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Introduction
Biochar is a solid material obtained from the thermochemical conversion of biomass in an
oxygen-limited environment. Biochar can be used as a product itself or as an ingredient within
a blended product, with a range of applications as an agent for soil improvement, improved
resource use efficiency, remediation and/or protection against particular environmental
pollution, and as an avenue for greenhouse gas (GHG) mitigation.
Biochar is actually a spectrum of materials with certain characteristics, depending on how it is
produced and the feedstock that is used, including forestry, crop waste, and animal manures.
Specific production parameters (temperature, residence time, rate of temperature increase, pre‐
and post‐processing, among others) also affect the resulting attributes and quality of the biochar,
and can impact the nutrient availability to crops, the physical and chemical properties of the
biochar, and the amount of stable carbon (C) sequestered. The consistent reporting of biochar
properties will ensure that pertinent information about biochars for use in soil applications is
systematically communicated, regardless of feedstock type, production process, or final
properties. Note that the literature referenced in this research summary did not adequately
analyze the properties of the biochar products in a manner that might help to better explain some
of the results. It is IBI’s hope and desire that, over time, researchers will use a common set of
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tests or properties to characterize their biochar when utilizing and reporting biochar in research
trials and publications. IBI’s Standardized Product Definition and Product Testing Guidelines
for Biochar That Is Used in Soil (aka IBI Biochar Standards see: http://www.biocharinternational.org/characterizationstandard) can serve as that guide to characterizing biochar for
use in field trials and other research trials, as well as for commercial applications.
This research summary highlights the impact of biochar on crop yield, economic performance,
fertilizer use efficiency and soil fertility, water uptake/availability, mycorrhizal fungi
colonization and microbial activity, and greenhouse gas flux measured and reported in peerreviewed, published field studies. It exclusively examines biochar field studies, defined as
biochar experiments that were located, measured, and observed in the outdoors for an extended
period of time (at least one growing season). While not excluding post-growing season lab
analyses, this summary does not include any examinations of the effects of biochar in a
controlled laboratory setting. The field studies that are included in this research summary range
in plot size from 1m x 2.25m to 1,000m2. These studies were conducted in geographically
dispersed regions, including Western Kenya; Georgia, USA; Northern Laos; Llanos Orientales,
Colombia; Quebec, Canada; Ejura, Ghana; Jiangsu Province, China; Brandenburg, NE Germany;
Central Italy; various grape growing field sites in Europe (Switzerland, Spain, France, and Italy);
various farms in the United Kingdom; and numerous regions in Australia including New South
Wales, Western Australia, and Southern Australia.
At the time of this publication, the results of over 31 biochar field studies at different scales have
been published, only three of which are large-scale, which is operationally defined as having a
plot size that is at least 30x30 meters. However there are at least four known field studies, most
of which are large-scale (i.e., over 30x30 meters), in process with publication of results expected
within 1 to 2 years. Dr. David Laird, from Iowa State University’s Department of Agronomy, as
of last year was in his “fourth year of large plot field studies evaluating the impact of biochar
applications and residue harvesting on soil quality, C sequestration, and crop productivity”
(Laird 2011). Laird is evaluating “whether biochar applications can help sustain soil quality
when 50 or 90% of above ground residue is harvested for bioenergy production in continuous
corn production systems.” Barry Husk, President of BlueLeaf Inc., with the collaboration of an
independent consultant, is conducting field studies in Quebec, Canada on biochar’s effects on
soybean and forage crop yield, nutritional quality of forage, and its effect on projected milk
production in addition to previously published data (Major 2011).
A meta-analysis of biochar results has been published to date (Jeffery, et al. 2011). This analysis
included both pot and field trials and used all available published literature with quantitative
results up to March 2010. Overall, the mean results for each analysis performed within the metaanalysis covered a wide range (from −28% to 39%), but found that when compared to a control,
biochar application to soils showed a small but statistically significant benefit to crop
productivity, with a grand mean increase of 10%. The greatest (positive) effects for soils were
seen in acidic (14%) and neutral pH soils (13%), and in soils with a coarse (10%) or medium
texture (13%). These results suggest that three of the main benefits to biochar addition to soil are
a liming effect (increased pH) and water holding capacity, and improved nutrient availability.
The greatest positive result (39%) was seen in biochar applications at a rate of 100 tonnes per
hectare (t/ha). An additional meta-analysis of seven field trials conducted in the United
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Kingdom found a significant (p<0.05) positive effect for all biochar treatments, increasing
average yield by 0.4 tonnes per hectare-1 (Hammond et al. 2013).

Crop Yield
Nearly every field study included in this summary focused on the biochar amendment’s impacts
on crop yield in various locations, soil types, and climates. This section reviews the reported
results of twenty six studies on crops including maize, wheat, rice, soybeans, other legumes,
mixed forage, and grapes.
A number of experiments examined the yield of corn with biochar-amended soils. In some
studies, biochar application increased crop yields of maize over the control by between 2.2
tonnes per hectare (Kimetu et al. 2008, Van Zwieten et al. 2009, Sukartono et al. 2011, Islami et
al. 2011). Other studies found increases in maize yield due to biochar amendment ranging from
20% to 140% above control plots (Major et al. 2010, Oguntunde et al. 2004, Crane-Droesch and
Clare 2012). However, one study showed no significant difference in maize yield (Jones et al.
2011), and another showed declines in maize yield compared to control plots with peanut hull
biochar for year 1, but no statistical difference between biochar amended plots and the control in
year 2 (Gaskin et al. 2010).
Rice is another common crop used for biochar field studies. One investigation focused on
biochar’s effect on grain yields of upland rice (Oryza sativa L.) and soil physical properties in
northern Laos (Asai et al. 2009). Some plots from that study that were amended with biochar
yielded more rice than the control, while in others the opposite was true. On average, biochar
amendment on rice fields did not significantly increase rice yields. However, another field trial
on the effect of biochar on rice (Oryza sativa L.) production in Tai Lake plain, China observed
yield increases (Zhang et al. 2010). Biochar amendment of rice fields at application rates of 10
t/ha and 40 t/ha improved rice yields by 12% and 14% respectively, in unfertilized plots, and
8.8% and 12.1% in soils with nitrogen (N) fertilization. Other studies also observed increases in
yield of rice grown in biochar-amended plots compared to control plots (Shackley et al. 2012,
Zhang et al. 2012, Petter et al. 2012).
The effects of biochar-amended soil on wheat production were also evaluated. An oil-malleederived biochar applied at a rate of 6 t/ha in Pindar, Western Australia, along with half the
recommended rate of soluble fertilizer increased yields of wheat by 340kg/ha, or 18% over the
control (Solaiman et al. 2010). Wheat grown with mineral fertilizer and 1.5 t/ha biochar
increased grain yield by 46% over the control. In a separate study, banded biochar application
most effectively increased wheat grain yield over the control when applied at a rate of 1 t/ha
combined with 50kg/ha of phosphorous (P) fertilizer (Blackwell et al. 2010). The authors of one
study concluded that the increase in soil temperature, due to the reduction of surface albedo of
soil with an application of biochar, can have positive impacts on seed germination, crop
establishment, and early crop growth (Genesio 2012). They add that this finding is particularly
pertinent in the case of low or no-till fields.
Soybean is another crop that has been tested with biochar in the field. Biochar produced from
fast pyrolysis had been applied at 3.9 t/ha/year in an ongoing large-scale study in Quebec,
Canada since 2008 (Husk and Major 2011). Soybeans were planted in 2008, while mixed forage
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species were grown in 2009 and 2010. Soybean plant biomass production in the biocharamended plot was 20% greater than the control plot. Forage plant biomass increased by 17% in
the biochar-amended plot over the control in 2009, and the next year in 2010 a second forage
crop in biochar-amended plot showed a growth increase of 4.1% over control forage crops that
year.
The effects of biochar soil amendment on the yield of other types of legumes as well as grapes
have also been examined. In a mixed planting of six legumes, both the NPK fertilizer and rice
husk biochar plots had larger plant diameters than the control after the fourth year (Sovu et al.
2011). However, rice husk biochar application was not statistically significantly different from
the NPK fertilizer for seedling survival rates. Growth of the plants was not significantly
different with or without application of biochar. In a study with field trials on six different grape
growing sites around Europe (Switzerland, Spain, France and Italy), the authors found a wide
spectrum of results with different patterns of reactions in biochar amended soils (Niggli and
Schmidt 2012). The major nutritional elements, e.g., phosphorus (P) and potassium (K), show a
clear positive trend in the nutrient uptake by the vine in biochar amended soils compared to the
control. In some cases, they observed decreased growth of grape leaves in biochar amended
soils compared to the control plot, which may have been due to nutrient blockages associated
with the use of non-nutrient inoculated biochar in the experiments.

Economic Performance
The studies that evaluated economic performance of biochar amendments are generally positive.
One Australian study completed an economic valuation of fertilizer (N, P, K, and CaCO3) and C
trading value of three different types of biochar (assuming a C trading value of $30 AU/ton CO2)
in AU dollars (Van Zwieten et al. 2009). Poultry litter biochar was considered the most
beneficial with a combined fertilizer and C sequestration value of $329 AU/tonne, greenwaste
biochar was valued at $85 AU/tonne, and papermill biochar at $72 AU/tonne.
Another Australian study also had favorable economic outcomes with biochar amendment in
soils (Blackwell et al. 2010). It found that low banded biochar application rates can improve the
economic viability of biochar as a soil amendment in northern areas of the Western Australian
wheat belt. A total biochar cost of AU $170/ha is affordable if it facilitates a 10% yield
augmentation over 12 years.
One study also looked at the economic viability of selling biochar under different scenarios. The
value of rice husk char, if sold commercially in Cambodia as a soil additive, was calculated to be
approximately $3 per tonne (Shackley et al. 2012). If the C credits associated with rice husk
char were sold under the Clean Development Mechanism (where biochar is currently not
included), the final value of the char ranges from $9 to $15 per tonne (depending on how the C
credits are calculated—the low estimate includes only recalcitrant C and the high estimate
includes both recalcitrant C as well as avoided emissions from energy production). A separate
study concluded that when biochar was utilized in the field, fertilizer use was reduced, and thus
farmer expenditures for fertilizer were reduced which improved the profitability of a maize farm
in Western Kenya by 25% (Crane-Droesch and Clare 2012).
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Biochar, Fertilizers, and Soil Fertility
Field studies of biochar have examined its effects on soil fertility through chemical changes,
interactions with the soil when combined with fertilizers, and effects on the plants themselves.
For a study on corn production, there was no substantial evidence of higher N immobilization
with biochar application at any level (Gaskin et al. 2010). In a study on rice, utilization of
biochar as an amendment to fields increased the soil pH, soil organic C, total N, and decreased
the soil bulk density (Zhang et al. 2010). A trial with wheat production found that banding in the
crop-row zone places the biochar where early plant root development occurs, which mitigates
topsoil disturbance and loss through wind erosion (Blackwell et al. 2010). In another study of
corn and grass in Wales, a wood-based biochar shifted the soil pH 0.32 units in year 2 (Jones et
al. 2011). Electrical conductivity, moisture content, total N, substrate-induced respiration,
soluble C, soluble N, available P, exchangeable sodium (Na), exchangeable calcium (Ca), and
bulk density were not significantly affected by biochar additions compared to the control plot.
Another study found that fertilizer overtook biochar’s impact on soil fertility after the first year
because biochar was only applied once during the first year of the trial, while the fertilizer was
added annually (Petter et al. 2012).
In terms of nutrient uptake, in one trial in Western Kenya, plant N concentrations were higher
irrespective of soil degradation (on plots where maize had been grown for up to 85 years) when
biochar was added to the soil (Kimetu et al. 2008). Phosphorus, K, Ca, and magnesium (Mg)
concentrations were not affected or decreased on plots with the longest continuous cropping
history where organic amendments, including biochar, were utilized. In a separate field study
examining both pine chip and peanut hull biochars, the most significant effect of either type of
biochar was the addition of base cations in the peanut hull biochar plots, which had a short-term
effect on soil pH and increased the K, Ca, and Mg available in the soil (Gaskin et al. 2010).
Addition of peanut hull biochar also showed an increase in K in the corn tissue.
Another study in Llanos Orientales, Colombia found that the availability of Ca and Mg was
augmented in the biochar plots, and crop tissue analysis demonstrated that in plots with a biochar
application rate of 20 tons/ha, maize leaves showed higher levels of Ca and Mg over maize
leaves from the control plots (Major et al. 2010). Availability of Ca and Mg in the soil was
increased by 77 – 320% in biochar plots over the control. Soil pH was also increased by biochar,
which contributed to improved crop yields because it made the acidic tropical soil more alkaline.
In the Husk and Major (2011) study on forage plants and soybeans in Quebec, Canada the
authors observed increased plant nutrient uptake in biochar-amended soils. In the forage plants
(ryegrass, red clover, timothy, and oats), “protein, fat, starch, total minerals and energy –
measured as Total Digestible Nutrients (TDN) – were all greater in the forage plants from the
biochar-amended plot. The plant fibre content with biochar was lower” (Husk and Major 2011).
In Abergyngregyn, Wales, a grass crop had significantly increased its foliar N due to one biochar
addition to the soil applied in the first year, with the change in foliar N observed the second year
of the experiment compared to the control (Jones et al. 2011). Biochar had no effect on
dissolved organic C (DOC) and N (DON). After three years in the field, the alkalinity of biochar
was fully neutralized and it had lost most of its K, Na, and Ca cations. Biochar had no
significant effect on nutrition quality of crops in terms of C:N ratio, C, P, K, Na, or Ca content
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compared to the control. However, in year two there was an increase in the exchangeable K in
the biochar-amended plots.
Charcoal residue in one field experiment in Ejura, Ghana increased soil pH, base saturation,
electrical conductivity, exchangeable Ca, Mg, K, Na, and P in the soil at the kiln sites over
adjacent soils (Oguntunde et al. 2004). Soil texture of charcoal site soils became sandier and
contained less clay. The study postulates that increased nutrient availability due to charcoal
residues (biochar) could have resulted in improvement of maize grain and biomass yield: 91%
and 44% respectively over control without charcoal. In Solaiman et al. (2010), biochar amended
soils showed early nutrient uptake, which was in part due to the presence of larger quantities of
biomass, and higher tissue concentrations on average. Additional nutrient supply may have been
due to the higher application rate of biochar at 6 t/ha, a factor that could explain the crop yield
increase (Solaiman et al. 2010).
One study found that biochar application elevated the level of available P, exchangeable K, Mg,
and Ca compared to the control, which was equivalent to the changes observed with the
application of cattle manure (Sukartono et al. 2011). Another found increased cation exchange
capacity in soils with biochar application improved nutrient retention (Castaldi et al. 2011).
Increased uptake of P and K by grape vines were observed in plots with biochar application,
while Ca was probably slightly absorbed by the biochar and consequently lowered its uptake by
the grape vines (Niggli and Schmidt 2012). A separate study observed soil pH, soil organic C,
and total N were increased in plots with biochar compared to the control (Zhang et al. 2012).
Some researchers (Sun et al. 2012) found that the total C content of soil significantly increased
commensurate with biochar application rate (rates went from 0 kg per hectometer to 6,000 kg per
hectometer). The total N content of soil slightly increased towards the end of the study, while
changes in total P and K were not obvious. Available N and pH increased with biochar
application compared to the control. During the first year of a different study, soils amended
with biochar also had markedly increased availability of Ca, P, aluminum (Al), pH, and total
organic C (Petter et al. 2012). The increased depth of the organic C in the soil profile improved
the K availability deeper in the soil. Liu et al. 2012 found that increasing biochar additions
tended to increase the total organic C, but only the highest biochar addition (at 20 Mg/ha) caused
a statistically significant increase.

Water Uptake and Availability
In some field studies, water uptake and availability to crops was affected by the application of
biochar. A study by Asai et al. (2009) in northern Laos found that higher biochar application
rates improved soil water permeability and holding capacity, which improved the overall plant
water availability. Liu et al. (2012) found that a biochar-compost application to soils in NE
Germany had a more positive effect on water availability than pure compost application,
especially regarding water retention. Blackwell et al. (2010) observed low biochar application
rates (about 1 t/ha by banding) improved crop yield due to better crop water supply.
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Mycorrhizal Fungi Colonization and Microbial Activity
Several sources independently corroborate the positive effects of biochar on mychorrhizal root
colonization and beneficial microbial activity in the soil. The addition of biochar, combined with
inoculated mineral fertilizers, to the soil for wheat production in Australia allowed more
mycorrhizal colonization during the latter half of the growing season (Solaiman et al. 2010). The
study found that evidence exists to suggest additional fungal hyphae mass from arbuscular
mychorrhiza (AM) colonization could contribute to wheat tolerance of drought stress and bolster
yield. Biochar directly encouraged mycorrhizal root colonization, which had positive growth
and yield effects on grains in the conditions of the experiment. AM hyphae may have improved
water supply, which mitigated drought stress and improved survival of grain.
Furthermore, greater crop water supply was available in plots where biochar was utilized due to
augmented AM fungal colonization during dry seasons and in low phosphate soils (Blackwell et
al. 2010). A third study evaluating the effects of biochar on maize production in Western Kenya
concluded that one possible explanation for increased productivity from biochar amendments
was the effect on plant-available soil water and microbial populations and dynamics (Kimetu et
al. 2008). In a field study in Abergyngregyn, Wales, there was an increase in the fungal and
bacterial rate of growth during the second year after the biochar application in the prior year
(Jones et al. 2011). Furthermore, by the third year, a microbial community was fully established.
Several more recent studies have had mixed results regarding microbial activity and fungal
growth in soils amended with biochar. One study found that microbial growth rates increased
significantly with the application of biochar, while another observed little difference in microbial
activity in the biochar amended soil compared to the control (Jones et al. 2011, Castaldi et al.
2011). A third study found that bacteria increased in abundance more than actinomycetes, but
fungal abundance dropped marginally in soils amended with biochar (Sun et al. 2012). While
investigation should continue into this line of inquiry, preliminary analyses and results are
promising.

Greenhouse Gas Flux
Analyses of greenhouse gas emissions related to biochar utilization in these agriculture field
studies reveal uncertainty in biochar’s impact on the soils’ ability to reduce greenhouse gas
emissions. Some of the uncertainty and conflicting evidence may be due to a lack of data on the
composition of the biochar utilized in the field trials. One assessment of the effect of a biochar
amendment to soil on the soil-atmosphere exchange of greenhouse gases (N2O, CH4, and CO2) in
an intensive subtropical pasture in northeastern New South Wales, Australia observed significant
N2O and CO2 emission increases, while a net reduction of CH4 occurred compared to the control
(Scheer et al. 2011). N2O emissions were episodic; in particular there was one major pulse that
followed a period of heavy rain. Overall, there was no significant difference in the net flow of
greenhouse gases from biochar and non-biochar-amended plots.
A biochar amendment applied at a rate of 40 t/ha was found to significantly increase CH4
emissions from paddy soil when cultivating rice compared to control plots, both with and
without N fertilization (Zhang et al. 2010). However, dramatic reductions in direct N2O
emissions and indirect CO2 emissions occurred because biochar reduced the need for N fertilizer
application. This trial concluded that there was an increased overall CO2e emission intensity
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from CH4 and N2O, and that further study was required to determine the best and most costeffective environmental management strategy with regard to rice cultivation. In another study in
Abergyngregyn, Wales, an increased soil respiration and fungal/bacterial growth rate coincided
with a transition to a decomposer community primarily of bacteria, suggesting a decline in the
potential for C sequestration mediated by microbial life (Jones et al. 2011).
Several more recent studies have released their findings regarding greenhouse gas flux. The
authors of a biochar field trial observed an increase in stable soil organic C in biochar treated
soils, which implies its potential as a source of soil C sequestration (Sukartono et al. 2011). A
different trial found that biochar application led to minimal changes in greenhouse gas fluxes
after the first 14 months compared to the control plots (Castaldi et al. 2011). While soil N2O
fluxes were reduced in biochar plots, the results were not significant due to high spatial
variability. A two year study on rice and biochar found that biochar application decreased N2O
emissions and increased CH4 emissions during the growing cycle for both years of the trial
compared to the control, with no significant difference in the C intensity of rice between biochar
application rates of 10 t/ha and 40 t/ha (Zhang et al. 2012). In a study of soil albedo and biochar,
biochar application to soil decreased surface albedo by up to 40% relative to controls over the
entire crop season, which increased soil temperature (Genesio et al. 2012). The results of one
study in Cambodia projected a net C abatement with rice husk biochar was 0.86 tonnes CO2 per
tonne of biochar compared to status quo resource utilization for fuel and soil amendment
(Shackley et al. 2012).

Conclusions
It is clear that different biochars have different effects in different soils and climates; this is, in
part, because biochar feedstocks come from a spectrum of materials and biochar materials are
created under different pyrolysis conditions (Lehmann and Joseph 2009). Future research should
strive to delineate and identify what characteristics can be attributed to different impacts and
outcomes; the IBI Biochar Standards can serve as a guide. There is a dearth in trials comparing
the effects of plant-based and manure biochars in the field; combined biochar/bokashi compost
trials and the effects of biochar on the production of fruits and vegetables are lacking in the
literature. Currently there are only a few published large-scale field trials spanning several
growing seasons, but there are some studies in the pipeline that will likely have results published
within the next year.
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