10.1038/s41467-020-16510-3
https://hahana.soest.hawaii.edu/hot/
https://doi.org/10.5670/oceanog.2014.16
https://doi.org/10.5194/essd-14-4811-2022
https://doi.org/10.1017/9781009157896.002
https://doi.org/10.1111/gcb.14054
https://doi.org/10.1126/science.1201609
https://doi.org/10.1029/93GB00468
https://doi.org/10.1038/nature25138
https://doi.org/10.1073/pnas.1706103114
https://www.doi.gov/sites/doi.gov/files/report-conserving-and-restoring-america-the-beautiful-2021.pdf
https://www.cbd.int/gbf/
https://doi.org/10.1126/science.abo2380
https://doi.org/10.1111/gcb.14658
https://doi.org/10.1038/nclimate2292
https://doi.org/10.1021/es903140c
https://doi.org/10.1007/s10533-022-00942-8
https://doi.org/10.1016/j.geoderma.2022.115810
https://doi.org/10.1016/j.scitotenv.2020.143535
https://www.fao.org/state-of-forests/en/


ATMOSPHERIC CARBON DIOXIDE REMOVAL. . . PRX ENERGY 4, 017001 (2025)

Kroeger, Pablo Pacheco, Shyla Raghav, Martha Steven-
son, Chris Webb, Samantha Yeo, and Peter W. Ellis, Pro-
tect, manage and then restore lands for climate mitigation,
Nat. Clim. Change 11 (12), 1027 (2021).

[148] S. J. Prichard, et al., Adapting western North Ameri-
can forests to climate change and wildfires: 10 common
questions, Ecol. Appl. 31, e02433 (2021).

[149] K. J. Bartowitz, E. S. Walsh, J. E. Stenzel, C. A. Kolden,
and T. W. Hudiburg, Forest Carbon Emission Sources Are
Not Equal: Putting Fire, Harvest, and Fossil Fuel Emis-
sions in Context, Front. For. Glob. Change 5, 867112
(2022).

[150] D. W. Keith, G. Holmes, D. St. Angelo, and K. Heidel, A
Process for Capturing CO2 from the Atmosphere, Joule 2
(8), 1573 (2018).

[151] Noah McQueen, Peter Psarras, Hélène Pilorgé, Simona
Liguori, Jiajun He, Mengyao Yuan, Caleb M Woodall,
Kourosh Kian, Lara Pierpoint, Jacob Jurewicz, J Matthew
Lucas, Rory Jacobson, Noah Deich, and Jennifer Wilcox,
Cost Analysis of Direct Air Capture and Sequestration
Coupled to Low-Carbon Thermal Energy in the United
States, Environ. Sci. Technol. 54 (12), 7542 (2020).

[152] X. Shi, H. Xiao, H. Azarabadi, J. Song, X. Wu, X. Chen,
and K. S. Lackner, Sorbents for the direct capture of CO2
from ambient air, Angew. Chem., Int. Ed. 59 (18), 6984
(2020).

[153] S. Lillia, D. Bonalumi, C. Grande, and G. Manzolini, A
comprehensive modeling of the hybrid temperature elec-
tric swing adsorption process for CO2 capture, Int. J.
Greenhouse Gas Control 74, 155 (2018).

[154] Tuo Ji, Haibo Zhai, Chao Wang, Chris M. Marin, Wal-
ter C. Wilfong, Qiuming Wang, Yuhua Duan, Rong Xia,
Feng Jiao, Yee Soong, Fan Shi, and Mcmahan L. Gray,
Energy-efficient and water-saving sorbent regeneration at
near room temperature for direct air capture, Mater. Today
Sustainability 21, 100321 (2023).

[155] M. M. Sadiq, H. Li, A. J. Hill, P. Falcaro, M. R. Hill,
and K. Suzuki, Magnetic Induction Swing Adsorption: An
Energy Efficient Route to Porous Adsorbent Regeneration,
Chem. Mater. 28 (17), 6219 (2016).

[156] H. Seo and T. A. Hatton, Electrochemical direct
air capture of CO2 using neutral red as reversible
redox-active material, Nat. Commun. 14 (1), 313
(2023).

[157] R. Sharifian, R. M. Wagterveld, I. A. Digdaya, C. Xiang,
and D. A. Vermaas, Electrochemical carbon dioxide cap-
ture to close the carbon cycle, Energy Environ. Sci. 14 (2),
781 (2020).

[158] T. L. Biel-Nielsen, T. A. Hatton, S. N. B. Villadsen, J. S.
Jakobsen, J. L. Bonde, A. M. Spormann, and P. L. Fos-
bøl, Electrochemistry-Based CO2 Removal Technologies,
Chem-SusChem 16, e202202345 (2023).

[159] Larry L. Baxter, Andrew Baxter, Ethan Bever, Stephanie
Burt, Skyler Chamberlain, David Frankman, Christopher
Hoeger, Eric Mansfield, Dallin Parkinson, Aaron Sayre,
and Kyler Stitt, Cryogenic Carbon Capture Development
Final/Technical Report. Tech. rep., U.S. Department of
Energy Office of Scientific and Technical Information,
2019. https://www.osti.gov/biblio/1572908

[160] L. Baxter, C. Hoeger, K. Stitt, S. Burt, and A. Bax-
ter, in Proceedings of the 15th Greenhouse Gas Control
Technologies Conference (2021), pp. 15–18.

[161] High Hopes Labs. High Altitude Carbon Capture.
https://www.highopeslabs.com/about-us

[162] W. Hou, W. H. Hung, P. Pavaskar, A. Goeppert, M. Aykol,
and S. B. Cronin, Photocatalytic Conversion of CO2 to
Hydrocarbon Fuels via Plasmon-Enhanced Absorption
and Metallic Interband Transitions, ACS Catal. 1 (8), 929
(2011).

[163] X. Zhang, Y. L. Chen, R.-S. Liu, and D. P. Tsai, Plas-
monic photocatalysis, Rep. Prog. Phys. 76 (4), 046401
(2013).

[164] G. Kumari, X. Zhang, D. Devasia, J. Heo, and P. K. Jain,
Watching Visible Light-Driven CO2 Reduction on a Plas-
monic Nanoparticle Catalyst, ACS Nano 12 (8), 8330
(2018).

[165] S. C. Sherwood, et al., An assessment of earth’s climate
sensitivity using multiple lines of evidence, Rev. Geophys.
58 (4), e2019RG000678 (2020).

[166] C. P. Morice, J. J. Kennedy, N. A. Rayner, J. P. Winn,
E. Hogan, R. E. Killick, R. J. H. Dunn, T. J. Osborn, P.
D. Jones, and I. R. Simpson, An updated assessment of
near-surface temperature change from 1850: the hadcrut5
dataset, J. Geophys. Res. 126, e2019JD032361 (2021).

[167] University of East Anglia Climatic Research Unit. Had-
crut5 global temperature dataset, 2024. https://crudata.
uea.ac.uk/cru/data/temperature/

[168] N. Lewis, Objectively combining climate sensitivity evi-
dence, Clim. Dyn. 60 (9–10), 3139 (2023).

[169] James E. Hansen, Makiko Sato, Leon Simons, Larissa
S. Nazarenko, Isabelle Sangha, Pushker Kharecha, James
C. Zachos, Karina von Schuckmann, Norman G. Loeb,
Matthew B. Osman, Qinjian Jin, George Tselioudis, Eunbi
Jeong, Andrew Lacis, Reto Ruedy, Gary Russell, Junji
Cao, and Jing Li, Global warming in the pipeline, Oxford
Open Clim. Change 3 (1), kgad008 (2023).

[170] M. Rugenstein, M. Zelinka, K. B. Karnauskas, P.
Ceppi, and T. Andrews. Patterns of surface warm-
ing matter for climate sensitivity, 2023. https://eos.org/
features/patterns-of-surface-warming-matter-for-climate-
sensitivity

[171] Intergovernmental Science-Policy Platform on Biodiver-
sity and Ecosystem Services. Global assessment report.
Tech. rep., Bonn, Germany, 2019.

017001-55

https://doi.org/10.1038/s41558-021-01198-0
https://doi.org/10.3389/ffgc.2022.867112
https://doi.org/10.1016/j.joule.2018.05.006
https://doi.org/10.1021/acs.est.0c00476
https://doi.org/10.1002/anie.201906756
https://doi.org/10.1016/j.ijggc.2018.04.012
https://doi.org/10.1016/j.mtsust.2023.100321
https://doi.org/10.1021/acs.chemmater.6b02409
https://doi.org/10.1038/s41467-023-35866-w
https://doi.org/10.1039/D0EE03382K
https://www.osti.gov/biblio/1572908
https://www.highopeslabs.com/about-us
https://doi.org/10.1021/cs2001434
https://doi.org/10.1088/0034-4885/76/4/046401
https://doi.org/10.1021/acsnano.8b03617
https://doi.org/10.1029/2019RG000678
https://doi.org/10.1029/2019JD032361
https://crudata.uea.ac.uk/cru/data/temperature/
https://doi.org/10.1007/s00382-022-06468-x
https://doi.org/10.1093/oxfclm/kgad008
https://eos.org/features/patterns-of-surface-warming-matter-for-climate-sensitivity

	. EXECUTIVE SUMMARY
	I.. INTRODUCTION
	A.. Framing of this report
	B.. Anthropogenic CO2 and the motivation for CDR research and development

	II.. CLASSIFICATION OF CDR METHODS
	A.. Classification: cyclic vs. once-through carbon capture processes
	B.. Approaches to CDR

	III.. PHYSICAL LIMITS ON CAPTURE OF ATMOSPHERIC CO2
	A.. Energy constraints from thermodynamics
	B.. Material and volume constraints for CDR systems
	C.. Rate constraints
	D.. Carbon budget

	IV.. APPROACHES TO CDR
	A.. Chemical direct air capture (DAC) systems
	B.. Biological carbon capture
	1.. Ecosystem-based biological CDR
	2.. Bioenergy with carbon capture and storage (BECCS)
	3.. Other biological approaches to CDR

	C.. Enhanced rock weathering
	D.. Ocean CDR
	1.. Ocean alkalinity enhancement (OAE)
	2.. Electrochemical ocean CDR
	3.. Biologically-based ocean CDR

	E.. Other approaches

	V.. APPROACHES TO STORING CAPTURED CARBON
	A.. Compressed underground storage
	B.. Mineralization
	C.. Integration of captured CO2 into value-added materials

	VI.. SYSTEMS CONSIDERATIONS AND FRAMEWORKS
	A.. Measurement, reporting, verification (MRV), and standards
	B.. Safety, risk, and environmental impact of CDR
	C.. Systems considerations
	D.. Time scales of different CDR approaches
	E.. Land use
	F.. Cost of atmospheric carbon capture
	G.. Economic framework for atmospheric carbon management
	H.. Other technologies: Point-source capture and solar radiation management

	VII.. OVERVIEW, CONCLUSIONS AND RECOMMENDATIONS
	A.. Overview
	B.. Science-based conclusions and guidance for policymakers
	C.. Science-based guidance for funding pilot programs

	VIII.. LIST OF EXPERTS CONSULTED FOR THIS REPORT
	. APPENDIX A: GLOSSARY
	. APPENDIX B: UNITS
	. APPENDIX C: TECHNICAL APPENDICES
	1.. Quantifying carbon and carbon dioxide
	2.. Second law of thermodynamics
	3.. Energy cost of carbon capture from atmosphere: Computation
	4.. Energy and volume of air movement needs for cyclic CDR
	5.. Energy and land area for biological carbon capture
	6.. Basic chemical reactions
	7.. Ocean chemistry
	8.. Global carbon budget and carbon in the terrestrial biosphere
	9.. Ecosystem-based CDR: Details and further references
	10.. Approaches to chemical DAC: Details and further references
	11.. Some further ideas for CDR approaches
	12.. Anthropogenic CO2 and climate warming

	. REFERENCES


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


