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Abstract
Technologies for carbon dioxide removal (CDR) from the atmosphere have been recognized as an
important part of limiting warming to well below 2 ◦C called for in the Paris Agreement. However,
many scenarios so far rely on bioenergy in combination with carbon capture and storage as the
only CDR technology. Various other options have been proposed, but have scarcely been taken up
in an integrated assessment of mitigation pathways. In this study we analyze a comprehensive
portfolio of CDR options in terms of their regional and temporal deployment patterns in climate
change mitigation pathways and the resulting challenges. We show that any CDR option with
sufficient potential can reduce the economic costs of achieving the 1.5 ◦C target substantially
without increasing the temperature overshoot. CDR helps to reduce net CO2 emissions faster and
achieve carbon neutrality earlier. The regional distribution of CDR deployment in cost-effective
mitigation pathways depends on which options are available. If only enhanced weathering of rocks
on croplands or re- and afforestation are available, Latin America and Asia cover nearly all of global
CDR deployment. Besides fairness and sustainability concerns, such a regional concentration
would require large international transfers and thus strong international institutions. In our study,
the full portfolio scenario is the most balanced from a regional perspective. This indicates that
different CDR options should be developed such that all regions can contribute according to their
regional potentials.

1. Introduction

With global CO2 emissions still at high levels, tech-
nologies for carbon dioxide removal (CDR) from the
atmosphere become ever more important to achieve
the ambitious climate target laid out in the Paris
Agreement. For global mean warming to remain
well below 2 ◦C above pre-industrial times, the
absence of CDR would require unprecedented emis-
sion reduction rates associated with high economic
costs (Strefler et al 2018b). The vast majority of the
2 ◦C scenarios and all 1.5 ◦C scenarios assessed in the
special report on 1.5 ◦C of the IPCC (SR1.5) required
CDR to achieve the target (Rogelj et al 2018). These
scenarios relied mainly on bioenergy in combination
with carbon capture and storage (BECCS) (Ober-
steiner 2001) as the only CDR technology, which
probably has overstated its importance, with a limited

number of scenarios also including afforestation and
reforestation (AR) (Rogelj et al 2018). More recently,
alternative CDR options such as direct air capture
have started to be considered (Realmonte et al 2019,
Fuhrman et al 2020).

There has been widespread criticism on CDR,
mainly based on concerns about environmental sus-
tainability (Smith et al 2015) but also relating to fin-
ance requirements (Bednar et al 2019). Some of these
arguments are reducedwhen peakwarming instead of
end-of-century warming is constrained which avoids
large-scale net-negative emissions (Rogelj et al 2019b,
Strefler et al 2021). We therefore base our study on
a peak warming formulation. Many arguments were
related specifically to BECCS and based on sustainab-
ility concerns regarding the supply of vast amounts of
bioenergy or on technological readiness and upscal-
ing (Lomax et al 2015, Bui et al 2018). However,
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one has to note that bioenergy is a valuable low-
carbon energy carrier, particularly for non-electric
energy supply, which is in high demand in ambitious
mitigation pathways even without the availability of
BECCS (Bauer et al 2020). Various other options have
been proposed already, e.g. enhanced weathering of
rocks (EW) (Hartmann et al 2013, Stler et al 2018a)
and direct air capture with geological carbon storage
(DACCS) (Keith et al 2006). Their carbon removal
potential and environmental side-effects have been
analyzed (Smith et al 2015, Fuss et al 2018), but few
scenarios are including these options. Research on
other land-based options as biochar and soil carbon
sequestration has progressed (Smith 2016, Griscom
et al 2017), but data on costs and global and regional
potential is still uncertain.

With more and more CDR options being dis-
cussed, an understanding of the consequences of
their deployment not only for sustainability, but also
for climate change mitigation efficiency, governance
and institutional requirements, and potential polit-
ical challenges is crucial. In this study, we undertake
a comparative analysis of different CDR options that
has so far been lacking. We analyze scenarios with
either a portfolio of CDR options available, namely
BECCS, AR, EW on croplands, and DACCS and scen-
arios where only one or none of these options is avail-
able. We study the implications for achieving carbon
neutrality including the timing of CDR, efficiency
for climate change mitigation, as well as regional
deployment patterns and the resulting institutional
and political challenges.

2. Methods

In this study, we use the global multi-regional energy-
economy-land-climate model REMIND–MAgPIE
2.1.1–4.2.1 (Dietrich et al 2020, Luderer et al 2020)
to determine cost-efficient emission and technology
pathways. In the model, the four options BECCS
(Klein et al 2014), DACCS (Broehm et al 2015), AR
(Humpenöder et al 2014), and EW on croplands
(Stler et al 2018a) are available as CDR technolo-
gies. BECCS is the CDR technology most widely used
in the SR1.5 scenarios and the only CDR techno-
logy that provides energy instead of consuming it.
It is based on the assumption that bioenergy can be
turned carbon negative by capturing the emissions
arising during combustion or the refinery process.
The economics of BECCS deployment depends on
(a) techno-economic assumptions such as invest-
ment costs, conversion efficiency and CO2 capture
rate (see table S1 available online at stacks.iop.org/
ERL/16/074021/mmedia) and (b) the price for bio-
mass. Bioenergy prices depend on biomass availabil-
ity determined by various biophysical and economic
factors including land availability, crop yields (which
can be increased by productivity growth), food and

feed demand, production costs, and trade (see SI for
more details). In addition, the pricing of CO2 emis-
sions from deforestation and conversion of other nat-
ural land has repercussion on the biomass price. An
additional tax on bioenergy of 100% of the bioenergy
price is imposed to account for sustainability issues
not included in themodel, e.g. biodiversity loss. Costs
depend on the technology and the bioenergy price,
with the cost markup of BECCS technologies being
only 20–50 $t CO2

−1 with respect to the costs of the
same bioenergy technology without CCS. As BECCS
is only used in small demonstration plants, there are
still large uncertainties regarding the amount of bio-
mass that can be supplied sustainably (Fuss et al 2018)
as well as the amount of CCS available.

DACCS captures CO2 from ambient air, which
requires large amounts of heat and electricity (table
S2), and carbon storage. In the model, we consider
high-temperature DACCS where natural gas or H2

can be used to generate the required heat. If natural
gas is used, the resulting CO2 emissions are assumed
to be captured with a capture rate of 90%. Costs are
at least around 200 $ tCO2

−1 (Broehm et al 2015),
but may be significantly higher depending on energy
prices. This makes DACCS a rather expensive option
compared to both BECCS and AR. On the upside,
DACCS can be deployed in any region with enough
carbon storage space, and requires only little land.

AR policies include targets laid out in nationally
determined contributions (NDCs) to the Paris Agree-
ment and economic incentives. The economic incent-
ive for AR (Humpenöder et al 2014, Kreidenweis
et al 2016) in the model is provided by the expec-
ted average annual reward for carbon sequestration in
regrowing forests. The average annual reward reflects
the annuitized present value of future cash flows
over a 50 year time horizon, based on annual carbon
uptake times CO2 price (see SI for details). Costs for
AR include direct costs, such as costs for land conver-
sion, forest management and monitoring, and indir-
ect costs, like costs for yield-increasing technological
change and reallocation of agricultural production
(Humpenöder et al 2014). Therefore costs depend
strongly on the region, time and scenario, but tend to
start around 30 $ tCO2−1 and increase with deploy-
ment. Re- and afforestation is implemented as man-
aged regrowth of natural vegetation which grows sub-
stantially slower than plantation forest (Braakhekke
et al 2019). However, with respect to biodiversity nat-
urally regrown vegetation usually has substantially
higher species richness than plantation forest (Bar-
low et al 2007). Moreover, AR requires about 2–3
times the land needed for BECCS per unit of CDR
(Smith et al 2015). AR in the boreal zone might res-
ult in local warming due to albedo effects, which
might offset the cooling from carbon sequestration
(Bright et al 2015). Therefore, we restrict AR to the
temperate and tropical zone (Kreidenweis et al 2016).
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Main uncertainties relate to the resilience of terrestrial
carbon storage to climate extremes and to estimates of
potential carbon sequestration from dynamic global
vegetationmodels (Krause et al 2018, Seneviratne et al
2018).

Chemical rock weathering is an integral part
of the global carbon cycle and removes about
1.1 Gt CO2 yr−1 from the atmosphere (Ciais et al
2013). The natural weathering process can be
enhanced by grinding selected rocks to small grain
sizes to increase the specific surface area, and spread-
ing them on croplands in warm and humid regions
(Hartmann et al 2013, Taylor et al 2015). The rock
material dissolves in the presence of water and CO2

and dissolution products are transported via rivers
towards the ocean, where they are stored at millennial
time scales (Garrels et al 1976). To minimize negat-
ive side-effects due to trace elements (Amann et al
2020), we assume only basalt to be used for EW. The
cropland area in warm and temperate humid climate
zones determines the regional potential of EW (see SI
for details). This potential is still highly uncertain and
depends on the amount of basalt than can be spread
on fields without compromising soil quality and the
weathering speed. Applying EW not only on crop-
lands as assumed here but also on woodlands would
increase the potential, but also the costs as spread-
ing would become more difficult. All uncertainties
could change the total amount of EW, but would not
have much impact on regional distributions as warm
and humid regions would remain favorable. Costs
consist of mining, grinding, transport and spread-
ing, which add up to about 200 $ tCO2

−1 (Stler et al
2018a).BECCS and AR compete for land with each
other and with food and feed production, which lim-
its the total CDR potential for these two options.
BECCS, DACCS, and fossil CCS compete for geo-
logical storage. In REMIND, regional annual CCS
is limited to 0.5% of the total available geological
storage in that region. This limits total global CCS
use to 20 Gt CO2 yr−1. CCS costs include the costs
for CO2 transport and storage, the costs for carbon
capture are included in the respective technologies,
e.g. BECCS and DACCS. To reflect the risk of leakage
and the associated possible costs, costs of improved
safety criteria related to monitoring, reporting, and
verification, and difficulties due to public acceptance,
which are all likely to increase with deployment, the
best estimate of costs for geological carbon storage is
increased linearly such that costs are about 100% or
30 $ tCO2

−1 higher at maximum deployment. In all
regions, an additional tax of 50% of the current car-
bon price is imposed on net-negative CO2 emissions,
i.e. on the share of CDR that exceeds the remaining
emissions. This deduction of the revenues accounts
for climate damages due to the associated temper-
ature overshoot and governance and finance risks
of net-negative CO2 emissions. In line with earlier

studies using the REMIND-MAgPIE IAM frame-
work, impacts of climate change, such as impacts on
crop yields or labor productivity, are not accounted
for (Popp et al 2017, Bertram et al 2018). However,
we are looking here at ambitious transformation
pathways towards 1.5 ◦C, which are expected to
limit climate change impacts to moderate levels. It
has been shown that accounting for climate change
impacts in a 2 ◦C compatible scenario would cre-
ate an additional terrestrial carbon sink at the global
level, while afforestation pattern would only slightly
change (Humpenöder et al 2015).

We analyze six scenarios with different CDR avail-
abilities: one scenario including all CDR options (full
portfolio), four scenarios including each one option
only (BECCS only, DACCS only, AR only, EW only),
and one scenario with only minimal amounts of
CDR from current policies and industry BECCS (min
CDR). As biomass may be used in the industry sec-
tor, allowing for industry CCS leads to 33 Gt CO2

of industry BECCS cumulatively in the 21st century.
All scenarios follow current trends in socio-economic
development (SSP2) and allow for fossil and industry
CCS, and AR already planned under current policies
which leads to 17 Gt CO2 removed cumulatively in
the 21st century. All scenarios assume current policies
until 2020. In 2025, all regions introduce a carbon
price on all sectors, but at different levels reflecting
their different abilities to pay (figure S13). The carbon
prices in all regions increase and converge to a uni-
form level in 2045, which is held constant thereafter.
The carbon prices are adapted to limit global cumu-
lative CO2 emissions to a peak budget (Rogelj et al
2019a, 2019b) of 920 Gt CO2 from 2011 onwards (i.e.
around 650 Gt CO2 from 2018 onwards) (Rogelj et al
2018). This leads to emission trajectories consistent
with at least a 50% chance of low overshoot (<0.1 ◦C)
of 1.5 ◦C. Scenarios where a constant carbon price
after 2045 is sufficient to obtain net-negative emis-
sions in the second half of the century (i.e. full portfo-
lio andBECCS only) also have at least a 50% chance of
limiting global mean temperature increase to 1.5 ◦C
by the end of the century. In the SI we also ana-
lyze scenarios that follow more sustainable socio-
economic trends (SSP1) and scenarios with global
cumulative CO2 emissions of 1320 Gt CO2 from
2011 onwards (i.e. 1050 from 2018 onwards) that
are consistent with a 67% chance of limiting global
mean temperature increase to 2 ◦C by the end of the
century.

3. Results

3.1. Achieving carbon neutrality
Due to the choice of a peak CO2 budget con-
straint, all scenarios achieve about the same peak tem-
perature, but differ in their post-peak temperature
developments. The varying CDR availability leads to
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Figure 1. (A) CDR deployment, (B) net CO2 emissions (incl. international bunkers), (C) carbon price, and (D) global mean
temperature increase (calculated using the MAGICC model (Meinshausen et al 2011), see SI for more details) for the full
portfolio (black), BECCS only (light green), DACCS only (blue), AR only (dark green), EW only (orange), and min CDR (gray)
scenarios. The red circles and bars show the median and the interquartile range of the SR1.5 1.5 ◦C scenarios with low overshoot.

large differences in carbon price trajectories required
tomeet the peak budget constraint which induces dif-
ferences in CO2 emissions profiles (figure 1). Not-
ably, the time of reaching global carbon neutrality is
pushed back from 2050 to 2070 between the full port-
folio andmin CDR case, highlighting the fact that the
availability of CDR allows to reach net zero targets
earlier. In cases with more limited CDR availability,
near-term CO2 emissions until 2030 drop faster and
long-term CO2 emissions stay around net zero in the
second half of the century. This leads to almost stable
global mean temperatures, as opposed to scenarios
with BECCS or full CDR availability, where global
mean temperatures decline after the peak due to net-
negative emissions in the second half of the century
and come closer to a 67% probability of staying below
1.5 ◦C in 2100 (Figure 1(D)).

The amount and timing of CDR deployment
differs between the options (figure 1(A)). AR
contributes less than 1 Gt CO2 yr−1 removal,
indicating a very limited potential for additional AR
beyond current plans in our scenarios based on cur-
rent socio-economic trends (SSP2). The potential
for AR critically depends on land availability, which
is limited given the assumption that current trends
for the development of socio-economic drivers as
population and lifestyles are sustained, resulting in
increasing food demand until around 2050 (SSP2)
(Fricko et al 2017, O’Neill et al 2017, Riahi et al 2017,
Bodirsky et al 2020). Lower population growth and
more sustainable lifestyles could increase the poten-
tial for AR (SSP1, Van Vuuren et al 2017, figure S9(a)
in SI). DACCS is only limited by energy and CCS
availability and has therefore the highest theoretical
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Figure 2. (A) Relative reduction of net CO2 emissions (incl. international bunkers) in 2050 with respect to 2020, disaggregated
into mitigation of gross emissions (grey) and offsets via AR (dark green), EW (orange), DACCS (blue), and BECCS (light green).
(B) Early (until 2050, blue) and late (2050–2100, green) cumulative CDR, with the light green area representing the net-negative
part of late CDR.

potential. Due to the high costs, however, deployment
starts the latest and the theoretical potential is never
fully exploited. Bioenergy supply is the main limiting
factor for BECCS, but it is still the option deployed at
largest scale (10Gt CO2 yr−1). EW reaches only about
half the maximum deployment of BECCS, but can be
ramped up quickly. The full portfolio scenario shows
the most CDR deployment, though far less than the
sum of all options. This is due to the lower carbon
price, which would reduce deployment of all options,
but also due to the competition for land and carbon
storage between the options.

Both the min CDR and the AR only scenarios
reduce gross CO2 emissions faster and to lower 2050
levels than all other scenarios, by 86% and 85%,
respectively (figures 2(A) and S11). Yet since there is
not much CDR available to offset remaining emis-
sions, the reductions in net CO2 emissions in 2050
are lower and therefore the net emissions are higher
than in the other scenarios. Carbon neutrality in 2050
is only achieved in our scenarios, if BECCS is avail-
able, i.e. a cost competitive CDR option with suffi-
cient potential. Gross emissions are reduced by 74%
and 78% in the full portfolio and BECCS only scen-
ario, respectively. The remaining emissions are com-
pensated, with BECCS being the largest CDR con-
tribution in the full portfolio scenario. Higher CDR
availability thus takes pressure off emission reduc-
tions, but leads to lower levels of net CO2 in 2050.
Note that the largest share of CDR is deployed in
the second half of the century (figure 2(B)). About
7% and 14% of cumulative CDR is used for net-
negative emissions in the full portfolio and the
BECCS only scenarios, respectively, while there are
no net-negative emissions in the other scenarios. This
share of CDR is not needed for climate stabilization

but leads to further declining global mean temperat-
ure. Though this may be beneficial in terms of climate
damages, these benefits would have to be weighed
carefully against the potential side-effects of CDR.

3.2. Impacts on climate change mitigation
challenges
We find that the availability of CDR strongly affects
the mitigation challenges of ambitious climate pro-
tection scenarios (Luderer et al 2013, Stler et al
2018b). We look at two indicators for mitigation
challenges: average annual CO2 emission reduction
rates between 2020 and 2050 as an indicator for
transitional challenges, and cumulative discounted
GDP loss (with respect to a scenario with contin-
ued current policies, discount rate 5%) as an indic-
ator for overall economic efficiency. In our scen-
arios, transitional challenges are reduced by up to
35% (figure 3(A)) with respect to a scenario with only
minimal CDR. The ability of CDR options to reduce
climate change mitigation challenges depends on the
two factors of costs andpotential. Costs need to be low
enough to make deployment economic in the next
decades. DACCS has the highest costs with a large
fraction expended on energy, followed by high costs
for EW, intermediate costs for BECCS and low costs
for AR. Potential needs to be high enough to have a
significant impact on the climate. DACCS andBECCS
have the highest potentials, followed by intermediate
EWand lowARpotentials. The lowARpotential leads
to negligible reductions of transitional challenges in
the AR only scenario. The reduction of transitional
challenges of the other three options are ranked by
their costs, with the cheapest option BECCS having
the highest reductions. This implies that having CDR
available at sufficient potential is more important to
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Figure 3. Indicators for economic challenges. (A) Indicator for transitional costs: average annual gross CO2 emission reduction
rate 2020–2050. (B) Indicator for overall economic efficiency: Cumulative discounted GDP losses 2020–2100 with respect to a
scenario with continued current policies (discount rate 5%).

reduce transitional challenges than the exact choice of
technology. However, CDR costs still have a consid-
erable effect, with a combination of several options
being economically most beneficial. The picture for
economic efficiency looks very similar (figure 3(B)).
Changes in socio-economic assumptions that make
emission reduction easier (SSP1) or a less stringent
climate target can reduce the reliance on CDR and
therefore the difference between options (figure S10).

3.3. Regional deployment
The different regional potentials of the four options
lead to quite different regional distributions of
emission reduction efforts (figure 4) and CDR
deployments by 2050 (figure 5). We compare the
regional net CO2 emissions to the amount of regional
emissions allowances that would result from two
commonly used equity measures for emission reduc-
tions (Robiou Du Pont et al 2016, 2017): Capab-
ility (high mitigation for countries with high GDP
per capita) and equal per capita, where every per-
son would be allowed the same amount of emissions
in that year (figure 4). In the min CDR scenario,
emissions in Asia and Latin America are slightly and
in Sub-Saharan Africa significantly lower than emis-
sions allowances under equity considerations, while
emissions are higher in OECD countries, Reform-
ing Economies, and Middle East and North Africa
(see SI for definitions of native model regions and
region mapping). This is due to the assumptions
of a global policy framework with globally uni-
form carbon prices. Regionally differentiated carbon
prices could change the distribution of emissions and
the scale and pattern of carbon removals regard-
ing technology and region (Bauer et al 2020). The

picture looks similar in the AR only scenario, while
the EW only scenario even increases this imbalance.
In this scenario, Latin America is the only region
with large net-negative emissions already in 2050.
The DACCS only, BECCS only, and full portfolio
scenarios turns things around, with the OECD and
Reforming Economies reducing their emissions more
instead of less than their fair share. Latin America and
Sub-Saharan Africa contribute more than their fair
share in all scenarios, except for the full portfolio and
BECCS only scenarios for Sub-Saharan Africa. Across
all regions, the distribution of net emissions appears
most balanced in the full portfolio scenario. In this
case, all regions have enough CDR potential to offset
or even overcompensate their residual emissions, i.e.
net CO2 emissions are close to zero in all regions.

CDR deployment is distributed differently across
regions depending on the available options (figure 5).
We compare regional CDR deployment in our scen-
arios to the distribution of global CDR according to
three equity measures based on Pozo et al (2020):
responsibility (based on cumulative emissions since
1850), capability (based on GDP per capita), and
equality (equal per capita CDR). We see a strong
regional concentration of CDR deployment if either
only AR or only EW is available.

AR shows significant potential only in Latin
America. This result is due the exclusion of the boreal
zone (north of 50◦ N) for AR (see SI), the higher
potential carbon sequestration in the tropical zone
as compared to the temperate zone (Humpenöder
et al 2014), and land availability, which in turn
depends on a variety of socio-economic factors such
as population, income and the share of animal-based
protein in human diets (Popp et al 2017). Land
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Figure 4. Regional net CO2 emissions in 2050 (excluding international bunkers). Blue bars show the net emissions from the
scenarios, the black letters indicate net emissions resulting from two different equity measures based on capability (C) and equity
(E) (Robiou Du Pont et al 2017).

availability is the limiting factor for AR in Sub-
Saharan Africa and Asia because the available land is
largely needed to fulfill the increasing food demand,
in particular livestock products, of a rising popula-
tion. Similarly, EW potential is concentrated in the
tropical regions of Latin America and Asia, with some
potential also in OECD countries and Sub-Saharan
Africa. This is due to faster weathering rates in warm
and humid regions and thus higher carbon sequest-
ration potential per area.

The picture looks very different for theCCS-based
options DACCS and BECCS. Both technologies are
deployed in all regions.WhileDACCS can in principle
be used all over the world, regions with large storage

capacities, high renewable energy potential, and sub-
ject to restrictions such as limited bioenergy poten-
tials like the Reforming Economies and Middle East
and North Africa, but also OECD countries, have the
highest incentives for deployment. With DACCS and
BECCS, the OECD countries, Reforming Economies,
andMiddle East and North Africa come closest to the
shares defined by the equity measures. The DACCS
only scenario is the only one where the OECD and
Middle East &North Africa come at least close to con-
tributing CDR shares based on responsibility. When
looking at responsibility and capability, the most bal-
anced picture emerges in the DACCS only scenario.
When looking at equity, the AR only seems to be the

7
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Figure 5. Regional CDR in 2050. Blue bars show CDR deployment in the scenarios, the black letters indicate CDR contributions
resulting from three different equity measures based on responsibility (R), capability (C) and equity (E) (Pozo et al 2020).

most balanced, but this is mainly due to the low over-
all potential in our scenarios.

4. Discussion and conclusion

Carbon neutrality can only be achieved when CO2

emissions are reduced substantially, but CDR is still
vital. Sufficient CDR availability can at the same time
take some pressure off emission reductions, and lead
to lower levels of net CO2, which makes carbon neut-
rality in 2050 achievable. Higher CDR availability
leads to earlier carbon neutrality. Our results show
that sufficient early CDRavailability (∼5GtCO2 yr−1

by 2050) can reduce the transitional as well as long-
term economic costs of achieving the 1.5 ◦C target

by about one third, even when the target is formu-
lated as a constraint on peak warming. The choice of
CDR option only affects mitigation challenges to the
extent it leads to different near- tomedium termCDR
potential and costs. An end-of-century target would
likely increase the value of CDR and could lead to
more differentiated results with respect to the various
CDR options, but would also lead to different levels
of temperature overshoot.

CDR deployment shifts regionally depending on
which option is available. Latin America is almost
solely responsible for CDR deployment if only AR
is available. Latin America and Asia deploy the most
EW in absolute numbers, leading to a much higher
emission reduction effort in these regions than in the

8



Environ. Res. Lett. 16 (2021) 074021 J Strefler et al

min CDR scenario and the equity schemes, and to
large net-negative emissions already in 2050 in Latin
America. BECCS andDACCS are not as concentrated,
but BECCS is still disproportionally deployed in Latin
America, leading to large net-negative emissions in
this region and also in the OECD already in 2050.
From the four CDRoptions considered, DACCS is the
most evenly distributed. On the one hand, a regional
concentration could lead to higher social and envir-
onmental concerns in the affected regions due to
possible negative side-effects. For AR these concerns
relate mainly to the amount of land needed and the
resulting effect on food prices. BECCS faces similar
land competition challenges andmight enhancewater
scarcity and nitrogen pollution. However, as bioen-
ergy can be traded across regions, the side-effects
due to bioenergy production may occur in regions
other than those who deploy BECCS (figure S5 in SI).
For DACCS the main issue is the additional energy
demand. EW might lead to health problems due to
fine dust and requires mining and transport of large
amounts of stones and possibly large amounts of
water to create a slurry.

On the other hand, a well-functioning inter-
national emission permit trade could lead to high
financial transfers and therefore economic bene-
fits for these regions. However, these large inter-
national transfers would require strong interna-
tional institutions, leading to additional challenges
for CDRdeployment. As the regional concentration is
strongest if only AR or only EW is available, the tech-
nologically simplest options have the highest chal-
lenges in terms of international institutions. To some
extent, these institutional challenges also apply to
BECCS, as the net-negative emissions in Latin Amer-
ica in 2050 could also lead to high financial transfers.
If there was no international emission permit trade, a
regional distribution of net emissions as in the BECCS
only scenario with substantial net-negative emissions
in 2050 in the OECD could also reduce challenges in
international negotiations, as the OECD would then
carry a larger share of the emission reductions, bene-
fiting regions like Asia and Sub-Saharan Africa.

Monitoring and verification are additional chal-
lenges that are likely to be higher for AR and EW,
as here carbon sequestration potentials are hard to
measure and the carbon storage in forests is subject
to issues of storage permanency due to fire, degrad-
ation or deforestation. Beside the institutional chal-
lenges it is also at least questionable whether it would
be ethically acceptable if some regions compensate
the excess emissions of others, especially if the com-
pensating regions have lower incomes and/or lower
historic emissions. These concerns can be alleviated
when different CDR options are available. In our
study, the full portfolio scenario is the most balanced
from a regional perspective. This indicates, that dif-
ferent CDR options should be developed such that

all regions can contribute according to their regional
potentials.

However, CDR needs to be financed. An obvious
sourcewould be the revenues gained from carbon pri-
cing. Yet carbon revenues are also important tomitig-
ate regressive distributional effects from carbon pri-
cing and for investments into infrastructure or low-
carbon technology development. CDR reduces these
revenues in two ways: First, higher CDR availability
reduces the carbon price, and second a larger share of
these revenues is needed to finance CDR. Scenarios
with less CDR have higher carbon prices, but also
more carbon revenues available to mitigate the eco-
nomic and social impacts. Carbon neutrality implies
that all carbon revenues are needed to finance CDR, if
CDR is rewarded at the carbon price. However, gov-
ernments could also aim to reduce the rents of CDR
suppliers and reward CDR with prices that are closer
to the actual costs.

With this study, we provided a diagnosis of the
economic and temporal and regional distributional
effects of different CDR options and the resulting
challenges. We included an exemplary set of CDR
options and showed how the results depend on their
total and regional potential and costs. However, we
assume a first best solution with global uniform
carbon prices and no market failures. Global and
regional CDR deployment could look very different
in reality depending on regional policies, e.g. differen-
tiated timing and level of carbon pricing (Bauer et al
2020), or public acceptance, e.g. of CCS. In particular,
the deployment of the land-demanding CDR options
BECCS and AR strongly depends on socio-economic
factors, which influence the availability of land (e.g.
population, income and human diets).

For CDR to emerge at all, policy makers would
have to set strong incentives that lead to an eco-
nomic viability of these technologies. As a prerequis-
ite, policy makers would have to establish public
acceptance, monitoring and verification, and provide
the necessary infrastructure e.g. for CCS. A deeper
analysis of the institutional challenges and possibly
resulting limitations or facilitation of different CDR
options and an analysis of other CDR options such
as soil carbon sequestration or biochar would be
the next step. Further research is necessary to integ-
rate these insights into short- and long-term cli-
mate policies. Our results indicate that the temporal
and regional profiles and the corresponding political,
social and institutional challenges of different CDR
options need to be taken into account when evaluat-
ing these options.
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Code availability

REMIND is open source and available on Git-
Hub. The model version used in this study is 2.1.1,
which can be downloaded at https://github.com/
remindmodel/remind/releases/tag/v2.1.1. MAgPIE is
open source and available on GitHub. Themodel ver-
sion used in this study is 4.2.1, which can be down-
loaded at https://github.com/magpiemodel/magpie/
releases/tag/v4.2.1. Documentation can be found at
https://rse.pik-potsdam.de/doc/magpie/4.2.1/
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