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Executive summary

Biochar has been identified as a potentially promising route to deliver carbon removals with
potential to deliver significant co-benefits. Biochar produced by heating biomass in a low
oxygen environment can be incorporated into soils or integrated in materials, and depending
on the characteristics of the produced char the carbon may remain in storage in those
soils/materials for decades, centuries or even millennia. This scoping paper provides a brief
discussion of approaches to estimate the long-term carbon storage in biochars and a review
of existing standards to certify biochar use as a carbon removal activity, and identifies some
key issues to be considered in the development of a biochar certification methodology as
part of the EU carbon removals framework.

Biochar consists primarily of carbon, hydrogen and oxygen, along with other trace elements.
Some of the constituent molecules of a biochar can be relatively easily mineralised in the
environment (i.e. their carbon can be oxidised to carbon dioxide and released); these are
sometimes referred to as a labile fraction. Other molecules are less likely to be mineralised in
the environment, with the most inert constituents of biochar having expected lifetimes of
thousands or even millions of years in normal soil conditions; these are sometimes referred
to as a recalcitrant fraction. Biochars produced at higher temperatures are expected to have
a larger recalcitrant fraction and smaller labile fraction.

In 2019 the IPCC published a methodology for estimating long-term carbon storage in
biochars for national carbon inventories. Values for the fraction of carbon in a biochar that is
expected to remain after one hundred years are tabulated for biochars produced at three
temperature levels. These values are based on the results of incubation experiments in
which samples of soil and biochar are incubated at a constant temperature and moisture for
one or more years — an exponential decay relationship with two terms (one representing the
labile fraction and one the recalcitrant fraction) is fitted to the results of a number of such
studies.

The IPCC method is based on the assumption that the calculation will be undertaken at the
national level with limited data available about specific biochars, but operators of carbon
removal projects have access to the biochar and are able to take advantage of a more
detailed characterisation of the biochar and the conditions in which it will be used. A paper by
Woolf et al. (2021) builds on the IPCC work and provides an estimated biochar permanence
relationship based on the ratio of hydrogen to carbon atoms in the biochar (H/C,. ratio, a
property that can easily be measured) and on the average temperature of the soil in which
the biochar will be incorporated, for time periods of 100, 500 and 1000 years. This
relationship has been adopted as the basis for estimating carbon storage in biochar after 100
years by several existing certification standards.

While the Woolf et al. (2021) results have been adopted by several standards, new
incubation results and additional analysis of incubation results could allow better estimates of
the real permanence relationships to be developed. For example, a study by Azzi et al.
(2024) provides analysis of an expanded set of incubation results and provides a discussion
of alternative functional forms that could be fitted to those results, in particular presenting the
results of fitting a ‘power model’ as an alternative to exponential decay functions. In physical
terms, the power model can be understood as representing biochar as being constituted of a
large number of components each with greater permanence than the last, while the
exponential functions represent biochar as constituted of one, two or three pools of material
where each pool has a uniform rate of decay. There is not yet consensus in the literature

\

\ /
- Cerulo ~Z Fraunhofer
/'CF 6 gy “ 15l



Support to the development of methodologies for the certification of industrial carbon removals
with permanent storage

about whether an exponential model or power model is expected to give a better
characterisation of real biochar behaviours.

An alternative to using permanence functions derived from incubation results is to directly
assess the chemical structure of a biochar sample to identify a fraction that is believed to be
relatively permanent under normal conditions. Sanei et al. (2024) provides an example of this
type of assessment based on the identification of ‘inertinite macerals’ in the biochar. Sanei et
al. (2024) argues that carbon in inertinite macerals can be expected to be permanent on
timescales of millions of years, and could therefore be treated as fully permanent on any
timeframe relevant to carbon removal certification. The inertinite content of a biochar sample
can be assessed using a random reflectance test.

An EU certification methodology for biochar as a carbon removal activity could assess
permanence based on an estimated decay function and a minimum expected carbon
residence period, or based on assessing the inertinite fraction in a biochar sample, or could
allow a choice between these approaches, or could be based on an alternative approach not
discussed in detail in this paper.

This review goes on to detail five active certification approaches for carbon removals with
biochar (European Biochar Certificate C-sink, Puro.earth, VCS, Riverse and C-Capsule), two
biochar product standards (the European Biochar Certificate and International Biochar
Initiative), one inactive carbon removal certification methodology (ACR) and one carbon
credit rating approach for biochar (Sylvera).

In addition to questions around assessing the permanence of biochar, the following further
issues are identified as important to consider in the development of an EU biochar
certification methodology:

1. Co-products. Most biochar production systems produce other saleable products in
addition to biochar, such as pyrolysis oil. It may be appropriate to allocate emissions
associated with the biochar production process between co-products.

2. Albedo. Some studies have suggested that biochar incorporation in soils or products
can lead to increased absorption of solar irradiation (reduced albedo) and that this
could reduce the net climate benefit offered by biochar use.

3. Activity penetration testing. Several existing certification standards require the level of
penetration of the biochar activity in a given region to be considered when assessing
whether biochar projects are additional. Activity penetration testing could inform the
consideration of a standardised baseline for biochar projects.

4. Avoided decomposition emissions. Some standards allow the possibility of claiming
additional GHG benefits due to avoided methane emissions from feedstock that
would otherwise decompose. Such avoided emissions would not be treated as
additional permanent carbon removals under an EU certification methodology, but
could potentially be offset against production emissions.

5. Potential reversals. When biochar is incorporated into soils it is not practically
possible to monitor the biochar in situ to identify reversals, as it is not possible to
accurately measure how much biochar carbon remains in field conditions. If it is used
in materials such as concrete, however, it would be possible in principle to record the
location of use and monitor the materials for any reversals, for example due to
incineration at end of life.

6. Contaminants in biochar. When biochar is used in agricultural contexts in particular it
is important that it should not contain significant amounts of heavy metals or other
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toxicants. The European Biochar Certificate Guidelines for a sustainable production
of biochar include thresholds for various toxicants that could inform sustainability
requirements in an EU certification methodology.

Soil incorporation. The agricultural co-benefits of biochar may be improved by
incorporating biochar in soils rather than applying it to the soil surface only. It may be
appropriate to set a requirement for incorporation in an EU certification methodology.

Maximising co-benefits. An EU certification methodology could set additional
requirements relating to best practice in biomass use, either as a minimum
requirement or as part of an assessable co-benefit.

Feedstock eligibility for biochar and biomass energy. Several existing standards set
feedstock limitations for biochar certification that are more restrictive on feedstock
choice than the sustainability rules set under the RED IlI.

End use verification. Several existing standards have a light-touch approach to
demonstrating the use of biochar (e.g. allowing offtake agreements to be used as
evidence of the end use). Consideration must be given to whether monitoring
requirements on biochar utilisation would be necessary for an EU certification
methodology.
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Glossary

Abbreviations
ACR — American Carbon Registry

BECCS - Bioenergy with carbon capture and storage
CDM - Clean Development Mechanism

CDR — Carbon dioxide removal

CHs4 — Methane

CO; — Carbon dioxide

CORSIA - Carbon Offsetting and Reduction Scheme for International Aviation
CRCF — Carbon Removal Certification Framework
DACCS - Direct air capture with carbon storage

EBC — European Biochar Certificate

FSC — Forestry Stewardship Council

GHG - Greenhouse Gas

GPS - Global Positioning System

GWP — Global warming potential

IBI — International Biochar Initiative

IPCC — Intergovernmental Panel on Climate Change
ISCC — International Sustainability and Carbon Certification
ISO — International Standards Organisation

LCA — Lifecycle analysis/assessment

LULUCF - Land use, land use change and forestry
MRV — Monitoring, reporting and verification

N20 — Nitrous oxide

RED Il — Renewable Energy Directive (Directive (EU) 2018/2001 of the European
Parliament and of the Council as amended by Directive (EU) 2023/2413)

SDG — UN Sustainable Development Goals
TRL — Technological Readiness Level
UNFCCC — United Nations Framework Convention on Climate Change

VCS - Verified Carbon Standard

Cerulo Z Fraunhofer
’ICF / v

ISl



Support to the development of methodologies for the certification of industrial carbon removals
with permanent storage

Terms

Co-products are outputs of a process that constitute the main aim of the process, as distinct
from residues which are produced by a process but are not a primary aim of the production
process.

Biomass gasification is defined as a high-temperature process (generally > 700 °C) that
involves the partial oxidation of biomass in the presence of a controlled amount of oxygen (or
air) and a gasification agent (e.g. steam). The main product is syngas consisting of hydrogen
and carbon monoxide, with biochar and ash as residues and produced carbon dioxide being
vented or captured.

High carbon fly ash from biomass is a residue of biomass energy recovery in a boiler. A
fraction of this material may have the properties of biochar. It is common practice that high-
carbon fly ash would be recirculated for combustion, resulting in loss of the carbon from the
ash, but if it is non recirculated the biochar can be recovered.

Pyrolysis is defined as a medium-temperature process (generally 400 to 800 °C) that
involves the thermal breakdown of biomass in the absence of oxygen. Pyrolysis produces
pyrolysis oil, pyrolysis gases and biochar, as well as heat. The yield of these three products
varies depending on the biomass used and the process conditions. The oil can be upgraded
to a transport fuel, while the gases are often combusted for on-site energy.
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1 Introduction and context

On 30 November 2022, the European Commission adopted a proposal for Regulation
establishing a first European Union (EU)-wide voluntary Carbon Removal Certification
Framework (CRCF)! to reliably certify high-quality carbon removals. A provisional agreement
on the final text of the Regulation was reached between the EU institutions on 20 February
20242. The proposed regulation aims to boost innovative carbon removal approaches and
sustainable carbon farming solutions, and contribute to the EU's climate, environmental and
zero-pollution goals. It should significantly improve the EU's capacity to quantify, monitor and
verify carbon removals. Higher transparency will ensure trust from stakeholders and industry,
and prevent greenwashing. Moving forward, the Commission, supported by experts, will
develop tailored certification methodologies for carbon removal activities delivering on
climate and other environmental objectives.

To ensure the transparency and credibility of the certification process, the proposal sets out
rules for the independent verification of carbon removals, as well as rules to recognise
certification schemes that can be used to demonstrate compliance with the EU framework.
To ensure the quality and comparability of carbon removals, the proposed regulation
establishes four QU.A.L.ITY criteria:

1. Quantification: Carbon removal activities need to deliver unambiguous benefits for the
climate and be measured, monitored, and reported accurately;

2. Additionality: Carbon removal activities need to go beyond existing practices and what
is required by law;

3. Long-term storage: Certificates are linked to the duration of carbon storage and should
ensure long-term storage;

4. Sustainability: Carbon removal activities must contribute to sustainability objectives
such as climate change adaptation, circular economy, water and marine resources,
and biodiversity.

The Commission's proposal for the certification framework anticipates an EU standard for the
certification of robust high quality carbon removals, implemented through certification
methodologies for specific carbon removal activities.

One carbon removal approach that has been identified as potentially interesting is the long-
term sequestration of carbon in biochar.

Biochar is produced by heating biomass in a low oxygen environment leading to
carbonisation (production of charred residual materials with an increased elemental carbon
content). The level of carbonisation in the produced biochar is strongly affected by the
temperature of the reaction. Biochar is primarily produced by pyrolysis, in which case the
solid char is co-produced with gaseous materials (such as methane (CH.), hydrogen and
carbon monoxide) and liquid materials (such as pyrolysis oil and tar), which have a higher
ratio of hydrogen atoms to carbon atoms (H/C,., ratio). Biochar can also be produced as a
by-product of higher-temperature gasification processes, where the higher process
temperatures lead to greater thermal decomposition to maximise production of hydrogen and

1 COM (2022) 672 final: Proposal for a Regulation on an EU certification for carbon removals

2 https://www.consilium.europa.eu/en/press/press-releases/2024/02/20/climate-action-council-and-parliament-
agree-to-establish-an-eu-carbon-removals-certification-framework/
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carbon monoxide at the expense of eliminating production of hydrocarbon gases and liquids,
and reducing the amount of biochar produced.

Torrefaction and hydrothermal carbonisation also produce carbonised forms of biomass, but
these processes operate at lower temperatures and the outputs are often not treated as ‘true’
biochars — for example, the European Biochar Certificate defines biochar as being produced
at temperatures above 350 °C. Some pyrolysis processes are optimised to produce liquid
pyrolysis oil that can be upgraded into transport fuels, others are optimised to maximise the
biochar yield.

There is evidence that biochar with the correct characteristics can be stable in the
environment for hundreds, thousands or even millions of years, with higher levels of
carbonisation being associated with greater carbon permanence.

Biochar can be applied to agricultural soils, and has been identified as potentially beneficial
to various soil properties and as potentially able to boost agricultural yields. It can also be
used as an additive in materials such as concrete, allowing those materials to act as a
carbon storage vector and potentially allowing the improvement of some material properties.

Biochar can be treated as a carbon removal approach because it allows carbon
absorbed by plants from atmospheric CO to be stored in soils or materials on along-
term basis.

\
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2 Review of relevant literature on the estimation
of long-term carbon storage in biochar

2.1 Approaches to assessing the durability of biochar

A key question for the certification of biochar as a long-term carbon removal approach is how
long the carbon in biochar can be expected to remain sequestered, and how this may differ
between soil applications and material applications (such as the use of biochar as an additive
in concrete or polymers).

The durability of biochar can be investigated through three basic approaches.

Firstly, biochar residence times in soil can be studied directly through field experiments.
The fundamental challenge to this sort of experiment is that it is difficult, if not impossible, to
distinguish between biochar loss through degradation and mineralisation of carbon to CO,
and biochar loss by transportation, for example through vertical movement in the soil column
and by wind and water erosion. Biochar that is lost from soil through transportation may well
continue to sequester carbon for as long or longer than biochar that remains in situ (van Oost
et al. 2007°). Field experiments have therefore not been considered an accurate basis to
assess the durability of carbon storage in biochar, and we have not reviewed data from field
experiments in the discussion below.

It is also possible to assess biochar degradation in a more controlled environment through
incubation studies performed in a laboratory setting. Incubation studies involve mixing a
biochar sample with a chosen soil, moistening the samples and placing them in an incubation
bath at a constant temperature for a chosen experimental duration. Respired CO; from the
sample is captured, and the proportions of carbon released from the biochar sample and
from the soil can be identified using carbon isotope analysis. A mathematical function for the
expected ongoing rate of biochar carbon loss (for example an exponential decay function)
can be fitted to the experimental data. With data from experiments at different temperatures,
it is also possible to develop transformation functions to infer the expected rate of carbon
loss for that sample if it had been kept at a lower or higher temperature. Because the
incubation experiments are based on a closed system there is no risk of biochar loss through
transportation. Results from incubation experiments and the associated process of fitting
mathematical models to the observed carbon loss rates are discussed in sections 2.3 and
2.4 below, which cover the findings from academic reviews of biochar incubation studies by
respectively Woolf et al. (2021) and Azzi et al. (2024). Such results are also the evidentiary
basis for the IPCC’s method for considering biochar in national emission inventory, which is
discussed in section 2.2.

Finally, it is possible to assess biochar durability by analysing the properties of the
constituent molecules in a biochar sample, presuming that information is available about
the durability characteristics of those particular types of molecule. In the case of biochar, it is
expected that durability will increase with greater ‘aromaticity’. Aromaticity is a chemical
property associated with organic compounds that are relatively unreactive, and which is
related to the configuration of carbon atoms in rings that often feature alternating single and
double carbon-carbon bonds. In particular, some biochars consist of a high fraction of
‘inertinite macerals’, which consist of molecules with a high degree of aromaticity and are
considered to be highly inert in the natural environment (hence the name). These macerals

3 https://www.science.org/doi/abs/10.1126/science.1145724
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are also present in coal, and flakes of inertinite can be found in sedimentary rocks. It has
been suggested that if a fraction of a biochar sample can be identified as inertinite through
chemical analysis then it can be concluded that that fraction of the material will experience
essentially no degradation in an agricultural or material environment on the timescales
relevant for carbon removals. This is further discussed in section 2.5 below, with reference to
the results of academic research by Sanei et al. (2024).

The following four sections elaborate on methods for estimating biochar durability identified
in the existing literature.

2.2 IPCC Sixth Assessment Report and Method for
Estimating the Change in Mineral Soil Organic Carbon
Stocks from Biochar Amendments

Biochar is discussed in Chapter 7 of the 2022 Working Group Il contribution to the Sixth
Assessment Report of the Intergovernmental Panel on Climate Change, henceforth ‘the AR6
report’. The IPCC has also produced a ‘Method for Estimating the Change in Mineral Soil
Organic Carbon Stocks from Biochar Amendments’ as part of the 2019 updates to the
national GHG inventory reporting guidelines, henceforth the ‘IPCC biochar method’. This
method is not framed as final but rather as a ‘basis for future methodological development’.

2.2.1 Quantification

The ARG report states that “When applied to soils, biochar is estimated to persist from
decades to thousands of years, depending on feedstock and production conditions”. This is
referenced to papers by Singh et al. (2015)* and Wang et al (2016)°.

The IPCC biochar method provides an equation to estimate carbon stock increase (i.e. the
fraction of applied carbon that remains) after 100 years in cropland and grassland soils
receiving biochar additions. The method is identified as “not applicable for application of
biochar to soils in forest land, settlements, other lands or wetlands”. It is not framed as
applicable to non-soil applications of biochar.

n
ABCMineral = Z (BCTOTp * 1'-"Cp * l:perm )
p=1

ABCumineral 1S the change in persistent (100 year) carbon stocks.
p is an index across types of biochar applied (up to n types).
BCrot IS the quantity of biochar applied.

F¢, is the carbon fraction in each type of biochar.

Fperm IS the fraction of biochar carbon that is expected to remain after 100 years.

Default values for F¢, are tabulated by feedstock and production process (pyrolysis or

gasification). The carbon content for biochar from pyrolysis is assumed to be higher (for
some feedstocks several times higher) than in biochar from gasification.

4 https://journals.plos.org/plosone/article ?id=10.1371/journal.pone.0141560
5 https://onlinelibrary.wiley.com/doi/epdf/10.1111/gcbb.12266
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Default values for Fperm, are tabulated by biochar production temperature, divided into three

regimes (350-450 °C, 450-600 °C and > 600 °C). Higher temperatures are associated with a
higher remnant fraction, 0.89 for higher temperature biochars against 0.65 for lower
temperature ones. It is explained that the relationship between recalcitrance and production
temperature is not believed to be linear, and this is why the method considers three discrete
processing-temperature regimes rather than proposing a temperature-parameterised
function.

The calculation of Fperm,, is based on a ‘double exponential’ model of biochar carbon decay,

whereby a function that is the sum of two exponential decay curves is fitted to experimental
biochar durability datasets from incubation experiments. This ‘two pool’ model is predicated
on the idea of biochar consisting of a labile fraction and a recalcitrant fraction that have
different rates of carbon decay, both of which are constant over time. The decay defaults are
considered conservative as they are based on an ambient soil temperature of 20 °C, against
a global average of 10 °C.

The IPCC biochar method uses processing temperature as the sole parameter for the
calculation of Fperm,- This is explained on the basis that processing temperature may be

more readily characterised at the national level than other potential indicators of recalcitrance
(the IPCC method is focused on national inventory reporting rather than project level
reporting). The IPCC biochar method identifies the #/C,,, ratio or the 0/C,, ratio as
properties that could potentially be used as parameters instead of processing temperatures,
and that in principle these properties could be combined with information on local soil
temperatures and moisture in making the assessment of expected biochar permanence, but
notes that those properties are not considered in the proposed method.

2.2.2 Co-benefits

The ARG report identifies several potential co-benefits from the use of biochar to deliver
carbon removals. It states that additional carbon benefits for biochar application in soil can
be delivered: by ‘negative priming’, whereby biochar stabilises soil carbon and
rhizodeposits®; by reductions in nitrous oxide (N20) emissions from soils, compost, and rice
paddies; by reduced CH4 emissions from compost application and from rice paddies; and by
co-generation of bioenergy as part of the biochar production process. The ARG report also
notes that biochar used in soils may deliver pollution benefits by absorption of organic
pollutants and heavy metals and that it may improve agricultural yields and improve water
use efficiency. The report further notes that when fed to ruminant animals biochar may help
reduce enteric fermentation CH4 emissions.

The ARG report notes that biochar application is not uniformly associated with benefits,
stating that “Studies report a range of biochar responses, from positive to occasionally
adverse impacts, including on GHG emissions, and identify risks”, and that responses to
biochar application will depend on biochar type and site characteristics. The report states
that, “Mitigation through biochar will be greatest where biochar is applied to responsive soils
(acidic, low fertility), where soil N2O emissions are high (intensive horticulture, irrigated
crops), and where the syngas co-product displaces fossil fuels.”

6 Carbon released into soil through root systems.
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2.3 ‘Greenhouse Gas Inventory Model for Biochar Additions
to Soil’, Woolf et al. 2021°

The 2021 study by Woolf et al. (2021) aimed to “further develop the IPCC biochar method”
by providing a more detailed analysis of the background scientific work and by adding
additional parameterisation options for the durability function in the case that more detailed
biochar information is known. The central exercise in the paper consists of meta-analysis and
curve fitting using incubation study results from the literature. Woolf et al. (2021) is
referenced on biochar permanence by several existing biochar certification approaches
(including Puro.earth, VCS and Riverse).

Woolf et al. (2021) discusses the high durability in the environment of biochar compared to
untreated biomass, noting that, “Biochar typically decomposes at least 1-2 orders of
magnitude more slowly in soil than the biomass from which it was made.” Woolf et al. (2021)
discusses the idea that biochar can be understood as “a complex mixture of both aliphatic
and aromatic organic compounds, with the larger aromatic structures typically being more
persistent than the other compounds. As such, biochar decomposition is best described
using a multipool decay function rather than a single pool model.” The meta-analysis of
incubation results therefore models biochar decay rate using a two-pool exponential model
where one fraction of the material (presumed to correspond to the labile/aliphatic pool) has a
higher decay rate and the other fraction (presumed to correspond to the recalcitrant/aromatic
pool) has a lower decay rate. There is also a subset of results for which a three-pool
exponential model was applied (this applied to only six sets of observations from two
studies). In these cases, the additional pool could best be understood as an intermediate
pool (i.e. the calculated decay coefficients for the most labile and most recalcitrant pools
were comparable to those from observations fitted with the two-pool model, and the third
pool had intermediate decay coefficients).

Even for biochars produced at relatively high temperatures (= 550 °C) and with an H/C,,,
ratio < 0.7 there is a considerable range in the carbon loss rates implied by the fitted curves,
as shown in Figure 2.1 (these curves are not corrected for incubation temperature, and
include observations of incubations from 19 to 40 °C).

7 Greenhouse Gas Inventory Model for Biochar Additions to Soil https://pubs.acs.org/doi/10.1021/acs.est.1c02425
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Figure 2.1 Fitted exponential biochar carbon decay functions for observations on biochars
with pyrolysis 2 550 °C and H/C,ratio < 0.7
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Source: Woolf et al., 2021, supplementary information.

The data were transformed to a consistent soil temperature basis using the Qo relationship
described by Lehmann et al. 20158, which is also discussed further below (see section 2.4.3),
and then average relationships were assessed between the pyrolysis temperatures and
H/C,¢ ratio and the permanence of the biochar to form the basis of the inventory approach.

2.3.2 Scope

The analysis includes biochar produced by pyrolysis processes and gasification processes.
Torrefaction and hydrothermal carbonisation processes were excluded from Woolf et al.
(2021) on the basis that these processes typically use temperatures below 350 °C and that
because the process temperature is lower than is typical for pyrolysis the material thereby
produced shows a relatively low persistence. The dataset did however include four
measurements for pyrolytic biochars produced at temperatures below 350 °C. The dataset
covers a range of feedstocks including woody material, leaves, agricultural residues,
grasses, cow manure, poultry litter and paper mill sludge. The dataset was limited to studies
with at least one year of decay data.

2.3.3 Quantification

Woolf et al. (2021) provides the following inventory equation for GHG impact of biomass
additions to mineral soils:

GHGbC - MbC " FC . Fperm . 44‘/12 + 023 ‘n- GWPNZO

8 https://www.routledge.com/Biochar-for-Environmental-Management-Science-Technology-and-
Implementation/Lehmann-Joseph/p/book/9780367779184
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In this equation, M, is the mass of biochar added to soil, F the organic carbon fraction in
the biochar, Fpery, the fraction of biochar carbon remaining after a defined time period (with

the default being 100 years), n the baseline annual N.O emission on an area to which at
least ten tonnes of biochar is applied per hectare.

Other possible GHG effects are excluded either because they are handled in other parts of
the GHG inventory system (e.g. changes in biomass carbon stocks on land are estimated in
the LULUCF inventory) or in order to be conservative (e.g. negative priming).

2.3.3.1 Organic carbon fraction

The F¢ value can either be directly measured for the specific biochar produced or can be
estimated. Organic carbon content on a ‘dry ash-free’ basis can be estimated:

Feaar =093 — 0.92¢—0.0042T

where T is the pyrolysis temperature. Calculating the carbon fraction in the whole biochar
requires also considering the ash content (see the Woolf et al., 2021, paper for details).

Fa,bm
Fa,bm + ch

Fa,bc -

where the biochar yield (fractional) is on a ‘dry ash free’ basis and is modelled as a function
of temperature and lignin content:

Ype = 0.1261 + 0.5391 e~%004T + 0.002733L

Ash and lignin content are to be taken from the Phyllis2 database, and a summary set of
values is tabulated in Woolf et al. (2021).

2.3.3.2 Permanence

Tabulated permanence coefficients Fy.., are provided for a set of soil temperatures, times,

and pyrolysis temperature ranges. Some example coefficients are tabulated in Table 2.1 for
time periods of 100 and 500 years.

Table 2.1 Examples of tabulated F,,,, values from Woolf et al. (2021).

Time period Soil  Jp—
temperature 350-450 °C | 450-600 °C > 600 °C
5°C 08 | 08 | 094 |
100 years 10°C 0.72 0.79 0.88
20 °C 0.57 0.67 0.79
5°C 0.55 0.66 0.78
500 years 10 °C 0.30 0.44 0.57
20 °C 0.15 0.26 0.37

Notice that the Fprr, Values given in Woolf et al. (2021) for 20 °C soil temperature and 100-
year residence are not identical to the values given in the earlier IPCC method — the values
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include in Woolf et al. (2021) are somewhat lower (0.57 versus 0.65, 0.67 versus 0.80, 0.79
versus 0.89 for low, medium, and high pyrolysis temperatures respectively).

It is also noteworthy that, for higher soil temperatures in particular, the Woolf et al. (2021)
functions imply very significant carbon losses for biochar resident in soil for 500 years or
longer — even for high temperature biochar, the F,e ., value is less than 0.5 at 20 °C. This
result is not consistent with the view that a large fraction of the carbon in such biochar is
essentially inert at plausible soil temperatures.

Woolf et al. (2021) also provides regression coefficients c;,. and my,. for these time periods
and soil temperatures to allow the permanence fraction to be estimated from the H/C. ratio,
instead of with reference to the pyrolysis temperature:

Fperm = Chc — th(H/Corg)

Woolf et al. (2021) notes that H/C. has been used in preference to 0/C,.,. The use of H/C,,
rather than 0/C,., is explained by reference to the potentially significant inorganic oxygen in
the ash for some biochars, saying that the choice “becomes especially important when
considering biochar with a high ash content such as that produced during gasification and/or
derived from ash-rich feedstocks.” It should be recognised that the relationship in the
incubation data between H/C., and Fp. iS not a precise linear correspondence, but a best fit
regression to data with significant variation. This is illustrated in Figure 2.2 below, taken from
Woolf et al. (2021), which shows the distribution of H/C, ratio against estimated 100-year
biochar permanence for the incubation studies considered (where H/C,, ration was known),
as well as the fitted linear regression.

Figure 2.2 Distribution of H/C,, ratio against estimated 100-year biochar permanence
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Source: Woolf et al. (2021) Figure 1

2.3.4 Co-benefits

The paper identifies a number of potential co-benefits from biochar use in agricultural soils:

\
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e Potential reduction of soil CHs and N>O emissions (but it notes that N>O impacts may
decrease over time, and “there is little consensus on which conditions correspond to
increased or decreased net [CH4] emissions or uptake”). The overall GHG inventory
equation given includes a one year 23% assumed N2O reduction on top of the carbon
storage from the biochar.

¢ Avoided CH4/N2O from biomass decomposition (if the biochar feedstock would have
decomposed naturally in a counterfactual scenario).

e Improved agricultural yield/net primary productivity.

e Potentially reduced rate of mineralisation of soil organic carbon (‘negative priming’).
The paper notes, however, that “the net negative priming was not significant at P <
0.05 in currently available meta-analyses.” The inventory equation therefore
conservatively excludes a term for negative priming even though the studies
considered, “all support the expectation that priming will become increasingly
negative rather than positive over a period of several years”. The paper further notes
that these results relate only to mineral soils, there is a dearth of results for organic
soils or for forest soils with substantial organic horizons, and that, “One study on
priming of forest soil organic horizons found substantial losses of carbon over a ten-
year period with charcoal additions” — but this study was unable to distinguish carbon
mineralisation from leaching.

e Reduced fertiliser requirements in agriculture due to improved nutrient efficiency.

2.3.5 Sustainability risk

The paper also identifies some sustainability risks:
¢ Release of CH4/VOCs during poorly controlled pyrolysis;
e Loss of vegetative carbon stock; and,

e Biomass production emissions.

2.4  ‘Modelling biochar long-term carbon storage in soil with
harmonized analysis of decomposition data’, Azzi et al.
2024

Azzi et al. (2024)'°, in work sponsored by the Swedish Energy Agency, provides a more
recent meta-analysis of data from biochar incubation studies, reproducing and going beyond
the analysis presented by Woolf et al. (2021). As well as considering a slightly expanded set
of biochar observations to the set considered in Woolf et al. (2021), Azzi et al. (2024)
provides a much more detailed discussion of the curve fitting methodology than is available
in the Woolf et al. (2021) work, and considers an additional functional form for the decay rate.
Azzi et al. (2024) argues that the transparency of some previous studies was limited by a
lack of documentation of curve fitting algorithms, “Curve fitting is an optimisation problem that
does not always have a unique solution, and which can be sensitive to both irregularities in

9 P here refers to the probability of observations being reported if the null hypothesis (no causal relationship of the
variables) was true — not being significant at P < 0.05 means that there was a greater than 5% chance that the
reported results were observed despite there being no actual negative priming effect.

10 https://www.sciencedirect.com/science/article/pii/S001670612300438X
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experimental data and assumptions made.” The Azzi et al. (2024) paper therefore includes a
link to a data repository, where it is possible to review (and in principle to rerun) the computer
code used for curve fitting. We are also grateful to the authors of Azzi et al. (2024) for
sharing additional data on best fit curve parameterisations with us.

In addition to considering single-, double- and triple-pool exponential models for biochar
carbon decay, Azzi et al. (2024) also considers a power model as an alternative functional
form, following Zimmerman (2010)**. Whereas an exponential model assumes that the decay
rate of each pool of material in the biochar is constant over time, the power model is
consistent with a decay rate that decreases over time. Zimmerman (2010) explains the
relevance of such a model by suggesting that, “Reactivity continuously and exponentially
decreases as more labile or, perhaps, more physically accessible organic compounds
oxidize, leaving behind a progressively more refractory or more physically inaccessible
residue.”

The mathematical form of the double exponential function is:
BC(t) = c; exp(—ky *t) + (100 — c;) exp(—k; * t)

for constants c,, k; and k, established through the curve fitting procedure.
The mathematical form of the power function is:

BC(t) = cq <1 _exp(d) tm+1>

m+1

for constants ¢y, b and m established through the curve fitting procedure*?.

In practical terms, the main difference with the power model is that the modelled biochar
decay over 100 years tends to be slightly reduced and the longer-term modelled biochar
decay tends to be significantly reduced, although there are cases (typically for biochars with
a lower permanence) where the power model predicts a more rapid decay than the
exponential model.

2.4.1 Scope

Most of the observations in the Azzi et al. (2024) dataset are from slow pyrolysis (95%) with
only a few reflecting gasification, hydrothermal carbonisation, or flash carbonisation. Most
results were for laboratory scale biochar production (rather than commercial production) and
most biochars were produced with peak temperature between 350 and 650 °C (see Figure
2.3). A range of soils was represented, but most soils were characterised as sandy and few
as clay rich. Most of the studies considered were based on laboratory incubations, but 8 out
of 129 results were based on studies in the field. Most incubation studies used temperatures
between 20 and 35 °C. Slightly over half of the considered biochars were produced from
woody feedstock, a quarter from crop residues, a sixth from grasses and the remainder from
manure, leaves and biosolids. H/C,.s*® ratios ranged from 0.13 to 1.4, with a median of 0.54.

11 https://pubs.acs.org/doi/10.1021/es903140c

12 Strictly speaking this form of the power model is only applicable for values of m > -1, but this is the relevant
regime for the observations assessed. The Azzi et al. (2024) supporting information gives a full function including
specification at m = -1 and m < -1.

13 Note that Azzi et al. (2024) reports that several studies assume that Corg = Ctot — Where it was not possible to
identify Corg Separately Azzi et al. (2024) used Ciot as a substitute.
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Figure 2.3 Histogram of treatment temperatures in Azzi et al. (2024) dataset
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Azzi et al. (2024) states that the main data gaps in the dataset relate to:

1.

o M eoDn

24.2

Biochar produced above 600 °C;

Biochar with very low H/C ratio (<0.1);

Studies in field conditions;

Incubation in soil temperatures below 10 °C; and,

Characterisation of biochar samples using chemical and optical indicators of stability
(Azzi et al., 2024, suggests that in principle it may be possible to undertake
characterisation of remaining samples of biochar from previous experiments).

Quantification

The Azzi et al. (2024) data confirm results from previous studies the biochar decay rates in
incubation experiments reduce over time, and that after initial periods decay rates are
several orders of magnitude below those for fresh biomass. The paper notes that in some
studies with longer incubation times the measured decay rates on biochar became
comparable to those for lignite coal. Cumulative carbon loss in the incubation experiments

varied from 0.02% to 22.6%, with a median of 1.4%.

Best fit curves for each set of observations were assessed based on four ‘strategies’ as
follows:

1.

’IC F @ Is|

Best fit considering the double-pool exponential function is constrained so that the
sum of the two pools is equal to 100% of the carbon in the sample;

Best fit considering single-, double- and triple-pool exponential functions, considering
also functions where the pools did not add to exactly 100% of the carbon in the

sample;
Best fit considering only the power model formulation; and,

\
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4. Best fit across all exponential functions and the power model.

Azzi et al. (2024) notes that previous studies have tended to assess the best curve fit based
on the R? coefficient of determination statistic, but argues that this is not recommended for
non-linear curve fitting. The fitting algorithms used by Azzi et al. (2024) instead rely on
Bayesian information criteria (BIC). Azzi et al. (2024) notes that this meant that different best
fits were identified than would have been chosen with R? as the sole determinant, but that in
all cases the selected curves still had R? > 0.9. Azzi et al. (2024) notes that ‘irregularities’ in
the data from some observations (such as periods in which the decay rate was observed to
increase) could lead to results that are inconsistent with theoretical expectations, and
therefore that visual inspection of the selected best fits is important. Azzi et al. (2024)
suggests that there may be a case to exclude observations that include these sorts of
irregularities if developing persistence correlations.

Under the curve fitting strategy that included all exponential models as options, the triple-pool
exponential model delivered the best fit in slightly more cases than the double-pool
exponential model. A small number of observations delivered best fits with the single-pool
exponential model, but this was associated with datasets containing ‘irregularities’.

Under the curve fitting strategy that considered all of the exponential models and the power
model, best fits for similar numbers of observations were found with the power model and the
double-pool exponential model, with slightly fewer cases being best described by the triple-
pool exponential model and only a couple of observations finding a best fit with the single-
pool exponential model. As expected, the power model generally predicted longer-term
biochar persistence than the exponential models.

Azzi et al. (2024) also assessed which biochar parameters were the most relevant to
consider as the basis of persistence estimates. Correlations were identified for elemental
composition/molar ratios, fixed carbon, volatile organic matter content, pH, pyrolysis char
yield and pyrolysis temperature. Correlations to the H/C, ratio were assessed using both
linear and power models, and were assessed for the full dataset and for reduced datasets
excluding ‘singular’ observations and outliers, using the exponential-model fits and the
power-model fits. For soil at 20 °C on the reduced dataset, Azzi et al. (2024) finds the
following linear relationship for 100-year biochar permanence (BCi00) when correlating to the
exponential model fits:

BCyg0 = 1.18 — 0.752 * H/Cypg

which is similar to the relationship estimated by Woolf et al. (2021):
BCyg0 = 1.01 — 0.65 % H/Copg.

When correlating to the power-model fits, Azzi et al. (2024) gets the relationship:
BCy00 = 1.30 — 0.696 * H/Coyg.

The power model curve fits for the H/C,, relationship are:

BCi0o = 0.930 — 0491 * (H/Corg) -
and

BC100 = 0.938 — 0.180 * (H/Corg) ™",

\

\! / =
- Cerulo ~Z Fraunhofer
/'CF 6 9y “ 15l

18



Support to the development of methodologies for the certification of industrial carbon removals
with permanent storage

assessed against the exponential- and power-model fits respectively.

It can be seen in Figure 2.4 that there are meaningful differences between the results from
these different correlation equations. All of the Azzi et al. (2024) correlations generally predict
a higher BC100 than the Woolf et al. (2021) relationship. The Azzi et al. (2024) linear
correlations give a BCioo greater than 1 for the low H/C,, regime (H/Corg < 0.24 or 0.44
depending on the model) whereas the Woolf et al. (2021) function goes above 1 only for
H/C,;< 0.02. The power model for the correlation against the power model curve fits in
particular predicts significantly higher BCioo for relatively high values of H/C,.

Figure 2.4 Correlations for H/C,,to 100-year biochar permanence from Azzi et al. (2024),
compared against the relationship from Woolf et al. (2021)
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Azzi et al. (2024) suggests that “the use of power regressions is preferred over linear
regressions, for describing 100-year biochar persistence as a function of the H/C ratio”, but
also notes that, “data selection, curve fitting, and soil temperature adjustment procedures
significantly affect the persistence predictions”.

2.4.3 Temperature normalisation

Incubation studies are performed at a constant temperature, generally above a standard
ambient soil temperature as the experiments aim to accelerate decomposition compared to
real conditions. Results from experiments at different temperatures are only comparable if
some sort of transformation can be applied from temperature A to temperature B.

Azzi et al. (2024) compares three soil temperature adjustment methods:
1. The ‘Qio’ method that has been proposed based on previous work;

2. A stepwise Q10 method that makes the transformation as the product of a series of
steps instead of as a single step; and,

3. An exponential method.

The Q1o transformation is defined:

\
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kp 1 (T
— = 1.1+ 12e7019T)dT
ke Tp—Ta -"‘1“a ( Tse )

Azzi et al. (2024) notes that the Q10 method as a functional model can be seen to be limited,
because transforming the decay rate between temperature A and temperature B directly
yields a different answer than making the transformation in two steps, via temperature C. The
second, stepwise, approach resolved this mathematical property by defining the
transformation as the product of small steps:

n-1 ;
k 1 Ta+(i+1)*s
2= | |—f (1.1 4 12e702T)dT
ka i=0 S T,+ixs

The ‘exponential’ method is derived from the data in Azzi et al. (2024) for experiments with
H/C < 0.7 and pyrolysis temperature above 400 °C.

kp  0.9e%92To — 0.7
k, 0.9€%02Ta — (.7

Azzi et al. (2024) states that the existing Q1o method may overestimate stability at low soll
temperatures, and argues that the stepwise Q10 method or exponential method may give
better results in this lower temperature regime. Azzi et al. (2024) notes that even with the
exponential approach fitted to the data considered, the model was not well calibrated to
convert from high temperature (>40 °C) incubations to standard soil temperatures. Several
observations from higher temperature incubations were therefore treated as ‘singular’ and
excluded from the main analysis.

We note that for the temperature regimes that are not considered poorly calibrated, the
functions considered depart only slightly from linearity, and that the Q1o and exponential
functions are concave and convex respectively in this regime (see Figure 2.5). Azzi et al.
(2024) uses the exponential functional form to transform the incubations considered in the
study.
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Figure 2.5 Comparing the Q10 and exponential temperature correction functions, for four
different values of T1, from Azzi et al. (2024)
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2.5 ‘Assessing biochar’s permanence: An inertinite
benchmark’, Sanei et al. 2024

Sanei et al. (2024)* approaches the question of biochar permanence by directly considering
the constituents of biochar, and in particular the ‘inertinite maceral’. The term maceral is used
to describe organic material in coal and oil shales, and is used analogously to the term
mineral for inorganic content. Sanei et al. (2024) argues that the petrology literature in
reference to inertinite macerals has been overlooked in much of the discussion of biochar
permanence (as soil scientists are typically not familiar with this literature), but that it is
exceedingly relevant to biochars that consist of macerals very similar to those found in coal.

2.5.1 Inertinite

Inertinite macerals are found naturally not only in coal, oil shales and in biomass char, but
also as a constituent of sedimentary rocks. Sanei et al. (2024) quotes an estimate of 15
million gigatonnes total carbon storage in inertinites in sedimentary rocks. The presence of
inertinites in sedimentary rocks of geological ages demonstrates that inertinites can be very
stable in at least some conditions. It is generally understood that higher degrees of
aromatisation in hydrocarbons are associated with greater recalcitrance. Higher
aromatisation is correlated to lower hydrogen fraction (and therefore low H/C, ratio) and
Sanei et al. (2024) shows that inertinite content as measured through random reflectance
(this measurement is discussed further in section 2.5.2) in a biochar is inversely correlated to
H/C,,ratio. Sanei et al. (2024) presents oxidation reaction kinetic modelling and states that
the results are consistent with an oxidation half-life of 100 million years for a biochar sample

14 https://www.sciencedirect.com/science/article/pii/S0166516223002276
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maintained at 30 °C, but this modelling does not directly consider more complex potential
degradation pathways such as enzymatic action.

Sanei et al. (2024) argues that biochar incubation experiments may not have been well
designed to capture the high recalcitrance of inertinites where permanence is estimated
through fitting a two-pool decay rate to observations. Most biochars contain some amount of
condensates, as well as the ‘true’ biochar — this is material that could in principle have been
evaporated off at biochar production temperatures, but that has remained attached in the
vacuoles to the other more recalcitrant biochar fractions during the pyrolysis process. These
condensates are relatively easily biodegraded, and therefore the most labile pool in a two-
pool exponential fit reflects the low-permanence of these condensates. The second more
recalcitrant pool reflects a combination of more recalcitrant materials, including inertinite and
the semi-inertinite macerals. Sanei et al. (2024) argues that the decay rate estimated on this
amalgamated recalcitrant pool will therefore tend to underestimate the permanence of
inertinites (while implicitly overestimating the permanence of the other somewhat-recalcitrant
fraction). In principle, one might expect that a triple-pool exponential model could avoid this
problem, but in practice the curve fitting process for triple-pool models appears to tend to
split the more labile pool into two sub-pools rather than disaggregate the recalcitrant pool,
and therefore this approach does not resolve the problem.

2.5.2 Quantification

Rather than proposing a permanence function in the manner of the IPCC approach, Sanei et
al. (2024) suggests that biochar permanence could be assessed by direct assessment of the
inertinite fraction. This can be experimentally achieved, according to Sanei et al. (2024), by
assessing the ‘R, random reflectance’. The distribution of R, can be assessed across the
surface of a polished sample containing an organic carbon particle. This is an established
technique for the characterisation of macerals in coal*®.

Sanei et al. (2024) states that inertinites are associated with a R, value greater than 2%,
while R, values of 1.3-2% are associated with ‘semi-inertinites’ and lower values are
associated with liptinites. Sanei et al. (2024) argues that if the R, frequency distribution for
measurements on hundreds of macerals across a representative biochar sample shows
values consistently higher than 2%, then that sample can be understood as consisting solely
of inertinite macerals plus any attached condensates (up to about 2%). For example, Figure
2.6 shows the R, profile for biochars produced at 700 °C and 900 °C respectively being
consistent with 100% inertinite content. This can be considered a benchmark for biochars
with maximal permanence. Sanei et al. (2024) argues that “in order to consider biochar as a
permanent CDR method, the industry should focus on production of pure inertinite”.

15 See e.g. https://www.uky.edu/KGS/coal/coal-analyses-vitrinite.php
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Figure 2.6 R, profile for bamboo biochar samples produced at three pyrolysis temperatures
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2.5.3 Permanence indicators

While the central proposal in Sanei et al. (2024) is that biochar permanence can be assessed
by R, measurement, the paper also discusses the potential role of other biochar
characteristics as proxies to indicate permanence.

As discussed above, the H/C, ratio has been identified in some previous work (e.g. Woolf et
al. 2021) as an appropriate parameter for estimation of Fperm. Sanei et al. (2024) argues that

“the correlation between the most commonly used proxy, H/C molar ratio and the Fyem is not

strong” and argues that the hydrogen index (HI) “is a more suitable aromatization proxy than

the H/C ratio.” The hydrogen index is a measure of the prevalence in the biochar of liptinites,
which are relatively hydrogen rich macerals with lower recalcitrance. Liptinites have 0.2 < R,

< 1.2%.

2.6 Summary — options and challenges for characterising
biochar permanence

When assessing biochar as a carbon removal approach, the duration of carbon storage by
the biochar is a central question in determining how many carbon removal units should be
issued. It is generally agreed that it is not possible to accurately assess ongoing carbon
storage by biochar in soils by direct monitoring, due to issues of uneven biochar distribution
and transport of biochar beyond the area of application. In the case of biochar in materials,
the likelihood of biochar transport out of the material is very low, but there is still a possibility
of uneven distribution which would make precise assessment very difficult, and there is a
fundamental problem that methods of testing for carbon in biochar are likely to be destructive
to the materials in question.

Existing standards for carbon removals through biochar therefore rely on predictions of the
long-term rate of loss of carbon from biochar, based on consideration of the results of
incubation tests, in which samples of biochar in soil are kept at a constant temperature in
moist soil for a period of a year or more and the rate of carbon loss is observed.

Such results from incubation tests informed the estimated values for biochar permanence
that are included in the IPCC’s 2019 ‘Method for Estimating the Change in Mineral Soil
Organic Carbon Stocks from Biochar Amendments’, as discussed in section 2.2. This
method is intended to provide a basis for the inclusion of carbon removals through biochar in
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national GHG inventory accounting, and therefore it assumes that the reporting party (the
national inventory compiler) is not able to test biochar samples directly. The IPCC results are
based on fitting a two-pool exponential model to available data, i.e. a model that assumes
that biochar consists of two fractions, associated with two different exponential decay rates.

Woolf et al. (2021) presents an approach based on a slightly expanded analysis and that
provides for a more precise estimate where the user has access to additional data to
characterise the biochar. In particular, Woolf et al. (2021) provides a linear regression of the
carbon permanence factor after 100, 500 or 1000 years against the ratio of hydrogen to
organic carbon (H/C,.z) in the biochar, a property that can be directly measured by sending
biochar samples for laboratory analysis. The H/Co. ratio is an indicator of the degree of
carbonisation and aromatisation of the biochar — a lower ratio is associated with a greater
biochar permanence. It is generally agreed that A/C,., is a good practical indicator of biochar
permanence, but it should be noted that there are several outlying observations that are not
consistent with the calculated relationship.

Azzi et al. (2024) builds on the work of Woolf et al. (2021) by further extending the dataset of
observations considered, by providing a more detailed discussion of curve fitting strategies
for the available data and by systematically considering both exponential and power model
fits to the available data. It is shown that for some sets of observations the power model
provides a better fit than an exponential model, but there is no clear conclusion as to whether
the power model is fundamentally more useful. From the point of view of certifying expected
carbon storage after centurial timeframes, the major difference between the exponential
model and power model fits is that the power models predict less carbon loss on long
timescales. A power model will therefore be more likely than an exponential model to
overestimate long-term carbon storage, while an exponential model will be more likely than a
power model to underestimate long-term carbon storage.

Sanei et al. (2024) suggests an alternative approach to assess biochar permanence, based
on identifying the fraction of a biochar sample that consists of inertinite macerals — a form of
carbon with a low H/C,, ratio that is understood to be highly inert. It is suggested that the
inertinite fraction of a given biochar could be treated as permanent on the timescales
relevant to the CRCF, and therefore that if the inertinite fraction can be demonstrated it
would not be necessary to refer to a decay function for that fraction.

The issues associated with these approaches (from the point of view of carbon removal
certification under the CRCF) are summarised in Table 2.2 below.

Table 2.2 Summary of issues in modelling of biochar permanence

Approach Advantages Issues
100-year permanence IPCC represents a credible official The IPCC approach is not intended for
fractions based on source use at the project level, and assumes
pyrolysis temperature limited access to biochar data

IPCC. 2019 The IPCC approach is simple
( ’ ) The IPCC approach is not intended to
be final, but is presented as a “basis for

future methodological development”

Reports 100-year permanence only
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Approach

Permanence fractions
based on exponential
decay functions (e.g.
Woolf et al., 2021, Azzi
et al., 2024)

Advantages

Builds on the IPCC work

Woolf et al. (2021) reports permanence

coefficients for 100, 500 and 1000 years
— coefficients for other periods could be

derived

Can parameterise the relationship by
H/Corg ratio

The Woolf et al. (2021) relationship is
already referenced in several standards

Less risk of overestimating permanence
on long periods than a power model

Issues

Treats the more-recalcitrant part of
biochar as having a uniform decay rate

If applied over several hundred years,
the exponential decay functions can
imply rates of carbon loss that are
inconsistent with a view of a large
fraction of some biochars being
essentially inert

Need to choose which of the calculated
exponential relationships to use

Permanence fractions
based on power model
(e.g. Azzi et al., 2024)

Builds on the IPCC work

Can parameterise the relationship by
H/Corg ratio

Azzi et al. (2024) reports permanence
coefficients for 100 year period,
coefficients for other periods could be
derived

The power model gives long-term
results that are more consistent with the
hypothesis that a significant fraction of
biochar is highly inert

Unclear whether a power model is
preferable to an exponential model

Not currently used by any standards

More risk of overestimating permanence
on long periods than an exponential
model

Inertinite assessment
(e.g. Sanei et al. 2024)

Based on chemistry principles

Testing identifies inertness directly
rather than using H/Corg ratio as a proxy
measure

Sample testing may be more expensive
than current testing requirements

The