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Abstract
Most scenarios that achieve present climate targets of limiting global heating to 1.5°–
2.0°C rely on large-scale carbon dioxide removal (CDR) to drive net emissions negative
after mid-century. Scenarios that overshoot and return to a future temperature target, or
that aim to restore some prior climate, require CDR to be rapidly deployed, operated for
a century or so, then greatly reduced or phased out. This need for future phasedown pre-
sents challenges to near-term policies that have been underexamined. A CDR enterprise
of climate-relevant scale will require financial flows of billions to trillions of dollars per
year. The enterprise and supporting policies will create risks of lock-in via mobilized ac-
tors whose interests favor continuance as well as other mechanisms. The future phase-
down need implies suggestive guidance for near-term decisions about removal methods
and design of associated policy and business environments. First, variation among
methods’ scale constraints and cost structures suggests a rough ordering of methods by
severity of future phasedown challenges. Second, of the three potential means to moti-
vate removals—profitable products incorporating removed carbon, extended emissions-
pricing policies, or public procurement contracts—public procurement appears to present
the fewest roadblocks to future phasedown.

Since the 2015 Paris climate agreements, the prospect of removing carbon dioxide
from the atmosphere—negative emissions—has become a prominent point of
hope, concern, and controversy in climate policy debates. Several methods of
carbon dioxide removal (CDR) have been proposed. Prominent approaches
include enhancing natural carbon sinks in forests or soils; growing bioenergy
crops, then capturing and storing the carbon released when they are burned or
processed into fuel (BECCS); enhanced weathering of silicate or carbonate
minerals; altering ocean chemistry through alkalinization or related processes;
and direct air capture (DAC) through various engineered chemical systems. These
approaches exhibit substantial variation and uncertainty in key characteristics,
including their development status, costs, projected capacity, and projected
impacts and risks (National Research Council 2015a).
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Despite these uncertainties, as well as evident global governance challenges,
recentmodel-based scenarios that limit climate change rely heavily onCDR. At the
time of the 2015 Paris meeting, most scenarios that limited warming to 2°C
deployedCDR—typically using BECCS and afforestation as proxies for all removal
methods—at levels of 500–1,000 billion tons of CO2-equivalent (GtCO2e) cumu-
lative removals by 2100 (Anderson and Peters 2016; Fuss et al. 2014). More recent
scenarios in the 2018 IPCC special report suggest that 2°Cmay be achievable with
smaller removals, or even none, but only under highly favorable assumptions of
rapid mitigation and low energy demand. For example, one recent rapid decarbo-
nization scenario (Obersteiner et al. 2018) achieves “likely” 2°C1 while avoiding
any technological CDR but requires world emissions to drop by half every ten
years. Less rosy assumptions or tighter targets, such as 1.5°C, still require removals
on the order of hundreds of GtCO2e by 2100 (Intergovernmental Panel on
Climate Change 2018; van Vuuren et al. 2018). Under any climate-stabilization
target, peak annual removal rates—which define the required scale of the removal
enterprise—increase with slower emissions reductions, a later start on CDR, and
more ambitious stabilization targets. Inmany scenarios, the required scale-up and
subsequent decline of removals is extreme. In most 2°C and 1.5°C scenarios,
removal rates reach 5–15 GtCO2 per year late this century (Minx et al. 2018), then
decline sharply (Keller et al. 2018). The decline is usually not to zero but to some
level far below peak removals, to offset continuing emissions from activities that
are recalcitrant to deep cuts, such as some transportation modes or industrial
process heat.2

This heavy reliance on future carbon removal has triggered a sharp reaction.
Scenarios were criticized for gambling on technologies that are not fully developed
and tested (Anderson and Peters 2016; Parson 2017); for considering only one or
two removal methods; for neglecting potentially severe environmental and socio-
economic impacts; for neglecting the extreme rates of scale-up required (Vaughan
and Gough 2016); for not adequately conveying these extreme assumptions or
their implications to policymakers; and for various ethical issues, including under-
mining mitigation incentives, inequitable distribution of effects, and burdening
future generations (Carton2019; Lenzi 2018; Shue 2017). Research on these issues
is underway, including increased critical scrutiny of potential impacts and limits,
but further research and assessment are needed (Minx et al. 2018).

Carbon removal does not avoid the need for rapid emissions cuts, which remain
essential. But if removal canwork at the required scalewith acceptable impacts, using it
in parallel with deep emissions cuts could substantially reduce climate risks. CDR at
large scale could also make climate targets achievable that are out of reach with emis-
sions cuts alone or enable a reversal of prior CO2 increases to restore some earlier level
of radiative forcing (Intergovernmental Panel onClimateChange 2018, 19). Although

1. In IPCC conventions for expressing uncertainty, “likely” means a judged probability of at least
two-thirds.

2. Estimates of these residual emissions vary widely, depending on cost, technology, and political
assumptions (Luderer et al. 2018; Royal Society and Royal Academy of Engineering 2018).
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not precisely defined, “large-scale” removal is beginning to appear as an explicit policy
goal.3 Some groups are calling for even more extreme removal programs, aiming to
return CO2 from its present concentration of 410 ppm to as low as 300–350 ppm,
implying removal rates up to ~10–80 GtCO2/year.

4With estimated removal costs
of ~US$ 1–100/tCO2 for various methods (Minx et al. 2018, 12), the total cost of
peak removals late this century is US$ 5 billion to US$ 1 trillion per year under
mainstream scenarios, or up to US$ 10 trillion per year for these extreme (albeit
probably infeasible) proposals.5

Negative Emissions: The Problem of Future Phasedown

In debate over carbon removal, one long-term risk remains conspicuously unexam-
ined: the problem of future phasedown or termination of the enterprise. Any
removal program that draws down atmospheric CO2 bymaking net global anthro-
pogenic emissions negative must reliably phase down once it has achieved its aim.
This is true both for “overshoot” scenarios that initially exceed and then return to
some future target and for grander “climate restoration” efforts that aim to restore
some earlier, less perturbed climate with atmospheric CO2 below present levels. In
either case, the period of global net-negative emissions must be temporary, since
indefinite continuation of net atmospheric CO2 drawdownwould pose grave risks
of reproducing ice-age ormore extreme conditions (Lacis et al. 2010). This require-
ment is sometimes unclear in presentations of removal scenarios because analyses
or figures end in 2100, when net emissions are still negative and atmospheric CO2

is still decreasing.
The need for these future phasedowns of CDR and their policy implications

have scarcely been examined.6 However obvious the need for future phasedown
may be today, achieving it when the time comes cannot be assumed to be auto-
matic or easy. An enterprise of this scale will generate economic, bureaucratic, and
political interests that benefit from its continuance and can present powerful
barriers to reduction or termination. Yet the policy challenges of deciding on a
future phasedown, reliably implementing it, and navigating through it—and the
implications for near-term policy decisions—have been largely overlooked.

3. See, e.g., Manchin (2019). The Enhancing Fossil Fuel Energy Carbon Technology (EFFECT) Act
of 2019 calls for “a Carbon Removal Program for technologies and strategies to remove atmo-
spheric carbon dioxide on a large scale,” evaluating technologies on their potential for reduc-
tions at a gigaton scale.

4. See, e.g., launch announcement, Foundation for Climate Restoration, available at https://docs.
google.com/document/d/1ooV28JmLqGRSXnfSL5zOuwek-DIJnh3bR_Orb6z3_g0/edit, last ac-
cessed July 20, 2020.

5. For comparison, world economic output is about US$ 85 trillion (2018 data, available at
https://data.worldbank.org/, last accessed July 20, 2020).

6. Some studies have examined phasedowns from perspectives unrelated to policy or politics. For
example, studies have modeled the ocean-chemistry and carbon-cycle responses after cessation
of long-term carbon removal (Keller et al. 2018; Mathesius et al. 2015). More generally, one
scholar has argued that the need for eventual termination of any technological intervention
raises ethical issues that should be considered explicitly before it begins (Preston 2016).
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In part, this neglect reflects a sensible prioritization of the near-term need to
promote rapid deployment of CDR while also assessing andmanaging associated
risks. Even the mainstream scenarios in official assessments require rapid scale-up
of removals to tens or hundreds of MtCO2e per year by 2030 (Honegger and
Reiner 2017; Nemet et al. 2018). Yet even while pursuing rapid deployment of
CDR to address urgent climate risks, prudent long-term planning requires recog-
nizing the temporary nature of the enterprise andbuilding the governance capacity
needed to achieve this—at a minimum, not creating conditions that will predict-
ably obstruct future phasedown.

While it may appear remote to worry about a phasedown a century hence
for a carbon removal enterprise that does not yet exist, such forethought is neces-
sary for CDR to leave future generations withmore, not fewer, options. Moreover,
this future challenge can affect multiple near-term decisions about the removal
enterprise, including targets for greenhouse gas concentrations, removal
methods, participating actors and decision makers, and policy and institutional
settings.

CDR as a Sociotechnical Imaginary

A carbon removal enterprise of the scale proposed will be a complex sociotechnical
system comparable in scale and complexity to current transport, energy, or agricul-
tural systems, involving multiple linked technologies, processes, actors, interests,
practices, expectations, andnorms. The linked technical and sociopolitical dynamics
of such systems have long been recognized but are receiving increasing scholarly
attention in response to rapidly developing disruptive technologies, such as artificial
intelligence, and high-stakes environmental issues, such as climate change (Rogge
and Johnstone 2017; Stegmaier et al. 2014).

Such systems present complex societal challenges that evolve over multiple
decades and thus require a correspondingly long view of impacts, assessment, and
governance. The governance challenges they pose do not arise simply from rapid
technological change, nor from uncertainty alone, but from the complex linkages
among social, political, and technological factors and from themismatch between
advancing knowledge of system behavior and much more limited ability to act
effectively on the required long time scales.

The nature of transitions and the aims and challenges of governance in such
systems are diverse. Such systems can be subject to sociotechnical lock-in, by
which self-reinforcing processes of adjustment and feedback make them resistant
to change (Seto et al. 2016; Vergragt et al. 2011). While mechanisms of lock-in
include economic and political factors such as actors’ material interests, relevant
factors can also include interactions among technologies and the organization of
related institutions, expectations, and practices in ways that reinforce current prac-
tices and resist change (Cairns 2014; Lin 2019; Turnheim and Geels 2013).

In such complex sociotechnical systems, the aim of governance may be
to surmount lock-in by creating dynamics that sustain and reinforce a desired

Edward A. Parson and Holly J. Buck • 73

Downloaded from http://www.mitpressjournals.org/doi/pdf/10.1162/glep_a_00575 by guest on 31 August 2021



large-scale change that is not immediately achievable (Levin et al. 2012). Alterna-
tively, the aimmay be to hold to a set of consistent societal goals under uncertain
but advancing knowledge and changes in capabilities (Gunderson and Peterson
2008; Schultz et al. 2015). It may be to place advance limits on development of
new capabilities or subject them to periodic fundamental reassessments (Baylis
2019; Lander et al. 2019).

Several characteristics distinguish CDR’s governance challenges from those
of other potentially disruptive technologies and associated sociotechnical systems.
First, because relevant technologies and systems are only partly developed and not
yet stabilized, CDR has the character of a sociotechnical imaginary: a set of hypo-
thetical capabilities not yet realized that influence present policy debate through
claims about their potential capabilities or impacts (Markusson et al. 2018).
Second, CDR is a set of technologies explicitly advocated to meet an identified
societal need—a technological fix—rather than developed by private actors to
advance commercial or other private interests (Parson 2017; Sarewitz and Nelson
2008). Third, as we argue here, CDR presents the unique structure of requiring two
large-scale transitions to address societal needs: its initial rapid deployment and
growth, and its subsequent phasedown. This need to manage both the develop-
ment and the subsequent decline provides a unique perspective on the governance
of sociotechnical systems and transitions, which can inform understanding of the
governance of other emerging technologies that present uncertain mixes of public
and private benefits and risks.

In the following sections, we decompose the challenge of enacting an effec-
tive exit strategy for carbon removal into two parts, which we illustrate by use of a
few analogies. We then explore how these future challenges might inform near-
term policies and decisions.

The CDR Phasedown Challenge in Two Parts: Deciding When to Stop

The problem of CDR phasedown can usefully be analyzed in two parts: deciding
when to stop and reliably implementing that decision. Deciding when to stop
means achieving workable agreement among relevant actors onwhat atmospheric
CO2 concentration, and thus what expected climate, to return to. The relevant
actors will mainly be states, since articulating such a global aim is likely to require
authority and stature that only states possess, whether this occurs explicitly under
the Framework Convention on Climate Change or some other international body
tasked with overseeing CDR, or whether it emerges indirectly from less explicitly
coordinated state actions.

It is not clear, however, what states’ future preferences regarding a CO2 and
climate stopping point will be. States may only develop such preferences over
time, perhaps by retrospectively identifying some specific past time and associated
climate that political institutions and elites value. These inchoate preferences may
be shaped by the emerging research that proposes optimal climate conditions for
prosperity and development (Burke et al. 2015). Rather than being clearly known
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in advance, these preferences are likely to emerge over time as states and citizens
experience climate change and the effects of their adaptation efforts.

States may disagree over stopping points for various reasons, including
differences in climate vulnerability or different views of appropriate precaution.
Even now, when no government has expressed a view and the question is entirely
hypothetical, CDR proponents advocate a wide range of targets, from stabilizing
whenever the program starts to returning atmospheric CO2 to 400 ppm as it stood
in 2015, 350 ppm as in the 1980s, or 300 ppm as in the early twentieth century.7

States will need some process to resolve these disagreements. They might attempt
to agree in advance on a future CO2 and climate restoration target—as they agreed
on climate-stabilization targets in Paris—but now with their choice set expanded
by the explicit possibility of large-scale removals. In view of emergent state prefer-
ences and associated uncertainties, however, such advance agreement would be
hypothetical and hard to secure against subsequent revision. Alternatively, states
might converge on a target via some implicit bargaining process analogous to a
median-voter rule: as atmospheric CO2 decreases, states switch from supporting
to opposing further reductions as they pass through their preferred points.

No matter how these matters are eventually resolved, present uncertainty
about state preferences over stopping points together with the difficulty of binding
future state actions suggest that near-term ability to constrain these future choices
is weak. As a result, this part of the phasedown problem appears to have only
limited implications for near-term decisions—beyond the exhortation to recog-
nize that such decisions will eventually be needed. This is not the case, however,
for the second part of the phasedown problem.

Reliably Implementing the Stopping Decision

While the challenge of choosing an end point for CDRmainly concerns state pref-
erences and actions, the challenge of implementing an agreed stopping point
requires unpacking state decision-making to consider nonstate actors and diverse
technical, political, and cultural factors, with particular focus on conditions and
interactions that might contribute to lock-in (Seto et al. 2016; Vergragt et al.
2011). A removal enterprise of the proposed scale will direct huge resource flows
to the enterprises that design, build, and operate removal projects; the people they
employ; and the jurisdictions to whose economies and tax bases they contribute.
In turn, removal enterprises will develop ecosystems of other related businesses
and governmental bureaus that regulate the enterprises andmanage related policy
frameworks. All these actors will have strong material interests in continuing
removals. Moreover, the proposed scale of the enterprise implies that these actors
are likely to be sufficiently numerous, rich, and self-identified to mobilize and
effectively defend their interests. These interests may be especially powerful
if CDR is distributed nonuniformly, such that removal activities comprise a

7. See Concurrent Resolution 137, 115th Cong., 2nd Sess., September 25, 2018.
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substantial fraction of the revenues, employment, and tax base in some jurisdic-
tions. Even assuming clear agreement on a stopping point, one cannot assume that
when this point is reached, theworld can simply say to all these actors, “Thank you
for your service; that will be all.”

Moreover, certain other structural characteristics of CDR may interact with
thesepolitical and economic interests to reinforce efforts to resist future phasedown
(Cairns 2014; Lin 2019; Turnheim and Geels 2013). For example, the prospect of
uncertainty and disagreement over the preferred stopping point will aid efforts to
oppose stopping by making any particular concentration target or stopping point
appear arbitrary. Especially if the capital and skills used in CDR have limited alter-
native uses, then at any given time a further incremental delay in phasing downwill
appear easier than taking large immediate losses by stranding those assets. It is even
possible that over the long duration of a CDR program, habits and perceptions will
adjust to such a degree that the initial mission and the necessity of eventually
ending it may be forgotten.

Related Problems and Historical Analogies

The problem of phasing down CDRwill be novel. Human institutions have never
previously faced an explicit choice of greenhouse gas concentrations, because the
possibility of this choice is a consequences of a newly recognized control
capability. Yet the problem is not completely without precedent. It has some
historical analogies, and has common characteristics with other current and
emergent challenges (Buck et al., 2020).

For example, the problem of choosing a CO2 and climate target resembles,
albeit at larger scale, the selection of restoration targets for habitats and ecosys-
tems. These choices illustrate the futility of seeking any objectively optimal target
and the unavoidable centrality of political and social values to these choices—and
also, more hopefully, the possibility of reasoned debate about these (Jørgensen
2015). In many settings, restoration decisions for degraded lands and endangered
species have had to address trade-offs between human uses and ecological history
and function, as well as concerns about political feasibility in the context of pre-
existing degradation that tend to weaken ambition. Ambitious conservation and
restoration aims may be further undermined if human preferences adapt to the
novel ecosystems brought about by human disturbance (Hobbs 2017).

More broadly, planning for future CDR phasedown is an instance of an
emergent class of decision problems that require considering constraints and
consequences over longer time horizons than human institutions are skilled at
addressing. Such problems are new because they arise from the conjunction of
strong human influences on slow dynamic processes and rapidly increasing—
albeit still uncertain—knowledge about these processes. Managing climate change
is a prominent example, since effective response will require a program of
sustained policies, investments, and actions over more than a century. Although
climate change is often described as a decision problemmarked by deep uncertainty

76 • Large-Scale Carbon Dioxide Removal

Downloaded from http://www.mitpressjournals.org/doi/pdf/10.1162/glep_a_00575 by guest on 31 August 2021



about future conditions, this is somewhat misleading: climate’s novel challenges
arise less from uncertainty than from increased knowledge about long-term conse-
quences of choices without a commensurate increase in the ability to manage these
consequences. Similarly, one major concern about solar geoengineering as a poten-
tial component of climate response (National Research Council 2015b) is that
abrupt future termination after long-standing usewould trigger rapid and disruptive
climate change (Jones et al. 2013; Parker and Irvine 2018; Trisos et al. 2018).

The CDR phasedown problem also has historical analogies—activities that,
after operating at large scale for some time, must be reliably phased down despite
predictable forces favoring their continuance. One potential analogy, albeit usually
at shorter time scale, is military demobilization following conflict. Although
wartime analogies for climate response are sometimes inapt, the required rapid
buildup of mitigation effort and CDR does have significant similarities to mobili-
zation and economic conversion at the start of amajor conflict such asWorldWar II.
Subsequent demobilization and reconversion to civilian production are readily
achieved when the end of the conflict is clear, given strong domestic interests in
bringing the soldiers home and ending the killing and spending. But under other
conditions the transition can be more difficult, such as when a conflict ends in a
condition other than clear victory, when objectives are unclear or subject tomission
creep, or when powerful domestic factions have interests in maintaining a war
footing (Ledbetter 2011). In this regard, phasing down CDR may more closely
resemble the difficult situations, such as historical wars that lasted decades to
centuries or the current protracted and ambiguous US engagement in Afghanistan.

With some historical irony, the closest analogy to future CDR phasedown
may well be the fossil fuel production enterprise that created the climate change
problem. Large-scale coal production has operated about 200 years, large-scale
petroleum production about 100–150 years—both periods long enough that no
living person remembers a time before these were central pillars of the economy.
Worldwide fossil production generates revenues of about US$ 3 trillion per year
and employs about 10million people.8 Production is unevenly distributed due to
heterogeneous resource endowments, so fossil production provides most of the
economic base inmany regions, including a few nation-states (Dessler and Parson
2019). Over the lifetime of their exploitation, fossil fuels have brought enormous
societal benefits. They have also experienced a gradual shift in their benefit–cost
balance over time, as other energy technologies have developed and as the scale
of their environmental harms has emerged. Now, with severe climate change
looming, the compelling societal interest in greatly reducing or eliminating them
is beyond dispute.

8. IBIS World Industry Reports, Global Coal Mining (B0511-GL, November 2017) and Global Oil
and Gas Exploration and Production (B0531-GL, March 2018). There are no estimates of future
employment in carbon removal, although informal estimates of capital–labor mix in technol-
ogies now used and in development suggest a wide range of employment to revenue ratios,
from somewhat lower than current fossil production (for direct air capture) to substantially
higher (for forest management, soil sequestration, and BECCS)—except insofar as AI-driven
automation greatly reduces employment in all these activities.
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Yet even taking small steps to contract the enterprise has been acutely diffi-
cult. Fossil interests mobilized early to defend continued increases in exploration
and production, even before the first prominent statements of scientific concern
about climate change (Center for International Environmental Law 2017; Oreskes
and Conway 2010). They have effectively exploited real uncertainties over the pre-
cise timing and severity of climate risks and the relativemerits of various responses
to oppose any measures to reduce emissions. They have taken advantage of the
collective-action character of the problem to denounce any mitigation efforts as
ineffective in the face of continued emissions elsewhere (Parson 2015). And they
have waged a successful, decades-long rhetorical attack on well-established scien-
tific knowledge and assessment bodies.

A carbon removal enterprise of the scale proposed would resemble the
historical fossil fuel production enterprise in a fewways. The CDR programwould
be of similar duration, 100–200 years, probably leading to a similar degree of
routinization of the activity and loss of memory of a time when it was not present.
It would be of a similar order ofmagnitude in revenueflows, perhaps also employ-
ment. (Some proposed removal methods appear substantially more labor inten-
sive than fossil production and processing, some less.) Given its vast scale and
broad, probably uneven jurisdictional distribution, participating actors would
have strong interests in defending its continued operation and political resources
to effectively advance those interests—even given clearly established global risks
from indefinite continuation that increase over time. In addition to the political
power of their numbers, distribution, and revenues, actors seeking to extend CDR
could deploy two arguments closely parallel to those now used to oppose regula-
tory restrictions on fossil fuels. First, there will remain uncertainty over the impli-
cations of different CO2 levels and thus disagreement over the preferred target
level. Second, phasing down CDR would impose losses of revenue, employment,
and tax base on individual projects and jurisdictions in order to reduce global
risks, and so would be subject to collective-action problems. Phasedowns any-
where could bemade futile by removals that continue or expand in other jurisdic-
tions. Bymaking this analogy, we do not claim that the temporary lifetime of fossil
fuels should have been foreseen and planned for in 1850: the societal harms of
fossil fuels only became clear over time, as their scale expanded and knowledge
advanced. But the situation of CDR today is different, because of increased knowl-
edge and recognition of the scale of human impacts—and thus does carry respon-
sibility to plan for its future phasedown.

Near-Term Implications: Removal Methods

The fossil fuel analogy illustrates how future phasedown may be difficult or
obstructed even if the need is clear but provides little guidance on specific
challenges or how to surmount them. These will depend on details of the removal
enterprise; themethodsused; and the policy, economic, and social context inwhich
it operates. How these characteristics will evolve over the life of the removal
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enterprise is uncertain, yet a few features that appear likely to persist suggest some
guidance on how to preserve opportunities for future phasedown. These pertain to
both alternative removal methods and to alternative policy environments to pro-
mote removal.

Among alternative removalmethods, the challenge of future phasedownwill
vary with methods’ scale constraints and cost structure. Once any method is effec-
tively establishedwith a viable businessmodel that covers costs, obstacles to future
phasedown will be greater for methods that present only weak scale limits, or
none, or that exhibit flat or declining marginal costs. Based on these criteria, pres-
ent knowledge of alternative removal methods suggests they can be grouped into
five classes, which vary systematically in the severity and degree of uncertainty of
concerns they pose for future phasedown. These are summarized in Table 1.

Terrestrial biological methods such as forest and soil conservation offer
relatively easy near-term removal opportunities, at costs as low as a few dollars
per ton CO2 on favorable sites. These methods appear likely to have increasing
marginal costs, however, due to heterogeneity of sites and projects, with their total
capacity eventually limited by sink saturation. Sequestration in such biological
reservoirs will also be vulnerable to disturbance and thus impermanent (Fuss
et al. 2018; National Research Council 2019). These methods are a major focus
of current policy and promotion efforts, partly due to their having been framed
as “natural” (Griscom et al. 2017), but their limited scale and impermanence
are likely to redirect efforts over time toward more scalable and secure methods.
Scale limits also suggest that these methods do not raise serious concerns about
eventual phasedown, despite present enthusiasm and low costs.

BECCS, the most prominent removal method in recent assessments, differs
from other land-based methods by combining initial atmospheric removal
throughphotosynthesiswith subsequent geological sequestration. Estimated costs
of BECCS are intermediate and widely variable, from ~US$ 30 to US$ 200/tCO2.
Large-scale use of BECCS raises significant concerns about environmental and
socioeconomic impacts, however, which suggest its scale will be limited by com-
petition with food production for arable land, water, and nutrients, whether this
limitation operates throughmarket-driven price effects or policies and regulations
(Fuss et al. 2014; Rau et al. 2018; Smith et al. 2016). This limit will apply to the
total land area used, however, and so will constrain annual removal rates rather
than cumulative removals. BECCS thus presents greater concerns about future
phasedown than terrestrial biological methods that face absolute removal limits
due to sink saturation.

Othermethods, including enhancedmineral weathering andDAC, appear to
be much less scale constrained. Enhanced weathering resembles BECCS in having
a large land-area footprint, but it does not need arable land and so is less likely to
compete with food production. It will face site heterogeneity and potential scale
constraints, based on such factors as the volume, accessibility, and distribution of
suitable mineral materials and available surface area to spread them out and
expose them to weathering. The slope of its marginal costs and the presence of
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Table 1
CDR Methods and Their Phasedown Challenges

Method Present Characteristics Future Phasedown Concern

Terrestrial bio methods
(forests, soil, biochar)

• Low cost

• Supported as “natural”

• Site heterogeneity, increasing marginal costs

• Scale limited by sink saturation

• Impermanent, subject to disturbance

Low
• Absolute scale internally limited
by impermanence and saturation

BECCS • Costs moderate, variable

• Competition with food production limits
removal rate

• Site heterogeneity, increasing marginal costs

• Produces energy, profitable operations possible

Moderate
• Limits on annual rate, not cumulative
removals

• Profitable operations may hinder
phasedown

Enhanced weathering • Early technical stage, characteristics uncertain

• Heavy land footprint but not cropland

• Site heterogeneity, increasing marginal costs

Uncertain—moderate?
• Feasible scale, limits uncertain

• Profitable operations unlikely—would
need policy support

Direct air capture • High cost

• Potential scale large—weak limits from
sequestration sites

• Limited site variation—flat marginal costs

Uncertain—high?
• Viable business models need policy
support or linkage with products

• Use with EOR reduces net removals,
reduces phaseout concern
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• Integration with products—possibility
of profitable operations

• Use with sequestration has weak scale
limits, flat marginal costs: severe
phaseout concerns if self-sustaining
business model established,
not otherwise

Marine chemical methods • Early research, performance and impacts
uncertain

• Estimated costs low but highly uncertain

• Different methods may have environmental
impacts or co-benefits

• Potential scale very large

• International legal obstacles

Uncertain—highest?
• Potential for low direct costs,

co-benefits, feasible scale might be vast

• Viable business models require policy
support, no evident link to products

• Marginal costs probably flat for viable
approaches

• International legal setting, business
models—may hinder start but lock in
once established
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scale constraints will depend on these factors. While these are presently uncertain,
they may be expansive enough to present still greater concerns about future
phasedown.

DAC can use unproductive or previously converted lands and is uncon-
strained by surface geology. It can coexist with other land uses, provided these
are not impaired by local CO2 reductions. As a result, the major factor differenti-
ating sites or limiting removals will be access to geological sequestration. While
DAC’s present cost estimates are well above those of other methods (present esti-
mates range from ~US$ 100 to US$ 300/tCO2; Keith et al. 2018; Minx et al. 2018;
Rhodium Group 2019), these factors suggest less site heterogeneity, and thus flat-
ter marginal costs, than the methods discussed above. For these reasons, DAC
more closely resembles a classic backstop technology than other removal
methods. These weak scale constraints and flat marginal costs suggest that if a
viable business model for large-scale DAC operations is established, there would
be few technical or economic barriers to its continuation or expansion. It would
thus present still greater concerns about future phasedown, especially if learning
and economies of scale bring large sustained cost reductions.

Finally, several potential methods for marine carbon removal have recently
been proposed or gained increased attention, including cultivating marine plants
for BECCS, adding constrained nutrients or alkalinity to surface waters to increase
carbon uptake, or direct CO2 disposal in marine sediments or the water column
(Lenton 2014; Renforth et al. 2015). These have received less study than other
methods, and estimates of their cost and capacity vary widely (Fuss et al. 2018;
Rau2019). Someof these are claimed tooffer extremely large sequestration capacity,
even larger thanprojected cumulative emissions, perhapswith lowandflatmarginal
costs. To the extent these scale and cost speculations are correct, these methods
would present the greatest grounds for concern about future phasedown.

While present estimates of scale and cost characteristics offer this roughordering
of alternative removalmethods by thedegree of concern theypresent for future phase-
down, these estimates are sufficiently uncertain that their implied guidance for near-
term policy and decisions is relatively nonspecific. In contrast, the implications of
alternative institutional and policy settings, with associated business models for
removal enterprises, appear to be stronger and more specific.

Near-Term Implications: Incentives, Business Models, and
Policy Environments

Large-scale carbon removal is costly and likely to remain so. Present policies and
proposals to promote removals largely follow familiarmodels of R&D support, but
these are unlikely to be sufficient to promote rapid scale-up and continuance of the
enterprise (Rhodium Group 2019). Achieving this will require viable business
models for large-scale operation and policy environments able to support these.

Proposed approaches to support projected large removals are of three types:
privately profitable business models, extended emissions-pricing policies, and
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public procurement. These three approaches are conceptually distinct and rely on
different revenue sources but can coexist in practice. For example, different
approaches could provide distinct but additive revenue streams for particular
removal operations, or could serve concurrently as the primary source of revenues,
incentives, and coordination for different projects, in the same or different
jurisdictions. It is also possible that the role and relative contributions of the
approaches could shift over the life of the removal enterprise. The three
approaches present distinct implications for the severity of concern about future
phasedown, and thus different guidance for near-term policy choices.

Motivating Removals Through Privately Profitable Business Models

Some removal methods generate private benefits in addition to removing carbon,
by improving current products and processes or by incorporating removed CO2

into marketable products. BECCS produces energy in addition to sequestering
carbon; soil carbon sequestration and biochar can enhance soil quality and crop
productivity. There are alsomultiple proposals in development for carbon capture
and use, whichwould derive economic value from the capturedCO2 by using it for
enhanced oil recovery or incorporating it into building materials, fuels, or other
products (Sanchez and Kammen 2016).

The most expansive visions for climate restoration rely on assumptions that
some of these business models, particularly those that produce fuels or building
materials, can profitably expand to a climatically relevant scale of billions of tons
per year (Gt/year) (National Research Council 2019). While this model may be
effective in initially establishing some removal approaches, its viability in sup-
porting operations of such large scale over a century or more is less clear, for three
reasons. First, it must surmount any commercial disadvantages from using
removed CO2: products incorporating removed CO2 would have to outcompete
conventional alternatives on cost or performance by enough to offset the capture
cost. Second, it must be truly carbon negative based on reliable full-system emis-
sions accounting, even in the presence of strong incentives for bias and double-
counting (Tanzer and Ramírez 2019). Third, it must be scalable to Gt/year
removals (or at least hundreds of Mt) and commercially sustainable at those
levels. If these conditions can be achieved and sustained, that is good news for
the immediate challenge of rapidly scaling up removals, because once such activ-
ities are demonstrated to be commercially viable, they will tend to expand and
persist through market forces alone.

This approach, however, also presents the most serious challenges for future
phasedown. It thus most closely resembles the historical analogy of fossil fuel
production, in that profitable removal operations would not require continuing
policy support. If such an enterprise grows large enough, it is plausible that it
may also gather the political strength to effectively resist threats, not just from
changes in law or policy, but also from market displacement by alternative
products and processes. We judge it unlikely that such conditions will apply for
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operations of the required scale through the required century-odd period of
removals, but there is enough uncertainty on these points that we cannot reject
the prospect as implausible. Consequently, even while promoting vigorous early
expansion of CDR, policy makers must stay vigilant for emergent conditions that
could make continuing large-scale removals profitable without policy support. If
such conditions are present as the end of the removal period approaches, they will
represent obstacles to phasedown that must be overcome through regulation or
other external pressures.

Motivating Removals Through Extended Carbon-Pricing Policies

A second approach to supporting carbon removal would be through policies that
put a price on emissions, such as emissions taxes or tradable-permit systems.While
such policies are already widely but weakly enacted in many jurisdictions to
provide incentives for emissions reduction, applying them to removals would
require substantial design changes, including greatly expanded scope. Most
present mitigation policies cover only emissions from some subset of existing
sources, often large final emitters. Although pre-emissions carbon capture and
sequestration is sometimes covered by such policies, net sinks and removals
separate from existing emissions sources are not. Including these would require
modifying policies to let funds or credits flow in both directions. Under an emis-
sions tax, net emitters would make payments to the treasury, while net removers
would receive subsidy payments at the same rate per ton. Under a cap-and-trade
system, permits would be surrendered for emissions and generated for removals.

The challenge for such policies promoting near-term CDR is the great hetero-
geneity among removal methods in cost and technological readiness, including
present high costs, uncertainties, and development lead times for those methods
that appear most scalable (Parson 2017). An alternative emissions-pricing
model that can address such heterogeneity is provided by regulatory policies that
impose narrower mandates with associated exchange mechanisms. For example,
California’s low-carbon fuel standard (LCFS) already provides an incentive strong
enough to motivate early development of DAC in conjunction with synthetic
fuel manufacture (Keith et al. 2018; Parson et al. 2018; Rhodium Group 2019).
The LCFS puts a limit on the life cycle emissions intensity of transport fuels, imple-
mented through a tradable allowancemarket. As an intensity standard, the policy is
equivalent to simultaneously taxing fuels with emissions above the limit and sub-
sidizing those below. Because the tax and subsidy can partly offset each other even
within a single gallon of blended fuel, allowance prices can reach levels that appear
politically infeasible for broader emissions-pricing systems—above US$ 200/tCO2

in early 2020—yet have only a small effect on retail fuel prices. Other policies that
use emissions prices in a narrow sectoral setting have been proposed as CDR incen-
tives, including variants on renewable electrical portfolio standards or mandates
for fossil fuel producers to pay to remove some fraction of the life cycle emissions
from their products (Chavez 2018). These policies can generate high emissions
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prices to motivate CDR, but they achieve this by imposing regulatorymandates on
the emissions associated with fuels or other products in commerce. They can thus
readily motivate CDR as part of low-carbon displacement of emissions, but their
narrow sectoral targeting makes them awkwardly designed to support economy-
wide net-negative emissions.9

As removals expand to the point of driving net emissions negative, any
policy based on emissions prices would require major redesign. The emissions
price would then have two jobs: setting the level of continuing residual emissions,
and supporting the targeted levels of CDR fromwhatevermix of lower- and higher-
cost removal methods is then in use. Moreover, as net emissions go negative, an
emissions tax would turn from a net revenue source to a net public expenditure. It
would thus come to resemble a public procurement system, except with payments
set at a fixed rate per ton removed rather than established separately for each
project. They would thus give large rents to low-cost removal methods.10 A
tradable-permit system would require larger design changes, because permits
could no longer be issued for all removals when these exceed emissions.11 Taxes
or other regulations would still be needed to control residual emissions, but the
subsidy to removals would have to be reduced in level or narrowed in scope.

Motivating Removals by Public Procurement Contracting

The third approach to supporting carbon removal is public procurement. Govern-
ments could contract for removal with businesses or other organizations, or con-
duct removals through their own agencies, with public funding and under
administrative control. As with other procurement, various contractual arrange-
ments would be possible, for example, standard offers at fixed prices per ton,
similar to the fixed emissions-price policies discussed earlier, or more complex,
individually tailored agreements to take account of different technologies’ cost
structures, development status, and technological risks.

Relative to the other two, this approach might be harder to start, because
public expenditures are more visible, and thus more likely to generate political
opposition, than payments integrated into other policies. But if sustaining the
removal enterprise requires indefinite continuation of large public payments—

9. These policies could support net-negative emissions if targeted activities were compelled to
achieve net-negative emissions themselves, rather than only pursuing net-negative economy-
wide. For example, the LCFS’s target emissions intensity could in principle be reduced below
zero, provided the policy’s scope is broad enough to cover CDR opportunities that can generate
the needed number of credits. Imposing such a net-negative target on any single product or
sector rather than the economy would, however, carry significant risks.

10. This situation would arise if low- and high-cost methods, e.g., BECCS and DAC, operate in
parallel but the low-cost one is scale constrained by policies to protect food production rather
than by price effects.

11. One possible response would introduce an exchange coefficient between permits granted for
removals and permits required for emissions, but this coefficient would need repeated revision
in response to changes in the realized and desired balance between removals and continuing
emissions.
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that is, if no other funding model emerges over the life of the removal enterprise
that is less visible and politically vulnerable—these same factors would facilitate
the phasedown. Contracts for each removal project could readily incorporate
limited time horizons to provide assurance that projects can operate profitably
for long enough to amortize their investments without continuing indefinitely
thereafter. Continued operations after the end of initial contracts could be sepa-
rately negotiated as desired, again with limits on duration or cumulative quantity
removed. This greater flexibility relative to uniform emissions-pricing policies
would also come with greater bureaucratic risks. Long-term relationships between
officials and contractors would risk regulatory capture, leading to weak regulator
judgments, not only about permit and contract terms (which would waste public
funds), but also about the continued need for removals, which would increase the
difficulty of phasedown.

Conclusions

Itmay seem remote and speculative to discuss conditions for phasedownof CDR a
century or more hence, when the present need is to develop and expand it. But
managing climate change requires a long time-horizon.Mitigation and adaptation
are also century-scale challenges that require planning and sustained action over
longer time and spatial scales than political and legal institutions are accustomed
to considering.

The governance challenges of CDR have some commonalities with other
emerging technologies, and some key differences. A major difference arises from
the fact that CDR is being driven by anticipation of public need, not by private
commercial benefits. A CDR enterprise of the required growth rate and scale is
unlikely to develop privately but will very likely require support from public
policies. As a result, CDR policies must manage a sharp tension: addressing both
the compelling near-term need to support rapid growth of removals and the fore-
seeable need to phase them down in the future—neither of which is likely to occur
throughmarket dynamics alone. The foreseeability of this entire life cycle creates a
unique responsibility to anticipate and plan for phasedown of the enterprise even
while vigorously promoting its initial growth.

CDR, like other climate responses, requires a long-term view of risks and
impacts in making current decisions. For example, the need for future phasedown
provides an additional reason to cut emissions immediately and aggressively to
limit the scale of removals required, because the challenges of controlling and
phasing down removals increase with the size of the enterprise. Similar reasoning
supports starting and scaling up removals earlier, to spread any cumulative
removal target over a longer period and so reduce the peak rate of removals and
scale of the enterprise (Obersteiner et al. 2018). Even if these efforts succeed at
reducing the peak scale of CDR, however, future phasedown will remain
necessary—and challenging to achieve—following any period of net-negative
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emissions. This suggests several preliminary observations about CDR methods,
management, and policy environment.

Removalmethods that aremost tightly constrained in cumulative removals, or
that have the most strongly increasing marginal costs due to site and project
heterogeneity—such as forest management, soil sequestration, and possibly
BECCS—present the smallest concerns about future phasedown. Less sink-
constrained removalmethods, or those with flat or decliningmarginal costs—which
may include DAC, enhanced weathering, and various marine methods—present
more serious phasedown concerns. There is thus a tension: themethodsmost prom-
ising for large-scale expansion are also likely to present the strongest challenges to
future phasedown. Rather than systematically favoring some methods over others,
this tension suggests that policies to promote removals should include provisions
for future controls, especially for those methods that present the strongest phase-
down concerns. Methods with high spatial heterogeneity raise different phasedown
concerns. These are likely to be concentrated, and thus politically powerful, in certain
jurisdictions. If they are sufficiently powerful to resist policies to promotephasedown
in their jurisdictions, multijurisdictional policy frameworks may be required.

Considering policy frameworks and business models, the most severe chal-
lenges to phasedownwill come from enterprises that are profitable without policy
support. While these now appear unlikely to be large, they will require vigilant
policy oversight from early stages. Vigilance is especially needed for projects that
link CDR with enhanced oil recovery, because weak or biased monitoring and
emissions accounting could let these extend the life of fossil resources without
actually achieving net removals. For removal projects that can only be viable with
policy support, broad emissions-price policies, such as carbon taxes or cap-and-
trade systems, do not appear to be good fits to motivate and manage a large-scale
removal enterprise. These may help motivate early deployment but may be insuf-
ficient even at this stage due to large differences in removal methods’ cost, scale
limits, and development lead times. More narrowly targeted emissions-price
policies, including those based on intensity standards, could surmount this diffi-
culty, because they can target relevant actors and support internal emissions prices
high enough tomotivate early development of a broad range of removalmethods.
As removals grow large and net emissions go negative, however, any emissions
price–based policies are likely to require major redesign, due to persistent wide
disparities in marginal costs across multiple mitigation and removal approaches
that cannot equilibrate due to various forms of unpriced constraints. Of themajor
approaches available to support removals, public procurement contracting
appears most versatile for managing a large-scale removal enterprise of diverse
methods and most amenable to managing eventual phasedown, although with
some risk of regulatory capture.
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