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Potential of land-based climate change mitigation
strategies on abandoned cropland
Maren H. Gvein 1✉, Xiangping Hu 1, Jan S. Næss 1, Marcos D. B. Watanabe 1, Otávio Cavalett1,

Maxime Malbranque1, Georg Kindermann2 & Francesco Cherubini1✉

Natural revegetation, afforestation, and lignocellulosic crops for bioenergy, possibly coupled

with a developing technology like carbon capture and storage, are the most common land-

based climate change mitigation options. However, they can compete for land and threaten

food security or nature conservation. Using abandoned cropland for their deployment can

minimize these risks, but associated potentials are unclear. Here, we compare alternative

land-based mitigation options by integrating historical and future (up to 2050) abandoned

cropland with site-specific biomass yields and life-cycle emissions. Considering natural

revegetation in biodiversity priority areas and different measures in the remaining land can

achieve a mitigation potential of 0.8–4.0 GtCO2-equivalents yr−1 (2–11% of 2021 global CO2

emissions). Afforestation generally provides larger climate benefits than bioenergy, but

bioenergy with carbon capture and storage delivers the highest mitigation in most locations.

Overall, these results offer refined estimates of mitigation potentials from abandoned crop-

land and highlight opportunities for context-specific mitigation measures.
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Land-based Carbon Dioxide Removal (CDR) is a key com-
ponent of climate change mitigation scenarios1,2. Bioenergy
(BE) coupled or not with carbon capture and storage

(BECCS), afforestation (AF) and natural vegetation regrowth
(NR) are among the options with the largest mitigation potential.
Large-scale AF is considered an inexpensive CDR to capture a
large fraction of anthropogenic CO2 emissions3,4. Estimates of its
sequestration potential range between 0.5 and 10.1 GtCO2 yr−1

(with realistic figures around 3 GtCO2 yr−1)1, with an associated
expansion of global forest areas in 2100 of up to 1000 million
hectares (Mha)5. NR is the most cost-effective nature-based
solution6 for nature conservation while capturing atmospheric
carbon7. In about 30 years of large-scale deployment of natural
vegetation regrowth, up to 1.08 GtC yr−1 can be accumulated in
aboveground biomass growing on land areas (349 Mha) identified
by the country-level commitments to the Bonn Challenge and
Paris Agreement8. BE is not a CDR option, but it can contribute
to climate change mitigation by emission reduction through
substitution of fossil fuels. BECCS, a technology that is still at a
pre-commercial stage and not deployed at scale, is a CDR option
that co-delivers energy and negative emissions9–11. The BECCS
mitigation potential in 2100 is estimated at 0.4–11.3 GtCO2 yr−1,
with 0.4–5 GtCO2 yr−1 identified as a likely sustainable
potential1. Across all Shared Socio-economic Pathways
(SSPs)12–17, BE is expected to supply 38–310 EJ yr−1 of primary
energy in 2050. BECCS gains importance in future scenarios that
are strongly dependent on technical solutions to mitigate climate
change. For example, BECCS dominates land-based CDR in
SSP5: annual biomass demand from lignocellulosic bioenergy
crops in 2100 is about 10 thousand tons in SSP5-4.5, and more
than 20 thousand tons in SSP5-2.65.

For all mitigation options, land availability is a key constraint
for the delivery of large-scale potentials, as competition with food
production represents a major trade-off18,19. Achieving the
mitigation potentials indicated above requires dietary shifts
towards plant-based diets and efficiency improvements in the
agri-food sector to release large areas of grazing lands and
croplands from food and feed production, and dedicate them to
the implementation of CDR. Utilizing abandoned cropland for
CDR is thus a cornerstone for sustainable mitigation in future
scenarios20–22. At a local level, cropland abandonment is a result
of primarily economic, social, and political drivers23,24 and eco-
logical consequences are usually positive25. Abandoned cropland
typically reverts to natural grasslands or forests26, thereby
sequestering atmospheric CO2 at minimal costs27,28. Both AF and
BE are competitive alternatives to NR because abandoned crop-
land is usually accessible relative to more remote areas and does
not require intensive site preparation. When managed sustain-
ably, perennial grasses grown for bioenergy and afforestation can
deliver considerable co-benefits relative to cropland, such as
enhanced biodiversity, reduced pollution, increased soil health,
higher water holding capacity, and regional cooling6,29,30.

The land-based option that can achieve the largest climate
change mitigation potential for one hectare of land in different
locations across the globe is still unclear. Most of the existing
studies typically have either a coarse resolution or a region-
specific scope, only focusing on individual potentials of BE and
BECCS21,31, AF3,19, or NR6,8, or compare two options at the
time10,32,33. Actual carbon mitigation benefits vary widely and
depend on multiple local factors34. The climate change mitigation
potential of AF depends on tree species selection and local
climate2, and the one from BE is highly dependent on crop yields
and conversion technology10,11,35,36. Tree planting on abandoned
cropland can accumulate more carbon than natural regeneration
at high latitudes33,37. Relative to BE, the carbon accumulation in
natural succession generally achieves lower carbon savings, but

results are sensitive to bioenergy conversion efficiency32,38. These
comparisons are often site-specific3,39 or, when global, they lack
high-spatial resolution as they rely on average estimates of tree
growth rates32,38 or are stemming from top-down econometric
models that make implicit assumptions about land availability
with simplified representations of biophysical constraints1,36.
Studies comparing multiple CDR options on a global scale using
site-specific data from bottom-up perspectives are missing, and
we lack estimates of potentials and optimal distribution of CDR
options under a consistent framework. To bridge regional
development plans with global goals, the international commu-
nity requires clarity on the mitigation potentials that can be
realistically expected, and how land-based mitigation options
perform in different local contexts and relative to each other.

In this study, we perform a bottom-up and spatially explicit
quantification of the climate change mitigation potential of CDR
measures (NR, AF, and BECCS) and BE on historical and future
estimates of abandoned cropland. Potentials are estimated until
2050, as the mitigation efforts achieved in the next decades are
crucial for climate change stabilization40,41. Abandoned cropland
is identified using time-series from remote-sensing land cover
products42,43. The land that falls within the top 15% of priority
areas for biodiversity protection is reserved to NR for nature
conservation to support the achievement of the Aichi Biodiversity
Target 157. In the rest of abandoned cropland, the climate change
mitigation potentials of NR, AF, BE, or BECCS are compared.
Although BE without CCS is not a CDR method, it is included in
our analysis as it is one of the most discussed land-based miti-
gation options. In the cases of production of perennial grasses for
bioenergy, both yields under rainfed conditions and with irriga-
tion (only in areas not affected by water scarcity) are considered.
Results are produced by integrating spatially explicit datasets of
biomass yields tailored to local conditions and contributions from
life-cycle emissions of the production processes, when relevant
(i.e., BE, BECCS, and tree planting).

Results and discussion
Abandoned cropland and mitigation potentials. A historical
abandoned cropland (AC) of 98 Mha is identified between 1992
and 2018 (Fig. 1a), of which approximately 30 Mha (31%) is
located inside priority areas for biodiversity conservation (Sup-
plementary Fig. 1a) and 15 Mha (16%) within areas at risk of
water scarcity (see Supplementary Table 1). Compared to the 83
Mha of previously mapped abandoned croplands21,44 in
1992–2015, the rate of cropland abandonment has increased,
going from 3.6 Mha yr−1 between 1992 and 2015 to 4.8 Mha yr−1

between 2015 and 2018. In general, cropland abandonment
mostly occurred in Europe, Central and coastal parts of South
America, equatorial Africa, and Southeast Asia.

Future cropland abandonment by 2050 is projected consider-
ing a moderate continuous trend in abandonment (named AC4,
Fig. 1b) or a relatively larger expansion (named AC8, Fig. 1c). The
total abandoned cropland is 139 Mha (+41 Mha relative to AC)
in AC4 and 161 Mha (+63 Mha) in AC8. The amount of
abandoned cropland located in priority areas is 40 Mha in AC4
(Supplementary Fig. 1b) and 45 Mha in AC8 (Supplementary
Fig. 1c). As the future expansion of abandoned cropland relies on
the nearest neighbor method (see Methods), the two options
show similar spatial patterns as the historical abandoned
cropland. The average rate of cropland abandonment between
2018 and 2050 is 1.3 Mha yr−1 for AC4 and 2.0 Mha yr−1 for
AC8, which are more conservative than the historical trends. Out
of the possible future land use scenarios of SSP-RCP combina-
tions provided by the Global Change Assessment Model
(GCAM)45, our global estimates of future abandoned cropland
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are closer to SSP2-RCP4.5 (AC4) and SSP4-RCP6.0 (AC8)
projections, that estimate 41 and 84 Mha of cropland abandon-
ment by 2050, respectively (Supplementary Fig. 2).

The annual average energy and climate change mitigation
potentials of the different mitigation options are summarized in
Table 1. As a benchmark, total anthropogenic emissions in 2021
were 40 GtCO2 yr−1, net zero emissions in 2050 would require a
yearly decrease in emissions of 1.4 GtCO2 yr−146, and the global
primary energy consumption in 2019 was 624 EJ47.

Primary bioenergy potentials from rainfed crops range from 19
EJ yr−1 to 33 EJ yr−1 on 67–115 Mha of abandoned cropland
outside priority areas, and from 25 EJ yr−1 to 44 EJ yr−1 for crops
with mixed water supply (where irrigation can be only applied in
areas of low water scarcity). In the latter case, 92% of the potential
comes from irrigated crops (on 56–96 Mha). Final bioenergy

potentials estimated as the sum of Fisher-Tropsch (FT) diesel and
second generation (2G) ethanol are 9–16 EJ yr−1 for rainfed
crops, and 12–21 EJ yr−1 for crops with mixed water supply. Net
mitigation potentials with rainfed water supply are 0.6–1.1 GtCO2

yr−1 for BE and 1.7–2.9 GtCO2 yr−1 for BECCS. The mixed water
supply gives a potential of 0.7–1.3 GtCO2 yr−1 for BE and 2.1–3.7
GtCO2 yr−1 for BECCS. Deploying afforestation over 67–115
Mha of abandoned cropland achieves net mitigation potentials of
0.8–1.4 GtCO2 yr−1. The potential of natural regrowth over all
abandoned cropland areas (98–161 Mha) is 0.8–1.2 GtCO2 yr−1.
Land requirements per GtCO2 mitigated are summarized in
Supplementary Table 2, and the mitigation potentials for each
future scenario are shown in Supplementary Table 3. The
individual CDR options and their combination into different
scenarios are described in detail in the following sections.

Fig. 1 Global historical and future estimates of abandoned cropland as fraction of a grid cell. Historical cropland abandonment (AC) from 1992 to 2018
(a). Historical plus future estimates of cropland abandonment in the AC4 (b) and AC8 (c) scenarios by 2050. Abandoned cropland in future scenarios only
are shown in Supplementary Fig. 2.
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Natural regrowth. Reserving all cropland abandoned from 1992
to 2018 to natural vegetation regrowth can sequester up to
0.8 ± 0.08 GtCO2 yr−1 (Fig. 2a), which becomes 1.0 ± 0.11 GtCO2

yr−1 with AC4 and 1.2 ± 0.12 GtCO2 yr−1 with AC8 (Supple-
mentary Fig. 3). The mitigation inside priority areas for biodi-
versity conservation is 0.3 ± 0.03 GtCO2 yr−1 (Fig. 2b). Average
mitigation yields are 8.9 tCO2 ha−1 yr−1 inside priority areas and
6.9 tCO2 ha−1 yr−1 outside. Land within priority areas has a
larger mitigation potential because they are usually located in the
tropics, where vegetation growth rates are naturally high (Fig. 2b).
On average, yields inside priority areas are about 30% higher than
those outside, but in some cases, sequestration rates in the tropics
can be an order of magnitude higher than those at mid or high
latitudes. This is an important synergy between nature con-
servation and climate change mitigation. Tropical areas have

experienced large ecosystems degradation, but their high recovery
potential is an attractive natural climate solution48.

Afforestation. Net average mitigation potentials from afforestation
of abandoned cropland outside biodiversity priority areas are 0.8
GtCO2eq yr−1 in historical abandoned cropland (Fig. 2c), 1.2
GtCO2eq yr−1 in AC+AC4, and 1.4 GtCO2eq yr−1 in AC+AC8
(Supplementary Fig. 4). Corresponding global average yields are 11.5
GtCO2eq ha−1 yr−1, similar for all study areas. Life cycle emissions
related to afforestation (0.8–1.2 MtCO2eq yr−1) are much smaller
than its mitigation potential, thus having a negligible effect. The
optimal distribution of forest types to the identified land areas is 45%
to coniferous forests and 55% to non-coniferous forests (Supple-
mentary Fig. 5a). Average yields are 7.5 tCO2eq ha−1 yr−1 and 12.2
tCO2eq ha−1 yr−1 for coniferous and non-coniferous forests,
respectively. Non-coniferous forests include both deciduous and
evergreen broadleaf forests, with the latter being highly productive in
the tropical band. Coniferous forests typically have higher CO2

sequestration potential in temperate and boreal climates. Afforesta-
tion yields are higher in the equatorial belt, where they can be up to
33 tCO2eq ha−1 yr−1 (maximum yield, Southeast Asia), and they are
about half of it in temperate regions (and even lower in boreal and
mountainous climates).

The establishment of afforestation on recently abandoned
cropland may require some land clearing, depending on the year
at which the cropland was abandoned. The fate of this additional
biomass, which is either immediately oxidized or used for
bioenergy, influences the net climate change mitigation potentials
of AF. These effects are estimated considering the amount of
vegetation that accumulated on land since its abandonment, as
well as the life-cycle emissions associated with land clearing and
biomass conversion (if used for bioenergy). When biomass from
land clearing is accounted for as an emission, the mitigation
potentials from afforestation of abandoned cropland outside of
priority areas is reduced by 0.4 GtCO2eq yr−1, resulting in a net
mitigation of 0.4, 0.8, and 1.0 GtCO2eq yr−1 for AC, AC+AC4
and AC+AC8, respectively. This corresponds to a decrease in
mitigation of 47%, 32 and 28%. When the biomass from land
clearing is treated as an additional resource for bioenergy
production, the mitigation potential increases by 0.6 GtCO2eq
yr−1, leading to a new net mitigation of 1.4, 1.8, and 2.0 GtCO2eq
yr−1 for AC, AC+AC4 and AC+AC8, respectively (a relative
increase of 76%, 52 and 45%). See Supplementary Table 4 for a
complete overview of the sensitivity analysis related to land
clearing.

Bioenergy. Allocating all abandoned cropland outside priority
areas to bioenergy production can achieve a mitigation potential
that goes from 0.6 GtCO2eq yr−1 (AC, 67 Mha) to 1.1 GtCO2eq
yr−1 (AC+AC8, 115 Mha) under rainfed conditions and from
0.7 GtCO2eq yr−1 to 1.3 GtCO2eq yr−1 under mixed water
supply. Here, we assume that 50% of the biomass is used for
production of 2G ethanol and 50% for FT diesel. When optimally
distributed, global average crop yields are 381 GJ ha−1 yr−1, 151
GJ ha−1 yr−1 and 318 GJ ha−1 yr−1 with rainfed water supply for
miscanthus, reed canary grass and switchgrass, respectively. By
applying irrigation to bioenergy crops in areas not affected by
water scarcity, there is an increase of 29%, 11 and 36% in crop
productivity. Globally, miscanthus has higher yields than
switchgrass and reed canary grass, but the latter two can better
adapt to mid and high latitudes. The optimal feedstock dis-
tribution of rainfed crops on historical abandoned croplands
outside biodiversity priority areas is 44% to miscanthus, 18% to
reed canary grass and 38% to switchgrass (Supplementary

Table 1 Energy potentials and net mitigation potentials of
mitigation options on historical and future abandoned
cropland.

Variable PA Non-PA

Abandoned cropland, historical (AC)
Bioenergy potentials [EJ yr−1]
Primary Rainfed – 19.28

Mixed – 25.29
Final Rainfed – 9.45

Mixed – 12.39
Mitigation potentials
[GtCO2eq yr−1]

BE rainfed – 0.62
BECCS rainfed – 1.69
BE mixed – 0.72
BECCS mixed – 2.13
AF – 0.82
NR 0.28 0.50

Abandoned cropland, historical and future (AC+AC4)
Bioenergy potentials [EJ yr−1]
Primary Rainfed – 28.42

Mixed – 37.31
Final Rainfed – 13.92

Mixed – 18.28
Mitigation potentials
[GtCO2eq yr−1]

BE rainfed – 0.91
BECCS rainfed – 2.49
BE mixed – 1.07
BECCS mixed – 3.14
AF – 1.19
NR 0.33 0.67

Abandoned cropland, historical and future (AC+AC8)
Bioenergy potentials [EJ yr−1]
Primary Rainfed – 33.31

Mixed – 43.70
Final Rainfed – 16.32

Mixed – 21.41
Mitigation potentials
[GtCO2eq yr−1]

BE rainfed – 1.07
BECCS rainfed – 2.92
BE mixed – 1.25
BECCS mixed – 3.68
AF – 1.38
NR 0.37 0.78

Results are shown for each individual land-based option: bioenergy (BE), BE with CCS (BECCS),
afforestation (AF) and natural vegetation regrowth (NR); and abandoned cropland dataset (AC,
AC4, and AC8). NR is the only option considered inside priority areas (PA) for biodiversity
conservation. Results for each individual future scenarios (AC4 and AC8) are shown in
Supplementary Table 3.
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Fig. 5b). The distribution is similar for mixed crops (Supple-
mentary Fig. 5c) and for the future land availability scenarios.

In terms of primary energy potentials, rainfed-only crop
production delivers 19–33 EJ yr−1 and the mixed irrigation
system 25–44 EJ yr−1. The corresponding global average
energy yields are 327 GJ ha−1 yr−1 (Fig. 3a) and 395 GJ ha−1

yr−1 (Fig. 3b). The increases in dry mass potential from rainfed
to irrigated crops outside of both priority areas and water-
scarce areas is 34% (Fig. 3c). See Supplementary Fig. 6 for
yields of rainfed and mixed water supply crops in AC4 and
AC8.

The highest biomass yields are found in the tropical band, in
the east coast of the United States, and some parts of Europe.
These areas are mainly located in tropical or temperate humid
climates, where miscanthus and switchgrass are typically the
dominant crop. Changing climatic conditions under RCP4.5
cause relatively small effects to bioenergy yields. For rainfed crops
in the period 2011–2040 relative to 2041–2070, there is a global
decrease in primary energy potential of 4% (Supplementary
Fig. 7a). Around the equator, we mainly observe a decreasing
potential. The largest increases occur in Central and East Asia.
For mixed water supply, there is a global increase in primary

Fig. 2 Carbon sequestration potential of natural vegetation regrowth and afforestation on abandoned cropland. Natural regrowth yields in all historical
abandoned cropland (AC) (a) and inside priority areas for biodiversity conservation only (b). Afforestation yields in abandoned cropland outside priority
areas (c). Note differences between scales. Similar maps for AC4 and AC8 are shown in Supplementary Figs. 3 and 4.
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bioenergy potential of 2% (Supplementary Fig. 7b). This is
because irrigation compensates for water deficits from heat waves
or droughts during the crop growth cycle, securing yields from
the adverse effects of climate change. Further, it can better
support the positive effects of higher temperature and extended
growing season on yields. The patterns around the equator are
similar as for rainfed water supply, but with a lower decreasing
potential. At latitudes above 30 °N, there is an overall trend of
increase in primary bioenergy potentials.

For rainfed BE, fossil fuel substitution can deliver a net climate
change mitigation of 0.9–1.5 GtCO2eq yr−1, depending on the

land availability scenario (Fig. 4). About 55% of this mitigation
comes from substituting fossil diesel with FT diesel, and the rest
from 2G ethanol substituting gasoline. Life cycle emissions of
biofuels production offset about one-third of the gross mitigation
(0.3–0.5 GtCO2eq yr−1), and they are mostly associated with
biomass production, especially when irrigation is applied.
However, the higher life-cycle emissions from irrigation in areas
of low water scarcity are compensated by the larger mitigation
potential of higher yields. For example, the net mitigation
potential of rainfed BE in the AC scenario is 0.6 GtCO2eq yr−1

(BE-rf). With irrigation (BE-mix), it becomes about 0.7 GtCO2eq

Fig. 3 Primary bioenergy yields on abandoned cropland outside priority areas for biodiversity conservation. Gridded bioenergy crop yields (optimal crop
distribution) under rainfed conditions on historical abandoned cropland (AC) (a). Gridded bioenergy crop yields under mixed water supply conditions
(rainfed within water-scarcity areas and irrigation outside) on historical abandoned cropland (AC) (b). Change in primary dry mass potentials between
rainfed and irrigated crops in areas not affected by water scarcity (c). Similar maps for AC4 and AC8 are shown in Supplementary Fig. 6.
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yr−1, that is 0.1 GtCO2eq yr−1 higher than rainfed conditions.
This occurs because the increase in life-cycle emissions (+ 0.2
GtCO2eq yr−1) is smaller than the increased mitigation potential
from fossil fuel substitution from higher biomass yields (+ 0.3
GtCO2eq yr−1).

The addition of CCS boosts the mitigation potentials at
relatively low increases of life-cycle emissions. The net mitigation
of BECCS from rainfed crops goes from 1.7 GtCO2eq yr−1 (AC)
to 2.9 GtCO2eq yr−1 (AC+AC8), and from 2.1 GtCO2eq yr−1

(AC) to 3.7 GtCO2eq yr−1 (AC+AC8) with mixed water supply.
About 55% of the mitigation comes from CCS, of which the
largest share (51%) is from production of 2G ethanol (which has
larger process emissions of CO2 per MJ of fuel at the conversion
plant than FT diesel). 2G ethanol also has higher life cycle
emissions than FT diesel mostly due to the relatively high use of
chemicals for biomass pretreatment and enzyme production.

As for afforestation, the net mitigation of BE and BECCS is
affected by land clearing and the fate of the removed biomass.
Depending on assumptions (Supplementary Table 4), mitigation
potentials can either increase by 0.6 GtCO2eq yr−1 or decrease by
0.4 GtCO2eq yr−1. This results in a net mitigation increase of
58–100% and decrease of 36–62% for rainfed BE. For mixed
BECCS, the potential increase in net mitigation is 17–29% and
the corresponding decrease 10–18%.

Scenario analysis and optimal mitigation potentials. Allowing
NR in all abandoned cropland has the potential of mitigating from
0.8 ± 0.08 GtCO2eq yr−1 (AC) to 1.2 ± 0.12 GtCO2eq yr−1 (AC+
AC8) (Fig. 5), of which 36 and 32% is within priority areas.

Establishing forest plantations instead of NR outside priority areas
(NR-AF scenario) increases the global climate change mitigation
potentials to 1.1–1.8 GtCO2eq yr−1. This net mitigation is higher
than what is achieved with the combination of NR and rainfed
bioenergy production (NR-BE-rf), which is 0.9–1.4 GtCO2eq yr−1.
The possibility to irrigate bioenergy crops in areas of low water
scarcity (NR-BE-mix, 1.0–1.6 GtCO2eq yr−1) reduces the gap relative
to NR-AF. To clearly outperform afforestation for climate change
mitigation, bioenergy needs to be coupled with CCS. Between 2.0 and
3.3 GtCO2eq yr−1 can be achieved by adding CCS to rainfed bioe-
nergy crops (NR-BECCS-rf), which become 2.4–4.1 GtCO2eq yr−1

when irrigation is added (NR-BECCS-mix).
Higher mitigation potentials are achieved when the spatial

distribution of land-based options outside priority areas is
allocated to the option that delivers the highest mitigation
potential per individual grid cell. Given the influence of irrigation
and CCS on the results, estimates are given both with and without
these measures. With rainfed bioenergy crops without CCS, there
is a global mitigation potential of 1.2–1.9 GtCO2eq yr−1. In
addition to the land inside biodiversity priority areas that is
dedicated to NR (31%), 15%, 7 and 48% of the abandoned
cropland is allocated to BE-rf, NR and AF, respectively (Fig. 6a).
With irrigated water supply in areas of low water scarcity, the
global potential is 1.2–2.0 GtCO2eq yr−1, with the land outside
priority areas distributed for 24% to BE-mix, 5% to NR and 41%
to AF (Fig. 6b). Irrigation thus increases the land areas where
BE can achieve larger benefits than AF, but forest plantations
are still the best CDR option in most of the grid cells. When
CCS is added to the system, the global mitigation potential is

Fig. 4 Breakdown of the contributions to climate change mitigation potentials of bioenergy (BE) and bioenergy coupled with CCS (BECCS). Bioenergy
crops produced under rainfed (rf) or mixed water supply systems (mix) on the investigated cropland abandoned scenarios (AC, AC4, and AC8). “Other”
includes transport emissions from biorefinery to distribution for BE scenarios and additional emissions related to the energy penalty from the inclusion of
CCS for BECCS scenarios. The symbol “x” inside the bars refers to the net mitigation of each scenario. Results for AC4 and AC8 scenarios are additive to
those from AC (their individual contributions are shown in Supplementary Table 3).
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2.1–3.4 GtCO2eq yr−1, with an optimal distribution of CDR
options of 53% to BECCS-rf, 3% to NR, and 13% to AF (Fig. 6c).
By combining irrigation with CCS, the largest mitigation
potential is achieved (2.4–4.1 GtCO2eq yr−1) and BECCS clearly
dominates the spatial distribution (Supplementary Fig. 8).

In general, NR is competitive or even better than AF in
northern Sub-Saharan regions, around the Amazon basin, some
areas in Southeast Asia and in southern Australia. Rainfed BE
outperforms AF in the eastern half of the US, Southeast China
and Central-Eastern Europe. Afforestation dominates at high

Fig. 5 Comparison of the climate change mitigation potentials of different combinations of land-based mitigation options on abandoned cropland.
Results are shown for different land availability scenarios (AC, AC4, and AC8) and water supply systems for bioenergy crops (rainfed: rf; irrigation in non-
water scarcity areas: mix). Only NR is allowed within biodiversity priority areas. NR: natural vegetation regrowth; AF: afforestation; BE: bioenergy; BECCS:
BE with CCS; Opt: optimal mitigation option considered (either with or without CCS and with or without irrigation). See Methods for a description of the
scenarios. The uncertainty ranges refer to the possible contribution of aboveground biomass from land clearing (the diamond symbol indicates the net
mitigation potential when land clearing is disregarded). The lower end of the range represents the case in which the biomass from land clearing is used as
an additional source of bioenergy. The higher end is the case in which it is treated as an emission without energy recovery. For the NR scenario, the
uncertainty range represents the ratio of model uncertainty relative to the best-fit model (one standard deviation).

ARTICLE COMMUNICATIONS EARTH & ENVIRONMENT | https://doi.org/10.1038/s43247-023-00696-7

8 COMMUNICATIONS EARTH & ENVIRONMENT |            (2023) 4:39 | https://doi.org/10.1038/s43247-023-00696-7 | www.nature.com/commsenv

www.nature.com/commsenv


latitudes and in the southern hemisphere. Irrigation and CCS
clearly favor the potential of BE. When CCS is added, AF is
stronger than BECCS in Western United States, and some areas
in Southern Africa and Central Asia. NR remains competitive in a
few locations only. Filtering average mitigation potentials per
terrestrial ecoregion49 shows that NR achieves the highest
mitigation in tropical and subtropical forests, and the lowest in
boreal and Mediterranean forests where temperature and water
availability are a major constraint to natural vegetation growth
(Supplementary Fig. 9). Afforestation is the superior mitigation
option in tropical, subtropical, and boreal forests, and generally
delivers higher mitigation than rain-fed bioenergy. In the other
biomes, irrigated bioenergy can achieve higher yields, especially
where water availability is a main limiting factor to crop growth,
such as in dry and semi-arid climates (Mediterranean biomes,
savannah, and shrublands). In all the other terrestrial ecoregions,
the net mitigation potentials of AF and BE-mix are comparable.

Comparison with the literature. Although it is sometimes dif-
ficult to distinguish between definition of natural regrowth,
afforestation, and reforestation in the different studies, our ranges
of carbon sequestration from NR and AF are broadly consistent
with those from other sources at regional levels. Reforestation,
defined as the transition from <25 % forest cover to a >25 %
forest cover, was found to potentially mitigate 10 GtCO2eq yr−1

in an area of 678 Mha6, corresponding to an average yield of 15
tCO2eq ha−1 yr−1 (for comparison, NR in our study has a global
average sequestration rate of 7.4 tCO2eq ha−1 yr−1). This esti-
mate covers a vast area, and it has already been identified as a
likely overestimate7. Another study finds that natural regenera-
tion of tropical secondary forests in Latin America could capture
31 GtC in 240 Mha of land in a period of 40 years50, which
corresponds to an average mitigation of 12 GtCO2 ha−1 yr−1.
Our study shows similar results, with NR yields ranging between
8 GtCO2 ha−1 yr−1 and 18 GtCO2 ha−1 yr−1 for the same region.

Fig. 6 Optimal distribution of mitigation options on abandoned cropland. Optimal combination of rainfed BE (BE-rf), NR and AF (a); rainfed and irrigated
BE (BE-mix), NR and AF (b); rainfed BECCS (BECCS-rf), NR and AF (c). The boxes show the percentages allocated to each land-based option. For NR, the
fractions outside and inside priority areas (PA) are indicated. NR is the only option considered within priority areas. Optimal combination of rainfed and
irrigated BECCS (BECCS-mix), NR and AF are shown in Supplementary Fig. 8. Irrigation only occurs in areas not threatened by water scarcity. Due to equal
spatial patterns for AC, AC4 and AC8, only maps for AC are shown.
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Previous estimates of mitigation potentials from afforestation
show that a carbon sequestration of 0.5–5.1 GtCO2eq yr−1 can be
obtained in 20501. An area of 320–970 Mha is required for a
mitigation potential of 4.0–12.1 GtCO2eq yr−1 in 210051 from
afforestation and reforestation, which corresponds to a land
requirement of 80 Mha per GtCO2eq sequestered. Our results
find that an average area of 83 Mha is required per GtCO2eq
sequestered through afforestation (Supplementary Table 2).
Furthermore, a variety of global protection measures in forests
and other ecosystems (which includes afforestation, reforestation,
and land restoration) can mitigate 175 tCO2eq ha−1 from 2020 to
2050, corresponding to 6 tCO2eq ha−1 yr−1. Our global average
estimates are 6.8 tCO2 ha−1 yr−1 from NR and 11.5 tCO2eq ha−1

yr−1 for AF. Supplementary Fig. 10 compares future changes in
forest cover estimated by SSP-RCP12–17 scenarios in 2050 with all
abandoned cropland (historical and future) allocated to afforesta-
tion and NR in our study. Forest area changes in future scenarios
vary widely, also when the same SSP or RCP is considered. In
some cases, afforestation of abandoned cropland (AC+AC8) is
sufficient to meet entirely (and beyond) the expected forest area
expansion (e.g., in SSP4-RCP2.6). The minimum coverage (8%) is
registered against SSP1-RCP2.6. In general, afforestation of
abandoned cropland is a small share of the projected forest area
expansion for SSP5 scenarios (especially under RCP2.6), as a large
amount of negative emissions is required to offset GHG emissions
from carbon-intensive sectors. The relative shares tend to be
higher with SSP1, where more sector-wide mitigation measures
reduce the demand for negative emissions.

A similar comparison can be performed with the estimates of
BECCS in future scenarios. In 2050, global primary energy
consumption is predicted to increase to 741 EJ yr−1 (average of
SSP1-4.5 and SSP2-4.5 across all models)12,15,17, of which 71 EJ
yr−1 is bioenergy. Our results show a potential primary energy
supply of 19–44 EJ yr−1, which covers 27–62% of the average
projected demand (Supplementary Fig. 11). In terms of land
demand to grow second generation bioenergy crops, SSP
estimates range between 150 Mha (SSP2-4.5) and 210 Mha
(SSP1-4.5) in 20502. Our estimate of abandoned croplands is of
67–115 Mha (with the exclusion of biodiversity priority areas),
representing 21–23% of future demands for bioenergy crops.

In our study, the mitigation potential from BECCS is up to 3.3
GtCO2eq yr−1. A BECCS median mitigation potential of 3
GtCO2eq yr−1 in 2050 is estimated for scenarios limiting global
warming to less than 1.5 °C17. Other studies show similar results
for the mitigation potentials, and identify a land area requirement
for bioenergy crops of 31–58 Mha for each GtCO2eq mitigated by
BECCS51. Our analysis finds that 31–40 Mha of land is required
to mitigate 1 GtCO2eq yr−1, depending on whether irrigation is
included or not (Supplementary Table 2).

Limitations and uncertainties
Social, economic and political barriers affects all investigated
options6,51,52. NR is a cost-effective measure that is highly effi-
cient in the tropics, but it requires a framework of enabling
conditions (e.g., poverty alleviation, “food first” principle, land
ownership rights, etc.) to be sustainably deployed53. Effective
governance, financial support, and international cooperation are
of high importance for successful ecosystem recovery and climate
change mitigation48. Natural regeneration usually has the largest
positive effects for biodiversity and habitat restoration54, reducing
the risks from introducing non-native species55,56. Relative to
cropland, forest plantations and perennial grasses grown for
bioenergy also have positive effects for biodiversity, provided that
a mix of native species are grown instead of monocultures30,57.
CCS is still facing techno-economic challenges for being

competitive in the market at current carbon taxes31,58, and irri-
gation, even when deployed in non-water scarce areas, can
require investments in costly infrastructure, which can represent
a major barrier in developing countries59,60.

Several uncertainties need to be considered when interpreting
our results. Our study does not include soil organic carbon (SOC)
changes, which are highly uncertain. Robust global datasets of
SOC changes following natural revegetation, afforestation, or
bioenergy crops are not currently available. Both positive and
negative changes in soil and below ground carbon for NR and AF
are reported, depending on multiple local factors and climatic
conditions. On an average global scale, carbon accumulation in
soils after NR is estimated negligible or negative in most biomes,
but with large confidence intervals8. Using a low-confident global
average estimate of 1.52 tCO2 ha−1 yr−1 for the top 30 cm profile
where most soil accumulation is expected to occur8, a total
sequestration of 0.046 GtCO2 yr−1 over historical abandoned
cropland within biodiversity priority areas (30 Mha) can be
quantified. This represents 16% of the mitigation from above-
ground vegetation (0.28 GtCO2 yr−1). Divergent responses to
SOC are also found for afforestation61,62. The mechanisms of soil
carbon dynamics are still poorly understood, thereby limiting our
capacity to quantify SOC changes from large-scale afforestation
efforts. Existing meta-analyses generally conclude that SOC for
natural or planted forests can either increase, decrease, or remain
constant depending on multiple factors, such as tree species, local
climate, soil type, land use history, etc.61,63. Fixed ratios used to
link biomass and soil carbon changes typically overestimate soil
carbon enhancement of afforestation61. The afforestation model
used in our study estimates a maximum accumulation rate of soil
carbon of 0.15 tCO2 ha−1 yr−1 for coniferous and 1.28 tCO2 ha−1

yr−1 for deciduous forests64. However, these factors are highly
uncertain, as they are averaged globally and do not specify a soil
depth. Their consideration in the analysis could add a mitigation
of 0.010 GtCO2 yr−1 or 0.086 GtCO2 yr−1 on historical aban-
doned cropland outside of priority areas (67.4 Mha) for con-
iferous and deciduous forests, respectively. These estimates
represent 2 and 10% of the AF mitigation potential in above-
ground forest biomass (0.8 GtCO2 yr−1). A more consistent trend
in SOC changes is observed for perennial grasses, which usually
increase SOC at varying rates65–67. A global meta-analysis esti-
mated mean SOC changes (soil depth 0–100 cm) after the con-
version of cropland to switchgrass or miscanthus at 5.9 and 3.3
tCO2 ha−1 yr−1, respectively, but with 5th and 95th percentiles
ranging from negative values (i.e., a SOC loss up to – 7.33 tCO2

ha−1 yr−1) to positive values up to three times the mean67.
Applying these mean factors to our analysis (and assuming for
reed canary grass the same rate of miscanthus), we find that an
average of 0.29 GtCO2 yr−1 can be sequestered in the soils in the
BE-rf scenario on AC outside priority areas (for which we esti-
mated a global mitigation potential of 0.62 GtCO2 yr−1). This
means that our estimates of climate change mitigation potentials
for BE and BECCS could be underestimated of about 30%. The
underestimation will likely be representative for the first 10–15
years after the land use change, as soil sequestration rates sig-
nificantly decline after 10 years for most land use types and
transitions67. Given the lack of robust global datasets and large
variability of available estimates, we refrained from directly
including in our analysis contributions from SOC changes.

The areas of abandoned cropland are derived using the land
cover products from the European Space Agency Climate Change
Initiative (ESA-CCI) and the Copernicus Climate Change Service
(C3S-CDS). Several previous studies have validated and assessed
their accuracy (see Methods)21,68–70. The improvements relative
to other global land cover datasets are significant, as well as their
robustness in assessing changes in cropland extent, but some

ARTICLE COMMUNICATIONS EARTH & ENVIRONMENT | https://doi.org/10.1038/s43247-023-00696-7

10 COMMUNICATIONS EARTH & ENVIRONMENT |            (2023) 4:39 | https://doi.org/10.1038/s43247-023-00696-7 | www.nature.com/commsenv

www.nature.com/commsenv


limitations remain, mainly due to potential misclassifications. The
global overall accuracy is 71%, but it varies with spatial location
and between classes. Compared to other land cover products, the
identified abandoned cropland with ESA-CCI and C3S-CDS data
are usually found to be conservative2,71–73.

Future locations of abandoned cropland are highly uncertain
and scenario dependent, and previous studies highlighted that
inter-model differences can be larger for the same SSP than
between different SSPs74. Hence our selection of a simple and
transparent approach where future abandoned cropland has a
high probability to occur on cropland nearby previously aban-
doned land. To explore the sensitivity of our results to the land
use scenario, we re-run the analysis using alternative land use
projections that have similar extension of cropland abandonment.
These projections are consistent with the SSP-RCP framework
and are produced by downscaling the outputs from the Integrated
Assessment Model (IAM) GCAM45. Among the available sce-
narios, SSP2-RCP4.5 has a total abandoned cropland area by 2050
that is the closest to AC4 (both around 41 Mha), and SSP4-
RCP6.0 (84 Mha) to AC8 (63 Mha). A comparison of the spatial
patterns of these alternative scenarios are shown in Supplemen-
tary Fig. 2, while their mitigation potentials are summarized in
Supplementary Table 5 and Fig. 12. As expected, the maps tend to
diverge in both intensity and locations of abandoned cropland.
However, the mitigation potentials are largely consistent for the
scenarios with similar total identified land. The average change in
climate change mitigation potential estimates is −0.04 GtCO2eq.
yr−1 for AC4-SSP2-RCP4.5 (about −9% of the average potential
across land-based options) and 0.09 GtCO2eq. yr−1 for AC8-
SSP4-RCP6.0 (about 10% of the average potential across land-
based options). Despite the variability in the spatial patterns of
the datasets, as long as they have similar total areas and aban-
doned land is distributed at global scales within existing cropland
areas, results are largely consistent and insensitive to the indivi-
dual scenario.

There are uncertainties related to the estimates of carbon
sequestration rates from NR, AF, and bioenergy crop yields,
which are discussed in detail in a text in the Supplementary
Information. Maps of NR rates are gathered from a study that
applied a machine learning algorithm to more than 13,000
georeferenced measurements of carbon accumulation8. The grid-
specific error ratios (reproduced in Supplementary Fig. 13 for
AC) were used to explore the variability in our results, with the
corresponding range around mean values shown in Fig. 5.
Afforestation scenarios rely on the Global Forest Model
(G4M)75,76, a well-established model linked to the IAMs GLO-
BIOM and MESSAGE for estimating land use change and forestry
emissions for a set of SSP-RCP scenarios77–79. The model is based
on satellite retrievals of net primary production and data pro-
vided by the Global Forest Resources Assessment (see Methods),
and tested against observations and in multi-model inter-
comparison studies80–82. Bioenergy crop yields are produced
from the model Global Agro-Ecological Zones version 4
(GAEZv.4) (see Methods). When compared to observations
(Supplementary Fig. 14), GAEZv.4 tends to underestimate mis-
canthus yields, overestimates switchgrass yields, and has relatively
better accuracy in reproducing yields of reed canary grass. In
many cases, the uncertainty range of the predictions and obser-
vations overlap, indicating that the model can generally capture
the variability in the observed yields. In our study, the over- and
under-estimate of the yields tend to compensate at a global total,
as the optimal allocation of crop types per grid cells attributes
44% of the land to miscanthus and 38% to switchgrass (Supple-
mentary Fig. 5b). The accuracy of the predictions from GAEZv.4
is in line with those of other frequently used bioenergy yield
models (Supplementary Table 6). If we use another

observationally-constrained model83 to estimate bioenergy
potentials, there is a global average reduction in yields relative to
GAEZv.4 of 3.14 ± 4.63 t ha−1 yr−1, an RMSE of 5.59, and a
correlation between the two datasets of 0.902 (p < 0.01) (Sup-
plementary Fig. 15). At a global level, GAEZv.4 predicts a total
amount of rainfed bioenergy crops from AC of 1.05 Gt yr−1,
against 0.87 Gt yr−1 estimated from the alternative yield model.
This is a variability of 17%, which falls within the uncertainty
ranges in Fig. 5 (where the mitigation potential from rainfed
bioenergy crops varies of about 40% around the mean). The main
difference between the models is that GAEZv.4 is a parametric
model and yields reflect optimal and commercially oriented
management, while the other is extrapolated from observed
yields, which typically fluctuate with varying management prac-
tices and objectives across field studies. Overall, GAEZv.4 can
reproduce observed yields and its performances are comparable
to other models, so the use of another global model does not
substantially affect the main conclusions of our study.

Final remarks
The urgency of the climate crisis calls for simultaneous deploy-
ment of multiple mitigation strategies to constrain global
warming. Land-based mitigation options are not a substitute for
reducing fossil fuel emissions, but rather an essential complement
that, in the case of bioenergy production, they also help to phase
out fossil fuels. Due to the reduced direct costs, regrowth of
natural vegetation on abandoned cropland is the measure with
the largest potential co-benefits with nature conservation. How-
ever, this study shows that selective afforestation can improve the
carbon sequestration potential in many locations around the
globe. Tree planting should be carefully planned considering local
environmental conditions to avoid negative side-effects, such as
increased risks for biodiversity or soil desiccation by using non-
native species. On the other hand, natural vegetation restoration
is more cost-effective and prevents the negative biodiversity
outcomes of tree establishment on native grassland. Investments
in infrastructure, transformative changes, and technological
progress are required to achieve larger mitigation potentials
through bioenergy and CCS and get closer to the levels indicated
by future stringent climate change mitigation scenarios. The use
of abandoned cropland can mitigate trade-offs because this land
has been usually degraded from its natural state by farming
activities, it is typically located near roads, and it requires less site
preparation. Specific policies are required to secure the use of
abandoned cropland for mitigation purposes, and prevent risks of
recultivation for food production as sometimes observed in the
recent past84.

Our results help to understand the relative performances of
different land-based mitigation options per hectare of land across
the globe and for terrestrial ecoregions, but their implementation
should consider the local environmental and social context, as all
options require political will and financial resources. The latter
are to be considered alongside other important feasibility criteria,
such as costs, livelihoods, and social suitability. Aspects connected
to the permanency of the carbon storage, saturation of the carbon
sink, energy security, and socio-economic factors are key ele-
ments in a multi-criteria analysis together with climate change
mitigation and nature conservation. Meeting the projected CDR
demand in low-temperature target scenarios requires land areas
beyond what is currently available from abandoned cropland.
Stronger reduction in the demand for food and feed products
through sustainable agriculture intensification and dietary chan-
ges are needed to minimize the adverse side-effects for food
security and the environment. Cross-sectoral and integrated
policies are essential to harmonize multiple drivers of land use
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changes and identify the strategies to address the most relevant
global challenges in each given regional context by merging
environmental and socio-economic factors.

Methods
Historical cropland abandonment (AC). Recent efforts have made available
improved datasets of historical abandoned cropland at various temporal and spatial
scales, from regional to global85. Time-series of high-resolution satellite data of 37
land cover classes across the globe are distributed by the European Space Agency
Climate Change Initiative (ESA-CCI)86. These land cover products have a 300
meters (or 10 arc seconds) horizontal resolution at the equator and are obtained by
combining several earth observation products and by using the GlobCover unsu-
pervised classification chain. Recent studies used these data to identify abandoned
croplands from 1992 to 201521,44. The Copernicus Climate Change Service climate
data store (C3S-CDS) further released land cover maps from 2016 to present that
are consistent with the ESA-CCI dataset43,87. Here, we integrate the two datasets
and extend the identification of cropland abandonment to 2018. The two land
cover products are highly consistent, with the same spatial resolution and temporal
scale26. Validation efforts show that they are among the most accurate global
products in the identification of cropland areas86. Global user and producer
accuracy values for cropland classes are in the range of 85–94% for the ESA-CCI
products and 76–92% for the C3S-CDS products, with medians of 89 and 82%,
respectively42,88. Regional overall accuracies are between 70 and 84% in South
America, China, and Eurasia, and lower than 65% in Africa and the Arctic26.

The analysis is conducted at a grid-cell level at 10 arc seconds resolution, and
abandoned cropland is identified by selecting the grid-cells classified as cropland
classes in 1992 but not in 2018. Cropland translated to urban settlements is
excluded. The resolution is further up scaled to 30 arc seconds (for consistency
with the natural regrowth data) and then to 5 arc minutes (to match bioenergy and
afforestation data).

Future cropland abandonment (AC4 and AC8). Cropland abandonment is a
process that is also expected to continue in the future89. The most sustainable SSPs
predict dietary changes and increasing efficiency in food systems and agriculture
that can decrease pressure on land5,90. However, spatial patterns of future aban-
doned cropland are inherently uncertain, and projections are highly diverging even
for the same SSP scenario74,91–93. We apply a simple and transparent method to
estimate future areas of abandoned cropland. The rationale is that cropland
abandonment is a dynamic process rooted in regional socio-economic
contexts94–96, and new cropland abandonment has higher probability to occur near
areas that have been already abandoned84. The nearest neighbor method is used to
identify areas of future abandoned croplands within a maximum of four or eight
nearby cells. If one of the cells nearby a historically abandoned cropland cell is
currently cropland, it is changed into abandoned cropland. This generates two land
availability scenarios (See Supplementary Fig. 16 for a simplified visualization),
which are spatially consistent with the historical trend. In our study, there are thus
three cases of land availability: AC (historically abandoned cropland area from
1992 to 2018), AC4 (future abandoned cropland identified with a maximum of four
cell extension) and AC8 (future abandoned cropland identified with a maximum of
eight cell extension).

Our future land use scenarios are compared with those of the SSP-RCP
framework produced by downscaling the outputs from the Integrated Assessment
Model GCAM45. From all the available scenarios, we identified the areas of
cropland abandoned by tracking cell-specific fractional cropland contraction over
time (cropland that transitioned to human settlements was excluded). A generic
cropland class was produced by aggregating all crop-based land types from 15 to
28. From all the available scenarios, we identified the areas of cropland abandoned
by 2050 following the same approach used for the historical dataset. We then
selected SSP2-RCP4.5, which has a similar area of AC4 (41 Mha), and SSP4-
RCP6.0 (84 Mha), which is the closest to AC8 (63Mha). The spatial patterns of
these alternative scenarios are shown in Supplementary Fig. 2, and the
corresponding results in Supplementary Table 5 and Fig. 12.

Biodiversity priority areas and water scarcity. Ensuring that the highest-ranked
areas for biodiversity are preserved for nature conservation greatly contributes to
achieve global species conservation targets, while at the same time contributing to
climate change mitigation by increasing carbon storage in the restored vegetation.
To integrate these two strategies, we use a recently produced dataset of priority
areas7 that ranks global regions after their need for biodiversity conservation via a
multicriterial optimization approach that identifies priority areas for restoration
across all terrestrial biomes. Restoring 15% of converted lands globally (consistent
with Aichi Biodiversity Target 15) could reduce the current global extinction debt
by 63 ± 4% if concentrated in priority areas for biodiversity7. The identified priority
areas largely overlap with previously mapped biodiversity hotspots97 and other
conservation areas98 (see Supplementary Fig. 17a). We, therefore, considered that if
abandoned cropland falls within the 15% of the priority areas for biodiversity
conservation, NR is the only CDR measure allowed. In other words, AF, BE and
BECCS can only occur in the abandoned cropland that is not located within the
15% of the priority areas for conservation.

Given the large increase in bioenergy crop yields that can be achieved with
irrigation relative to rain-fed growing conditions21,59, and the risks for increased
water depletion of irrigation99, our analysis considers both types of water supply
systems. As sustainable water withdrawals are already a concern related to large-
scale agricultural practices and future bioenergy potentials34,59,60, we introduced a
layer of water scarcity based on the map from AQUASTAT and the Food and
Agriculture Organization (FAO)100 in the scenarios assessing potentials from
irrigated bioenergy crops. In this dataset, global land areas are grouped into three
categories of low, moderate and high water scarcity. Areas characterized by
moderate and high water scarcity are those where water use is 10–20% and >20% of
renewable water resources, respectively. The spatial distribution of areas of high
and moderate water scarcity is shown in Supplementary Fig. 17b. In our analysis,
BE and BECCS can only be irrigated outside areas of moderate and high water
scarcity, wherein only rainfed water supply occurs.

Land-based mitigation scenarios. The different CDR options (NR, BECCS, and
AF) and BE are combined in 10 scenarios for each of the land use dataset, i.e., the
historical (AC) and the two future projections (AC4 and AC8). We evaluate the
period until 2050. The scenarios are the following:

● NR-BE-rf: Natural regrowth within biodiversity priority areas. Rainfed
bioenergy production outside priority areas.

● NR-BECCS-rf: Natural regrowth within biodiversity priority areas. Rainfed
bioenergy production with CCS outside priority areas.

● NR-BE-mix: Natural regrowth within biodiversity priority areas. Outside
priority areas, rainfed bioenergy production in water-scarce areas and
irrigated bioenergy production outside water-scarce areas.

● NR-BECCS-mix: Natural regrowth within biodiversity priority areas.
Outside priority areas, rainfed bioenergy production with CCS in water-
scarce areas and irrigated bioenergy production with CCS outside water-
scarce areas.

● NR-AF: Natural regrowth within biodiversity priority areas. Afforestation
outside priority areas.

● NR-all: Natural regrowth in all abandoned cropland.
● NR-Opt-BE-rf: Natural regrowth within biodiversity priority areas. Outside

priority areas, optimal distribution (i.e., higher mitigation achieved) among
rainfed bioenergy production, natural regrowth, and afforestation.

● NR-Opt-BECCS-rf: Natural regrowth within biodiversity priority areas.
Outside priority areas, optimal distribution among rainfed bioenergy
production with CCS, natural regrowth, and afforestation.

● NR-Opt-BE-mix: Natural regrowth within biodiversity priority areas.
Outside priority areas, optimal distribution among bioenergy production,
natural regrowth, and afforestation outside priority areas. Rainfed water
supply for bioenergy crops in water-scarce areas and irrigated outside.

● NR-Opt-BECCS-mix: Natural regrowth within biodiversity priority areas.
Outside priority areas, optimal distribution among bioenergy production
with CCS, natural regrowth, and afforestation outside priority areas.
Rainfed water supply for bioenergy crops in water-scarce areas and
irrigated outside.

Natural regrowth is the only mitigation strategy inside priority areas for
biodiversity conservation in all scenarios. This means that the results presented for
BE, BECCS, and AF consider only areas outside of the biodiversity priority areas.
The term “Opt” refers to the optimal allocation to each grid-cell of either BE (or
BECCS), NR and AF, according to the option that delivers the largest mitigation
potential.

Natural vegetation regrowth. A spatially explicit dataset of 30 arc seconds
resolution8 is used for estimation of carbon sequestration due to natural vegetation
regrowth. The natural regrowth data are presented as the potential carbon
sequestration from passive recovery to forest and savanna biomes with a >25%
forest cover. Calculations of natural regrowth in abandoned cropland are con-
ducted at 30 arc seconds resolution and further up scaled to 5 arc minutes reso-
lution for consistency with the rest of the data. The natural regrowth data are based
on historical data from 257 studies and 13,112 georeferenced measurements of
carbon accumulation. As climatic factors explain variation in rates better than
land-use history, the field measurements were combined with 66 environmental
covariate layers to create a global map of potential aboveground carbon accumu-
lation rates for 30 years of natural forest regrowth. The ensemble model had a
residual mean square error (RMSE) of 0.798 t C ha−1 yr−1 and an R2 of 0.445 on
the independent test set. More information about the model and its validation are
available in Supplementary Note 1 (“Natural regrowth”). Aboveground biomass
includes stem and branch biomass. This map has over 100-fold variations in rates
across the globe and shows that IPCC default rates generally underestimate
aboveground carbon accumulation by 32% on average8. This dataset is used to
estimate the climate change mitigation potential of NR on historical and future
abandoned cropland. For each grid cell, both average sequestration rates and
reported standard deviations are used.

The natural regrowth data are also used to estimate the amount of dry mass or
carbon that accumulated on abandoned cropland from 1992 before the
establishment of either perennial grasses or forest plantations. Recent studies have
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combined natural regrowth data and satellite observations to estimate historical
accumulation of carbon on abandoned cropland for specific regions84,101, and here
we provide the first global assessment. As the fate of this carbon is uncertain (it can
either be used for bioenergy or rapidly return to the atmosphere), the effect that the
carbon costs of land clearing can have on the net climate change mitigation
potentials of each CDR option is explored in a sensitivity analysis. If used for
bioenergy production, biomass from land clearing is assumed to have average
characteristics in terms of carbon content and lower heating value of several types
of forest/wood residues (Supplementary Table 7). The corresponding life-cycle
emissions of biomass harvesting to clear the land and convert it into biofuels are
included in the analysis. When abandoned cropland is allocated to natural
vegetation regrowth, the aboveground biomass is left for continued growth.

Afforestation. With afforestation, we refer to the artificial establishment of
selected regional established tree species and implementation of sustainable silvi-
cultural practices to enhance carbon sequestration relative to natural forest
regrowth. Mitigation potentials of afforestation are estimated with the Global
Forest Model (G4M)76,102,103. G4M uses biomass data from FAO, yield tables and
MODIS NPP to parameterize increment functions, together with information on
local soil characteristics, temperature and precipitation102. Forest management
includes activities such as selection of optimal tree species group, rotation period,
and thinning intensity77. The model has been widely used in the international
scientific community77,78,81,104,105 and is coupled to the integrated assessment
model MESSAGE and the land-based economic model GLOBIOM79 (by which it
was used for estimating forestry emissions for a set of SSP/RCP scenarios).
Afforestation dynamics are estimated for each grid cell based on local environ-
mental conditions64, and can be simulated for different background climates76.
More information on the validation and applications of G4M are available in
Supplementary Note 1 (“Afforestation”).

We quantified afforestation potentials using G4M driven by SSP2-RCP4.5
multi-ensemble mean climate data from the EC-Earth3 model106. Mean annual
increment (tC ha−1 yr−1) was used to calculate the 30-year average carbon
sequestration potential until 2050. Mean annual increment describes yield level and
is proportional to the ratio between total stem wood carbon production per hectare
and increment optimal harvest time. Increment is age-dependent and will vary
according to e.g., climate, species and stand density75. G4M simulates afforestation
data of both coniferous and non-coniferous forests based on local site-fertility
factors and climatic conditions75. The optimal forest distribution between the two
forest types is found by identifying the highest carbon sequestration potential in
each grid cell. This optimal forest distribution is used for all scenarios involving AF.

G4M only simulates aboveground stem biomass. To account for the whole
carbon content of the forest system (e.g., branches and roots), a default standard
factor of 20% of extra biomass is added to the carbon content of each grid107. This
factor is tree and age dependent, and decreases with forest age, when the stem
biomass becomes a larger part of the total aboveground biomass. Higher values are
sometimes used, e.g., up to 40% in Refs. 108,109. However, our analysis focuses on
the first decades of forest establishment, and 20% represents a conservative
estimate to prevent overestimations. Emissions from silvicultural activities are 0.3
tCO2eq ha−1110, and are one-time emissions occurring when the forest plantation
is established.

Bioenergy crops. Bioenergy potentials are considered for three common types of
perennial grasses that are harvested once a year: miscanthus, reed canary grass and
switchgrass. Miscanthus is a C4 grass that grows native from tropic to sub-arctic
regions111. Reed canary grass is a C3 grass that thrives in cold climates and it is
typically harvested in spring for optimal quality112,113. Switchgrass is a C4 grass
that grows native in North America and Europe114. These perennial grasses have
shown promising properties as bioenergy feedstocks in test trials and their culti-
vation is expected to significantly increase in most future climate change mitigation
scenarios5.

Yields of perennial grasses are estimated using the model Global Agro-
Ecological Zones version 4 (GAEZv.4)115 with net calorific values (in MJ kg−1) for
miscanthus, reed canary grass, and switchgrass from the Phyllis2 Database116.
Agro-climatic yields for miscanthus, reed canary grass and switchgrass are collected
at 5 arc minutes spatial resolution. Several constraints are accounted for when
producing the yield estimates, such as local temperature, moisture, and leaf area
index, as well as risks of pests and diseases. In our analysis, we estimate grid-
specific bioenergy potentials as the 30-year average for the period 2021–2050 under
RCP4.5 climatic conditions (according to the HadGEM2-ES climatic model), high
management intensity levels (i.e., market-oriented farming systems, highly
mechanized with low labor intensity and with pest and disease control), and under
both rainfed and irrigated water supply. Water requirements are calculated for all
crop types and corresponding yield reductions are dependent on actual crop
evapotranspiration and maximum crop evapotranspiration. GAEZv.4 uses
irrigation to avoid yield losses from water stress by preventing crop water deficits
during the growth cycle (so that crop water losses from evapotranspiration do not
exceed absorption). A validation of GAEZv.4 yields against observations and other
crop yield models are available in Supplementary Note 1 (“Bioenergy crop yields”).

The BE and BECCS scenarios rely on an optimal combination of miscanthus,
reed canary grass, and switchgrass, which is found by identifying the grass with
highest dry mass yield in each grid cell (Supplementary Fig. 5b, c).

Final energy production, CCS, and life cycle emissions. Perennial grasses are
assumed to be used to produce second-generation (2G) ethanol and Fischer-
Tropsch (FT) diesel, in equal shares. These are two common types of biofuels
expected to be produced in the future for climate change mitigation in the
transport sector117, and are representative examples of a biochemical (2G
ethanol) and thermochemical (FT diesel) production route. Life cycle inventory
data to produce biofuels are summarized in Supplementary Table 8. Cultivation
of perennial grasses includes the major farming activities (soil preparation,
fertilization, harvesting) and are specific to each type of perennial grass118.
Nitrogen (N), phosphorus (P) and potassium (K) fertilizer application rates are
site-specific, and they are equal to the nutrient contents of the harvested biomass
plus losses due to volatilization and leaching, soil erosion rates and plant uptake
inefficiencies118. Farming the mix of perennial grasses in our scenarios results in
weighted average climate change impacts of 151 and 220 kg CO2eq per ton(dry)
biomass for rainfed and irrigated crops119,120, respectively. An average transport
distance of biomass from field to biorefinery of 200 km is assumed at an average
biomass moisture content of 17.5 %121 (with emission factor of 0.171 kg CO2 per
t-km122). Emissions from industrial conversion of biomass to biofuels are
assumed as 115 kg CO2eq per ton(dry) biomass121–123 for 2 G ethanol and 8.3 kg
CO2eq per ton(dry) biomass124 for FT diesel. Plant efficiency is 45% for pro-
duction of 2 G ethanol121 and 53% for FT diesel124, which means that 23 and
27% of primary bioenergy potential become final energy potential in terms of
2 G ethanol and FT diesel, respectively. CO2 emissions at the biofuel conversion
facility available for CCS are 0.160 kg CO2eq MJ−1121 from ethanol production
and 0.138 kg CO2eq MJ−1124 for FT diesel. Negative emissions from the CCS
technologies are −1046 kg CO2eq per ton(dry) processed biomass121 for 2 G
ethanol and −999 kg CO2eq per ton(dry) processed biomass124 for FT diesel.
These numbers are obtained after the inclusion of life cycle emissions for the
CCS technology inputs (e.g., chemicals and energy inputs) (0.004 kg CO2eq per
kg CO2 sequestered)125 and a carbon capture efficiency of 90%125 of the carbon
dioxide that would be vented out from industrial processes in the plant. We
assume that all CO2 emissions from industrial processes are available for cap-
turing (both emissions from the gasification plant and from the heat and power
generation area). The energy penalty for introducing CCS to the biorefinery
system is 4.4% for 2G ethanol and 3.4% for FT diesel31, and it is modeled by an
additional biomass consumption (and associated life-cycle emissions). Transport
emissions from biorefinery to distribution are assumed for an average distance
of 100 km (5.1 kg CO2eq per ton(dry) processed biomass121,126 for 2G ethanol
and 3.2 kg CO2eq per ton(dry) processed biomass124 for FT diesel).

To estimate climate change mitigation potentials from replacement of gasoline
(2G ethanol) and diesel (FT diesel), life cycle emissions of fossil fuels are assumed
as 95.1 g CO2eq MJ−1 and 93.3 g CO2eq MJ−1127 for diesel and gasoline,
respectively. The final bioenergy potential (in GJ yr−1) corresponds to the possible
reduction in fossil fuels and the resulting mitigation potential. The analysis
accounts for the emission of the three most important GHGs (CO2, N2O, and
CH4), whose impacts are converted to CO2-equivalents using the Global Warming
Potential for a time horizon of 100 years (GWP100).

Data availability
Data used in this study are publicly available from the references provided in the paper.
Abandoned cropland data (for scenario AC, AC+AC4, and AC+AC8), G4M data, and
natural regrowth data in historical abandoned cropland are made available at https://doi.
org/10.6084/m9.figshare.21901962. Other data necessary to replicate the results can be
collected from the following repositories: natural regrowth data from https://data.
globalforestwatch.org/documents/carbon-accumulation-potential-from-natural-forest-
regrowth-in-reforestable-areas/about (carbon accumulation potential) and https://data.
globalforestwatch.org/documents/d28470313b8e443aa90d5cbcd0f74163/about
(uncertainty ranges), biomass yields from GAEZ under ‘3 – Agro-climatic Potential
Yield’ at https://gaez.fao.org/pages/data-viewer, priority areas for biodiversity
conservation from https://zenodo.org/record/5006332#.Y8RrOJjMI2w and water scarcity
areas from FAO AQUAMAPS under ‘Distribution of physical water scarcity by major
hydrological basin (Global)’ at https://data.apps.fao.org/aquamaps/.

Code availability
Custom code used to generate the results reported in this paper is available from the
corresponding author upon request. All code is developed in Python and MATLAB.
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