Appendix 4

Method for Estimating the Change in Mineral Soil
Organic Carbon Stocks from Biochar Amendments:
Basis for Future Methodological Development

This appendix provides a basis for future methodological development of a Tier 1 method for estimating the change
in mineral soil organic C stocks from biochar amendments to soils, rather than complete guidance.
For the purpose of this methodology, biochar is defined as a solid material generated by heating biomass to a
temperature in excess of 350°C under conditions of controlled and limited oxidant concentrations to prevent
combustion. These processes can be classified as either pyrolysis (in which oxidants are excluded), or gasification (in
which oxidant concentrations are low enough to generate syngas). The change in soil organic C stocks from biochar
amendments is estimated separately from other organic amendments over a 100-year time frame. This method does
not deal with pyrolytic organic materials that result from wild fires or open fires, and is only applicable for biochar
added to mineral soils in grasslands and croplands. Biochar is more persistent with only a small portion mineralised
each year at a decreasing rate over many centuries, and therefore the stock change method cannot be used to track
changes in biochar C stocks over time as is done for other management practices in mineral soils.
The methodology used to estimate biochar C additions to minerals soils is based on a top-down approach in which the
total amount of biochar generated and added to mineral soil in cropland and grassland1 is required to estimate the
contribution of biochar to annual changes in mineral soil C stocks. Information is not needed on the application rate.
Interactions between biochar C fate and soil type or land management are not considered with this method. However,
the method does require compilers to track the source of feedstock and temperature of the pyrolysis. The total change
in carbon stocks of mineral soils receiving biochar amendments is estimated with Equation 4A.1.

EQUATION 4A.1
ANNUAL CHANGE IN BIOCHAR CARBON STOCK IN MINERAL SOILS RECEIVING BIOCHAR ADDITIONS
n

(

∆BCMineral =
∑ BCTOTp • FC p • Fpermp
p =1

)

∆BCMineral = the total change in carbon stocks of mineral soils associated with biochar amendment, tonnes
sequestered C yr-1

BCTOTp = the mass of biochar incorporated into mineral soil during the inventory year for each biochar
production type p , tonnes biochar dry matter yr-1

FC p = the organic carbon content of biochar for each production type p , tonnes C tonne-1 biochar dry matter,
Table 4A.1

Fperm p = fraction of biochar carbon for each production type p remaining (unmineralised) after 100 years,
tonnes sequestered C tonne-1 biochar C, Table 4A.2

n

1

= the number of different production types of biochar

This method is not applicable for application of biochar to soils in forest land, settlements, other lands or wetlands.
The studies used in the derivation of Fperm values included only cropland and grassland mineral soils. Thus the
Fperm values provided in Table 4A.2 are only applicable to mineral soils under those land uses.

Global estimates of the organic C content of biochar (𝐹𝐹𝐶𝐶𝑝𝑝 ) as a function of feedstock and heating temperature are
provided in Table 4A.1, as well as estimates of the proportion of biochar C that would persist for 100 years (𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 )
years in Table 4A.2 2.
The biochar-C addition is estimated for cropland and grassland, or in total without disaggregation to the amounts
applied in cropland and grassland. If biochar-C is entered without disaggregation, then the C stock change should be
associated with the land use receiving the majority of the biochar.

TABLE 4A.1
VALUES FOR ORGANIC C CONTENT FACTOR OF BIOCHAR BY PRODUCTION TYPE (𝑭𝑭𝑪𝑪𝒑𝒑 ).
Feedstock

Pyrolysis Production Process

Animal manure
Wood
Herbaceous (grasses, forbs,
leaves; excluding rice husks and
rice straw)
Rice husks and rice straw
Nut shells, pits and stones
Biosolids (paper sludge, sewage
sludge)

Pyrolysis 1
Gasification 1
Pyrolysis
Gasification
Pyrolysis

Values for

FC p

2

0.38 ± 49%
0.09 ± 53%
0.77 ± 42%
0.52 ± 52%
0.65 ± 45%

Gasification
0.28 ± 50%
Pyrolysis
Gasification
Pyrolysis
Gasification
Pyrolysis
Gasification

0.49 ± 41%
0.13 ± 50%
0.74 ± 39%
0.40 ± 52%
0.35 ± 40%
0.07 ± 50%

Notes:
1

An explanation of the conversion technologies is provided in Annex 2A.2.

2

All values are presented in the format of the mean value ± the 95% confidence limit expressed as a percentage of the mean (that is ±
1.96 * standard error /mean *100).
Source:
FCp was calculated from the organic carbon content of biochar from regressions by Neves et al. (2011), corrected for ash content using
biochar yield from Woolf et al. (2014). Data on ash, lignin, and carbon content of biomass feedstocks, which are parameters in these
regression equations, were taken from ECN (2018). 3

2

Estimating biochar C remaining for durations of <100 years, such as 20 years, would require additional detailed
information on the chemical nature of the biochar, how it is applied, as well as climatic and edaphic properties of the
location it was applied.

3

https://phyllis.nl/Home/Colophon (24/10/2018).

Production

TABLE 4A.2
VALUES FOR 𝐅𝐅𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩 (FRACTION OF BIOCHAR C REMAINING AFTER 100 YEARS)
Value for

Fperm p 1, 2

High temperature pyrolysis and gasification (> 600 °C)

0.89 ± 13%

Medium temperature pyrolysis (450-600 °C)

0.80 ± 11%

Low (350-450 °C)

0.65 ± 15%

Notes:
1

All values are presented in the format of the mean value ± the 95% bootstrap confidence limit expressed as a percentage of the mean
(note that the bootstrap confidence intervals are symmetric about the mean to within 2 significant digits and are therefore given as ± a
percentage of the mean value).

The studies used in the derivation of 𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 values included only cropland and grassland mineral soils. Thus the f 𝐹𝐹𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 values
provided are only applicable to mineral soils under those land uses, and not for forest land, settlements, other land or wetlands.
2

Sources:

Major et al. 2010; Zimmerman 2010; Singh et al. 2012; Zimmerman & Gao 2013; Fang et al. 2014; Herath et al. 2015; Kuzyakov et
al. 2014; Dharmakeerthi et al. 2015; Wu et al. 2016

Background Information on Derivation of 𝐅𝐅𝐂𝐂𝐩𝐩 and 𝐅𝐅𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩𝐩 Values

𝐹𝐹𝐶𝐶𝑝𝑝 was calculated using the organic carbon content of biochar on a dry ash-free (daf) basis according to equation 14
from Neves et al. (2011), which was based on a regression (n=128) of data from 26 papers. This daf organic carbon
content was corrected for ash content of the biochar to provide 𝐹𝐹𝐶𝐶𝑝𝑝 as the carbon content per unit mass of biochar
using the regression equation (n=146 from 18 articles) of biochar yield from Woolf et al. (2014). Data on ash (n=1276),
lignin (n=516), and carbon (n=1276) content of biomass feedstocks, which are parameters in these regression
equations, were taken from ECN (2018).
The values for Fpermp were calculated from field and laboratory studies for biochars that were made under different
conversion conditions based on a comprehensive survey of the literature. The amount of biochar C remaining after
100 years was estimated by fitting a two-pool double-exponential model to only those datasets within the list of
references that exceeded one year and allowed a two-pool model to be fitted following the rationale outlined by
Lehmann et al. (2015). The data included all available studies that met these stringent quality criteria (Major et al.
2010; Zimmerman 2010; Singh et al. 2012; Zimmerman & Gao 2013; Fang et al. 2014; Herath et al. 2015; Kuzyakov
et al. 2014; Dharmakeerthi et al. 2015; Wu et al. 2016). Fpermp values were adjusted to an ambient temperature of 20°C,
which is higher than current estimates of approximately 10°C average land surface temperature (Rohde et al., 2013)
and therefore conservative since decomposition increases with increasing temperature. Fpermp values were then
calculated for the three categories shown in Table 4A.2 as means for each of the three temperature categories (Figure
4A.1). Categories were preferred to using a linear regression due to the non-linear relationship between pyrolysis
temperature and biochar C persistence (Whitman et al., 2013; Bird et al., 2015). Long-term field data of naturally
accumulated char and anthropogenically added biochar with unknown production temperatures were assessed
separately as a cross-check on the results (Figure 4A.1) and include all available studies with periods exceeding 10
years of observation (Cheng et al., 2008; Hammes et al., 2008; Lehmann et al., 2008; Liang et al., 2008; Nguyen et
al., 2008; Vasilyeva et al., 2011; Lutfalla et al., 2017). These data do not utilize isotopes or determine physical losses
by leaching and erosion, and therefore do not allow actual mineralization rates to be quantified. Rather, the biochar
and char C remaining can be understood as a minimum value below which persistence will not fall over decadal to
millennial time scales.
Pyrolysis temperature is used for this methodology, as it is more easily available than biochar property measurements
for country-wide estimation. Methods could employ biochar property measurements, e.g., H/Corg (Lehmann et al.,
2015) or O/Corg (Spokas, 2010) ratios, together with country-specific soil properties, temperatures and moisture
regimes, but these properties are not considered in this method.

Figure 4A.1 Fperm calculated from field and laboratory studies for biochars that were made under different conversion
conditions: (a) Fperm estimated for biochars with known production temperatures by fitting a two-pool doubleexponential model to 59 datasets from eight mineralization experiments that exceeded one year and allowed a twopool model to be fitted and adjusted to a decomposition temperature of 20°C recalculated as shown in Lehmann et al.
(2015) (Sources of data include: Major et al. 2010; Zimmerman 2010; Singh et al. 2012; Zimmerman & Gao 2013;
Fang et al. 2014; Herath et al. 2015; Kuzyakov et al. 2014; Dharmakeerthi et al. 2015; Wu et al. 2016); (b) Fperm
estimated for naturally occurring chars and added biochars with unknown production temperatures using 20
observations from eight long-term field assessments (decadal to millennial time scales) where physical export is not
determined (Cheng et al., 2008; Hammes et al., 2008; Lehmann et al., 2008; Liang et al., 2008; Nguyen et al., 2008;
Vasilyeva et al., 2011; Lutfalla et al., 2017; mean residence times taken directly from the sources without
recalculation).
p

p

p

References:
Bird, M.I., Wynn, J.G., Saiz, G., Wurster, C.M. & McBeath, A. (2015) The pyrogenic carbon cycle. Annual Review
of Earth and Planetary Sciences 43: 273-298.
Cheng, C. H., Lehmann, J., Thies, J. E. & Burton, S. D. (2008) Stability of black carbon in soils across a climatic
gradient. Journal of Geophysical Research 113: G02027.
Dharmakeerthi RS, Hanley K, Whitman T, Woolf D & Lehmann J. (2015) Organic carbon dynamics in soils with
pyrogenic organic matter that received plant residue additions over seven years. Soil Biology and Biochemistry 88:
268-274.
ECN. (2018) Phyllis2 - Database for biomass and waste. In: https://www.ecn.nl/phyllis2/: ECN Biomass & Energy
Efficiency.
Fang, Y., Singh, B. P. & Singh, B. (2014) Temperature sensitivity of biochar and native carbon mineralisation in
biochar-amended soils. Agriculture, Ecosystems and Environment 191: 158-167.

Hammes, K., Torn, M. S., Lapenas, A. G. & Schmidt, M. W. I. (2008) Centennial black carbon turnover observed in
a Russian steppe soil. Biogeosciences Discussion 5: 661-683.
Herath, H. M. S. K., Camps‐Arbestain, M., Hedley, M. J., Kirschbaum, M. U. F., Wang, T. & van Hale, R. (2015)
Experimental evidence for sequestering C with biochar by avoidance of CO2 emissions from original feedstock and
protection of native soil organic matter. GCB Bioenergy 7(3): 512-526.
Kuzyakov, Y., Bogomolova, I. & Glaser, B. (2014) Biochar stability in soil: Decomposition during eight years and
transformation as assessed by compound-specific 14C analysis. Soil Biology and Biochemistry 70: 229-236.
Lehmann, J., Skjemstad, J. O., Sohi, S., Carter, J., Barson, M., Falloon, P., Coleman, K., Woodbury, P. & Krull, E.
(2008) Australian climate-carbon cycle feedback reduced by soil black carbon. Nature Geoscience 1: 832–835.
Lehmann, J., Abiven, S., Kleber, M., Pan, G., Singh, B. P., Sohi, S. P., Zimmerman, A. R., Lehmann, J. & Joseph, S.
(2015) Persistence of biochar in soil. Biochar for Environmental Management: Science, Technology and
Implementation: 233-280.
Liang, B., Lehmann, J., Solomon, D., Sohi, S., Thies, J. E., Skjemstad, J. O., Luizão, F. J., Engelhard, M. H., Neves,
E. G. & Wirick, S. (2008) Stability of biomass-derived black carbon in soils. Geochimica et Cosmochimica Acta 72:
6069-6078.
Lutfalla, S., Abiven, S., Barré, P., Wiedemeier, D. B., Christensen, B. T., Houot, S., Kätterer, T., Macdonald, A. J.,
Van Oort, F. & Chenu, C. (2017) Pyrogenic carbon lacks long-term persistence in temperate arable soils. Frontiers in
Earth Science 5: 96.
Major, J., Lehmann, J., Rondon, M. & Goodale, C. (2010) Fate of soil-applied black carbon: downward migration,
leaching and soil respiration. Global Change Biology 16: 1366-1379.
Neves, D., Thunman, H., Matos, A., Tarelho, L. & Gómez-Barea, A. (2011) Characterization and prediction of
biomass pyrolysis products. Progress in Energy and Combustion Science 37(5): 611-630.
Nguyen, B. T., Lehmann, J., Kinyangi, J., Smernik, R., Riha, S. J. & Engelhard, M. H. (2008) Long-term black carbon
dynamics in cultivated soil. Biogeochemistry 92(1): 163-176.
Rohde, R., Muller, R.A., Jacobsen, R., Muller, E., Perlmutter, S., Rosenfeld, A., Wurtele, J., Groom, D. & Wickham,
C. (2013) A new estimate of the average Earth surface land temperature spanning 1753 to 2011. Geoinformatics &
Geostatistics: An Overview 1: 1.
Singh, B. P., Cowie, A. L. & Smernik, R. J. (2012) Biochar stability in a clayey soil as a function of feedstock and
pyrolysis temperature. Environmental Science and Technology 46: 11770-11778.
Spokas, K. A. (2010) Review of the stability of biochar in soils: predictability of O:C molar ratios. Carbon
Management 1(2): 289-303.
Vasilyeva, N. A., Abiven, S., Milanovskiy, E. Y., Hilf, M., Rizhkov, O. V. & Schmidt, M. W. I. (2011) Pyrogenic
carbon quantity and quality unchanged after 55 years of organic matter depletion in a Chernozem. Soil Biology and
Biochemistry 43: 1985-1988.
Whitman, T., Hanley, K., Enders, A. & Lehmann, J. (2013) Predicting pyrogenic organic matter mineralization from
its initial properties and implications for carbon management. Organic Geochemistry 64: 76-83.
Woolf, D., Lehmann, J., Fisher, E. M. & Angenent, L. T. (2014) Biofuels from Pyrolysis in Perspective: Trade-offs
between Energy Yields and Soil-Carbon Additions. Environmental Science & Technology 48(11): 6492-6499.
Wu, M., Han, X., Zhong, T., Yuan, M. & Wu, W. (2016) Soil organic carbon content affects the stability of biochar
in paddy soil. Agriculture, Ecosystems & Environment 223: 59-66.

Zimmerman, A. R. (2010) Abiotic and Microbial Oxidation of Laboratory-Produced Black Carbon (Biochar).
Environmental Science & Technology 44(4): 1295-1301.
Zimmerman, A. R. & Gao, B. (2013) The stability of biochar in the environment,. In: Biochar and Soil Biota, eds.
N. Ladygina & F. Rineau, pp. 1-40. Boca Raton, USA: CRC Press.

