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The 6th Assessment Report from the Intergovernmental Panel on Climate Change lacked sufficient
land-sector scenario information to estimate total carbon dioxide removal deployment. Here, using a
dataset of land-based carbon dioxide removal based on the scenarios assessed by the
Intergovernmental Panel on Climate Change, we show that removals via afforestation and
reforestation play a critical near-term role inmitigation, accounting for around 10% (median) of the net
greenhouse gas emission reductions between 2020 and 2030 in scenarios that limit warming to 1.5 °C
with limited overshoot. Novel carbon dioxide removal technologies such as direct air carbon capture
and storage scale to multi-gigatonne levels by 2050 and beyond to balance residual emissions and
draw downwarming.We show that reducing fossil fuel and deforestation emissions (gross emissions)
accounts for over 80% of net greenhouse gas reductions until global net zero carbon dioxide (CO2)
independent of climate objective stringency. We explore the regional distributions of gross emissions
and total carbon dioxide removal in cost-effectivemitigation pathways and highlight the importance of
incorporating fairness and broader sustainability considerations in future assessments of mitigation
pathways with carbon dioxide removal.

The Intergovernmental Panel on Climate Change (IPCC) assesses Inte-
gratedAssessmentModel (IAM) scenarios to explore differentways tomeet
global climate targets and inform international and national climate policy
processes1. Climate changemitigation is achieved throughdeep cuts in gross
carbon dioxide (CO2) and non-CO2 emissions as well as different methods
of carbon dioxide removal (CDR) depending on assumptions of the avail-
ability, cost, and feasibility of different mitigation options2,3. However, the
IPCC’s 6th Assessment Report (AR6) did not provide a complete assess-
ment of total CDR deployment, and consequently, residual CO2 and
greenhouse gas (GHG) emissions in the assessed scenarios. This was
because the underlying modelling frameworks either used different
reporting methodologies for land CDR (removals via afforestation and
reforestation) or did not separate gross emissions and removals in the land
sector4. Scientific publications that analyse removals based on the AR6
scenarios either omit scenarios that do not report land removals5 (without
accounting for differences in reporting methodologies) or use net-negative
CO2 emissions from the agriculture, forestry, and land-use (AFOLU) sector

as a proxy for land-based removals6 (ignoring current removals and near-
term land sector dynamics). This creates a fundamental data and knowledge
gap, as a comprehensive understanding of the mitigation solution space
requires information on both gross emissions reductions and total removals
to evaluate the relevant contributions and trade-offs of different mitigation
options.

Here, we close this gap by providing a comprehensive global and
regional assessment of total CDR in mitigation scenarios using a novel
dataset of land-based carbon fluxes7 derived from the AR6 scenario
database8.We evaluate the roles of gross emission cuts and resulting residual
emissions as well as total CDR across three categories of pathways assessed
by the IPCC - C1 (limit warming to 1.5 °C (>50%) with limited overshoot),
C2 (return warming to 1.5 °C (>50%) after a high overshoot) and C3 (limit
warming to 2 °C (>67%)) pathways (see Methods for definitions). We
further evaluate the components of total CDR across two categories -
conventional CDR on land (methods that provide CDR at scale today,
capturing and storing carbon in the land biosphere – currently estimated to
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contribute around 2 Gt CO2 of removals per year7) and novel CDR (pro-
posed methods not used at scale today that store captured carbon in geo-
logical formations, the ocean, or products – the methods include bioenergy
with carbon capture and storage, or BECCS, direct air carbon capture and
storage, or DACCS, and enhanced weathering – currently estimated to
contribute around 2 Mt CO2 of removals per year9,10.

Results and discussion
Global mitigation assessment
We assess the difference in GHG emission reduction rates over different
time frames across the three IPCCcategories of pathways (Table 1). In1.5 °C
pathways with limited overshoot (C1),most of themitigation between 2020
and 2030 (Fig. 1a) is achieved by reducing grossCO2 emissions (70% [64, 77
interquartile range]) and cutting non-CO2 emissions (20% [16, 24]). This is
accompanied by a smaller, yet important, contribution from pursuing
sustainable land-use strategies through halting deforestation and expanding
conventional CDR on land (accounting for 10% [5, 14] of net GHG
reductions), nearly doubling the volume of CDR in this decade (Table 1).
Across most C1 scenarios, novel CDRmethods scale up by mid-century to
support the achievement of net zeroCO2, increasing to levels of around 4Gt
CO2 [2, 6] by 2050. Between 2020 and global net zero CO2, gross CO2

reductions account for 71% [66, 74] of the net GHG reductions in C1

pathways with CDR contributing a much smaller amount (15% [12, 21]).
These patterns (dominant reductions in gross CO2 emissions and alter-
nating importance of non-CO2 reductions and CDR) are similar in C2 and
C3 pathways (Supplementary Fig. 1 and Supplementary Table 1) but with
slower near-term net GHG reductions (Table 1). Across all the scenarios, at
the year of global net zeroCO2,we estimate a gross greenhouse gas emission
level of 18 [16, 21] Gt CO2eq/yr (Fig. 1c), which is largely consistent with an
alternate estimation approach adopted by ref. 11, who estimate a residual
emission level of 16 [12, 26] Gt CO2eq/yr across these three categories of
pathways.

Across all the categories of pathways, over 80% of the net GHG
reductions between 2020 and global net zero CO2 are achieved by cuts in
gross CO2 and non-CO2 emissions (Fig. 1c). This indicates that less stringent
climate objectives do not imply a fundamental change in the scale of gross
CO2 reductions necessary, but merely shift this over time, raising questions
of intergenerational fairness. In other words, overall mitigation effort is
similar across different temperature categories, while climate impacts and
related adaptation needs increase in line with additional warming.

Delaying mitigation action impacts the volume and composition of
CDR until global net zero CO2 (Fig. 1d, e). We conceptualise delay across
two dimensions - the time to halve net CO2 emissions and the number of
years until global net zero CO2 is achieved. We find that the amount of

Table 1 | Key global benchmarks in assessed mitigation pathways

IPCC category Variable Level [Gt CO2e/yr]

2020 2030 2035 2050 2100

C1
(n = 70)

Net GHG
(direct)

53.4
[55.2, 52.6]

28.9
[32.4, 26.0]

21.1
[24.2, 18.5]

7.2
[8.7, 5.3]

1.7
[7.6, −5.9]

Gross CO2

(direct)
41.8
[43.7, 40.0)

24.5
[26.2, 21.1]

18.1
[20.6, 16.1]

8.3
[10.1, 7.5]

5.5
[11.7, 3.9]

Non-CO2 14.8
[15.2, 14.0]

9.8
[10.8, 9.3]

9.0
[9.9, 8.4]

7.6
[8.9, 6.7]

6.6
[7.6, 5.3]

CDR
(direct)

2.5
[2.5, 2.5]

5.1
[5.7, 3.9]

6.1
[7.1, 4.9]

9.3
[11.5, 7.6]

11.8
[17.1, 9.5]

Novel CDR 0
[0, 0]

0.3
[0.6, 0.1]

1
[1.7, 0.3]

3.8
[5.7, 1.8]

7.7
[12.6, 5.7]

Conventional CDR
on land

2.5
[2.5, 2.5]

4
[5.1, 3.4]

4.8
[5.6, 3.9]

5.4
[6.3, 3.6]

3.6
[4.6, 2.2]

C2
(n = 102)

Net GHG
(direct)

55.2
[55.7, 53.4]

41.5
[49.0, 36.0]

31.4
[36.4, 27.9]

12.8
[15.5, 9.0)

−5.5
[−2.7, −8.0]

Gross CO2

(direct)
43.3
[43.9, 41.5]

33.5
[39.2, 28.4]

26.2
[29.3, 22.5]

12.6
[16.1, 10.7]

5.3
[7.9, 4.0]

Non-CO2 14.3
[15.2, 13.8]

11.8
[13.4, 10.6]

10.0
[11.0, 9.4]

8.2
[9.1, 7.7]

6.0
[7.1, 4.9]

CDR
(direct)

2.5
[2.5, 2.5]

3.2
[4.1, 2.8]

4.5
[5.6, 3.5]

8.1
[10.5, 6.5]

17.6
[19.9, 13.9]

Novel CDR 0
[0,0]

0.1
[0.2, 0]

0.3
[0.6, 0.1]

3.5
[5.8, 1.2]

13
[15.8, 10.3]

Conventional CDR
on land

2.5
[2.5, 2.5]

3.1
[3.8, 2.7]

4
[4.5, 3.1]

5.2
[5.7, 3.7]

3.5
[5.1, 2.4]

C3
(n = 229)

Net GHG
(direct)

53.5
[55.5, 52.5]

43.1
[49.1, 37.9]

34.5
[37.6, 29.5]

18.5
[21.1, 14.1]

3.8
[8.1, −2.1]

Gross CO2

(direct)
42.1
[43.7, 40.0]

34.0
[39.3, 30.8]

28.1
[30.3, 24.8]

16.2
[18.3, 13.8]

8.7
[12.7, 6.8]

Non-CO2 14.8
[15.3, 14.0]

12.2
[13.2, 11.0]

10.5
[11.4, 9.3]

8.6
[9.1, 7.2]

6.8
[7.7, 5.4]

CDR
(direct)

2.5
[2.5, 2.5]

3.2
[4.7, 2.7]

4.1
[5.5, 3.2]

6.3
[9.4, 5.5]

13.5
[17.4, 10.1]

Novel CDR 0
[0, 0]

0
[0.2, 0]

0.2
[0.6, 0.1]

2
[3.6, 0.8]

9.7
[13.9, 6.3]

Conventional CDR
on land

2.5
[2.5, 2.5]

3.2
[4.5, 2.5]

3.6
[5, 2.5]

4
[5.5, 2.7]

3.4
[4.7, 2.2]

Note that we use the modelled 2020 values from the scenarios. We report the median and the interquartile range across the scenarios.
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conventional CDR on land is largely consistent across different timings of
delayed emissions reductions, implying that scenarios utilise land-based
CDR regardless of the delay of emissions reductions elsewhere. Conversely,
we observe a strong signal both in the median and extreme values in the
amount of novel CDR utilised in scenarios which have longer net emission
halving times, showing scenarios’ dependence on future, unproven CDR
technologies when net emissions reductions are delayed. Delaying the time
of net zeroCO2 results in an increase in the total CDRdeployed till this year;
for scenarios with a net zero timing by mid-century, the total volume of
CDRdeployed is 166GtCO2 [149, 193], increasing to 251GtCO2 [203, 320]

and 445Gt CO2 [345, 524] respectively for scenarios with a net zero timings
between 2050 and 2075, and later than 2075. Conventional CDR on land
tends to increase faster in scenarios with net zero CO2 timing between 2050
and 2075 (Fig. 1d) while novel CDR increases faster in scenarios with net
zeroCO2 timing between 2075 and 2100 (Fig. 1e). This reflects the lead time
necessary to scale up novel removals, which are still at a nascent stage of
development12. These options are expected to require both time and
investment to ramp up deployment and become a cost-effective part of a
mitigation portfolio13. The contributing factors to high costs vary across the
novel carbon removal options represented in IAMs, e.g., due to capital and

Fig. 1 | Global characteristics of gross emission reductions and total carbon
dioxide removal (CDR) in deep mitigation pathways. a Contributions of gross
CO2 reductions, total CDR (direct – see Methods for definition) and non-CO2

reductions to overall kyoto greenhouse gas emission reductions in C1 (limited
overshoot 1.5 °C) pathways. b Distribution of median warming outcomes
according to different dimensions of delayed mitigation. Scenarios are binned
according to the number of years until global net zero CO2 starting from 2020, as

well as the year when net CO2 emissions (direct) are halved from 2020 levels.
c Contributions to net GHG reductions until the year of net zero CO2 across the
C1, C2, and C3 categories of pathways. d Cumulative land (direct) and (e) novel
CDR between 2020 and net zero CO2. f Cumulative CDR between net zero CO2

and 2100 versus cumulative residual CO2 emissions over the same period. In
panel b, d, e, the box represents the interquartile range (25–75th percentile) and
the whiskers represent the range.
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operating expenditures for DACCS or mining and transportation costs for
enhanced weathering. Conventional removals on land, on the other hand,
are currently deployed at scale and have a higher a near-term cost-effective
mitigation potential when compared to novel carbon removal options, with
a likely lower potential in the future given land competition and storage
permanence risks caused by future climate change. Novel removal options
may provide more cost-effective CDR in the longer term with lower per-
manence concerns compared to conventional removals on land4.

Beyond global net zero CO2, CDR is the dominant mitigation option
used in scenarios. CDR volumes are over 3 times higher than the 2020 levels
in C1 pathways and over 6 and 4 times higher in C2 and C3 pathways by
2100 (Table 1).We tease out the effect of two factors influencing the volume
of deployed CDR, drawing on previous research5,6 - the cumulative residual
CO2 emissions that need to be balanced to stabilise warming (see identity
line in Fig. 1f) and the desired post-peak cooling. The latter is influenced by
the residual non-CO2 emissions. In the assessed C1 scenarios, 55% [44, 91]
(in volume terms, 342 Gt CO2 [245, 426]) of the total CDR deployed over
this timeframe is to balance residual gross CO2 emissions. The corre-
sponding values for C2 scenarios are somewhat lower at 50% [40, 60] (in
volume terms, 298 Gt CO2 [236, 384]) linked to a greater demand for CDR
to reverse temperature overshoot in C2 pathways when compared to C1
pathways - higher volumes of CDR are deployed in C2 pathways to reverse
warming (309 Gt CO2 [221, 424]) when compared to the C1 pathways (184
GtCO2 [26, 418]). In terms of composition, novel CDRaccounts for around
two thirds of total CDR between net zero CO2 and 2100 (66% [58, 79])
across all pathways with similar ranges for each category of pathway.

Regional mitigation assessment
The composition of CDR and gross emission reductions vary across world
regions depending on the cost-effective allocations in each scenario we
assess, and we find some consistent regional observations and trends across

scenarios (Supplementary Table 2). We first focus on the regional gross
GHG and CDR characteristics pre- and post-net-zero-CO2 (Fig. 2a, b).
Between 2020 and global net zero CO2, the Asia region has the highest
cumulative gross GHG emissions (410 [351, 443] Gt CO2eq across the C1
pathways) as well as cumulative CDR (66 [53, 100] Gt CO2 across the C1
pathways) across all three categories of the pathwayswe assess (Fig. 2a). The
OECD and EU region (see Methods) consistently has the second highest
contribution across the three pathway categories (225 [205, 253] Gt CO2eq
across the C1 pathways). However, the relative composition of cumulative
gross GHG emissions shows pronounced variation across the regions,
especially for the Latin America and the Middle East and Africa regions.
While theAsia,OECDandEU, andReforming Economies regions typically
have a 70/30% (median) split between gross CO2 and non-CO2 emissions,
the Latin America andMiddle East and Africa regions have a split closer to
60/40%(median) across theC1pathways.This is drivenby the relatively low
gross CO2 emissions and the relatively high (and growing) shares of
methane (CH4) and nitrous oxide (N2O) in the emissions profile of these
regions (Supplementary Fig. 3a, b). For the Latin America region, this is
largely driven by CH4 and N2O emissions in the AFOLU sector, while the
Middle East and Africa region also has CH4 contributions from the energy
sector, reflecting the diverse energy systems within this macro region
(Supplementary Fig. 3c, d).

Beyond global net zero CO2, we observe that the Middle East and
Africa region replaces the OECD and EU regions as the second highest
source of gross emissions (160 [121, 190] Gt CO2e across the C1 pathways),
which is marginally higher than the region’s corresponding gross emissions
between 2020 and net zero CO2 (156 [128, 176] Gt CO2e across the C1
pathways). The Asia region contributes the highest quantity of gross
emissions (255 [203, 328] across the C1 pathways). These are the two
regions typically have positive net emissions across the three categories of
pathways (Fig. 2b), while the Latin America region is the only region which

Fig. 2 | Regional assessment of gross emissions and carbon dioxide
removal (CDR). a Cumulative gross emissions (CO2 and non-CO2) and carbon
dioxide removal between 2020 and global net zero CO2, b As in panel a, between
global net zero CO2 and 2100, cCumulative regional novel CDR deployment across
different levels of global bioenergy demand at the year of global net zero CO2, dAs in
panel c, for conventional CDR on land. A level of 100 EJ/yr has been discussed in the

literature as a limit beyond which there are high sustainability concerns13. The
number of scenarios in each group are indicated in square brackets in the legend. In
panels a and b, the error bar represents the interquartile range (25–75th percentile).
In panels c and d, the box represents the interquartile range (25–75th percentile) and
the whiskers represent the range.
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typically contributes net negative GHG emissions (median). For the Latin
America region, the cumulative CDR after net zero CO2 is typically a
roughly even split between conventional and novel CDR (the share of
conventional CDR is 49% [38, 56], 41% [29, 49], 45% [32, 57] inC1, C2, and
C3 pathways respectively). Cost-effective allocations reflect approaches
which find the lowest cost deployment of mitigation options across regions
which often differ markedly from the responsibility for deploying the
resources to support this mitigation accounting for foundational principles
of the Paris Agreement, including the principle of equity and common but
differentiated responsibilities and respective capabilities14,15.

We now turn our focus to the time varying role of different mitigation
levers across the assessed regions. For the Asia region, we note a dominant
contribution (median of around 80%) from gross CO2 emission reductions
across all three time periods in the C1 pathways with the rest largely coming
from non-CO2 reductions followed by CDR. However, in C2 and C3
pathways where there is slower global near-term action, CDR plays a larger
role beyond 2050, accounting for over 20% (median) of the regional net
GHG reductions. For the OECD and EU region we find similar patterns
between 2020 and 2030 and onwards to 2050; however, after this 2050
removals play a much larger role in net GHG reductions across each cate-
gory of pathways accounting for a median of around 43%, 48%, 35%
respectively across the C1, C2 and C3 pathways. For the Latin America
region, our analysis indicates that relatively high shares of GHG reduction
(compared to other regions) aremet through CDR between 2020 and 2030,
with this role growing in each time frame thereafter. In C1 pathways, CDR
accounts for 18% [14, 28.5] of regional GHG cuts between 2020 and 2030,
and 32% [22, 42] and 79.5% [49, 136] between 2030 and 2050, and 2050 and
2100 respectively. A value greater than 100% for the 75th percentile in the
latter estimate indicates that one (or both) of the other two components
(gross CO2 or non-CO2 emissions) are growing in this period and hence
have a negative contribution.

Broader sustainability concerns will play a role in constraining the
role of CDR beyond the influence of regional costs and potentials. We
provide an illustrative example using the case of the novel carbon
removal option, bioenergy with carbon capture and storage (BECCS),
where some of the sustainability concerns include competition for land,
impact on food prices, and impacts on biodiversity, among others12.
Scenarios with lower levels of global bioenergy demand at net zero CO2

(see Methods) tend to show a slight increase in deployment of conven-
tional CDR on land across all world regions, with a marked decrease in
the deployment of novel CDR between 2020 and global net zero CO2

(Fig. 2c, d). However, there is a relatively weak correlation between the
global bioenergy demand at net zero CO2 and the cumulative total CDR
deployed (Supplementary Fig. 2a) especially for bioenergy demand
beyond 100 EJ (which we use as a sustainable threshold – see methods),
consistent with the wide range of regional outcomes in Fig. 2c, d. One
reason for this observation is because IAMs assume increasing crop
yields for second-generation biofuel crops, which reduces the necessary
agricultural area for their production per unit of CO2 captured16. In
principle, this means a given quantity of removals via BECCS can be
consistent with different levels of bioenergy demand.

Large-scale deployment of conventional CDR on land is associated
with a different set of concerns, including the impact on local livelihoods13

and the potential effects of climate-related feedbacks on the integrity of the
sinks. Novel carbon removal options like DACCS raise concerns over their
energy demand (and potential emissions associated with this), and
enhanced weathering raises concerns over potential habitat destruction and
water consumption, in addition to concerns over energy demand17. Dif-
ferent options are also at varying levels of technological readiness and
associated with different co-benefits17,18. This points to the need for a
balanced portfolio approach to CDR deployment in mitigation pathways.
As a new generation of mitigation pathways incorporate more novel CDR
options3,19–22, future scenario-based assessments should aim for a more
comprehensive sweep of regional equity and sustainability implications of
large-scale CDR deployment23.

Conclusion
In this paper, we have provided the first comprehensive assessment of gross
reductions and CDR in the AR6 mitigation scenarios using a dataset that
separates net emissions in the land-use sector into its components.We show
that over 80%of thenetGHGcutsbetween2020 andglobal net zeroCO2are
achieved via deep cuts in current sources of emissions. Conventional CDR
on land plays an important near-term role, scaling up quickly from present
levels in future pathways, largely in Latin America and Asia. Our results are
aligned with model-based land-use, land-use change and forestry
accounting conventions, and results may differ when using accounting
conventions by parties to the UNFCCC, highlighting the importance of
translating between both conventions7. A limitation of the current scenario
literature is the lack of a comprehensive representation of climate-related
feedbacks and risks (sink strength, droughts and wildfires) which could
strongly reduce land-based CDR potentials24. In the medium- and long-
term, novelCDRplays amore important role in futuremitigationpathways.

These novel CDR options, which include bioenergy with CCS, direct
air capture with CCS, and enhanced weathering, among others, are cur-
rently at a nascent stage of development, expensive, and not deployed at
scale9. These methods tend to be deployed across regions very differently
than conventional CDRon land, but still result in large shares of CDRbeing
deployed in currently developing regions. These relatively high contribu-
tions fromdeveloping regions raisesquestions around fairness givenuneven
distribution of responsibility for causing climate change25. Addressing these
challenges will require rapid scaling up of mitigation investments, and one
solution that has been suggested to address this problem is to assess fair
shares of mitigation investment in these pathways14, which should also take
into account principles underlying the Paris Agreement, including sus-
tainable development and equity26.

Methods
Datasets assessed
TheWorking Group III contribution to the IPCC’s 6th Assessment Report
(AR6) relied on a large database of climate change mitigation scenarios
which span a wide range of climate outcomes4,8,27. However, there were two
key policy relevant components that were not assessed comprehensively in
the report – the contribution of carbon dioxide removal on land and hence
the total carbon dioxide removal deployed. In this analysis, we use a com-
bination of two datasets: the AR6 scenarios database and a new reanalysis
dataset that estimates gross carbon dioxide removal in the land-sector7. This
reanalysis dataset uses a subset of the reported variables across the scenarios
in theAR6 scenario database as an input to the compact Earth systemmodel
OSCAR v3.228. These variables include information on the reported CO2

emissions from the AFOLU sector (Emissions|CO2|AFOLU), land cover
data (Land Cover|Cropland, Land Cover|Forest, Land Cover|Pasture) and
information from the climate assessment from the simple climate model
MAGICCv7.5.329–31. This reanalysis dataset is available only at theR5 region
level assessed by the IPCC due to land-cover data availability in the original
scenarios:
• R5OECD90+ EU: North America, Europe, Australia, Japan and New

Zealand (referred to as OECD and EU in the main text)
• R5REF: Eastern Europe and West-Central Asia
• R5ASIA: Eastern Asia, Southern Asia, South-East Asia and Pacific

(referred to as Asia in the main text)
• R5MAF: Middle East and Africa
• R5LAM: Latin America and Caribbean

While the IPCC regional definitions (outlined below) are relatively
coarse, they still allow us to tease out broad regional differences32. None-
theless, they should be interpreted with caution if they are applied to
component countries of these regions.

Scenario categories assessed
We assess three groups (or categories) of scenarios in this paper; this cate-
gorisation is based on an assessment of the climate outcomes of the scenarios.
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Two of these categories of scenarios (C1: limit warming to 1.5 °C (>50%) with
limited overshoot, and C3: limit warming to 2 °C (>67%) were highlighted by
the IPCC in its Summary for Policymakers. The C1 scenarios are scenarios
which simultaneously limit peak warming below 1.5 °C with at least a 33%
chance and 2100 warming below 1.5 °C with at least a 50% chance. This
category is arguably closest to operationalising Article 2.1(a) of the Paris
Agreement, which includes a commitment to “[h]old the increase in global
average temperature to well below 2 °C above pre-industrial levels and pur-
suing efforts to limit the temperature increase to 1.5 °C above pre-industrial
levels […]”6,33. In addition to the C1 and C3 scenarios, we also evaluate the
C2 scenarios (return warming below 1.5 °C (>50%) after a high overshoot).
For the assessment of sustainability, we adopt a different grouping strategy by
grouping the scenarios on their levels of global bioenergy demand at global net
zero CO2 (variable: Primary Energy|Biomass). The first group (0–100 EJ/yr)
includes scenarios with global bioenergy demand within sustainability limits
previously discussed in the literature13,34, with the other two groups (100–200
and 200+EJ/yr) reflecting much higher levels of global bioenergy demand.

Additional data processing
In this section, we document the additional processing steps to generate the
variableswe analyse in this paper.We first calculate the total CDR deployed
for each scenario, both at the global and the R5 region level as the sumof the
novel CDR (variable label: AR6 Reanalysis|OSCARv3.2|Carbon Removal|
Non-Land) and the direct conventional CDR on land (variable label: AR6
Reanalysis|OSCARv3.2|Carbon Removal|Land|Direct). The “Direct” effect
that we refer to here includes direct anthropogenic land fluxes, including
human-driven changes in land-use. Novel CDR includes: bioenergy with
carbon capture and storage (Carbon Sequestration|CCS|Biomass), direct air
carbon capture and storage (Carbon Sequestration|Direct Air Capture) and
enhancedweathering (Carbon Sequestration|EnhancedWeathering). From
this estimate of total CDR, we can estimate the gross CO2 emissions (which
we also refer to as residual CO2 emissions), by adding the derived total CDR
to the direct netCO2 emissions (variable label: AR6Reanalysis|OSCARv3.2|
Emissions|CO2|Direct Only). We check whether the value for the World
region is positive in all years and omit 6 scenarios where this is not the case.
We assess the non-CO2 contribution by subtracting the direct net CO2

emissions from the assessed direct Kyoto greenhouse gas emissions (AR6
Reanalysis|OSCARv3.2|Emissions|Kyoto Gases|Direct Only). The con-
stituent greenhouse gases are aggregated by converting them into CO2-
equivalent units using 100-year global warming potentials (GWP100) from
theWorking Group 1 contribution to the IPCC’s 6th Assessment Report35.
Where we refer to the global net zero CO2 year in this analysis, we are
referring to the harmonised global net zero CO2 year reported in the
metadata that accompanies theAR6 scenario database (columnname: ‘Year
of netzeroCO2 emissions (Harm-Infilled) table’). The net zeroCO2 years in
the reanalysed dataset are very close to the reported harmonised global net
zero CO2 year, with a median difference of 1 year [−1, 5]. To compute the
components of mitigation effort for a given period, we first calculate the
change in the desired variable relative to the starting year and divide the
corresponding values from the component regional results or component
variables to derive the percentage compositions. For instance, suppose we
want to evaluate the contribution of gross CO2 emission reductions to net
GHG emission reductions in the Asia region between 2020 and 2030. We
first calculate the change in 2030 for gross CO2 emissions and net GHG
emissions for this region across all the scenarios and then proceed to divide
the change in gross CO2 emissions by the change in net GHG emissions.

Data availability
The reanalysis dataset from ref. 7 is available at: https://data.ece.iiasa.ac.at/
genie. The AR6 scenario data from refs. 4,8 is available at: https://data.ene.
iiasa.ac.at/ar6.

Code availability
The code underlying this study is openly available at: https://github.com/
gaurav-ganti/2023_ganti_ar6_cdr_assessment
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