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Biochar that was produced at pyrolysis temperatures above 550°C and presenting a molar H:C ratio below
0.4 is highly persistent when applied to soil. 75% of such biochar carbon consists of stable polycyclic aro-
matic carbon (PAC) and will persist after soil application for more than 1000 years independent of the soil
type and climate. The remaining 25% of the biochar carbon may be considered as semi-persistent carbon
(SPC) presenting a mean residence time in soil of 50 to 100 years depending on soil type and climate. Soil
applied biochar contains thus two distinct carbon pools with different degrees of permanence and there-
fore has two different carbon sink values. The climate service obtained from the stable fraction of biochar
(75% of the C-content) can be considered of equal permanence as geological storage (e.g., DACCS, BECCS,

Enhanced Weathering).

Biochar is a heterogenous carbonaceous material (EBC,
2012) that consists of two distinct carbon pools with difte-
rent degrees of persistence when applied to soil:

The persistent aromatic carbon (PAC) pool, which
consists of larger clusters of aromatic carbon rings (see fi-
gure 1), generally with more than seven aromatic rings, is
not susceptible to degradation. The PAC pool has a mean
residence time (MRT) in soil largely exceeding 1000 ye-
ars (Bowring et al., 2022; Howell et al., 2022), independent
of common environmental factors such as soil humidity,
temperature, freeze-thaw-cycles, and biological activity or
agricultural practices like tillage. Cluster sizes of aromatic
carbons (how the carbon ring structures cling together)

may be more important for persistence than the sheer
number of aromatic rings in a molecule (Mao et al., 2012;
McBeath & Smernik, 2009; Nguyen et al., 2010).

The semi-persistent carbon (SPC) pool, which con-
tains aliphatic, small aromatic, and heteroaromatic carbon
species, is more degradable in soil (Rombola et al., 2016).
Some compounds of the semi-persistent carbon pool can
degrade within the first year after soil application; others
will persist for decades and even centuries depending on
the chemistry of the aliphatic and small aromatic com-
pounds and their physical placement within the porous
structure of the biochar. On average, the SPC fraction of
biochar has an MRT in the order of at least 50 to 100 years,
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depending on the biochar composition (i.e., distribution
of aliphatic carbon, small aromatics, heteroaromatics), the
soil type, and the climate (Bowring et al., 2022; Hilscher
& Knicker, 2011; Lehmann et al., 2015; Pisani et al., 2014;
Schmidt et al., 2011; Singh et al., 2012). With an MRT of
49 years for soil organic carbon (Schmidt et al., 2011), con-
sidering the evidence that pyrogenic carbon persists lon-
ger in soil than soil organic carbon (S. Lutfalla et al., 2017;
Schmidt et al., 2011) and the calculated MRT of 91 years
for 49% of soil applied pyrogenic carbon in six field trials
with none optimized biochars, the application of an MRT
of 50 years for the semi-persistent carbon pool of biochar
with an H:C < 0.4 is conservative and presents a consider-
able margin.

In the environment, each of the carbonaceous compounds
separated in those two respective carbon pools shows
distinct degradation dynamics that can be described by
an individual degradation curve. If biochar is incubated
for one or two, or even eight years, as done in control-
led incubation laboratory studies (Kuzyakov et al., 2014;
Lehmann et al., 2015) and the resulting degradation data
are then mathematically extrapolated into the far future,
the prediction of the degradation dynamic is erroneous
because it assumes that (1) the biochar consists only of
semi-persistent carbon pools (aliphatics and small clus-

ters of aromatic and heteroaromatic rings) and (2) the ex-
ponential biological degradation model is valid, despite
degradation mechanisms being rather physico-chemical
than biological. Over a time scale of several thousands of
years, persistent aromatic carbon moieties may eventual-
ly also be degraded (Bowring et al., 2022), but this fact is
barely contained in degradation data measured only du-
ring the first decade after biochar was incubated in soil.

All biochar incubation studies observed that the rate of
degradation slows down exponentially with time and that
the experimental data can be fitted mathematically with
bi- or trimodal decay functions (Lehmann et al., 2015;
Wang et al.,, 2016; Zimmerman & Gao, 2013). However,
such mathematical fitting may be misleading as it cannot
account for qualitative transitions (e.g., removal of physi-
cal protection of compounds inside the biochar structure
or) occurring decades and centuries after the latest mea-
sured datapoints. As shown by Lutfalla et al. (2019), the
small number of existing data sets presenting decadal de-
gradation data of carbon in soil cannot be fitted by such
bi- or trimodal decay functions. Therefore, projecting the
degradation behavior of the semi-persistent carbon pool
onto the degradation curve of the entire biochar is not
adequate and biases our understanding of long-term car-
bon dynamics.

Figure. 1: Schematic representation of different molecular forms of carbon in biochar.
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The percentage of PAC in a given biochar depends main-
ly on the pyrolysis conditions (i.e., temperature, residen-
ce time, heating rate, particle size, carrier gas, pressure)
but also on the feedstock characteristics (i.e., lignin and
ash content of biomass) (McDonald-Wharry, 2021). The
PAC content can be quantified by hydrogen pyrolysis
(HyPy) (Ascough et al., 2009; Rombola et al., 2016) or by
Raman spectroscopy (McDonald-Wharry, 2021; McDo-
nald-Wharry et al,, 2013). HyPy analysis is reliable and
proven but too complex to be utilized in commercial labs
and thus too expensive to be used in routine analysis as
for example in the EBC certification process. Raman spec-
troscopy as well as the newer Mid-Infrared or Rock-Eval
methods are more cost-efficient analytical method and are
currently under methodological evaluation for the EBC.

Other parameters of biochar, such as production condi-
tions (e.g., temperature) and elemental composition (i.e.,
using molar H:C and O:C ratio), which are frequently used
as proxies for the degree of aromatization rely on poorly
constrained databases with low analytical quality. The da-
taset used e.g., by Woolf et al. (2021) and the IPCC (IPCC,
2019) to calculate biochar persistence based on highest
treatment temperature (HTT) and H:C proxies, contained
only one biochar series where HT'T was actually measured
(Budai et al., 2014) all other temperatures were estimates.
Pyrolysis temperature, i.e., the actual temperature inside
the biomass particle during conversion, cannot be mea-
sured accurately in most industrial pyrolyzers and does

not capture the effects that heating rate, residence time,
particle size, and pressure have on the formation of PAC
(Santin et al., 2017). Moreover, when using literature data
on H:C to parameterize mathematical functions on bioch-
ar persistence more care needs to be taken to only use cor-
rectly analyzed carbon and hydrogen contents of materials
that are really biochar. The IPCC (2019) and Woolf (2021)
included e.g. many materials with H:C ratios above 0.7
which are clearly not biochars (EBC, 2012; IBI, 2015) and
considered implausible data resulting from insufficient de-
scribed analyses (e.g., how was the biochar dried before
measuring the H-content). While the molar H:C ratio can
be measured with sufficient precision, some fractions of
biochars with low H:C are not necessarily PAC and may be
considered semi-persistent only (Howell et al., 2022). The
H:C ratio is thus a proxy with limited significance for the
quantification of biochar persistence.

Since PAC is not yet analyzed for every EBC-certified bio-
char, average biochar data from literature should be used
with caution. Conservative security margins must be used
to estimate the persistent biochar content and thus the
portion of biochar carbon that will endure as C-sink for
more than 1000 years. Based on the degradation experi-
ments published so far and considering that the calculated
decay functions express only the degradation dynamic of
the semi-persistent biochar carbon pool, the carbon cal-
culated as remaining after 100 years is regarded as the mi-
nimum PAC fraction of biochars with an H:C ratio < 0.4.

Fig. 2: Sequestration curve of a 1000 tons carbon sink made from soil applied biochar with an H:C ratio below 0.4. The persis-
tent aromatic carbon (PAC) pool presents 750 t carbon that will remain over more than 1000 years in the terrestrial system.
The semi-persistent carbon (SPC) pool has a minimum MRT of 50 years and was modeled on bi-modal exponential decay
function. The complete SPC-decay occurs over 350 years. Thus, the total carbon sink decreases to 87.5% after 50 years and
reaches the stable PAC plateau of 75.0% of total pyrogenic carbon after 350 years. The decay function is

Total PyC(x)=a*e/(-kfx) + b*e A (ks'x) + P
with a = 45.423, kf = 0.513, b = 212.007, ks = 0.009448, P = 742.5 nd x = year after soil application. The decay curve of the

semi-persistent carbon pool is an approximation covering multiple discrete (physical) degradation events rather than a cont-
inually harmonious decomposition.
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Applying the conventionally assumed average degradation
rate of 0.3% per year, the 74% of carbon remaining after
100 years (Camps-Arbestain et al., 2015; H.-P. Schmidt et
al., 2020) can be considered PAC. This corresponds well to
the experimental data presented by Howell et al. (2022),
finding 75% stable polycyclic aromatic carbon for various
engineered biochars with H:C ratios below 0.4 using the
HyPy quantification method. Biochars with H:C ratios
above 0.4 are likely to have a distinct labile carbon pool
of incomplete pyrolyzed biomass or condensates that may
become subject to more rapid biological degradation. De-
dicated research for those materials is needed to assess the
persistence of pyrolyzed biomass presenting high H:C ra-
tios above 0.4 (Pulcher et al., 2022).

To the best of the current scientific knowledge, it is safe to
assume that biochar with an H:C ratio below 0.4 can be
best described by a 2-pool-model presenting

(1) A persistent aromatic carbon (PAC) pool of 75%
with an MRT of >1000 (1400-14400 years, see annex), com-
petitive with geological carbon storage and suitable for
CO2-emission compensation and

(2) A semi-persistent carbon (SPC) pool with an MRT
of at least 50 years offering an additional, valuable clima-
te cooling service, yet of a different quality than persistent
aromatic carbon (PAC).

Annex 1

Mean residence times of natural pyrogenic carbon

Calculations of global inputs and deposits of naturally
produced pyrogenic carbons (PyC) can attest to how
robust and conservative the assumption of these average
persistence rates over 100 years is. Forest, bush and steppe
fires are examples of incomplete combustion, which trans-
form part of the biomass into chars, i.e., PyC. According
to recent surveys of natural fires, 5-15% of the biomass
carbon involved in the fire is converted to PyC (Santin et
al., 2016). Natural PyCs are similar in structure and mate-
rial properties to industrially produced biochar. However,
it can be assumed that the stability of high HT'T indust-
rial biochar, and thus the mean residence time (MRT), is
even higher than that of natural PyC (Howell et al., 2022;
Santin et al., 2017) due to more controlled and homoge-
neous high-temperature conditions.

Mainly through forest and steppe fires, about 0.114-0.383
Gt (Giga tons) of pyrogenic carbon (PyC) are generated
each year (Santin et al., 2016). Globally, the total mass of
PyC in soils is 71-212 Gt, in nearshore sediments 400-
1200 Gt, and in further ocean sediments 80-240 Gt (Bird
et al.,, 2015; Santin et al., 2016), resulting in a global PyC
pool of 550-1,650 Gt (excluding PyC in water bodies and
groundwater sediments).

Based on the dimension of the global PyC pool and the
annual input of PyC of 0.114 - 0.383 Gt given above, the
average MRT of natural PyC can be calculated as

GlobalPyC-pool
MRT = P

annualPyCinput

The MRT range of natural PyC could thus be calculated as
(550 Gt/ 0.383 Gt a-1 to 1,650 Gt / 0.114 Gt a-1 =) 1,440
to 14,500 years. This time frame is confirmed by Bowring

et al. (2022) who determined a minimum MRT of 2,760
years using the same data basis but without including
sedimentary PyC.

Using the extrapolation of Reisser et al. (2016), according
to which the PyC content of soil organic carbon (SOC)

is 14%, and the global content of SOC is 1,500 to 3,000
Gt (Scharlemann et al., 2014) the global PyC content in
soils would be about 210 - 420 Gt (Leifeld et al., 2018).
From the annual PyC input of 0.114 - 0.383 Gt, the MRT
for PyC in soils would be (210 Gt/ 0.382 Gt a-1 to 420
Gt/0.114 Gta-1) 550 to 3,700 years. Since the MRT of
PyC in sediments is significantly higher than in soils, the
difference between the two calculations is plausible. Note,
however, that most of the PyC in nearshore sediments is
originally derived from PyC leached from soils (Coppo-
la & Druftel, 2016), so that much longer MRTs than the
calculated 550 to 3,700 years would result for soil-PyC,
except that the pyrogenic carbon would no longer be
found in soils but as deposits in sediments (Coppola et al.,
2014).
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