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Abstract
Global warming necessitates urgent action to reduce carbon dioxide (CO2) 
emissions and remove CO2 from the atmosphere. Biochar, a type of carbonized 
biomass which can be produced from crop residues (CRs), offers a promising so-
lution for carbon dioxide removal (CDR) when it is used to sequester photosyn-
thetically fixed carbon that would otherwise have been returned to atmospheric 
CO2 through respiration or combustion. However, high- resolution spatially 
explicit maps of CR resources and their capacity for climate change mitigation 
through biochar production are currently lacking, with previous global studies 
relying on coarse (mostly country scale) aggregated statistics. By developing a 
comprehensive high spatial resolution global dataset of CR production, we show 
that, globally, CRs generate around 2.4 Pg C annually. If 100% of these residues 
were utilized, the maximum theoretical technical potential for biochar produc-
tion from CRs amounts to 1.0 Pg C year−1 (3.7 Pg CO2e year−1). The permanence 
of biochar differs across regions, with the fraction of initial carbon that remains 
after 100 years ranging from 60% in warm climates to nearly 100% in cryosols. 
Assuming that biochar is sequestered in soils close to point of production, ap-
proximately 0.72 Pg C year−1 (2.6 Pg CO2e year−1) of the technical potential would 
remain sequestered after 100 years. However, when considering limitations on 
sustainable residue harvesting and competing livestock usage, the global biochar 
production potential decreases to 0.51 Pg C year−1 (1.9 Pg CO2e year−1), with 0.36 
Pg C year−1 (1.3 Pg CO2e year−1) remaining sequestered after a century. Twelve 
countries have the technical potential to sequester over one fifth of their cur-
rent emissions as biochar from CRs, with Bhutan (68%) and India (53%) hav-
ing the largest ratios. The high- resolution maps of CR production and biochar 
sequestration potential provided here will provide valuable insights and support 
decision- making related to biochar production and investment in biochar pro-
duction capacity.
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1  |  INTRODUCTION

To limit global warming to below 2°C compared to pre- 
industrial levels, it is essential to both reduce net green-
house gas (GHG) emissions, and also to remove excess 
carbon dioxide (CO2) from the atmosphere through carbon 
dioxide removal (CDR) strategies (Griscom et al.,  2017; 
Liu & Raftery, 2021). Resources and techniques for land- 
based climate change mitigation, including storing CO2 
in land- based pools are gaining attention (Baruch- Mordo 
et al., 2019; Roe et al., 2021). Efforts aimed at land- based 
mitigation, such as afforestation, reforestation, or soil car-
bon sequestration, require significant amounts of finite 
resources, including land, and biomass (Smith,  2018). 
These resources may be scarce in some regions and face 
competition from other uses, which can limit their avail-
ability for these efforts and make implementation more 
challenging, expensive, and unsustainable. However, crop 
residues (CRs) offer a promising solution to counter these 
challenges. Unlike other biomass resources, CRs do not 
require additional land and provide a variety of uses with-
out driving demand for land. One potential use for CRs is 
their conversion to biochar, which can be added to soil, 
or otherwise sequestered, as a strategy for CDR (Woolf 
et al., 2010). Biochar as a land- based mitigation strategy 
has several co- benefits, making it a potentially more cost- 
effective method of CDR than bioenergy with carbon cap-
ture and storage (BECCS) technologies whereby biochar 
could become economically viable at a lower carbon price 
than BECCS (Woolf et al., 2016).

Biochar, a type of charcoal produced from the ther-
mal decomposition of organic materials has been pro-
posed as a potential tool for climate mitigation (Lehmann 
et al.,  2021). When added to soil, biochar can sequester 
carbon because the carbon in biochar is relatively sta-
ble and remains in the soil for long periods, rather than 
being released into the atmosphere as CO2 (Lehmann 
et al., 2021; Wang et al., 2016; Woolf et al., 2021). The con-
version of photosynthetically fixed carbon into persistent 
biochar that would otherwise be returned to atmospheric 
CO2 through respiration or combustion, thus constitutes 
a net CDR from the atmosphere (Lehmann et al., 2021). 
Maintaining a safe climate will require some CDR to off-
set hard to eliminate emissions, and to recover from any 
overshoot in safe CO2 concentrations (IPCC, 2022). This 
article provides a spatially explicit assessment of the po-
tential for carbon sequestration in biochar from CRs. Most 

life- cycle assessments indicate that carbon sequestration 
is the largest contribution to net GHG impacts of biochar 
systems, contributing to more than half of the net GHG 
emission reductions (Lehmann et al.,  2021; Tisserant & 
Cherubini, 2019).

In addition to directly sequestering carbon, biochar 
production and application to soils can contribute to a 
range of other impacts on net GHG fluxes. For example, 
biochar can modify (typically reduce) soil N2O (Borchard 
et al., 2019) and CH4 (Jeffery et al., 2016) emissions. Emis-
sions of N2O and CH4 that would have arisen from the 
decomposition or combustion of the feedstock are avoided 
(Woolf et al., 2010). Biochar can alter (typically reduce in 
the long term) the decomposition rate of native soil or-
ganic carbon (SOC; Maestrini et al., 2015). Reduced fertil-
izer requirements avoid GHGs from fertilizer production 
and transport (Woolf et al., 2010). Co- production of bioen-
ergy with biochar can offset fossil- fuel emissions (Woolf 
et al.,  2016). Biomass pyrolysis can entail emissions of 
volatile and gaseous organic compounds, particularly if 
simple low- cost technologies are utilized that fail to fully 
combust the pyrolysis gases (Cornelissen et al.,  2016). 
There are emissions associated with harvesting and 
transport. Biochar can also improve soil quality, leading 
to increased phytomass production that may be utilized 
for further carbon sequestration (Schmidt et al.,  2021; 
Woolf et al.,  2010). A complete inventory of emissions 
and avoided emissions would form part of a life- cycle as-
sessment for individual biochar projects that goes beyond 
the carbon sequestration potential provided in this article. 
However, life- cycle assessments must be related to specific 
conversions of specific feedstocks applied in specific lo-
cations, and are not readily generalizable to global maps. 
While the specific climate change mitigation potential of 
biochar depends on various factors, such as the feedstock 
used and the production method (Joseph et al.,  2021; 
Woolf et al., 2021), it has the potential to make a signif-
icant contribution to efforts to address global warming 
(Matustik et al., 2020; Tisserant & Cherubini, 2019; Woolf 
et al., 2010).

There are estimates of the potential of biochar to 
contribute to climate change mitigation at global and 
national scales (Griscom et al., 2017; Roe et al.,  2021). 
While these estimates are useful for actions at these 
scales, there is a need for refined estimates to guide 
planning of actions at finer scales, such as agriculture 
and conservation projects that operate at regional and 
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landscape levels. Providing tools to guide planning of 
biochar at these scales can help provide a sustainable 
use for currently unused CRs (Monforti et al.,  2013, 
2015). To effectively quantify the potential for biochar 
to contribute to climate change mitigation at regional 
and landscape scales, it is necessary to quantify the bio-
mass input to biochar production at this scale. Addition-
ally, spatially explicit assessment can help identify areas 
where CR production may be limited or where there are 
opportunities to increase production, potentially lead-
ing to more efficient and sustainable resource manage-
ment (Scarlat et al., 2019).

The aims of this study are twofold. First, to provide a 
global, high spatial resolution (5 × 5 min of arc) dataset of 
CR production that can be used for biotechnology and or-
ganic resource assessments. Second, we use this CR data-
set to estimate the potential for biochar production from 
CRs, and the associated carbon sequestration, at the same 
high spatial resolution and global extent. The spatially ex-
plicit CR datasets can be reused for assessing the potential 
of other bio- technologies and, ultimately, for comparative 
assessments that are useful for policy development. The 
work can also lead to more refined national or local as-
sessments, with more detailed information on current CR 
uses, supporting investment decisions in pyrolysis plants, 
for example.

2  |  MATERIALS AND METHODS

We first used gridded crop production data and well- 
acknowledged estimation approaches based on residue- 
to- product ratios (RPRs) to estimate CR production. Then 
we applied previously developed empirical models to es-
timate biochar yields, biochar carbon content, and per-
manence of biochar. The CDR potential was estimated 
using a two- factor model based on the pyrolysis tempera-
ture and local soil temperature. Both maximum technical 
and constrained potentials were calculated, taking into 
account the fraction of residues that can be sustainably 
harvested, or that would compete with use as livestock 
fodder, thereby potentially reducing food security.

2.1 | Crop production data and 
crop selection

One approach to assessing CR potential is through the 
use of the RPRs, which are dimensionless factors used 
to estimate the amount of CR relative to the harvested 
yield of a particular crop. For large- scale assessments of 
CR potentials, RPRs can be estimated by functions con-
sidering crop yield variations and accounting for them 

(Bentsen et al., 2014; Ronzon & Piotrowski, 2017; Scarlat 
et al., 2019). This is useful for scaling up CR potential as-
sessments to regional, national, or global levels. Previous 
assessments of CR potentials at a larger scale have often 
relied on crop production statistics that are either down-
scaled to a spatial grid cell based on land cover data (Scar-
lat et al.,  2019) or simply applied uniformly to regions 
from which the statistics are derived (Bentsen et al., 2014; 
Karan & Hamelin, 2021). However, these approaches limit 
the level and accuracy of spatial disaggregation, which is 
important for mapping and visualizing the spatial vari-
ation in CR potential. Visualizing and mapping the spa-
tial variation of CR enables a more accurate and detailed 
understanding of the distribution of CR potential, which 
can be crucial for making informed decisions in various 
areas, such as siting of biochar production units, carbon 
sequestration estimation, land management strategies, re-
source allocation, and assessing the economic viability of 
bioenergy or biochar projects. Recent developments have 
greatly improved the spatial downscaling of crop produc-
tion statistics to be directly associated with cropland (Lu 
et al., 2020; Yu et al., 2020) using a more comprehensive 
set of covariate predictors. This allows for more detailed 
assessments of CR potential, and the development of tools 
to identify areas where CR production is likely to be high-
est, and to inform management decisions related to the use 
of CRs for various purposes, such as biochar production.

Our spatially explicit CR potential was built upon 
the MapSPAM crop production dataset (SPAM 2010 v2.0 
Global Data, Yu et al.,  2020). This dataset contains pro-
duction statistics for 42 different crops at a resolution of 
5- arc min (approximately 10 × 10 km) ca 2010. SPAM 2010 
v2.0 accounts for interannual variability by averaging over 
the period 2009– 2011, with averages over the period 2005– 
2015 used for gap- filling where necessary. The MapSPAM 
dataset analyses various crop production parameters 
across four distinct production systems for each crop (Yu 
et al., 2020). For this study, we used the dataset that inte-
grates all four production systems into one, thereby pro-
viding a comprehensive representation of the overall crop 
production. For each crop, two layers were used, namely 
the crop yield Yi (in Mg ha−1 at harvest moisture content) 
and the harvested area (A) in hectares (ha). The crop yield 
data were converted to dry weight using the dry weight 
conversion factors from Yu et al. (2020; Table S1).

Of the 42 MapSPAM crops, the analysis was limited 
to 34 crops. Crops were excluded based on the non- 
existence of residues for these crops (e.g., flaxseed and 
hemp for which both the seed and the straw are used), 
aggregated crop categories with low potential for resi-
due harvesting (vegetables and “other crops”), or their 
unsuitability for biochar production and other thermo-
chemical treatments (see Table S2, presenting all crops 
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and their residues). It is worth noting that some crops 
have multiple residue types and that residues can be 
generated in- field or during processing of the harvest 
(Table S2). For instance, coconut is associated with in- 
field frond, post- processing husk, and post- processing 
shell. Rice is associated with in- field straw and post- 
processing husk. Both primary (in- field) and secondary 
(processing) residues are included in this study.

2.2 | Crop residue production

For each residue type t  and crop i, the annual CR produc-
tion per pixel in Megagram (Mg) of dry weight Rt,i was 
calculated using Equation (1).

where Yi is the crop yield in Mg ha−1 (dry weight), �t,i the 
residue- to- product ratio (RPR), and Ai the harvested area in 
ha, which accounts for multiple harvests of a crop within 
a year (and can be larger than the physical area of a pixel). 
Where energy content of these residues is reported, these 
were calculated on a lower heating value (LHV) basis (see 
Table S13a).

2.2.1 | Residue- to- product ratio

Lists of functional and constant RPRs for some major ag-
ricultural crops have been previously compiled (Karan & 
Hamelin, 2021; Ronzon & Piotrowski, 2017). In this study, 
we built upon these efforts by compiling an expanded list 
of published RPR models for the selected crops (Tables S3– 
S6). Where multiple RPR models were available for a spe-
cific crop, we compared those models according to several 
criteria (year of publication, number of observations, 
availability of uncertainty, R2, and empirical yield range, 
see Section 4.1 and Table S7). This resulted in the selection 
of RPR models from the most recent publications, which 
usually correlated with larger datasets and higher R2.

For the 14 crops with an exponential RPR function, 
the modeled residue yield increased with crop yield up 
to a certain point before asymptotically approaching 
zero (Figure  S1), indicating that such models cannot 
be safely extrapolated outside their calibrated range. 
Bentsen et al. (2014) found a similar trend, and recom-
mended using a piecewise continuous model to correct 
CR potentials for wheat, rice, maize, barley, and soy-
bean. Following this recommendation, we applied the 
piecewise continuous model correction shown in Equa-
tion (2) for the nine other crop classes with an exponen-
tial RPR function. These included other cereal straw, 

sorghum, potato, bean, sunflower, rapeseed, other oil 
crops, sugarbeet, and cotton.

where, a and b are the crop-  and residue- specific functional 
parameters compiled by Bentsen et al. (2014) and Ronzon 
and Piotrowski (2017) and shown in Table S6.

The maximum yields for many of the selected crops 
in the MapSPAM database were observed to be unrealis-
tically high in a small proportion of map pixels. For ex-
ample, 32 Mg ha−1 (28 Mg ha−1 dry mass) for wheat and 
76 Mg ha−1 (68 Mg ha−1 dry mass) for rice (see Table S8). 
In contrast, the highest reported crop yield for wheat of 
which we are aware is 17.4 Mg ha−1. To correct for this, 
we constrained yield for all crops to be no greater than 
the 99.95th percentile. None of the factorial combinations 
of (1) truncating the yield distribution to the 99.95th per-
centile, (2) excluding pixels with yields greater than the 
99.95th percentile, or (3) applying the piecewise model cor-
rection according to Ronzon and Piotrowski (2017) altered 
the total global residue production by more than 0.1%. On 
this basis, we included both the RPR model correction and 
crop yield threshold for the calculation of residue produc-
tion to ensure that realistic CR values are obtained for all 
map pixels— even those in the highest percentiles for crop 
yields (see Section 5, Table S9 and Figure S2).

Mass of dry biomass predicted by the above RPR func-
tions was converted to a mass of carbon using the carbon 
contents from Table S1.

2.3 | Crop residue availability

The CR production from the RPR model above provides a 
theoretical technical potential scenario for the maximum 
quantity of biomass that could be provided if all residues 
were utilized (i.e., it is equivalent to the full amount of 
above- ground residues that are grown, without any accom-
modation for losses in harvesting, fire, decomposition, or 
competing uses). However, there are environmental, social, 
and economic constraints on the fraction of this biomass 
that could realistically be available for any specific applica-
tion such as biochar production. Although 100% utilization 
of residues is unfeasible, we provide results for the full tech-
nical potential both to provide the upper bound on what is 
achievable, and to allow other researchers and stakeholders 
to apply their own scalar multipliers to the technical poten-
tial estimates to reflect utilization constraints.

Here, we developed a constrained potential scenario 
that recognizes two of the most important constraints on 

(1)Rt,i = �t,iYiAi

(2)�t,i =

⎧
⎪
⎨
⎪
⎩

at,ie
bt,iYi , if Yi≤

−1

bt,i
−a

bt,ie

1

Yi
, otherwise
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CR utilization: the fraction of residues that can be har-
vested without increasing soil degradation, and the frac-
tion of residues that are already used in food production 
as livestock fodder and bedding. Reliance on CRs in live-
stock production is particularly prevalent in South Asia 
and Sub- Saharan Africa, where many subsistence farmers 
are dependent on this resource for food security. Crop- 
specific harvest factors for the fraction of residues that can 
be sustainably removed were derived from the literature 
(Herrero et al., 2013; Lal, 2005; Proville et al., 2020; Scarlat 
et al., 2010; Woolf et al., 2010; Table S10). Most secondary 
residues that are routinely removed at harvest, and tree 
prunings were assumed to have a maximum availability 
of 90% after losses, because their utilization would not 
adversely affect soil conservation. Exceptions to this rule 
were pineapple tops and fruit peels and pith, large frac-
tions of which are discarded in household waste, with a 
maximum availability factor of 10% assumed for these. 
Regionally specific fractions of residues used in livestock 
production were from Herrero et al. (2013).

2.4 | Biochar yields and permanence

Biochar yield (Ych, defined as mass of dry ash- free biochar 
per unit mass of dry ash- free biomass feedstock) was cal-
culated using Equation (3; Woolf et al., 2014).

where L is the lignin fraction of the biomass on a dry ash- 
free basis (Table S1), and T the pyrolysis temperature in °C. 
The carbon fraction of the biochar (Cch, defined as mass of 
carbon per unit mass of dry ash- free biochar) was calculated 
using Equation (4; Neves et al., 2011).

with a medium pyrolysis temperature of 550°C (Woolf et 
al., 2021) assumed for both these calculation steps.

The yield (Yc_ch) of biochar carbon (i.e., the mass of 
biochar C per unit dry mass of biomass feedstock) is then 
calculated according to Equation (5).

where Cbm is the carbon fraction of biomass on a dry ash- 
free basis (Table S1).

In addition to reporting the quantity of biochar that 
may be produced from the CR resource, we also calculated 
the amount of this biochar carbon that would remain se-
questered after 100 years of decomposition. This “perma-
nence” fraction (Fperm) was calculated according to Woolf 

et al. (2021), based on medium pyrolysis temperatures and 
adjusted for soil temperature. Soil temperatures were from 
Lembrechts et al.  (2022), with the assumption that bio-
char would be returned to soils at or near to the location 
the residues were generated.

3  |  RESULTS

3.1 | Crop residue production

Globally, 2.4 Pg C (8.8 Pg CO2) is generated in CRs each 
year. This is approximately one quarter of the total global 
C emissions from fossil fuels and cement production for 
2021 (Friedlingstein et al.,  2022). The top five residue- 
producing countries are China (0.41 Pg C), the United 
States (0.33 Pg C), India (0.30 Pg C), Brazil (0.17 Pg C), 
and Argentina (0.08 Pg C). The combined potential of CR 
production for EU 27 is estimated at 0.18 Pg C, equiva-
lent to 16% of EU 27's fossil C emissions for the year 2021 
(Table S11, and Eurostat, 2022). Figure 1 shows the spatial 
distribution of CR production in Mg C ha−1 year−1.

Residues (both primary and secondary) from cereal 
crops had the highest share of the overall potential at 
1.62 Pg C year−1 (67.4% of the total), followed by oil/pulse 
crops (both field and tree), and fruits/nuts at 0.45 Pg C 
year−1, 18.7% (Figure 2). Among cereals, maize (straw and 
cobs) had the highest share of CR potential at 0.58 Pg C 
year−1, followed by rice (straw and husks) at 0.49 Pg C 
year−1 (Table S12).

3.2 | Biochar carbon 
sequestration potential

The technical potential (i.e., with 100% utilization of CRs) 
for biochar production from residues is 1.0 Pg C year−1. 
The fraction of biochar, Fperm, that would remain un- 
mineralized one century after addition to soils varies glob-
ally from 60% in hot climates to close to 100% in cryosols 
(Figure 3). Within cropland locations with residue produc-
tion, Fperm ranges from 0.62 to 0.92 (95% CI). Accounting 
for this decomposition, 0.72 Pg C year−1 of the technical 
potential would remain sequestered after 100 years. This 
is equivalent to 45% of the global GHG emissions from the 
agricultural sector in 2019 (Ritchie et al., 2020). The top 
10 countries account for approximately 65% of this total 
global potential (Figure S3, and Table S14). China has the 
largest biochar carbon sequestration potential at 128 Tg 
C year−1 followed by the United States (104 Tg C year−1), 
India (82 Tg C year−1), and Brazil (47 Tg C year−1).

Once we consider limits on the fraction of residues that 
can be sustainably harvested and the fraction of residues 

(3)Ych = 0.126 + 0.273L + 0.539e−0.004T ,

(4)Cch = 0.93 − 0.92e−0.0042T ,

(5)Yc_ch = Ych × Cch∕Cbm,
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that are used in livestock production, the global potential 
for biochar production falls to 510 Tg C year−1, of which 
360 Tg C year−1 would remain sequestered after 100 years 
(Figure 4).

Not surprisingly, the countries with the largest se-
questration potential broadly correspond to the coun-
tries with the largest productive land areas. In terms 
of the potential importance of biochar to each coun-
try's own climate change mitigation targets, more 
meaningful metrics are the sequestration density (i.e., 

sequestered carbon per unit land area of the coun-
try), and sequestered capacity relative to a country's 
current emissions (Figure  5). The countries with the 
highest technical potential sequestration density are 
Bangladesh (79 Mg C km−2 year−1), Hungary (34 Mg C 
km−2 year−1), Taiwan (32 Mg C km−2 year−1), Denmark 
(32 Mg C km−2 year−1), Serbia (30 Mg C km−2 year−1), 
Vietnam (28 Mg C km−2 year−1), and India (27 Mg C 
km−2 year−1). These high sequestration densities are 
due to a combination of high fractions of land area 

F I G U R E  2  Breakdown of global 
residue production by crop. The left hand 
bar shows the contribution of different 
classes of crop to the total. The individual 
crops that comprise these classes are 
shown in Table S12. The right hand bar 
shows the contribution of various cereal 
crops to the overall residue potential.
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resolution (5 × 5 min of arc) spatial rasters of these data (both totals and also disaggregated by crop) are available for download (see Data 
Availability Statement).

Crop residue production
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under cropland (Bangladesh, Denmark, India, and 
Hungary are among the top 10 countries for cropland 
density); high residue crops dominating; and high in-
tensity agriculture with a combination of high yields 
and (in the case of Taiwan and Vietnam) widespread 
multicropping. The countries with the highest techni-
cal potential sequestration as a proportion of current 

GHG emissions are Bhutan (68%), India (53%), Ghana 
(44%), Bulgaria (39%), Rwanda (35%), and Malawi 
(29%). In total, 12 countries have the technical poten-
tial to sequester over one fifth of their current emis-
sions as biochar from CRs. The global average is a 
technical potential of 7%, and a constrained potential 
of 3% of current emissions.

F I G U R E  3  Fraction of biochar carbon (Fperm) remaining un- mineralized 100 years after addition to soil. Fperm is calculated as a function 
of pyrolysis conditions (assuming medium pyrolysis temperatures) and soil temperature, according to Woolf et al. (2021). Note that Fperm is 
not adjusted for soil moisture, therefore values are representative of agricultural lands that have moisture regulated by irrigation or drainage. 
Therefore, Fperm in unmanaged waterlogged or dryland soils may be higher than these values.

0.7

0.8

0.9

Fperm

F I G U R E  4  Waterfall plot showing how much of the initial global residue production (in Pg C year−1) could be sequestered as biochar 
carbon, after accounting for constraints and losses. “Harvest losses” refer to the quantity of residues that would remain unharvested when 
accounting for maximum sustainable removal rates. “Livestock production” refers to residues that are currently used as fodder in livestock 
systems, and which could therefore not easily be diverted into biochar production without possible adverse consequences for food security. 
“Biochar production” refers to carbon that is lost as CO2 during pyrolysis, assuming that organic volatiles are combusted for energy rather 
than also sequestered. Biochar decomposition refers to carbon losses due to mineralization of biochar during 100 years following its addition 
to soil.
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4  |  DISCUSSION

4.1 | Crop residue production

To contextualize these results, it is useful to compare 
our estimates of CR production to previous studies 
that use less granular data and smaller subsets of CR 
types. Overall, the energy content (LHV) from the CRs 
(straw from barley, maize, rice, soybean, sugarcane, 
and wheat) in this study is only 0.15% higher than pre-
viously reported by Bentsen et al. (2014; Table 1). How-
ever, large differences (up to 133%) are observed when 
comparing residues for specific crops (Table S13a– f). A 
similar trend (similar total estimates and larger differ-
ences between crops) is observed when we compare our 
residue production estimates with earlier estimates for 
other major agricultural regions of the world (Table 1). 
In particular, for India, our estimates are 2% higher than 
the values reported by Anand et al. (2022). For China, 
the difference is 3% when comparing the results of this 
study with the values reported by Fang et al. (2019). For 
EU27 + UK, we find the CR potential to be 20% lower 
than reported by García- Condado et al.  (2019), and 
10% higher than Scarlat et al.  (2019). For the United 
States, our estimates are 17% higher than reported by 
Chatterjee (2013). However, it should be noted that the 
estimates from this study are not directly comparable 
to those in previous publications, due to differences in 
time scale.

4.2 | Biochar carbon 
sequestration potential

It is important to recognize that our estimates of biomass 
resource availability (and thus of constrained biochar po-
tential) utilize a conservative estimate of the harvestable 
fraction, since this fraction is based on earlier studies that 
calculate how much residue must be retained to prevent 
soil degradation, but which do not account for the effects 
of returning biochar to the soil. It is expected that biochar 
addition to soils should allow for greater residue removal 
rates, while still maintaining healthy soil functions, for 
several reasons. First, biochar can substitute some of 
the functional attributes of non- pyrogenic SOC, such as 
cation exchange capacity (Domingues et al., 2020; Ghor-
bani et al.,  2023) and water holding capacity (Omondi 
et al., 2016; Razzaghi et al., 2020). Second, negative prim-
ing by biochar can build stocks of non- pyrogenic SOC 
(Wang et al.,  2016). Third, when biochar leads to in-
creased crop growth, the amount of organic matter from 
residues and root biomass returned to soil can increase 
(Woolf et al., 2010). Further research will be required to 
determine how biochar affects the sustainable rate of resi-
due removals.

The potential for biochar CDR estimated in this study 
falls within the range (0.3– 1.3 Pg C year−1) of previously 
published studies (Minx et al.,  2018; Roe et al.,  2021; 
Woolf et al.,  2010). It should be noted that the overall 
climate change mitigation potential would also include 

F I G U R E  5  Carbon sequestered in biochar from crop residues, expressed as a fraction of country land area (a, b), and as a fraction of 
2019 country- level GHG emissions (c, d). The top row (a, c) indicates the technical potential, utilizing all residues. The bottom row (b, d) 
indicates the constrained potential, accounting for the sustainably harvestable fraction of residues and residues used in livestock production.

(a) (c)

Biochar density (Mg C km�2 year�1)

0−1 1−5 5−10 10−15 15−20 20−25 25−30 >30

Percent of emissions

0−1 1−2 2−4 4−8 8−16 16−32 32−64 >64

(b) (d)
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the emissions and avoided emissions in the full life cycle 
of the biochar, including the biomass supply chain (pri-
marily harvesting and, transport, since we only include 
existing residues), conversion to biochar, emissions 
or emission reductions from use of biochar, and any 
avoided emissions from the decomposition of untreated 
biomass (e.g., methane emissions from rice residues). It 
would also need to consider the potential substitution 
of energy with pyrolysis energy and materials replaced 
by biochar.

4.3 | Sources of modeling uncertainty

One important source of uncertainty is the durability 
or permanence of biochar carbon sequestration. Mul-
tiple strands of evidence from laboratory incubations, 
field experiments, chronosequences, assessment of aged 
biochars, and global or regional budgets (Lehmann 
et al., 2015) combine to indicate that biochar decomposes 
at least one to two orders of magnitude more slowly in 
soil than the biomass from which it was made (Wang 
et al., 2016; Woolf et al., 2021). Nonetheless, accurately 
quantifying its decomposition rate and residence time, 
which vary with both biochar properties and environ-
mental conditions, remains methodologically challeng-
ing. Uncertainty in the fraction of biochar expected to 
be mineralized over a specific time period grows larger 
the longer the time period. Over years to a few dec-
ades, mineralization is dominated by the more readily 
decomposed fraction of the material, which is easier 
to quantify in laboratory incubations. Longer term ex-
trapolations using two-  or three- pool exponential decay 
models derived from laboratory incubations conducted 
over a few years or less is inherently conservative, since 
decay rates are expected to fall over time as the most 
readily decomposed fractions are depleted (Lehmann 
et al., 2015). Woolf et al. (2021) estimated via bootstrap-
ping that the 95% confidence interval on the mean for 
Fperm over 100 years is ± 0.08, for all biochars and at a 
soil temperature of 14.9°C. Fperm was weakly correlated 
with pyrolysis temperature (R2 = 0.13) and more closely 
with the elemental hydrogen to organic carbon ratio 
(R2 = 0.33). The Fperm values shown in Figure 3 and used 
in our calculations additionally include a correction fac-
tor for the soil temperature where the biochar is applied. 
This soil temperature correction was derived from the 
empirical relation between Q10 and soil temperature 
(Lehmann et al., 2015). This Q10 regression model was 
reported by Lehmann et al. (2015) to have a R2 of 0.73, 
but since the RMSE was not provided it is not possible to 
convert this into a quantitative uncertainty on the Fperm 
values derived from it. Overall, temperature sensitivity T
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of decomposition of biochar and organic matter alike is 
an area of active research (Davidson & Janssens, 2006; 
Elsgaard & Eriksen,  2023). For more detailed discus-
sions of biochar permanence and its uncertainty see, for 
example, Lehmann et al. (2015), Wang et al. (2016), and 
Woolf et al. (2021).

Spatially explicit crop yields, which are also crucial in 
our model, lack a well- quantified assessment of uncer-
tainty. Consequently, we are unable to provide an overall 
estimate of uncertainty. Our crop yield values are pri-
marily derived from MapSpam data, which are largely 
based on FAOStat data (Yu et al.,  2020). These data are 
subjected to spatial downscaling using a statistical model 
and spatial covariates. It is important to note that FAOStat 
acknowledges the challenge in assessing the dataset's 
overall accuracy due to its collection by member countries 
(FAO, 2022). While we cannot, therefore, offer a compre-
hensive estimate of uncertainty on the overall results, we 
have qualitatively described and discussed the sources of 
uncertainty (see section 6 and Table S15).

5  |  CONCLUSIONS

CRs are an important and spatially heterogeneous resource 
that offer a promising resource for bio- technologies, natu-
ral resource management, developing a circular economy, 
and for climate change mitigation. The spatially explicit 
dataset of residue production generated in this study can 
be used for a wide range of organic resource assessments 
to guide planning and decision- making from global to re-
gional and landscape scales.

Total global CR production was estimated to be 2.4 Pg 
C year−1. The technical potential for biochar production if 
all these residues were utilized is estimated to be around 1 
Pg C year−1 (3.7 Pg CO2e year−1), while the potential con-
strained by existing uses and harvest losses is 0.51 Pg C 
year−1 (1.8 Pg CO2e year−1). This leads to substantial 100- 
year biochar carbon storage in the range of 0.36– 0.72 Pg C 
year−1 (1.25– 2.64 Pg CO2e year−1), equivalent to between 
3% and 7% of current annual global anthropogenic CO2 
emissions.

Detailed planning of actual biochar projects would 
also require a full life- cycle assessment, which is depen-
dent on the precise details of the technology and system 
designs to be implemented. Nonetheless, given that pre-
vious life- cycle assessments of biochar from CRs indicate 
that the CDR impact of sequestered carbon is typically the 
largest contributor to the overall GHG impact (Lehmann 
et al., 2021), the CDR potential calculated here provides a 
robust indication that biochar from CRs has the technical 
potential to provide an important contribution to climate 
change mitigation.

Finally, we would like to emphasize the large spatial 
heterogeneity in this potential, leading to some countries 
(e.g., China, the United States, India, Brazil, and Argen-
tina) having very large overall potentials, while other 
countries (e.g., Bhutan, India, Ghana, Bulgaria, Rwanda, 
and Malawi) could feasibly meet a large share of their cli-
mate change mitigation goals using biochar from CRs.
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