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Forestation and landfilling purpose-grown biomass are not adequate offsets for the CO, emission from
burning fossil fuels. Their permanence is insufficiently guaranteed and landfilling purpose-grown
biomass may even be counterproductive. As to permanence, bio-char may do better than forests or
landfilled biomass, but there are major uncertainties about net greenhouse gas emissions linked to the
bio-char life cycle, which necessitate suspension of judgement about the adequacy of bio-char addition
to soils as an offset for CO, emissions from burning fossil fuels.
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1. Introduction

When CO, emissions from fossil fuels become airborne, their
full elimination from the atmosphere takes a very long time. One
quarter of fossil fuel-derived CO, emissions remains in the
atmosphere for several centuries and complete removal of CO,
may take 30,000-35,000 years (Archer, 2005; Hansen et al., 2008).

Offsetting CO, emissions originating in the burning of fossil
fuels is the object of growing attention. There is an increasing
number of organisations offering ‘carbon offsets’ (also called
‘climate compensation’ or ‘carbon neutrality’) to citizens and
organisations, often based on forestation projects (Gossling et al.,
2007). The pyrolitic production of bio-char (also called charcoal or
black carbon) from biomass to be added to soils has also been
suggested to offset fossil-fuel CO, emissions (Lehmann et al.,
2006; Fowles, 2007; Mathews, 2008). And Saunders (2008) has
proposed landfilling of purpose-grown biomass as a ‘virtual
biofuel’, considered to be ‘more practical, economic and immedi-
ate than biofuels’.

Here, [ will consider whether such carbon-offsetting schemes
do indeed completely offset the CO, emissions linked to burning
fossil fuels.

2. Carbon offsetting by forestation projects

A first problem with carbon offsetting by forestation is its
duration. The maximum time that forestation projects are
guaranteed by the organisations offering carbon offsets by
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forestation studied by Gossling et al. (2007), is 100 years. This is
a much shorter period than the time necessary to remove all
fossil-fuel-derived CO, from the atmosphere. Even this guaran-
teed timeframe is questionable in view of (increasing) risks that
forests may be destroyed by wild fires and extreme weather
events such as storms and droughts (Gough et al., 2008; Nepstad
et al, 2008; Van Kooten, 2008) and uncertainty about the
permanence of social arrangements safeguarding forests.

A second problem with forestation projects is the occurrence of
‘leakage’: the de-sequestration of C in response to forestation.
Leakage follows from the impact of forestation on land use
elsewhere, e.g. because forestation influences land rents and
because people dependent on the area where forestry projects are
established move elsewhere (Alig et al., 1997; Murray et al., 2004;
Sathaye and Andrasko, 2007; Ewers and Rodrigues, 2008).
Worldwide an average leakage percentage of about 50% seems
to be associated with forestation projects (Sathaye and Andrasko,
2007).

Leakage from, and the limited duration of, carbon sequestra-
tion in forestation projects imply that the carbon offsets by
forestation are partial and of insufficient duration to completely
offset the CO, emissions from burning fossil fuels.

3. Carbon offsetting by landfilling purpose-grown biomass

Saunders (2008) has proposed to landfill purpose-grown
biomass as an offset to CO emissions from fossil-fuel burning.
However, in landfills biomass is largely converted into methane
(CHy). The rate of conversion is dependent on a variety of factors,
such as moisture, pH, lignin content and temperature, but is often
a matter of decades (Barlaz, 2006; Themelis and Ulloa, 2007).
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Actual emissions of carbonaceous greenhouse gases are depen-
dent on the soil cover which may be conducive to the conversion
of methane into CO, (Zhang et al., 2008). Capture of CH, after
conversion in landfills is an option but has in practice limited
efficiency (Themelis and Ulloa, 2007; Wanichpongpan and
Gheewala, 2007). Moreover methane is, over a period of 100
years, as a greenhouse gas 21 times more potent than CO, (Barlaz,
2006). So, landfilling purpose-grown biomass would not seem an
adequate offset for CO, emissions from burning fossil fuels, but
might, in view of the relatively large greenhouse effect of
methane, even be counterproductive in mitigating climate change.

There is an additional complication. Purpose-grown crops are
also associated with net greenhouse gas emissions. The latter
originate during the seed-to-crop stages in the use of fossil fuels,
changes in ecosystem (including soil) carbon stocks linked to land
use and land use change and may be quite substantial (Reijnders
and Huijbregts, 2007; 2008; Searchinger et al., 2008). To the
extent that fossil fuels are used, this is at variance with offsetting
CO, emissions caused by fossil-fuel burning. The reduction of soil
and ecosystem C stocks may in turn be offset by the restoration of
carbon stocks, but this takes time and thus would not lead to an
immediate offset. Also the proposal of Saunders (2008) did not
include a guarantee of such restoration.

4. Carbon offsetting by bio-char

In evaluating the effects of producing bio-char and adding that
to soils, on greenhouse gas emissions, three matters are
important:

e the persistence of bio-char in soils,

e the effects of bio-char on other types of soil carbon and the net
emission of greenhouse gases from soils and

e the seed-to-bio-char emission of greenhouse gases.

All three matters have so far only been studied in a limited way.
There is evidence that bio-char may persist in soils over
thousands of years (Carcaillet and Talon, 2001; Long et al., 2007;
Kaal et al., 2008). There are also reports about the decomposition
of bio-char in the field and the biotic and abiotic degradation of
bio-char in laboratory settings, with rates partly depending on the
production procedure (Cheng et al., 2006; Hockaday et al., 2006;
Lehmann et al., 2006; Wengel et al., 2006; Steiner et al., 2007;
Bruun et al., 2008). Carbohydrates which can be easily metabo-
lized may be conducive to the decomposition of bio-char (Hamer
et al., 2004). It has been suggested that decomposition of bio-char
in the field may be on a centennial scale (Hockaday et al., 2006).
Regarding permanence, this would qualify properly produced bio-
char as a potential offset for fossil-fuel-derived CO, emissions.

As to the effects on other types of soil carbon, there is evidence
for a positive effect of bio-char on crop productivity which in turn
could have a positive effect on soil carbon sequestration (Glaser et
al.,, 2001; Steiner et al., 2007; Lehmann et al., 2007). On the other
hand there is also evidence that, due to stimulation of soil
biological processes, bio-char may actually lead to a loss of native
soil carbon in boreal forests (Wardle et al., 2008a, b).

As yet, much of the dynamics regarding the impact of bio-char
on other types of soil carbon remains unknown and it may well be
that the actual effect on soil organic matter may vary depending
on the nature of bio-char and the soil to which bio-char is added
(Wardle et al., 2008a).

There has been limited research into the effects of bio-char on
soil emissions of the greenhouse gases N,O and CH,4 which
suggests that such emissions may be lowered by bio-char addition
(Gaunt and Lehmann, 2008). No research has been found

regarding the effect of bio-char on the uptake of CH, and N,O
by soils. N,O is a significant greenhouse gas in this context
because its estimated mean atmospheric residence time is
118 +25 years (Stein and Yung, 2003) and its greenhouse effect
is 296 times that of CO, within a time horizon of 100 years
(Reijnders and Huijbregts, 2008).

Seed-to-bio-char greenhouse gas emissions have been studied
for purpose-grown Miscantus, corn and switchgrass and for the
use of the crop residues wheat straw and corn stover by Gaunt and
Lehmann (2008). This study considered the CO, and N,O
emissions linked to seed-to-bio-char fossil-fuel consumption.
Crops grown for the purpose of bio-char production compete for
good soils with other crops, which - due to the relative inelasticity
of the demand for food - has an impact on land use change which
in practice tends to cause lower ecosystem C stocks (Searchinger
et al., 2008). And diverting crop residues to bio-char production
reduces (ceteris paribus) the addition of such residues to soils,
which in turn has a negative impact on soil C stocks (Reijnders,
2008). Both reductions of C stocks lead to net emissions of
carbonaceous greenhouse gases to the atmosphere, an impact that
was neglected in the study of Gaunt and Lehmann (2008). This
impact is at variance with the intended offset. In theory the C
stocks may be restored. But as yet proposals for bio-char use do
not include this provision.

There is major uncertainty about the N,O emissions linked to
the bio-char life cycle (Reijnders and Huijbregts, 2008) and it has
been suggested that N,O emissions linked to the cultivation of
crops may have been underestimated by studies such as those of
Gaunt and Lehmann (2008), (Crutzen et al., 2007).

Thus, largely due to limited experimental data, it as yet cannot
be determined whether applying bio-char to soils is an adequate
offset to CO, emissions from burning fossil fuels.

5. Conclusion

Forestation and landfilling purpose-grown biomass are not
adequate offsets for the CO, emission from burning fossil fuels.
Their permanence is insufficiently guaranteed and landfilling
purpose-grown biomass may even be counterproductive in view
of the relatively large greenhouse effect of methane and the
substantial greenhouse gas emissions that may be associated with
biomass cultivation. As to permanence, bio-char may do better
than forests or landfilled biomass, but there are major uncertain-
ties about net greenhouse gas emissions linked to the bio-char life
cycle, which necessitate suspension of judgement about the
adequacy of bio-char addition to soils as an offset for CO,
emissions from burning fuels.

References

Alig, R., Adams, D., McCarl, B., Callway, J.M., Winnett, S., 1997. Assessing effects of
mitigation strategies for global climate change with an intertemporal model of
the US forest and agriculture sectors. Environmental and Resource Economics
9, 259-274.

Archer, D., 2005. Fate of fossil fuel CO, in geologic time. Journal of Geophysical
Research 110, C09S05.

Barlaz, M.A., 2006. Forest products decomposition in municipal solid waste
landfills. Waste Management 28, 321-333.

Bruun, S., Jensen, E.S., Jensen, J.S., 2008. Microbial mineralization and assimilation
of black carbon: dependency on degree of thermal alteration. Organic
Geochemistry 39, 839-845.

Carcaillet, C., Talon, B., 2001. Soil carbon sequestration by Holocene fires inferred
from soil charcoal in the Alps. Artic, Antarctic and Alpine Research 33,
282-288.

Cheng, C.,, Lehmann, J., Thies, J.E., Burton, S.D., Engelhard, M.H., 2006. Oxidation of
black carbon by biotic and abiotic processes. Organic Geochemistry 37,
1477-1488.



L. Reijnders / Energy Policy 37 (2009) 2839-2841 2841

Crutzen, PJ., Mosier, A.R., Smith, K.A., Winiwarter, W., 2007. N,O release from agro-
biofuel production negates global warming reduction by replacing fossil fuels.
Atmospheric Chemistry and Physics Discussions 7, 11191-11205.

Ewers, RM., Rodrigues, A.S.L, 2008. Estimates of reserve effectiveness are
confounded by leakage. Trends in Ecology and Evolution 23, 113-116.

Fowles, M., 2007. Black carbon sequestration as an alternative to bioenergy.
Biomass and Bioenergy 31, 426-432.

Gaunt, J.L., Lehmann, J., 2008. Energy balance and emissions associated with
biochar sequestration and pyrolysis bioenergy production. Environmental
Science & Technology 42, 4152-4158.

Glaser, B., Haumaier, L., Guggenberger, G., Zech, W., 2001. The ‘Terra Preta’
phenomenon: a model for sustainable agriculture in the humid tropics.
Naturwissenschaften 88, 37-41.

Gossling, S., Brioderick, J., Upham, P., Ceron, J., Dubois, G., Peeters, P., Strassas, W.,
2007. Voluntary carbon offsetting schemes for aviation: efficiency, credibility
and sustainable tourism. Journal of Sustainable Tourism 14, 223-248.

Gough, C.M.,, Vogel, C.S., Schmid, H.P,, Curtis, P.S., 2008. Controls on annual forest
carbon storage: lessons from the past and predictions for the future. Bioscience
58, 609-622.

Hamer, U., Machner, B., Brodowski, S., Amelung, W., 2004. Interactive priming of
black carbon and glucose mineralization. Organic Geochemistry 35, 623.

Hansen, ]., Sato, M., Kharecha, P, Beerling, D., Berner, R., Masson-Delmotte, V., Pagani,
M., Raymao, M., Royer, D.L, Zachos, J.C., 2008. Target atmospheric CO,: where
should humanity aim? The Open Atmospheric Science Journal 2, 217-231.

Hockaday, W.C., Grannas, A.M., Kim, S., Hatcher, P.G., 2006. Direct molecular
evidence for the degradation and mobility of black carbon in soils form
ultrahigh-resolution mass spectral analysis of dissolved organic matter from a
fire-impacted forest soil. Organic Geochemistry 37, 501-510.

Kaal, J., Martinez-Cortizas, A., Buurman, P., Boado, P.C., 2008. 800 yr of black carbon
accumulation in a colluvial soil from NW Spain. Quaternary Research 69, 55-61.

Lehmann, J., Gaunt, J., Rondon, M., 2006. Bio-char sequestration in terrestrial
ecosystems. Mitigation and Adaptation Strategies for Global Change 11, 403-432.

Lehmann, J., Ramarez, ], Murtado, M., 2007. Biological nitrogen fixation by
common beans (Phaseolus vulgaris L.) increases with bio-char additions.
Biology & Fertility of Soils 43, 699-708.

Long, C.J., Whitlock, C., Bartlein, P.J., 2007. Holocene vegetation and fire history of
the coast range, western Oregon, USA. The Holocene 17, 917-926.

Mathews, J.A., 2008. Carbon-negative biofuels. Energy Policy 36, 940-945.

Murray, B.C., McCarl, B.A., Lee, H., 2004. Estimating leakage from forest carbon
sequestration programs. Land Economics 80, 109-124.

Nepstad, D.C., Stickler, C.M., Soares-Filho, B., Merry, F., 2008. Interactions among
Amazon land use, forests and climate: prospect for a near-term forest tipping
point. Philosophical Transactions of the Royal Society B 363, 1737-1746.

Reijnders, L., 2008. Ethanol production from crop residues and soil organic carbon.
Resources, Conservation and Recycling 52, 653-658.

Reijnders, L., Huijbregts, M.A.J., 2007. Life cycle greenhouse gas emissions, fossil
fuel demand and solar energy conversion efficiency in European bioethanol
production for automotive purposes. Journal of Cleaner Production 15,
1806-1812.

Reijnders, L., Huijbregts, M.A.J., 2008. Biogenic greenhouse gas emissions linked to
the lifecycles of biodiesel derived from European rapeseed and Brazilian
soybeans. Journal of Cleaner Production 16, 1943-1948.

Sathaye, Y.A., Andrasko, K., 2007. Special issue on estimation of baselines and
leakage in carbon mitigation projects. Mitigation and Adaptation Strategies for
Global Change 12, 963-970.

Saunders, J.A., 2008. Virtual biofuels—a cheaper, better, faster alternative? Energy
Policy 36, 1247-1250.

Searchinger, T., Heimlich, R., Houghton, R.A., Dong, F., Elobeid, A., Fabiosa, ].,
Tokgoz, S., Hayes, D., Yu, T., 2008. Use of US croplands for biofuels increases
greenhouse gases through emissions from land use change. Science 319,
1238-1240.

Stein, LY., Yung, Y.L., 2003. Production, isotopic composition, and atmospheric fate
of biologically produced nitrous oxide. Annual Review of Earth and Planetary
Science 31, 329-356.

Steiner, C., Texeira, W.G., Lehmann, J., Nehls, T., de Macedo, J.L.V., Blum, W.EH.,
Zech, W., 2007. Long term effects of manure charcoal and mineral fertilization
on crop production and fertility on a highly weathered Central Amazonian
upland soil. Plant and Soil 291, 275-290.

Themelis, N.J., Ulloa, P.A., 2007. Methane generation in landfills. Renewable Energy
32, 1243-1257.

Van Kooten, G.C., 2008. Perspective on carbon sequestration as a strategy for
mitigating climate change. Choices 23 (1), 24-26.

Wanichpongpan, W., Gheewala, S.H., 2007. Life cycle assessment as a decision
support tool for landfill gas-to-energy projects. Journal of Cleaner Production
15, 1819-1826.

Wardle, D.A., Nilsson, M., Zackrisson, O., 2008a. Forest-derived charcoal causes loss
of forest humus. Science 320, 629.

Wardle, D.A., Nilsson, M., Zackrisson, O., 2008b. Response to comment on ‘Fire-
derived charcoal causes loss of forest humus’. Science 321, 1295d.

Wengel, M., Kothe, E., Schmidt, C.M., Heide, K., Gleixner, G., 2006. Degradation of
organic matter from black shales and charcoal by the wood-rotting fungus
Schizophyllum commune and release of DOC and heavy metals in the aqueous
phase. Science of the Total Environment 367, 383-393.

Zhang, H., He, P, Shao, L., 2008. Methane emissions from MSW landfill with sandy
soil covers under leachate recirculation and subsurface irrigation. Atmospheric
Environment 42, 5579-5588.



	Are forestation, bio-char and landfilled biomass adequate offsets for the climate effects of burning fossil fuels?
	Introduction
	Carbon offsetting by forestation projects
	Carbon offsetting by landfilling purpose-grown biomass
	Carbon offsetting by bio-char
	Conclusion
	References




