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The 1.5�C target will require removing at least some of the carbon dioxide (CO2) previously emitted. Knowl-
edge on how this can be done has been increasing, though barriers remain concerning governance, policy,
and acceptability. For the 26th session of the Conference of the Parties (COP26) tomove beyond an academic
debate on CO2 removal (CDR), a broader alliance of research and policy communities, industry, and the pub-
lic is needed.
Three decades ago, we could still gradu-

ally reduce emissions to avoid the stron-

gest effects of global warming. Today,

however, continued growth in emissions

and stringent climate targets through

the Paris Agreement require a new type

of mitigation pathway: moving beyond

zero emissions to net-negative emissions

by removing more greenhouse gases

(GHGs), specifically carbon dioxide (CO2),

from the air than are emitted. Because

temperatures generally stabilize when

CO2 emissions reach net zero but emis-

sions are unlikely to be comprehensively

reduced to zero, net-negative emissions

are required in most emission pathways

consistent with 1.5�C or 2�C warming.1

Not only can CO2 removal (CDR) offset

residual emissions, but it can also be

used to bring temperatures down after an

overshoot of the target (Figure 1).

Even after the Paris Agreement in 2015,

much of the debate on CDR has taken

place within academia and only minimally

entered policy discussions, despite its

prevalence in commonly discussed sce-

narios. However, the Intergovernmental

Panel on Climate Change (IPCC)’s Spe-

cial Report on 1.5�C Global Warming1

and growing public pressure to pursue

ambitious climate targets have increased

the visibility of CDR as a way of reaching
net-zero emissions. For instance, the

European Commission’s Green Deal

aims at net-zero emissions by 2050, and

many (also non-European) countries

have their own net-zero plans.

Policymakers now face the unprece-

dented challenge of reaching net-zero

emissions within the first half of the cen-

tury at a time when global cumulative

CO2 emissions reached a record high of

~43 billion metric tons in 2019 for fossil

and land-use-change emissions,2 and

current climate policies remain insuffi-

cient to meet the 1.5�C target, potentially

leading to twice this amount of global

warming.1 Emissions of methane—a

GHG with high global-warming poten-

tial—have also steadily risen over the

last decade.3

Diverse factors, including current and

proposed energy infrastructure, which

will emit enough CO2 through its potential

lifetime to exhaust the remaining budget

for 1.5�C,4 are placing additional pres-

sures on the carbon budget (the amount

of CO2 that can still be emitted for a given

temperature target; see Figure 1). More-

over, the innovation gap remains large:

questions remain about (1) the maturity

of CDR technologies, where experience

with afforestation is ample, but direct air

capture (DAC) technologies, for example,
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still feature much higher costs;5 (2) the so-

cio-economic attractiveness and realism

of using them, where technology-specific

knowledge concerning public accep-

tance, for example, remains sparse;6

and (3) the largemagnitude of deployment

required and possible unintended conse-

quences, for example, in terms of compe-

tition for land, which is an important input

for some CDR options such as afforesta-

tion but will also be key to feeding a

growing population.5

Decision makers are turning to the in-

ternational research and development

(R&D) community for answers, requiring

inter- and transdisciplinary initiatives by

science, industry, governments, and the

public to discuss the social license to

operate CDR, i.e., the acceptance of

removing CO2 in the first place (CDR

demand) and the actual operation of spe-

cific CDR technologies within the mitiga-

tion portfolio. Here, we describe new

research avenues and partnerships that

are needed to fill the knowledge gaps to

enable sustainable CDR deployment

while actively managing CDR demand.

In a nutshell, societal choice defines the

temperature target, physical science

then determines the corresponding CO2

budget, and multiple pathways (Figure 1)

can then be carved out for emission
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Figure 1. Historical Emissions and Stylized Pathways that Emit Less Than 250 Gt CO2

between 2019 and 2100 to Limit the Temperature Increase to 1.5�C in 2100
Scenario 1: negative emissions offset residual (positive) emissions, resulting in little CDR and drastic and
immediate emission reductions.
Scenario 2: greater (positive) emissions result in larger CDR and higher overshoot before the temperature
increase declines to 1.3�C–1.4�C in 2100, still with drastic CO2 emission reductions in the next two de-
cades.
Both scenarios reach 1.3�C–1.4�C in 2100, but temperature diverges beforehand. Data sources: historical
emissions from the Global Carbon Project; scenarios based on stylized functions with cumulative emis-
sions consistent with scenarios from the IPCC SR1.5 scenario database.
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reductions to comply with this budget

(Figure 2).

Closing the Gaps
Building on the promising recent develop-

ments identified below, closing the re-

maining gaps pertaining to the demand

for CDR and the contribution of particular

technologies and practices will be key to

reaching ambitious temperature goals

sustainably. In terms of Figure 2, gap (1)

addresses the question of how much

CDR will be required after more drastic

emission reductions, whereas gaps (2)–

(4) are concerned with how this can be

achieved.
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(1) Demand-side reductions in emis-

sions. Many climate-stabilization

pathways rely on drastic and rapid

emission reductions through

changes in human behavior by,

for example, reducing energy de-

mand,1 cutting meat consumption

and replacing it with alternative

protein sources,7 and accelerating

education to constrain global

peak population.8 These scenarios

call for early action and suggest it

will be possible to reduce the de-

mand for CDR by a factor of 10

for pathways with limited or no

overshoot.1 Whether such de-
mand-side mitigation scenarios to

reduce the need for CDR are any

more feasible than scenarios

requiring massive CDR deploy-

ment requires further scrutiny—

both are likely to be required.

(2) Natural climate solutions. CDR op-

tions already used in models such

as afforestation, reforestation, and

restoration are more mature in

terms of experience and costs

and might have larger carbon-cap-

ture potentials than previously esti-

mated.1 These biomass-based

pathways benefit most from high

carbon density in tree biomass

and soil carbon storage accom-

plished through a range of prac-

tices, from conservation agricul-

ture to biochar applications or

agroforestry. These practices often

feature large potentials and—if im-

plemented to adhere to sustain-

ability criteria—co-benefits for

ecosystems and local livelihoods.5

They could be scaled up more

effectively now, though with lower

long-term potentials and

permanence.

(3) Biomass energy with carbon cap-

ture and storage (BECCS).

Although there appears to be

broader public support for natural

climate solutions, hybrid seques-

tration technologies incorporating

BECCS could be more efficient in

the use of land than afforestation

in standard cases and could thus

reduce some impacts on food pro-

duction and pricing. BECCS also

has the additional co-benefit of

producing energy for electricity

and transportation fuels9 and

can replace fossil fuels. Yield in-

creases, different feedstocks

(including biogenic waste), and ad-

vances in technology (e.g.,

improving efficiency and reducing

energy penalties) can further

improve the negative emission bal-

ance of BECCS and counteract

adverse side effects on land re-

quirements, food security, water

demands, and other ecosystem

services that could be altered.

(4) Engineering options for GHG

removal. Recent cost reductions in

the DAC of CO2 and the first com-

mercial attempts to remove CO2



Figure 2. Relating CDR Requirements to Feasibility
The long-term target for global warming (DT) is a societal choice informed by science about, e.g., climate
impacts of different temperature increases. How sensitive the climate is to higher CO2 concentrations
implies a concentration target, which can be translated into the remaining allowance of CO2 emissions
(CO2 budget). Science can then offer multiple pathways (cf. scenarios 1 and 2 in Figure 1) for societal
deliberation and policymaking. Parenthetical numbers refer to the gaps listed in Closing the Gaps.
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directly from the air are steps to-

ward making DAC a scalable alter-

native to other CDR options.10 The

spotlight is now also on less-

explored options with large poten-

tials, including enhancing natural

weathering by adding silicate min-

erals to soils, which does not

compete with other land uses.10

Recent studies have also sug-

gested evaluating DAC or conver-

sion for other GHGs, such as

nitrous oxide (N2O) and methane

(CH4).
11 Such removals are chal-

lenging because the atmospheric

GHG concentrations are lower

than those for CO2. However, unlike

for the DAC of CO2, oxidizing CH4

to CO2 is an energy-generating re-

action that could restore the atmo-

sphere to preindustrial levels of ~3

billion metric tons of CH4, far lower

than quantities needed for DAC.11

This conversion would reduce tem-

perature forcing by approximately

one-sixth while generating only a

few months’ worth of additional

CO2 emissions. Absorbing aero-

sols, such as black carbon (soot),

also represents an anthropogenic

warming of the climate system.

Because of the aerosols’ short life-

times, it is not necessary to remove

them; merely reducing their emis-

sions is sufficient.
Focusing on Solutions
It becomes clear that all CDR technolo-

gies and practices come with their

respective strengths and tradeoffs; thus,

depending solely on large-scale deploy-
ment of single CDRoptions is a risky strat-

egy. Key to reducing this dependence is

to decrease emissions more drastically

in the short termwhile promoting a portfo-

lio of CDR options for the longer term, i.e.,

minimizing the demand for CDR while

maximizing the amount of sustainably

scalable CDR (see Figure 2). As an entry

point into a temporally diversified portfolio

of CDR options, it is possible to first focus

on the lower-cost, high-co-benefit, and

technologically more mature and tested

options, particularly natural climate solu-

tions. These solutions can be comple-

mented with low-cost and ready-to-be-

deployed practices for short-term emis-

sion reductions, such as scaling carbon

capture and storage (CCS) at power

plants and industrial facilities.

Path to Commercialization and

Large-Scale Deployment

Most of the research to date has focused

on the early stages of the innovation chain

(R&D), whereas demand pull, niche mar-

kets, and public acceptance remain un-

der-researched.6 Different CDR options

will have very different requirements for

successful commercialization. The flexi-

bility of thermochemical conversion in

the case of biomass, with or without

CCS, makes it especially attractive for

energy and chemical applications with

a broad spectrum of applications and

commercialization pathways.12 Estab-

lished industries could exploit new

opportunities for removing CO2 by using

alkaline materials from certain types of

waste,10 which would also open up op-

portunities to go into the direction of mak-

ing our economies more circular—a core

element of the European Union’s Green

Deal strategy. An exploration of these
pathways, most often regionally depen-

dent, should become a focus of research

in combination with experimental and full

demonstration projects.

More Integrated R&D Approaches

More cooperation is needed among

different disciplines to account for uncer-

tainty and advances in our knowledge

base. Although integrated assessment

models (IAMs) are the main tool for

combining multiple CDR technologies for

scenarios consistent with low warming,

bottom-up studies are needed on the

spatial details of regional CDR potentials

and possible bottlenecks, including con-

flicts of land use and infrastructure needs

for transport and storage of the removed

CO2. Comparisons of IAMs, dynamic

(global) vegetationmodels, and Earth sys-

tem models have highlighted substantial

uncertainties in socio-economic sce-

narios and climate responses to them.13

Increased coordinated use of these

models is needed if we are to better un-

derstand the diverse outcomes and the

full climate consequences and collateral

effects of CDR on water, nutrients needed

by plants for growth, and energy budgets.

These studies will need validation by ob-

servations and field studies. Policies and

plans regarding the deployment of CDR

need to be adaptive given that emerging

evidence could change the demand for,

or feasibility of, CDR.

Building the Social License to

Operate

Demand-side solutions will also bear so-

cial costs. Countries with lower-quality di-

ets, for instance, still need to raise their

protein levels, which needs to be factored

into decarbonization pathways.7 Never-

theless, the motivation of improved health

through less carbon-intensive diets in

industrialized countries has great mitiga-

tion potential, and healthier diets can

free land for CDR. Another example is

improved energy efficiency, which would

reduce final demand without giving up

the goal of universal energy access.14

Enhanced understanding is needed for

consumption, including distributional im-

plications of wider mitigation portfolios,

household behavior, and potential

rebound effects leading to increases in

consumption in response to efficiency

gains.1 More broadly, the potential ability

to remove CO2 raises the ethical concern

of moral hazard, such as delaying the

phasing out of fossil fuels. Slowmitigation
One Earth 3, August 21, 2020 147
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progress in the past is hardly attributable

to this effect given that political economy,

non-binding national commitments, bar-

riers in renewable roll-out, andmany other

factors have all played their role indepen-

dently of the opportunity to remove car-

bon from the atmosphere. However, we

acknowledge the importance of avoiding

moral hazard in the future. Building a so-

cial license to operate CDR will require

closing these knowledge gaps and ad-

dressing the resulting challenges in close

deliberation with society.

Exploring New Contexts of

Governance

Emerging legislation around the world on

net-zero targets—including in several EU

countries, California, and New Zealand,

to name a few—has seen progress in

pathways to decarbonization. The Paris

Agreement also explicitly calls for a bal-

ance of emissions and removals between

2050 and 2100. However, a diverse range

of concepts has been applied: climate

neutrality (EU), CO2 neutrality,1 and GHG

neutrality (UK) are examples. Within

each of these, a variety of alternative def-

initions can be applied.15 There will most

likely be a range of additional aspects,

including new carbon-accounting ap-

proaches and the use of emission trading.

Addressing these and other governance

challenges, such asmonitoring, reporting,

and comprehensively verifying, will be

critical for policy success.

Net Zero as a Framework for Policy

It remains unclear what are the best incen-

tives to encourage CDR deployment.

In the early stages, direct government in-

terventions can push innovation. In the

longer term, net zero could provide a

framework for policy: because every

metric ton emittedwould need to be offset

by a metric ton sequestered, there is a

symmetric case for pricing emissions

and financing removals such that each

unit price charged for emissions will be

turned into financial support for CDR.

The ideal implementation route for this—

whether comprehensive emission trading

with a zero cap has advantages over

taxing emissions and using the revenues

to finance CDR—remains unclear. Others

have proposed direct mandates for CDR

to introduce an ‘‘emitter liability,’’ i.e., to

make all emitters pay for the removal of

the CO2 emitted to the atmosphere.16

Acknowledging that there might be

good reasons for at least temporarily
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allowing some residual emissions, partic-

ularly those related to food systems,

we recognize that there could be a case

for governments to use other revenues

to balance these emissions. Evidently,

the ultimate choice of policy instruments

and distributional mechanisms will

also depend on a society’s norms and

values—as does the role of CDR in the

wider mitigation strategy. No matter what

the context-specific policy approach

eventually will be, however, reaching net

zero as rapidly as possible remains the

overarching policy priority.

Conclusion
It emerges very clearly from the latest

research that the combination of more

ambitious temperature targets and

continued delay in stringent mitigation

policy has increased the dependence

on CDR, which requires us to urgently

close knowledge gaps to move on with

implementation, which until now has

been far removed from what we see in

pathways reaching the 1.5�C target,

implying a need for exponential upscal-

ing.6 Governing CDR will require policy

frameworks managing both the demand

and the feasibility of CDR. Greater

transparency in the treatment and consid-

eration of CDR within a mitigation portfo-

lio is required. With an increasingly solid

science base for further CDR planning,

we believe social factors, barriers and

inertia, policy volatility, and governance

uncertainties remain the largest chal-

lenges to early action. Therefore, we

need a broader alliance to move toward

net-zero targets, which brings together

the research and policy communities,

industry, and the broader public to

explore and find the common ground to

push climate solutions forward. In the

run-up to the 26th session of the Confer-

ence of the Parties (COP26), it will be

key to develop nationally vetted CDR

agendas that consider both how much

CDR is wanted and how this will be

achieved. Nationally determined contri-

butions have been found to fall short of

the ambitious Paris targets,1 and CDR

still remains on the sideline in current

debates. Yet, there is vast scope for

including not only deeper emission

reductions through conventional mitiga-

tion but also more targeted action for the

rollout of CDR in plans for national emis-

sion reductions.
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Zhai, H.O. Pörtner, D. Roberts, J. Skea, P.R.
Shukla, A. Pirani, W. Moufouma-Okia, C.
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