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PERSPECTIVE

Mineral-enriched biochar delivers enhanced
nutrient recovery and carbon dioxide removal
Wolfram Buss1,2,3✉, Christian Wurzer 2, David A. C. Manning4,

Eelco J. Rohling 5,6, Justin Borevitz1 & Ondřej Mašek2

Biochar production via biomass pyrolysis with subsequent burial in soils provides a carbon

dioxide removal technology that is ready for implementation, yet uptake requires accelera-

tion; notably, through generation of cost reductions and co-benefits. Here we find that bio-

mass enrichment (doping) with refined minerals, mineral by-products, or ground rocks

reduces carbon loss during pyrolysis, lowering carbon dioxide removal costs by 17% to US$

80–150 t−1 CO2, with 30% savings feasible at higher biomass costs. As a co-benefit, all three

additives increase plant-available nutrient levels. Doping with potassium-bearing minerals

can increase both potassium and phosphorus release. Mineral doping in biochar production

therefore offers carbon dioxide removal at lower costs, while alleviating global phosphorus

and potassium shortages. This makes it unique among carbon dioxide removal technologies.

It is now widely agreed that immediate action on climate change is needed and that this must
include both dramatic emissions reduction and atmospheric carbon dioxide removal (CDR)1.
If there are economic and environmental co-benefits to any CDR technology, then this could

significantly accelerate rates of implementation2–4. Biochar production and burial into soils is a
key example of a technology that combines CDR with co-benefits for agricultural yield and the
soil environment4–7. Greenhouse gas emission life-cycle assessments confirm biochar’s CDR
potential; its global annual carbon dioxide removal potential is estimated at 0.03–6.6 Gt CO2 eq.
year−1 8.

Biochar is produced through thermochemical conversion at temperatures above 350 °C (most
often 450 °C and higher) under oxygen-limited conditions. This process, called pyrolysis,
transforms the labile feedstock into a carbon-rich product that is recalcitrant against
decomposition9. The feedstock for biochar production can be any biomass, such as crop and
forestry residue, purposefully grown plants, animal waste, or wastewater (sewage) sludge5.
During pyrolysis, minerals in the feedstock play a pivotal role in catalysing biomass conversion
into biochar and assist in carbon stabilisation10,11. The same inherent minerals in biochar also
provide nutrients to soil and plants through leaching. Many of the observed influences in
agricultural applications have been attributed to this nutrient provision and increased nutrient-
use efficiency12. Plant-available phosphorus (P) is a limiting resource, and efficient resource
recovery from residues is needed to overcome nutrient limitations13. Therefore, enhancement of
P availability in biochar is of particular interest.

The content of inorganic nutrients within biochar can be enhanced by adding specific, refined
minerals to feedstock prior to pyrolysis, which can create a slow-release fertiliser14,15 or increase
biochar’s carbon sequestration potential10,16. However, most refined mineral additives are
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relatively expensive (e.g., potassium acetate at ~US$ 1000 t−1)16,
reducing the potential benefits for biochar doping. To achieve
large-scale CDR through mineral-enriched biochar, abundant,
and low-cost minerals are required close to sites where biomass is
available for biochar production to ensure a favourable carbon
footprint. Therefore, we evaluate the suitability of minerals from
residues and by-products of existing industrial operations, and
ground rocks, as potential biomass dopants for enhanced biochar
production.

There are evident benefits of biomass mineral-enrichment
prior to pyrolysis to achieve both higher carbon sequestration
potentials and better fertiliser values. So far, however, this
synergistic effect has received little attention. Therefore, this
paper explores how optimising the biochar-pyrolysis system for
this dual purpose could give significant economic and agricultural
benefits, which can accelerate biochar implementation. Here we
(i) review the benefits of biomass mineral doping for the resultant
biochar and (ii) assess the suitability of (a) soluble, refined
minerals, (b) mineral by-products/residues, and (c) ground rocks
for doping to increase carbon sequestration and nutrient provi-
sion potential of biochar. Finally, (iii) we evaluate the effect of
mineral doping on atmospheric CO2 removal costs in a new
analysis.

Benefits of biomass doping with minerals
Improving biochar’s carbon sequestration potential. During
pyrolysis, biomass polymers (lignin, cellulose and hemicellulose)
are converted into an aromatic carbon framework. This aromatic
carbon is highly recalcitrant to decomposition, so that its per-
sistence and longevity in soil is much higher (orders of magni-
tude) than that of the feedstock material, with an estimated
residence time of centuries to millennia9. However, not all of the
biomass carbon retained in biochar exhibits this level of recalci-
trance. The more labile carbon fraction is relatively readily
decomposed in soil, ultimately resulting in re-release of some
carbon into the atmosphere17. The proportional yield of the stable
fraction determines the carbon sequestration potential of biochar
and is calculated as biochar yield per unit biomass input multi-
plied by the percentage of stable carbon content within biochar
(Fig. 1a)17. Many different methods exist to determine this stable
carbon content in biochar based on thermal, chemical or biolo-
gical processes18–20. One of the most widely used techniques is
proximate analysis, which determines biochar’s thermal stability
in an oxygen free atmosphere, typically at 900 °C. The resulting
proportion of stable (or fixed) carbon is considered to persist in
soil for at least 100 years18,21–23, the timeframe most commonly
used for assessing global warming potential of greenhouse gases
and subsequent modelling24.

Biomass pyrolysis is affected by the presence of inherent and
externally added minerals in the feedstock. This mineral load can
either increase or decrease biochar yield, its stable carbon content,
or both, depending on the nature of the feedstock biomass and
the minerals involved. Appropriate selection of minerals can
result in overall increase in the stable carbon yield per unit
feedstock biomass10,16,25 (Fig. 1b). Two main mechanisms can be
distinguished here: (1) physical protection of carbon through
encapsulation and formation of stable C complexes, which
reduces carbon losses during pyrolysis and increases carbon
persistence in soil, and (2) promotion of biomass decomposition
into low-molecular-weight fragments and subsequent carbon
atom cross-linking into a polyaromatic network through catalytic
activity, which is the reduction in activation energy that is
required for biomass conversion processes26,27.

Si in the form of silica (quartz and amorphous silica) affects
pyrolysis through encapsulation28,29, Fe also mainly through

encapsulation30, P, Ca, and Mg through both encapsulation and
catalytic reactions10,11,31 and Na and K mainly through catalytic
reactions26,27. Of all potential additives, the effects of minerals
containing alkali (K, Na) and alkaline earth metals (Ca, Mg) have
been investigated most thoroughly; addition of minerals contain-
ing an alkali metal generally increased the biochar and stable
carbon yield more than addition of minerals with alkaline earth
metals31–34. This highlights the great potential of alkali metals to
boost biochar’s carbon sequestration potential16.

Alkali metals attack the carbon bonds in biomass and bind
themselves to carbon temporarily, catalyse decomposition via
chelation to hydroxyl and ether groups, and promote cross-
linking of carbon via dehydration reactions11. These reactions
result in increased stable carbon formation. However, for this to
happen, Na and K ions need to migrate, be reactive and available.
Biomass-inherent K is released from its original binding sites and
migrates within the biomass/biochar matrix already at
200–400 °C and re-condenses without gaseous release35, forming
new chemical species36, which demonstrates its mobility. Added
minerals need the same mobility and reactivity to catalyse stable
carbon formation.

Optimising nutrient release from biochar. Biochar contains
nutrients from the feedstock, which are mostly retained and
enriched in the resulting biochar due to the loss of volatile organic
matter. Pyrolysis modifies the availability of nutrients in biochar
through altering the form in which nutrients are bound in the
material. These effects differ for each nutrient considered.

Nitrogen is an important plant nutrient that is present in plant
residues, but also animal manures and sewage sludge. Pyrolysis of
biomass volatilises a significant proportion of N (30–70%) from
the feedstock material37,38, resulting in mean N contents in

biomass

pyrolysis

a

b

biochar

+
minerals

stable 
carbon

biomass

pyrolysis

biochar

stable 
carbon

Fig. 1 Graphical representation of biochar stable carbon yield. a Biochar
stable carbon yield (%) based on biochar yield (% conversion of biomass
into biochar) and stable carbon content within biochar (%) and b enhanced
stable carbon formation from the same amount of biomass through mineral
doping prior to pyrolysis. Following equations are used to calculate the
biochar stable carbon yield: (1) biochar yield (%) = amount biochar/
amount biomass; (2) biochar stable carbon content (%) = amount stable
carbon/amount biochar; (3) stable carbon yield (%) = biochar yield (%) *
biochar stable carbon content (%).
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biochar between ~1% (wood) and 3% (sewage sludge)39. The N
remaining in the resultant biochar is largely unavailable for plant
uptake; this limits N recycling through pyrolysis and biochar40.
Doping with minerals, such as CaO, can form more stable
N-containing compounds, which shows potential for increasing
N retention during pyrolysis41. This could be an important
research path towards producing biochar-based N fertilisers and
should be explored further.

Potassium is a limited resource mined from salts; especially in
the form of sylvine (KCl) and, as a newcomer to production at
scale, polyhalite (K2Ca2Mg(SO4)4·2H2O). It is also present in
forestry, farm, and urban residues such as woody materials, straw,
animal manures, and sewage sludge, which enables K recycling
through pyrolysis. Biochars produced from these feedstocks on
average show K contents of 0.5–4.9%39. Below a pyrolysis
temperature of 700 °C, the K minerals present in feedstock are
mostly retained in biochar, although some fraction of the K may
be lost through volatilisation35,42. The addition of phyllosilicate
minerals (kaolin and mica) helps retain K during combustion43,
and might also be an option for pyrolysis. The availability of
biomass-inherent and added K in biochar is generally high (~50%
of the total K content)16,39,44. This highlights a potential to
produce K fertilisers from pyrolysis of K-rich biomass, or of
K-poor biomass doped with K minerals.

The P contents in biochar from different feedstocks are on
average 0.4% (wood), 0.8% (crop residues), 2.1% (animal
manures), and 2.8% (sewage sludge)39. However, much higher
P contents are reported in some sewage sludge biochars (e.g.,
12%45). Phosphorus recycling from wastewater/sewage sludge is
emerging as an essential strategy to overcome future P supply
shortages, as well as frequently occurring water quality issues
(eutrophication)46. Moreover, introduction of mandatory P
recycling from wastewater in some countries highlights an urgent
need to find effective P-recovery options for sewage sludge13,47,48.
Sewage sludge pyrolysis is one of the most promising P recovery
strategies, also because it ensures the safety of the material by
sterilisation and removal of organic contaminants (e.g., pharma-
ceutical residues)49.

Loss of P is minor during pyrolysis, but the availability of
biomass-inherent P and doped P in the resulting biochar is
typically low at <1–10%, depending on extractant, feedstock, and
pyrolysis temperature15,44,50. Mineral doping of biomass may
alter the availability of biomass-inherent P. Doping with Ca, Fe,
and Mg decreases biochar-P availability51,52 and could therefore
be suitable if a particularly slow P-release fertiliser is desired; e.g.,
in areas of protected water sources52. Doping with low
concentrations of K (as K acetate), on the other hand, increases
P availability by forming K phosphates that are highly soluble44.
Doping with sodium (Na) will likely have similar effects as doping
with K, given that Na phosphates are also highly water-soluble. In
sum, mineral doping demonstrates significant potential for
optimising biochar for P provision and could increase the
recycling efficiency of P from sewage sludge and animal manures.

Synthesis: mineral doping for dual-purpose biochar use.
Mineral doping of biomass prior to pyrolysis can enhance the
biochar carbon sequestration potential by increasing the stable
carbon yield, and improve the biochar fertiliser value by adding
nutrients and increasing the availability of P that was present in
the biomass already.

Doping P-rich biomass, such as sewage sludge and manures,
with minerals containing available K leads to natural synergies
that increase the stable carbon yield, boost the K content (a
nutrient in itself), and enhance the biochar P availability (Fig. 2)44.
Low-P materials such as crop and forestry residues can also be

doped with K-bearing minerals to increase the yield of stable
biochar. In this case, minerals with easily available Ca, Mg, and Fe
also seem suitable (Fig. 2). Doping P-poor biomass with minerals
containing plant-available P or K is not only a valuable strategy
for increasing the stable carbon yield, but simultaneously
enhances P and K nutrient release14,16,53. Doping biomass with
one mineral with low P-availability and a second with low
K-availability could potentially trigger synergies that increase the
availability of either or both added nutrients through formation
of highly soluble potassium phosphates (Fig. 2) (further discussed
in section “K-bearing silicates”).

Suitability of different minerals for dual-purpose biochar use
Soluble, refined minerals. Most studies on biomass doping used
pure minerals or salts, typically testing Fe, P, Ca, Mg, K, and Na
bound to different anions (inlcuding phosphate).

P addition boosted the biochar carbon sequestration
potential when added in the form of ammonium phosphate31,
phosphoric acid54,55, and calcium dihydrogen phosphate15,53.
Fe-containing minerals increased biochar and stable carbon
yield when added as sulphate, nitrate, and acetate31,54,56, but
not as Fe2O3 and chloride57,58. Ca, Mg, Na, and K catalysed
biochar formation when added as chlorides, hydroxides, oxides,
carbonates, and acetates16,26,31,33,54,59. The available data
demonstrate that most forms of soluble, pure minerals can
successfully increase the carbon sequestration potential of
biochar to some degree (Fig. 3), but the cations/anions
(counter-ions) involved are also important. The key factor
likely is the ability to interact with other compounds.

Doping of biomass with carbonates containing Mg, Ca, K, and
Na is very effective for increasing biochar formation, and generally
shows greater impact than the use of other minerals; e.g., chlorides
and acetates34,59. However, doping with carbonate minerals releases
CO2 from carbonate decomposition during pyrolysis27,60. This
could counterbalance the formation of extra stable carbon.
Consequently, the carbon release from carbonate doping should
be carefully weighed against the extra stable biochar formation.

While carbonates can release CO2, silicates, oxides, and
hydroxides of K, Na, Ca, and Mg can react with and sequester
CO2, forming carbonates61,62. The solid–gas reaction of Ca and
Mg silicates and CO2 is very slow and needs high CO2 pressures;
therefore, is not deemed economically viable61. The carbonation
of pure Ca and Mg oxides and hydroxides at elevated
temperature, however, can happen in minutes61. Doping of
biomass with CaO significantly reduced CO2 release compared to
pyrolysis of undoped (and zeolite-doped) biomass in the typical
temperature range used for pyrolysis (300–700 °C)63. Conse-
quently, the use of K, Na, Mg, and Ca oxides and hydroxides as
biomass additives, e.g., as present in combustion ash, could
have additional benefits for carbon sequestration62. Any CO2

release from the production of such oxides or hydroxides would
need to be captured and stored, to optimise the overall carbon
sequestration potential of the entire method.

The nutrients that are added as part of the soluble, refined
minerals are typically plant-available14,16,44. So far, studies that
investigate which K minerals enhance P availability in biochar are
lacking. Only K acetate has been successfully tested44; additional
research in this area is essential. It is likely that K-bearing
minerals that increase the biochar stable carbon yield are also able
to increase the availability of P, since K needs to be reactive and
available in both cases (Fig. 3a).

Minerals from by-products and residues. A focus on by-products
and residues from combustion, mining, or manufacturing processes
would provide cost-effective sourcing of minerals, and facilitate the
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Fig. 2 Effect of mineral addition to P-rich and P-poor biomass on biochar stable carbon yield and availability of P and K in the resulting biochar.
Various scenarios are assumed with minerals containing available K, available Fe, Mg, and Ca and available K or P. In the last scenario the addition of
minerals containing both unavailable K and P is displayed with uncertain outcomes on stable carbon yield and K and P availability in the biochar.

Fig. 3 Predicted increase in nutrient recovery and biochar stable carbon yield as result of biomass doping with minerals. a Effect of K-rich minerals on
the K-availability and P-availability in the resulting biochar and b effect of K-poor minerals on the biochar stable carbon yield. Only in a few cases
experimental data exist and hence the effects are predicted effects based on the availability/mobility of a K and b phosphates/Na/Ca/Mg/Fe in the
respective minerals (assessment details reported in Supplementary Tables 2 and 3). In a the uncertainty of the effect is highlighted by error bars. Predicting
the effect of several components (phosphates/Na/Ca/Mg/Fe) as done in b has a much higher uncertainty, therefore, no error bars are reported. In b Na/
Mg/Ca carbonates are set in brackets because carbonates increase the stable carbon yield but the overall effect on the carbon sequestration potential of
biochar is uncertain due to CO2 release from carbonate decomposition.
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closing of resource cycles that promote the concept of a circular
economy where waste is minimised.

Biomass doping with ash from wood combustion, a diverse
material containing K, Mg, Ca, Fe, and Al in the form of oxides,
hydroxides, carbonates, chlorides, phosphates, and sulphates62,
can catalyse biochar formation and increase the stable carbon
yield25. Besides benefits for carbon sequestration, the biochar
matrix buffers the release of K contained in the wood-ash, which
slows down K leaching in soil and avoids salinity issues, making
biochar amended with combustion ash a potentially critical, slow-
release K-fertiliser. The high content of available K in combustion
ash could also make it suitable as amendment to P-rich feedstock,
to increase the availability of P in the resulting biochar. Yet
besides K, wood ash also contains Mg, Ca, Fe, and Al in large
quantities, with potential to decrease P availability14,44,51,52.
These opposing effects, and possibilities to change the balance
between them, make research on wood ash and other biomass
ashes as additives for P-rich biomass doping a priority.

P-rich residues, such as bone meal (calcium phosphate), might
also be used directly as dopant to increase stable carbon yield and
provide P in the resulting product15. However, the availability of
P in bone meal is typically low and pyrolysis further reduces the P
availability15,50. Adding K-minerals in addition to bone meal
prior to pyrolysis may increase the P availability by forming
soluble K-P minerals (Fig. 2).

Calcium-bearing residues, such as eggshells, oyster shells, and
industrial lime mud (residue from paper mills) have demon-
strated general catalytic capacity and could be suitable for doping
P-poor materials to increase stable carbon yield and produce a
Ca-providing biochar64,65.

For large-scale, global implementation of biochar production
from mineral-enhanced biomass, mined rocks need to be used
that are abundantly available in a cost-effective manner. Both
primary minerals, formed during initial crystallisation of magma,
and secondary minerals, i.e., chemically transformed primary
minerals, are considered here (Table 1).

Non-silicate rock minerals. Phosphate rock is the primary raw
material from which all commodity P chemicals are derived, with
annual production of >200 million t66 at ~US$ 70 t−1 67. When
incorporated into biochar, it behaves like bone meal: doping
increased carbon retention68 and the availability of P was lower

relative to that in the non-pyrolysed material69. Yet, phosphate
rock addition decreased biochar’s aromaticity, the main indicator
for biochar stability, which highlights the need to study the
impacts on stable carbon yield (Fig. 1).

Iron ore (iron oxide) is produced in large quantities globally (3
billion t; Table 1) and has potential to catalyse biomass
conversion70. However, its effectiveness in increasing biochar’s
carbon sequestration potential remains untested.

K-bearing silicates. K silicates are highly abundant, distributed
globally, and a potential source of K-fertiliser71. Their crystal
structure determines the reactivity of the mineral; i.e., the
mineral’s ease of dissolution by water and subsequent plant
nutrient availability, and their ability to promote stable biochar
formation and P availability during pyrolysis.

Structurally stable framework silicates (tectosilicates), such as
K-feldspar (KAlSi3O8), have the highest level of crystallinity and
hence are relatively unreactive since K is strongly bound within
the structure. Therefore, they are unlikely to be suitable for
biomass doping for the purpose of increasing P-availability,
providing K and catalysing biochar formation (Fig. 3b). In fact,
Na-feldspar (NaAlSi3O8; isostructural with K-feldspar) applica-
tion did not significantly increase biochar yield in two feedstocks
(olive bagasse, hazelnut bagasse)72.

While K in K-feldspars is tightly bound and mostly unavailable
for plant uptake, mixing with chloride, sulphate, and carbonate
salts of alkali and alkaline earth metals, and then heating to
>600 °C, increased K availability and its suitability for application
as fertiliser73–75. During this treatment, poorly soluble K-feldspar
is partially converted into highly soluble K minerals (sulphate,
chloride). Besides sulphates and chloride salts, minerals contain-
ing phosphates (in available or unavailable form) are potential
candidates for this purpose (Fig. 2). This process could be used
during biomass pyrolysis with K-feldspars to increase the K-
availability, with potential further benefits for stable carbon yield
formation. To catalyse stable biochar formation, K likely needs to
be present in an available form at pyrolysis temperatures of
300–500 °C, while K-feldspar transformation reactions only start
at 600–700 °C74, which highlights a need for process
optimisation.

The feldspathoid nepheline ((Na,K)AlSiO4)—present, for
example, in the rarer but commercially mined rock called
nepheline syenite (refined for use as a raw material for the
ceramics industry; US$ 157 t−1)—has shown potential as a
fertiliser in studies dating back to pioneering work of
Goldschmidt76. It is a tectosilicate with a relatively stable crystal
structure71,77, but it has a much (~107 times) greater mineral
dissolution rate than feldspars78. Leucite (KAlSi2O6) and kalsilite
(KAlSiO4) are also feldspathoids with potential for K-provision,
but are not as readily available as a global commodity71. Given
that their mineral dissolution rates, and so their weathering rates,
greatly exceed those of the feldspars, the catalytic potential of
feldspathoids on stable carbon yield and P availability in biochar
is worth investigating (Fig. 3a).

Micas, such as biotite (K(Mg,Fe)3(AlSi3O10)(F,OH)2), phlogo-
pite (KMg3AlSi3O10(F,OH)2) and muscovite (KAl3Si3O10(OH)2),
have K contents of 7–9%71 and are sheet silicate minerals
(phyllosilicates) whose interlayer K is relatively easily exchanged
in solution. These minerals demonstrate catalytic effects and
undergo changes during heating, though mainly at temperatures
higher than the typical range used for biochar production
(>800 °C)79,80. The potential of muscovite to provide K to plants
is low81. Biotite and phlogopite, on the other hand, demonstrated
good K supply to plants and in several growing cycles performed
as well as a one-time application of potash77,82,83. Their high

Table 1 Estimated size of global market for industrial
mineral commodities, expressed as production statistics,
and guide prices.

Minerals/rocks Global production (t) Estimated price
(US$ t−1)

Crushed stone >4,000,000,000 12
Iron ore 3,040,000,000 112
Phosphate rock 226,000,000 70
Gypsum 160,000,000 8
Feldspar 31,856,000 97
Kaolin 25,200,000 160
Bentonite 20,900,000 98
Olivine 7,800,000–9,000,00099 18–90100

Talc 7,500,000 230
Nepheline syenite 6,262,000 157
Perlite 3,772,000 72
Wollastonite 1,188,000 300
Vermiculite 533,000 140
Micas 287,000 121

Global production 2019 from Brown et al.66, with estimate for crushed stone based on European
and US production. Estimated prices from U.S. Geological Survey67.
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available K content makes them very promising materials for
biomass doping for dual-purpose biochar use (Fig. 3a).

There are ways to further increase the K availability in micas
and, hence, their reactivity during pyrolysis. For example, the
K-extractability from muscovite increased from 1–5% to 80%
after application of NaOH and heating to 400 °C84. Increasing the
K availability from K-feldspar and micas via application of other
minerals and subsequent thermal treatment could ideally
complement biomass pyrolysis, and bring further synergies for
biochar production.

Illite (a clay mineral) is a weathered mica with the same general
formula as muscovite (KAl3Si3O10(OH)2) and a K content of
~3–6%85. It is available cheaply (~US$ 8 t−1) in the form of bulk
clays used for heavy ceramics and bricks/tiles, albeit mixed with
other clay minerals, such as kaolinite (Al2Si2O5(OH)4). Generally,
clay minerals have low crystallinity and high reactivity (see next
section)85 and illite is one of the few clay minerals with significant
amounts of available K81; hence it should be a key target material
for future investigations (Fig. 3a).

K-poor primary and secondary silicates. Biomass doping with
minerals poor in K does not bring the benefit of increasing the
availability of P already present in the biomass, yet such minerals
might be able to increase the biochar stable carbon yield (Fig. 2).

Olivine ((Mg,Fe)2SiO4), an orthosilicate that is common in
ultramafic igneous rocks, can promote catalytic decomposition of
biomass86. In ultramafic and mafic rocks, olivine is mainly
accompanied by pyroxene and plagioclase, which both have a
higher order of crystallinity than olivine and hence are less
suitable for biomass doping. These rocks such as basalt and
diabase/dolerite, are widely used in construction and form a large

proportion of the crushed stone figure in Table 1. They can be
cheap, at US$ 12 t−1 67.

Clay minerals are the weathering products of primary silicates
and highly reactive85. Several clay minerals have been tested as
additives to straw for their catalytic potential during pyrolysis. It
was found that addition of kaolinite did not increase biochar
yield, carbon retention, or carbon recalcitrance53. Moreover,
kaolinite (kaolin) resources are typically available at high prices
for refined products (US$ 160 t−1), which also makes kaolinite
unsuitable as a biomass doping material. Co-application of
montmorillonite—a smectite clay mineral—with a Fe-mineral
(magnetite) increased the recalcitrance of straw-derived
biochar30. Montmorillonite is present in the commodity bento-
nite (21 million t year−1), which also contains other smectite
clays and is available at ~US$ 98 t−1. Addition of vermiculite to
straw increased carbon retention and stability of the resulting
biochar, demonstrating good potential of vermiculite for biomass
doping87. Vermiculite, a three-layered clay mineral with a K
content of 0–1.7%85, is used in horticulture as soil improver for
aeration, water and nutrient retention but has also proven to
provide K to plants77. It has a global market of over 500,000 t year−1

at a price of US$ 140 t−1 and is a material that should be
investigated further (modelling scenario (c) in Fig. 4).

Above (and in the Supplementary Discussions), we assessed the
potential of a wide range of industrial minerals for use as
additives in biochar production. Global annual production
capacities for these materials vary from just over 250,000 t
(mica) to >4 billion t (crushed rock), with prices ranging from US
$ 8 (gypsum) to US$ 300 t−1 (wollastonite) (Table 1). Once the
desired bio-geo-chemical specifications are decided, successful
application requires selection of cheaper resource streams that do

Fig. 4 Atmospheric CO2 removal costs (US$ t−1 CO2) for mineral-enriched biomass pyrolysis and subsequent biochar soil application. The calculations
consider stable carbon content in biochar based on proximate analysis (stable for ~100 years) and greenhouse gas emissions associated with feedstock and
mineral generation, biochar production and biochar application. Simulation of biomass enrichment with (a, d) a refined, soluble mineral (potassium
acetate) to bioenergy crop biomass (miscanthus)16, b, e mineral residues (wood ash) to forestry residues (woody residues)25 and c, f ground rocks
(vermiculite) to agricultural residues (rice straw)87. The baseline scenarios in a–f assume biomass pyrolysis without mineral addition. Scenarios (a–c) are
based on fixed feedstock and mineral costs and scenarios (d–f) on variable feedstock and mineral costs. In e only the feedstock costs were varied as the
wood ash costs were assumed to be US$ 0 t−1. In scenarios (d, f) the lower, middle, and upper lines reflect potassium acetate and vermiculite prices of US
$ 750 t−1, US$ 1000 t−1 and US$ 1250 t−1 and US$ 105 t−1, US$ 140 t−1 and US$ 175 t−1, respectively. The vertical black line in scenarios (d–f) show the
feedstock costs used in scenarios (a–c), respectively. The scenario parameters are reported in Table 2 and more details on the assumptions can be found in
the Supplementary Methods and Supplementary Table 1.
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not meet the standards of high-value markets but are effective as
biochar additives. Mineral addition can increase stable biochar
yield, yet mineral generation releases greenhouse gases, e.g.,
mining and crushing. In the following, we therefore investigate
the effect of mineral addition on biochar CO2 removal costs.

Costs—the path towards biochar implementation
Biochar’s atmospheric CO2 removal costs are here defined as the
economic costs for feedstocks provision, production, and soil
application to sequester 1 t CO2 in biochar for at least 100 years,
while considering the life-cycle greenhouse gas emissions asso-
ciated with the process.

When mineral doping catalyses biochar formation and
increases the stable carbon yield per unit of biomass, this
decreases feedstock costs per tonne of atmospheric CO2 removal
(i.e., the costs for biomass feedstock collection, transport, and
handling or commercial price). However, adding large amounts
of minerals to biomass can also require (i) longer running times
of the pyrolysis unit to produce 1 t of stable carbon because
organic feedstock mass is replaced by mineral mass, and (ii)
higher biochar application rates to spread amounts equivalent to
1 t of stable carbon because the stable carbon content per amount
of biochar is reduced by dilution with the higher mineral
content25. These factors can increase costs of biochar production
and application when mineral doping is applied. There is,
therefore, an optimal amount of mineral addition that balances
mineral dilution and stable carbon yield increase25. In addition,
the mineral costs themselves and the greenhouse gas emissions
associated with mineral generation also influence the overall
atmospheric CO2 removal costs. The carbon cost of producing a
crushed rock product can be low, at 5.4 kg CO2 per tonne of rock
for crushed dolerite (<5 mm; 32% of total carbon cost of 65 km
transport and spreading 1 t ha−1)88.

To investigate the effect of feedstock costs, mineral costs, and
stable carbon yield increase per amount of mineral added, we
modelled and evaluated three contrasting mineral-enrichment
scenarios based on data from the literature: the addition of (a) a
refined, soluble mineral that is available at a relatively high cost
(potassium acetate; costs US$ 1000 t−1) in low quantities (1–2%)
to bioenergy crop biomass (miscanthus; costs US$ 87 t−1)6, (b) a
complex mixture of minerals that is a by-product of existing
operations (wood ash; costs US$ 0 t−1) in high quantities
(5–50%) to forestry residues (woody residues)5, and (c) a ground
rock (vermiculite; costs US$ 140 t−1) in high quantities (20%) to
agricultural residues (rice straw; costs US$ 59 t−1)87. The baseline
scenarios used as reference assumed biomass pyrolysis without
mineral addition (model parameters for baseline and further
scenarios are described in Table 2).

Water-soluble minerals, such as potassium acetate, can be
added cost-effectively by dissolving them in water and spraying
the solution onto the feedstock biomass for biochar production16.
Non-soluble minerals such as wood ash can be added by mixing
with feedstock biomass and subsequent pelleting, although this
adds another cost factor to the process25. Coating of biomass with
a slurry/suspension of minerals in water could be an option that
needs studying89.

In the baseline scenarios the CO2 removal costs were estimated
at US$ 140 for biochar from woody residues, US$ 149 for (rice)
straw biochar and US$ 202 for miscanthus biochar. In all sce-
narios, mineral doping reduces the biochar feedstock costs and
because feedstock costs comprise the largest proportion of
the CO2 removal costs, mineral doping also effectively reduces the
total costs relative to the baseline scenarios (Fig. 4). Only the
addition of 50% wood ash increased the CO2 removal costs
relative to the baseline because of high biochar production and T
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application costs. Biochar production costs are the second largest
contributor to biochar CO2 removal costs in all scenarios and as
demonstrated in the 50% wood ash example, the production costs
can increase with mineral doping. With greater uptake of biochar
as a CO2 removal technology, economy of scale will help to bring
down the production costs. This reduces the proportion of bio-
char production costs relative to the total costs and further boosts
the importance of the feedstock costs.

Feedstock costs are already the main driver of biochar CO2

removal costs. With an increasing carbon price and competition
for biomass as a carbon source for other carbon sequestration
operations, such as soil organic carbon formation and bioenergy
carbon capture and storage (BECCS), the value of biomass will
likely increase. For future, large-scale implementation, this will
drive a need for innovations to increase the carbon sequestration
efficiency for each unit of biomass. Mineral-enrichment of bio-
mass with subsequent pyrolysis promises exactly that. In an
extension of scenarios (a), (b) and (c), we assessed the effect on
the CO2 removal costs of varying feedstock costs (e) and varying
feedstock and mineral costs (d, f).

With an increase in feedstock costs, mineral addition becomes
even more attractive because it further reduces CO2 removal costs
relative to the baseline scenarios. The higher the feedstock costs,
the more these costs dominate the CO2 removal costs over the
costs of biochar production and application, and minerals used
for doping. Therefore, CO2 removal costs are only sensitive to
changes in mineral costs at low feedstock costs (Fig. 4, scenarios
(d) and (f)). The addition of 2% K acetate to miscanthus (d), 20%
wood ash to woody residues (e), and 20% vermiculite to rice straw
(f) at feedstock costs of US$ 200 t−1 brought cost savings of
20–30% relative to the baseline scenarios (Table 2). At high
feedstock costs, CO2 removal costs are controlled by the con-
version efficiency of biomass into stable carbon because it
determines how much feedstock is needed to produce 1 t of stable
carbon (i.e., removal and sequestration of 3.67 t of CO2 from the
climate system). The conversion efficiency can be enhanced by
matching mineral type and quantity to the available feedstock and
studies are needed to do this optimisation.

Based on a voluntary carbon removal marketplace, the current
biochar CO2 removal cost based on nine suppliers stands at US$
100–180 t−1 CO2 (mean US$ 130)90,91, which matches with our
modelled prices in the baseline scenarios of US$ 140–200 t−1 CO2

(Table 2) that take into account the life-cycle greenhouse gas
emissions. Predicted pricing for other, land-based CO2 removal
strategies is comparable: enhanced rock (basalt) weathering
stands at US$ 50–200 t−1 CO2 (mean US$ 130)92 and BECCS is
estimated at US$ 150–240 t−1 CO2 (mean US$ 200)93. In our
simulations, the three mineral doping scenarios with experi-
mental data reduced biochar CO2 removal cost by 12–17% at
current feedstock costs to US$ 120–170 t−1 CO2 (Table 2)
through more efficient conversion of feedstock into recalcitrant
biochar with further reductions feasible. Savings of 17% would
reduce CO2-removal costs of the biochars from the voluntary
carbon removal marketplace to US$ 80–150 t−1 CO2. This brings
the costs closer to current carbon prices, such as that in the EU
(US$ 70)94, which may accelerate biochar implementation. At
higher feedstock costs, the savings would be 20–30% (Table 2).
Including agronomic benefits from biochar addition would fur-
ther improve its economic attractiveness.

Amendment of biomass with 2% potassium acetate, 20% wood
ash, and 20% vermiculite would enhance K contents of the
resulting biochars by ~6, 4, and 0.7% (based on biochar yields in
the modelled scenarios with wood ash and vermiculite K contents
of 8.9%95 and 1.7%85, respectively). At a K2O fertiliser price of US
$ 300–600 t−1, this brings an additional US$ 15–30, US$ 10–20,
and US$ 2–4 per tonne of biochar in K fertiliser value. When the

biochar application replaces some of the potassium fertiliser
application in agriculture, it further reduces greenhouse gas
emissions by ~10, 6, and 1 kg CO2 per kg of biochar application
with 2% potassium acetate, 20% wood ash and 20% vermiculite,
respectively (at 158 kg CO2 eq. emissions per t of produced K
fertiliser96). The biochars in our modelling scenarios are relatively
P-poor (0.15% P miscanthus, 0.002% P woody residues and 0.5%
P rice straw) so that a potential effect of K-minerals on
P-availability will unlikely affect their fertiliser value. For pyr-
olysis of P-rich biomass with K-minerals, we expect that the
higher P-availability will result in a higher P-fertiliser value.

It is important to be cautious with the selection of mineral
amendments because the addition of some rocks and residues can
introduce potentially toxic elements (PTEs), such as copper,
arsenic, cadmium, nickel or chromium. Potassium acetate is a
refined mineral and, therefore, does not contain contaminants
with potential risks for plant growth and soil health. However, a
20% wood ash-amended biochar investigated previously exceeded
total cadmium and chromium content guidelines threshold values
for safe biochar use14. Levels of PTEs in different types of wood
ash and rocks can vary significantly depending on their origin,
even within the same rock type category, such as basalt97,98.
Hence, their use for mineral doping needs to be evaluated on a
case-by-case basis.

Outlook
Mineral doping of biochar provides opportunities for integrating
existing waste streams into active greenhouse gas removal strate-
gies, while lowering biochar CO2 removal costs. Local P recycling is
an essential sustainability approach on international political
agendas, and biochar production from mineral doped, P-rich
residues can contribute substantial gains toward P-recovery targets
by making recycled P in sewage sludge plant-available. Biomass
doping with K-rich rocks followed by pyrolysis could increase the
K availability of otherwise plant-inaccessible K with further bene-
fits for the carbon sequestration potential of biochar. Use of the
mineral-enriched biochar in agriculture can replace (a proportion
of) P and K fertilisers and the controlled-nutrient release in biochar
further improves biochar’s economic and environmental benefits.

Mineral doping of biomass prior to pyrolysis clearly has pro-
spects for large-scale use, in particular when ground rocks are
used for biomass-enrichment. Refined, soluble minerals may
demonstrate reliable effects on both stable carbon formation and
nutrient provision potential of biochar but are relatively expen-
sive. In contrast, minerals such as micas, vermiculite, nepheline,
or illite that can be sourced from common rock types are available
at much lower costs than refined minerals, but can have similar
effects. While the impact of pure minerals on biochar formation
is reasonably well investigated, there is still a lack of systematic
studies with a large variety of feedstocks and minerals, including
residue minerals and ground rocks, that assess the effect on the
parameter key for biochar’s carbon dioxide removal potential, the
stable carbon yield per amount of biomass input. Developing this
understanding is essential to further build on our emissions LCA-
cost assessment and identify the best minerals for large-scale
mineral-biochar production. It is crucial that such further work
includes investigation of nutrient provision potential and other
co-benefits of mineral-biochars, such as the effects on water and
nutrient retention or formation of extra organic carbon in soil
(negative priming).

Mineral-enriched biochar has potential to boost incentives for
biochar implementation as efficient, controlled-release fertiliser,
P-recycling strategy, and as an important, readily available carbon
dioxide removal technology, thus contributing to the ambitious
2030 and 2050 targets.
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