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ABSTRACT - Academic

Biochar is a form of stable organic carbon whose application to soils has the potential to sequester
large amounts of atmospheric CO2 while improving the physical, chemical and biological
properties of soil. However, the optimal rates and methods of biochar application are unknown
for many situations. Three experiments were performed to test methods of biochar application to
soils as a stand-alone amendment, in combination with biosolids as a complementary amendment
and in-situ through controlled landscape burning. The first was a greenhouse pot study, which
involved combining biochar with spoil from an Appalachian surface coal mine to grow trees.
Biochar combined with mine soil produced a much higher growth rate for trees, and pure biochar
helped tree root growth, suggesting that it might be useful as a broadcasted amendment, as a
nursery growing medium or as a backfill in tree planting holes. The second experiment explored
methods to combine biochar and biosolids materials to form a granular product. Combining
biochar and biosolids before applications reduced windborne losses of biochar as well as the
nutrient leachate produced by the biosolids. Drum rolling was found to work best for producing
aggregate granules. Wetting pure biochar to 100% gravimetric water content before applications
reduced windborne losses from over 50% to under 5% as compared to when it was applied as a
dry product. A series of controlled burns were conducted in the third experiment to determine the
ideal range of meteorological conditions to produce the highest possible biochar yields in-situ.
Relative humidity, forest litter moisture and ambient temperature were found to be the governing
factors over the tonnage of biochar produced. Up to 3.0 Mg Ha-1 of biochar were produced under
ideal conditions by controlled burning. Repeated high-yielding burns have the potential
accumulate large amounts of biochar in the soil to improve soil properties.
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ABSTRACT - Public

Biochar is charcoal added to soils to improve their fertility and to store carbon in the ground to
help reduce greenhouse gases in the air. Three experiments were performed to test ways of
applying biochar to soils. Rocky material from a reclaimed coal mine was combined with biochar
to grow trees. Biochar produced a much higher growth rate for trees and would be useful as a
nursery growing medium or as a fill material in tree planting holes. Biochar was also combined
with biosolids materials to form a granular product. The granular product produced less dust,
nutrient runoff and greenhouse gases than either biochar or biosolids applied alone. Controlled
burns were conducted in a pine forest in the third experiment to produce biochar from the litter on
the ground. Relative humidity and forest litter moisture were found to determine the amount of
biochar produced. Up to three tons of biochar per hectare were produced through controlled
burns. Repeating controlled burns for many years may accumulate biochar in the soil, helping to
improve soil fertility and to sequester greenhouse gases.
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Chapter 1. Introduction: Challenges for practical applications of biochar

1. Terra preta, Biochar and Black Carbon in Soils: A Literature Review

1.1 Terra preta
Terra preta (dark earth) soils are found in the central basin of the Amazon River. They occur on sites
in many ecological regions and among many natural soil types throughout the region. Typically, the
largest and most abundant sites are near rivers, but on land that does not flood, with smaller sites high in
watersheds (Glaser and Birk 2012). They are distinguished from surrounding tropical Oxisols by several
key properties, including having greatly elevated soil organic matter and nutrients and by being altered by
humans (Glaser and Birk 2012). Genesis dates range as far back as 2,500 years before present and up to
500 years before present, indicating their extreme persistence and the stability of their organic carbon
content. The discovery of Terra preta soils has led to a field of research into how to reproduce them for
the sake of developing a sustainable model for agriculture in both tropical regions and other regions with
soils of low nutrient-holding capacity (Glaser and Birk 2012).
Geogenic explanations for the origin of Terra pretas have been rejected based on pedological and
mineralogical analysis. Large additions of charcoal to soil by people was the primary means by which
Terra pretas were made. Evidence that this charcoal was added to the soil intentionally for agronomic
benefit led to it being re-termed “biochar” to distinguish it from charcoal merely burned as a fuel. Isotopic
analysis indicates that the mean residence time of biochar in the soil is about 2,000 years. Its recalcitrance
is thought to be derived from the resistance of its polyaromatic backbone structure to microbial
decomposition. High nutrient levels are thought to be derived from a combination of the nutrient-retention
properties of the biochar and the input of significant levels of wastes rich in nutrients, such as biomass
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from plants, bones, ash and human excrement, whose nutrients the biochar then helped to retain in the soil
over the long-term (Glaser and Birk 2012). Terra pretas have significantly different chemical properties
compared to surrounding soils (Glaser and Birk 2012). Soil pH is elevated from about 4.0 up to a range of
between 5.2 and 6.4. This alleviates issues such as Al toxicity. Available P is elevated from 5 ppm to 200
ppm. Available Ca is also typically increased, but that is not always true for K, Mg, Fe and N.
Subsequently, plants with high P and elevated pH demands tend to respond better in Terra preta soils
than do plants with high K and N demands. They have three times the soil organic matter and higher
levels of carboxylic and phenolic acids than surrounding soils, and therefore a higher cation exchange
capacity (CEC). Molecular markers indicate that they contain an average of 70 times more charcoal than
surrounding soils, or an average of 50,000 kg ha-1 (Glaser and Birk 2012).
Terra pretas have a distinct microbial profile from surrounding soils, generally having a greater
proportion of fungal to bacterial activity (Glaser and Knorr 2008). There is evidence that fungi produce a
portion of the black carbon, which is highly-aromatic carbon in the form of charcoal, in Terra preta soils;
annually equal to up to 9% of the total stock of black carbon in the soil, though the source and pathway of
biological black carbon have not been yet discovered (Glaser and Knorr 2008). However, there is no
scientific evidence that theses soils simply regenerate themselves when mined (Glaser and Birk 2012).
There is also no evidence that Terra pretas were generated by some fundamentally unique, yet forgotten,
agricultural practice that has since been lost to history. Indigenous practices, which have persisted to this
day, are sufficient to explain it. Evidence points to a combination of accidental, incidental and eventually
perhaps intentional additions of biochar and other wastes to the soil leading to a positive feedback loop
where societies who lived on Terra preta sites prospered and reproduced themselves and their practices,
thus generating more of that soil type as they moved and re-settled sites repeatedly (Glaser and Birk
2012). The persistence of biochar in the soil and of Terra preta soils and their beneficial properties
demonstrates one potential methodology for long-term sustainable agriculture, which includes a strong
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element of sequestration of biological carbon which would otherwise be oxidized by complete
combustion or by microbial life (Glaser et al 2001).
The Amazon basin is not the only region with a long history of using charcoal for agronomic purposes.
References for biochar being made from organic wastes and being mixed with human excrement and
other manures before being applied to fields in Japan go back at least as far as 1697, and those references
themselves refer to even earlier texts in China describing the same essential practice (Ogawa and Okimori
2010). The use of rice husk charcoal as biochar may go back as long as the history of Asian rice
cultivation. Sites with large anthropogenic additions of biochar throughout the entire soil profile down to
1 m depth have also been found in German Chernozemic soils (Kleber et al 2003). Kleber et al. (2003)
also identified key pedological features of soils having the influence of anthropogenic biochar additions:
dark Munsell values with a constant low chroma, subsoil compaction, uniform clay mineral combinations
throughout the top 1 m, carbon stocks elevated by a factor of 2.5 relative to native soil, carbon / nitrogen
ratios ranging widely from 15:1 at the surface to 9:1 in the subsoil, a high fraction of organic carbon
being associated with clay-sized particles, a large contribution of charred organic carbon reaching a
maximum level in the subsoil using both the BPCA (benzene polycarboxylic acids) and TEM
(transmission electron microscopy) methods and an extremely high level of aromaticity by the NMR
(nuclear magnetic resonance) method (Kleber et al 2003).

1.2 Charcoal Production Science and Technology
Charcoal may have been the oldest material synthesized by humans, as evidenced by its use in cave
paintings over 38,000 years before present (Antal and Gronli 2003). It was also used in the pre-historical
period for smelting tin in the manufacture of bronze. It remains a preferred cooking fuel and is the most
valuable reducing agent used for metallurgy world-wide, included in the making of steel and silicon. The
ease of its manufacture is explained by thermochemical equilibrium calculations. These show that
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elemental C is produced preferentially, along with water, under pyrolysis of cellulose at moderate
temperatures achievable in primitive kilns, compared to alternative products such as methane, carbon
monoxide and carbon dioxide (Antal and Gronli 2003).
Annual charcoal production worldwide has been estimated at over 20 million Mg, with Tanzanians
reportedly consuming 170-353 kg per capita annually (Antal and Gronli 2003) and a domestic peak in
charcoal production occurring in Japan in 1947 at 2.7 million Mg, which declined to a low of 30 million
Kg in the 1980’s. 40 Gg of biochar combined are currently consumed annually in Japan for non-fuel uses
such as agriculture, forestry, control of humidity, purification of water and treatment of sewage (Ogawa
and Okimori 2010). Prices in developing countries, where it is used for domestic consumption, vary from
$90 to $180 Mg-1 and have been as high as $400 Mg-1 in Africa. It was priced at $200 Mg-1 wholesale in
the USA and $440 Mg-1 for the Norwegian ferrosilicon industry in 2003. The $200 Mg-1 price is
equivalent to $6.30 GJ-1 or $36 for the energy equivalent to that in a barrel of oil (Antal and Gronli 2003).
Charcoal is almost completely free of sulfur and mercury and is very low in nitrogen and ash, making
carbonized charcoals purer than coke and graphite. They are also more reactive, having an enhanced
interior surface area and microstructure evolved from the loss of volatilized compounds and the
rearrangement of C structures without an intermediate liquid phase. These properties make it extremely
valuable to the metallurgical industry.

Charcoal is stored without difficulty and manufactured

inexpensively. It is so benign that it is regularly consumed as a health supplement and to absorb ingested
poisons. Some researchers believe that the ability of charcoal to absorb toxic substances in the soil
contributes to its beneficial effects on soil life and plants (Antal and Gronli 2003).
The fixed carbon content of charcoal is determined by heating to 950˚C in a covered crucible (this is
termed carbonizing) for 6 minutes and taking the mass difference (Antal and Gronli 2003). Ash content is
determined by heating the carbonized charcoal to 750˚C in an open crucible for 6 h, and again taking the
mass difference. “Good” charcoal is considered to have the following properties: it has the wood grain
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retained, is jet black, has a shining luster on fresh cross-sections, has a metallic ring when struck, does not
crush or dirty fingers to the touch, floats in water, conducts heat poorly and burns flamelessly (Antal and
Gronli 2003). Further basic standards for good biochar include having a H/C ratio of less than 0.6, an O/C
ratio of less than 0.4, aromatic concentration greater than 15% of total C, a surface area greater than 100
m2 g-1 and a polycyclic aromatic hydrocarbon content below the soil background levels (Schimmelpfennig
and Glaser 2012). The yield of charcoal from a kiln is taken as the dry weight of the charcoal divided by
the dry weight of the biomass that went in to the kiln, but this value can be made more precise by
multiplying it by the percent fixed carbon divided by 100% - the percentage of ash in the dry matter of the
feed. This gives the absolute efficiency at converting ash-free organic material into ash-free pure carbon
(Antal and Gronli 2003). Brewer et al. (2009) reported the difference in ash content between hardwood
(22.37% CaO, 5.67% SiO2), corn stover (3.80% CaO, 29.98% SiO2) and switchgrass (3.65% CaO,
43.62% SiO2) chars made through fast pyrolysis. High levels of SiO2 are a challenge for either burning
the biochar to extract energy or activating it for use in filtration, so chars from those types of feedstocks
might best be used for soil applications (Brewer et al 2009).
Cellulosic materials yield significantly more charcoal when heated at a slower rate (1˚C min-1) than
when heated at a faster rate (200˚C min -1), but heating rate does not have such a pronounced effect with
lignocellulosic materials (Ogawa and Okimori 2010). Below 220˚C peak temperature, the formation of
water is the main volatile loss from cellulose, with CO2 and CO also evolving at 250˚C (Antal and Gronli
2003).

Wood pyrolysis becomes exothermic at 280˚C and there is a dramatic increase in fixed-carbon

content between 300˚C and 500˚C, with a corresponding loss of oxygen. The combination of shrinking
and weight loss during pyrolysis results in charcoals having bulk densities of 0.106 g cm-3 to 0.190 g cm-3
for pine branches and birch wood, respectively. White oak cubes shrank 45% volumetrically during kiln
pyrolysis, as an example of shrinkage. However, despite such physical changes, the source of charcoal
can be identified by species due to the fact that wood structures are so well preserved. Surface area of
chars generally increases with increasing temperature up to approximately 800˚C, but this is dependent on
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the ash content of the feedstock and the airflow properties within the pyrolysis unit. The OH, C=O and
aliphatic C-H functional groups are mostly destroyed at 650˚C, aromatic C-H groups are destroyed by
750˚C and by 950˚C the charcoal has similar spectra to graphite. The surplus heat from pyrolysis is
proportional to the yield of charcoal itself, with the process becoming strongly exothermic when yields
are high, allowing drying and pyrolysis to be initiated in incoming feedstock by this heat alone. Mineral
matter in charcoal acts as a catalyst for charcoal formation, the chemisorption of oxygen and its
combustion (Antal and Gronli 2003). Pyrolysis temperatures ranging from 400-500°C have been reported
to produce biochar which supports the best growth of arbuscular mycorrhizal fungi (Ogawa and Okimori
2010). Charcoal increases in its electrical conductivity by 6 orders of magnitude as maximum pyrolysis
temperature is increased to 950˚C, achieving values comparable to metals. It also exhibits pyrophoric
behavior: it spontaneously combusts when wet. The basic science behind these properties is not yet well
enough understood to explain them adequately (Antal and Gronli 2003).
Czimczik et al. (2002) claim that ecosystem carbon budgets require a very stable form of carbon in
order to balance and that fire-derived black carbon is the most likely form to satisfy these budgets. Black
carbon consists of soot condensed from carbon in the gas phase and residual char from incomplete
combustion of solid phase biological material. Residual char has great heterogeneity due to temperature
and oxygen gradients within burning fuels, resulting in a continuum of physical and chemical properties.
Increasing temperature under pyrolytic conditions decreased the mass of woody material, increased its
organic carbon concentration, increased the dominance of aromatic structures and tended to make the
molecular composition of chars from different sources more similar.

Black carbon in a study by

Czimczik et al. (2002), manufactured in a way that simulated char formation in smoldering logs during
forest fires, mainly consisted of small clusters of condensed carbon with a low proportion of bridgehead
carbons and low graphitic characteristics. This may explain why techniques designed to detect highly
condensed aromatic carbon indicate low levels of black carbon from ecosystems having frequent
smoldering fires of low temperature. These small black carbon clusters are more easily oxidized than
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larger clusters and thus more easily decomposed (Czimczik et al 2002). When biochar is produced in-situ
through landscape burning, the conditions and intensity of the fire may play a role in how much biochar is
produced and in its quality.

1.3 Pyrolysis Technology
Pyrolysis technology is complex and can be used to do more than just produce charcoal. Pyrolysis is
the combustion of biological materials in a low oxygen environment, which prevents the full oxidation of
carbon compounds (Lehmann et al 2009). Common pyrolysis processes involve the use of charcoal
stacks, rotary kilns, hydrothermal carbonizers, the Pyreg reactor, and wood gasifiers (Schimmelpfennig
and Glaser 2012). The result is carbon-rich residues: bio oil and biochar, the former being a liquid biofuel
and the latter being either a solid biofuel or a long-term carbon sink and soil amendment. Pyrolysis is an
ancient technology, having been used in ancient Egypt to produce tar to caulk boats and to make
embalming chemicals (Balat et al 2009). Products, such as syngas and bio-oil, previously obtained
through pyrolysis of harvested biomass, can be obtained more cost-effectively by chemical industries with
petroleum or natural gas used as a raw material than by using biomass (Antal and Gronli 2003). This is a
reason why the wood distillates industry declined with the rise of the petroleum industry. The
development of the modern pyrolysis industry may reflect the rising costs of the extraction of petroleum
and other fossil fuels causing a reversion to biomass sources of energy and chemicals.
Biomass now accounts for about 35% of energy consumption in developing countries and 14%
worldwide. Wood wastes account for 64% of bioenergy, solid municipal wastes 24%, agricultural wastes
5% and landfill gases 5% (Balat et al 2009). A typical dry wood is made up of 52% carbon, 6.3%
hydrogen, 40.5% oxygen and 0.4% nitrogen in the form of three major polymers: 40-47% cellulose, 2535% hemicellulose and 16-31% lignin. Biochar production can be optimized with lower temperature
reactions (<353°C) with a long residence time of the substrate (450 – 550s) and slow heating rate (0.1 - 1
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K s-1) and slow cooling rate of volatiles. Bio-oil production can be optimized with higher reaction
temperatures (353°C - 503°C), much shorter residence time (0.5 – 10s), a faster heating rate (10 – 200 K
s-1) and faster cooling rate of liquids. This will yield 60-75% of the feedstock weight in bio-oil, 15-25% in
biochar and 10-20% in gases that do not condense. Syngas production is optimized with much higher
temperatures (778 - 1028°C) and heating rates (1,000 K s-1) and residence times of less than 0.5 s. Biooils derived from fast pyrolysis can be used as liquid fuel, refined along with petroleum or upgraded to be
used as transport fuel. They also contain a range of chemicals, such as acetic acid, formic acid, methanol,
ethanol, fructose, formaldehyde, phenol, acetone, hydroquinone, acetol and others. Fast pyrolysis will
convert 5 Mg of wood in to 1 Mg of biochar (Balat et al 2009).
Pyrolysis method affects the organic structure of polycyclic aromatic hydrocarbons (Brewer et al
2009). Switchgrass processed with slow pyrolysis had 94% total aromaticity of C, 51% edge C’s and a
minimum of 23 C’s per average cluster. Processing with fast pyrolysis resulted in total aromaticity of
83%, 61% edge C’s and a minimum of 16 C’s per average cluster. Processing with gasification resulted in
86% total aromaticity, 40% edge C’s and a minimum of 37 C’s per average cluster. Biochars processed
with pyrolysis also do not show detectable amounts of partially pyrolyzed materials, indicating that these
processes are efficient and kinetically and thermodynamically favorable (Brewer et al 2009).
A company called Piedmont Bioproducts in Gretna, Virginia, owned by Ken Moss, utilizes fast
pyrolysis to process a variety of biomass sources into biochar and bio-oil and was the site of an interview
about pyrolysis technology and the source for the pine sawdust biochar used in the first two experiments
described in this dissertation (Moss 2010). Combustible gases are released as biomass in their reactor is
heated without oxygen, and these gases are burned to continue heating the reactor, with the overall
pyrolysis process being exothermic. Using fast pyrolysis, with reactor temperatures of about 452°C, 6067% of the original dry biomass is converted to liquids or bio-oil. Hydrocarbon fuels, such as gasoline,
and chemicals, such as acetic acid, can then be distilled from the bio-oil. In this system, the bio-oil,
having 40% of the heating value of fuel oil or diesel, yields at a rate of 135 gallons per ton of woody
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biomass feedstock and 108 gallons per ton of herbaceous biomass feedstock. This translates to up to
about 600 gallons of bio oil per acre per year for switchgrass and 1,300 gallons of bio oil per acre per year
for Miscanthus spp., under intensive management in their region. Solids are derived at a yield of 15% of
the original dry biomass. Biochar produced at Piedmont Bioproducts has an energy value of 12,000
BTU’s per pound, comparable to that of coal, and can be used as a substitute for coal or coke (Moss
2010).

1.4 Biochar as a Soil Amendment
Many types of organic amendments have a broad array of positive effects on soil properties
supporting tree health and growth (Scharenbroch 2009). Biochar is useful as a soil amendment and
permanent carbon sink. It was added extensively to soils in the Amazon rainforest by indigenous peoples
during a period spanning roughly 2,000 years before present up until European conquest approximately
500 years before present (Lehmann et al 2003). This created Terra preta soils with greatly enhanced
fertility and carbon levels in comparison to neighboring natural soils (Oxisols). These properties have
lasted for over 500 years to the present day, indicating that biochar is a long-term, perhaps permanent, soil
amendment and C sink (Lehmann et al 2003). Biochar has also been found to be a significant component
of the C found in Mollisol grassland soils (Skjemstad et al 1996; Dai et al 2005), which are among the
most fertile and high-carbon soils in the world, and also of forest soils (DeLuca and Aplet 2008). This
resulted from regular prairie and forest fires over the millenia, which were often set by humans,
depositing charcoal into the soil. These two examples highlight the potential of biochar to be used today
to maintain and enhance soil fertility and to sequester C in a permanent form and on a large scale. The
fact that biochar today is manufactured in tandem with the production of valuable liquid biofuel gives it
the potential to solve three contemporary, converging problems: energy shortages, soil degradation and
insufficient sequestration of atmospheric carbon.
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Evidence points to the use of charcoal as an intentional and incidental beneficial soil amendment for
modern peoples extending back into the 19th century in Western Civilization (Lehmann 2009) and at least
to the 17th century in Asia (Ogawa and Okimori 2010). Farmers in the West found old charcoal pits and
mounds to have more productive soils than adjacent land for a wide variety of crops. Theses properties
have only recently been re-discovered by science following investigations into the fertility of Amazonian
terra preta unearthed by archaeologists (Lehmann 2009).
A fraction of plant material exposed to fires in the wild is transformed into refractory black C and thus
removed from the fast atmospheric-biospheric C cycle and added to the long-term geologic cycle of C
(Kuhlbusch 1998). Estimates of this deposition range from 50 – 600 Tg per year, with CO2 losses from
deforestation commensurately reduced by 2-18% as a result.

This also functions as a major source of

atmospheric oxygen as it is released from C compounds during charcoal formation.

Atmospheric

deposition of black C into the ocean, as well as through river sediments, represents another major C sink.
These sinks account for much of the C previously missing in models of the global C cycle (Kuhlbusch
1998).
The mechanisms by which biochar enhances soil fertility are largely known, but there is a rapidly
growing body of literature on its properties and effects in specific situations (Lehmann et al 2009).
Because most of these effects are long-term, biochar functions as a permanent soil amendment and not
just as a seasonal fertilizer. As a fertilizer, biochar directly provides an array of nutrient cations and P,
plus some labile organic matter for consumption by important soil microbes (Lehmann 2009). Water
holding capacity is much greater in biochar than in sandy soils (Ogawa and Okimori 2010), making it of
particular benefit in coarse-textured soils in regions prone to dry weather conditions. As a fertilizer
enhancer, biochar in the soil rapidly develops the capacity to hold compounds containing N and P in a
plant available form, reducing the amounts that runoff to surface water, leach to groundwater or evaporate
into the air and are lost. This leads to greater fertilizer efficiency and a reduction in fertilizer amounts
needed to obtain a desired yield of crop. It also reduces fertilizer pollution of water and air (Lehmann et
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al 2009). Biochar has a liming effect, increasing the pH of acidic soils such that some toxic compounds,
such as Al3+ ions, are made unavailable while important nutrient compounds are made more available.
This makes it particularly useful on acid soils such as Ultisols and Oxisols, but may cause it to be
counterproductive for use on soils already too alkaline for the desired usage (Yuan et al 2011, Masud et al
2014, Zhu et al 2014). Maize planted with biochar has out-performed maize planted with only chemical
fertilizers, studies have shown that fertilizer requirement for soybeans are reduced at biochar application
rates of 5 Mg Ha-1, and residual positive effects of biochar on maize performance have been observed in
up to ten rotations (Ogawa and Okimori 2010).
Biochar rapidly (over the course of several months) develops ion exchange capacity as it weathers in
the soil and its functional groups develop surface charge (Cheng and Lehmann 2009) that allows it to hold
on to ions, charged particles and polar particles, such as water. This increases the cation exchange
capacity and water holding capacity of soils with low activity clay minerals or insufficient organic matter
and carbon compounds (humus) to provide these functions. These soil types include those which are
excessively sandy and also spoils used for topsoil substitutes on reclaimed mined lands which contain
excessive rock fragments, low levels of clay-sized particles and no initial organic matter.
The porous macro-structure of biochar is an ideal microbial habitat, which enhances the activity of
beneficial soil microorganisms. This macro-structure facilitates water drainage and air circulation in
soils, such that biochar could also enhance the function of excessively clayey soils (Lehmann et al 2009).
Woody feedstock materials for biochar production have advantages over herbaceous feedstocks in regards
to these macro-structure benefits to microbes, air circulation and drainage, because the lignin and vessel
structure in perennial wood allows it to maintain more structure during and after pyrolysis compared to
herbaceous feedstocks. Taken together, these properties have been found to be of particular benefit to
mycorrhizal fungi and nitrogen-fixing bacteria associated with trees and crops (Lehmann et al 2009).
Beneficial microbes, in combination with these more favorable physical and chemical properties, aid in
accelerating the composting process when combined with other organic wastes and have also been
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reported to suppress root diseases such as Fusarium, Pythium, Phytophthora, and Rhizoctonia (Ogawa
and Okimori 2010). Zhang et al. (2013) found that biochar enhances the proportion of fungal-feeding
nematodes while decreasing the proportion of plant-parasitic nematodes without affecting total nematode
abundance or significantly disturbing the soil food web. Biochar has also been found to reduce the
severity of phytophthora canker on trees when applied at 5% by volume, though the exact mechanism for
this is unknown (Zwart and Kim 2012). It has also been used experimentally to reduce the runoff of
pesticides and herbicides and prescribed for curing animal intestinal disorders (Ogawa and Okimori
2010).
Clearly, there are many potential applications of biochar. The application rates and methods required
to achieve the desired results for specific crops on specific soils and sites will have to be worked out
experimentally. Zwart and Kim (2012) found that applying biochar to a level of 10% - 20% by volume
was detrimental to resistance to phytophthora canker and to growth, so there is some theoretical limit to
how much biochar can be beneficially applied, in some cases. Scharenbroch et al. (2014) stated that to
meet the average tree demand of 220 kg N ha-1 yr-1, 55 Mg ha-1 yr-1 of biochar would have to be applied,
if it were to be used as a source of N.
Biochar is heated to a high enough temperature that a large portion of the carbon in the feedstock
transforms into a recalcitrant form with a half-life on the order of about one thousand years. Biochar can
thus be a permanent sink for massive amounts of carbon, enough to make a large global difference were it
to come into widespread usage as a soil amendment. The mechanisms by which biochar acts as a carbon
sink and by which it is recalcitrant are also under ongoing investigation, but much is known already. The
recalcitrant portions of humus in soils include the polyaromatic carbon compounds: six-carbon rings
linked end-to-end in chains and in two-dimensional sheets (Laird 2009). The recalcitrant portions of
biochar resemble these. As processing temperatures increase for biomass during pyrolysis, biochar is
made up of increasingly higher proportions of a form of polyaromatic carbon called graphene, a 1-atom
thick planar sheet resembling a honeycomb. At the extreme temperature of 3000°C, all of the carbon
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forms sheets and the sheets cease to be turbostratic and line-up with each other vertically, thus forming
graphite. At a pyrolysis temperature of 450°C, un-oxidized carbon present in the system begins to form
graphene, in a process called graphene nucleation. When formed at this temperature, the sheets are
turbostratically layered in a short-range order and much of the carbon remains in an amorphous form.
The sheet micro-structure of biochar is analogous to the sheet structure of phyllosilicate clay minerals.
Soil microbes lack enzymes that can break down the polyaromatic structures for their energy and carbon
needs. Biological processes that can quickly break them down are limited, while biochars are mainly
subject to the normal, slow-acting weathering forces affecting all soil minerals.

Biochars are thus

comparable to clay minerals in their function, form and longevity in the soil (Laird 2009).
Biochars can be manufactured from any biomass material. They can be used to improve soil to grow
increasing yields of their own feedstock, creating the opportunity for a positive feedback loop in soil
productivity. They can be co-produced with liquid fuels, which can be used to run equipment to grow and
transport its feedstock, and with gaseous fuels, which can be used in the pyrolysis process as a source of
energy to drive the reaction. Biochar is a sustainable technology to the extent that its feedstock is
renewable and that it is a net energy producer. The volumes of biochar which can be added to the soil are
bounded by the potential industrial capacity for pyrolysis units which can produce biochar, by the
opportunity costs associated with the alternate uses of biochar and by the volume of atmospheric carbon
stores from which plants themselves draw carbon to grow. The optimal application rate to achieve
maximal soil productivity on specific soils with a specific land use designation needs to be determined
experimentally on a case-by-case basis.
Despite its potential benefits to cropping systems, application methods for biochar present some
challenges. The low particle density of biochar allows it both to float in water and to become airborne
when it has small particle size (as is common with fast pyrolysis processing systems requiring feedstocks
to be broken down finely). This makes it extremely susceptible to wind and water losses when surface
applied. One potential solution is to till it into soil thoroughly prior to crop establishment. Protection
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from wind and water erosion, full interaction with soil throughout the mixing depth, maximum
cumulative benefits to soil properties over all years of management and one-time site disturbance are
advantages of this option. A second potential solution is to aggregate powdered biochar and to surface
apply it annually until the desired application rates are achieved. This would prevent wind erosion of the
material, but would leave it exposed to water erosion on slopes and to the material being carried off or
redistributed around a site on floodplains or areas subject to ponding of water. Disadvantages of the
second technique include less mixing and interaction with soil at depth and less cumulative benefit over
all years of management. A combination of these two techniques is also possible. Organisms such as
earthworms may be able to be relied upon to mix them into the soil when they are present. In addition to
research on application rates to match specific soils, sites and crops, research is also needed to develop
the best means of aggregation and application.

1.5 Biochar Recalcitrance
Biochar’s highly condensed aromatic structures, resistance to treatments by chemicals and existence in
ancient sediment deposits and soil testify to its recalcitrance, yet evidence exists that abiotic forces do
slowly weather biochar and that microbes can also use it as an energy and C source, albeit slowly over
many decades and perhaps to only the more amorphous and reactive components of the biochar materials
(Zimmerman 2010). Black C is produced through natural biomass combustion at a rate of 0.05 – 0.3 Gt
year-1 of C worldwide. Global soil black C is estimated at 80 Gt of C, which is an average of 5% of soil
organic matter. These figures give an average black C residence time of 266-1600 years, or a half-life of
100-1,000 years. Amounts of black C calculated to be produced through fires and therefore to be found in
soils and sediments are much higher than amounts actually found, indicating that losses to decomposition
are likely. Black C gains oxygen-containing functional groups, carboxylic acid being an example, when
exposed to oxygen in the presence of high temperatures, chemical oxidants, ozone or just air. Biological
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consumption of charred wood, coal and graphite in soil has been observed. Biochar decomposition in
samples inoculated with microbes washed from forest soil was compared with that in samples treated only
with sterilized water. Mineralized carbon from microbe-inoculated samples was always greater than or
equal to mineralized carbon from sterile samples, indicating that microbes accelerate biochar
decomposition. Fine fractions of biochar (<0.25 mm) released more CO2 than coarse fractions. Biochar
produced at lower temperatures was more labile than that produced at higher temperatures. Overall C
mineralization rates decreased over time for all treatments and samples. Biomass source also had a
significant effect on recalcitrance. The ratio of biotic to abiotic production of CO2 decreased over time.
Labile co-metabolites were found to be unnecessary for microbes to consume black carbon. Physical
protection of carbon by mineral soil components did not account for variations in carbon lability, but
access to interior surfaces by microbes was suspected as a controlling factor (Zimmerman, 2010). Having
an O/C ratio less than 0.4, a H/C ratio less than 0.6 and total carbon having greater than 15% black carbon
content makes the biochar resistant to degradation in the soil (Schimmelpfennig and Glaser 2012).

1.6 Biochar Weathering and Ageing
Black carbon undergoes significant ageing over a period of twelve months while being incubated at
temperatures from -22˚C to 70˚C (Cheng and Lehmann 2009). Weathering processes increase oxygen
concentrations, surface acidity, and negative surface charges while decreasing carbon concentrations, pH,
surface basicity, the point of zero net charge, and the adsorption of hydroquinone in comparison with
freshly manufactured biochar.

Higher incubation temperatures and longer duration of exposures

increased weathering, thus increasing the degree of these changes. The fact that some degree of
weathering was observed at all of these temperatures indicates that biochar will age and change in these
ways given most any terrestrial environment on Earth. Time is a major factor, likely because oxidation of
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black carbon is kinetically constrained. The changes to biochar over time should be considered when
anticipating its longer-term effects on soils and crops (Cheng and Lehmann 2009).

1.7 Appalachian Mined Land Applications
Pyrolysis and biochar technology can be placed in the context of an Appalachian region that is
beginning a period of transition in energy, employment and land usage. Stricter environmental regulation
and rapidly depleting recoverable reserves of coal in the region will inevitably put to an end a major
source of employment, tax revenue and private income while simultaneously eliminating the dominant
source of energy production. Over 1.2 million ha have been permitted for surface mining of coal
(Pizarchik 2012) in Appalachia, leaving behind land in various conditions of reclamation.

For a

sustainable economy, this land base must continue providing energy, employment, recreation, habitation,
food, water and other ecosystem services to the people of Appalachia.

The Appalachian Regional

Reforestation Initiative (ARRI) (Angel et al 2005) was begun in recent years to achieve these ends using
the Forestry Reclamation Approach (FRA) (Burger et al 2005).
The experimental success of the FRA has shown that it is possible to reforest mined lands with native
forest species assemblages and to begin to regain their associated ecosystem services. However, if these
restored forests are simply clear-cut repeatedly (perhaps for bio-energy usage), with no regard for
sustainable management, the result will likely be more boom-and-bust economic cycles and a steady
deterioration of forest and soil health as irreplaceable soil cations and P are removed by biomass
harvesting. Forest collapse would be the inevitable result and little would be gained in terms of C
sequestration on these lands.
One solution to this problem would be to return ash residues from power generating operations back
to harvest sites. However, if the ash can be returned in the value-added form of biochar, forest systems
could be expected to increase in productivity with each rotation as more biochar is added to the system.
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These lands could then be used as breeder-plantations for surplus biochar, above and beyond that needed
to sustain their own productivity. In time, these chars could be applied to raise the productivity of
marginal reclaimed mined lands and other marginal lands, increasing their potential for growing food,
fiber and energy crops. This would create a positive feedback loop, ecologically and economically.
Large amounts of recalcitrant C would be permanently sequestered to help achieve climate goals. The
production and use of bio-oil in tandem with the biochar would stimulate much additional economic
activity as most transportation fuels are in a liquid form and other distillates in bio-oils could be used to
produce valuable chemicals and chemical precursors for materials such as plastics. If pyrolysis and
biochar technology can be successfully integrated into a transitioning Appalachian economy, then they
can serve as a cornerstone to support a wide array of complex and sustainable economic activity.

1.8 Pyrolysis Technology Scaled to Meet Global Energy and Carbon Sequestration Needs
Industrial civilization has been predicted to span the one hundred years from 1930 to 2030 (Duncan
2005). This era was defined as the period in which global total energy available per capita was over 30%
of its maximum achievable value, which occurred in 1979. Assumed declines in energy per capita would
result in permanent blackouts of electrical grids, severe reductions in standards of living down to the level
of a subsistence agrarian society and ultimately in a decline in human population due to starvation and
disease. The decline is compounded by ongoing pollution and land degradation while energy is abundant
(Duncan 2005). A system of energy production and consumption, which both reduces pollution and
enhances land potential, is needed. Processing biomass with pyrolysis followed by using bio-oil for
energy and biochar for amending soil is one such system.
If the United States can produce 1.1 x 109 Mg of biomass annually from forest and crop lands for
pyrolysis processing, then the energy of the bio-oil produced (17.0 MJ kg-1) would displace 1.91 billion
barrels of petroleum use, which is 25% of current US consumption. This would offset 234 Tg of
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atmospheric C emissions annually. Applying the produced biochar to soil would sequester an additional
139 Tg of C annually, for a combined total of 373 Tg, or 10% of US yearly emissions (Laird 2008).
Assuming solid-phase biochar from pyrolysis will be used as a soil amendment and the gas phase will
be used to power pyrolysis itself, the liquid phase is left for use as a fuel to meet societal energy needs. It
is possible to produce up to 1,300 gallons of un-refined pyrolysis bio-oil per acre per year (Moss 2010)
growing high-yield crops such as giant miscanthus (Miscanthus giganteus) on moderately productive
Piedmont Ultisol with full use of fertilization and weed control measures. Such bio-oil has 40% of the
heating value of crude oil, making it the equivalent of 520 gallons or 12.4 barrels of crude oil. 6.1 GJ of
energy is contained in each barrel of crude-equivalent, for a total of 75.5 x 109 J ac-1 yr-1. Total global
energy consumption was 474 x 1018 J yr-1 in 2008 (British Petroleum 2009), therefore it would take at
least 6.3 Billion acres of land producing at maximum capacity at an average productivity equivalent to the
system described above to meet all global energy needs through pyrolysis bio-oil. There are only 3.6
billion acres of currently arable land in the world, thus 174% of the current usable land base would be
needed to meet global energy consumption in this way. There simply is not enough of a land base to do
this, let alone do this and grow enough food to support global human population.
Combined with a suite of other alternative energy systems that do not utilize the arable land base
(solar, wind, tidal, hydro etc.), pyrolysis’s burden is lifted, but it must be recognized that for every 1%
energy consumption that pyrolysis makes up, more than 1% of arable land becomes unavailable for food
production. The logical outcome of transitioning to pyrolysis bio-oil use is either a reduction in global
food production, and a resultant decrease in population, or a drastic change in lifestyle such that less
energy and less food is consumed by individuals. Increasing land productivity with the produced biochar
may help fill the gap. The other alternative is to access biomass from non-arable lands including forests
and reclaimed lands, which would result in widespread deforestation on one hand and loss of use of
reclaimed lands for non-energy purposes on the other. Thoughtful planning and action is necessary to
avoid disaster in any of these potential scenarios.
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Lenton and Vaughan (2009) assessed geoengineering options for managing levels of radiative forcing
and found that if renewable energy demand could be met through pyrolysis by the year 2100, that this
could remove 79 Pg C, or 37 ppm, from the atmosphere, changing the energy balance by -0.40 W m-2.
Combined emissions from terrestrial land changes and management and from fossil fuel emissions have
resulted in about 756 Gt of additional C in the atmosphere as of 2007. The total atmospheric pool of
carbon is estimated to be about 800 Gt, the terrestrial pool is about 2,500 Gt to a depth of 1 m and the
biomass pool is about 620 Gt. Atmospheric CO2 rises by about 1 ppm for every 4 Gt of C emitted (Lal
2009). The monthly average CO2 content of the air at the Mauna Loa, Hawaii station for May of 2016
was 407.70 ppm (Tans and Keeling 2016). To reach the target of 350 ppm CO2 to avoid substantial
climate change would require no further net emissions combined with the sequestering of an additional
228 Gt of C, in one form or another. Anthropogenic soils with biochar additions having 2.5 times the
carbon stores of natural surrounding soils to a depth of 1 m (Kleber et al 2003), the potential long-term
terrestrial storage of C in the form of biochar in the upper 1 m of soil is as high as 6,250 Gt, which is to
say that there is by far more than enough potential capacity globally to sequester all of the C from the
atmosphere necessary to stabilize anthropogenic climate change.

1.9 High Rates of Biochar Applications to Acid Soils
Biochar can have a number of beneficial effects on soils, although increases in crop yield do not
always follow. Biochar from greenwaste (pruned limbs and grass clippings) pyrolysed at 450˚C increased
field capacity, pH, and CEC and decreased soil tensile strength when added at a rate of 50-100 Mg ha-1 to
a hard-setting Alfisol in Australia with a pH of 4.77 and a CEC of 8.42 cmolc kg-1 (Chan et al 2007).
However, biochar application did not increase the yield of radishes unless nitrogen fertilizer was also
applied, in which case dry matter yield increased 266% with 100 Mg Ha-1 application. 50 Mg ha-1
application increased soil pH to 5.38, CEC to 9.10 cmolc kg-1 and soil C from 21.6 g kg-1 to 43.4 g kg-1
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and 100 Mg ha-1 application increased soil pH to 5.99, CEC to 10.60 cmolc kg-1 and soil C to 64.6 g kg-1
(Chan et al 2007). This studied illustrated the high utility of biochar on an acid soil with a tendency for
high soil strength and also demonstrated that biochar works best to increase crop yield when combined
with N fertilization. Crop yields will not necessarily increase from biochar and its associated soil benefits
without also applying N, which is broadly taken to mean that soil interventions will not produce a
maximum benefit if they do not address the limiting factor to yield, which is often the supply of available
N in the soil.
Amazonian dark earths, Terra preta, were formed on tropical Oxisols typically having a pH of around
4.5 (Kampf et al 2003). The darkest of these soils (ebonic group), after weathering in place for over 500
years following application of biochar and a variety of other unknown domestic wastes, were found to
have an average 5.7 pH, 47.3 g kg-1 organic C, and 19.16 cmolc kg-1 CEC (Kampf et al 2003). The
comparisons with the 50-100 Mg ha-1 biochar treatment on the Australian Alfisol are striking in pH
response and carbon content. At least 50 Mg ha-1 of biochar was likely added by natives to achieve these
results. The near doubling in CEC for the Amazonian dark earth may indicate an increase in functional
group-derived CEC over time as charred organics weather and form functional groups at the edges of
recalcitrant C compounds. But it is clear that these acid soils can receive a very large amount of C
without being placed into an alkaline condition that would bind nutrients. Thus, very large amounts of C
can be sequestered in them while improving their condition and productivity. Renforth et al. (2011)
suggested that with application rates of 50 – 150 Mg Ha-1 combined with burial of urban waste concrete
products, that recalcitrant C burial just in cities could be as effective as any other form of geoengineering
at reducing atmospheric carbon dioxide levels.
Ogawa and Okimori (2010) noted that biochar mainly has significant effects on poor soils in tropical
regions where soil-plant relations are already strongly mediated by microbial life that is well-adapted to
poor soil conditions and that benefits from the properties conferred by biochar. Effects are not as great as
users might expect them to be, and that is particularly true in temperate regions where soils are naturally

20

more fertile. Zhu et al. (2014) found 1% by weight biochar applications in acidic red soils to increase the
growth of maize due to increases in pH and P availability with a corresponding decrease in exchangeable
Al3+ and sometimes an increase in N-use efficiency. Masud et al. (2014) found that biochar applications at
up to 2% by weight in an acidic Ultisol soil increased dry matter yields of soybeans by increasing pH and
exchangeable base cations (Ca2+, Mg2+, K+) and available P and the uptake of those nutrients by soybeans.
Yuan et al. (2011) reported similar effects of biochar on acid soils, with enhanced benefit from biochars
derived from legumes.

1.10 Identifying and Quantifying Existing Charred Biomass in Soils
One experiment tested charcoal content by adding known amounts of charcoal to charcoal-free soil
and then attempting to recover and estimate it using different methods (Kurth et al 2006). Digestion of
soil with concentrated nitric acid consumed a large proportion of soil charcoal along with the targeted
labile organic matter, resulting in up to 70% underestimation of the charcoal content of the soil when the
charcoal content was measured with the other organics removed. Taking the difference in C found
through colorimetry following Walkley-Black wet oxidation and total C found through dry combustion
resulted in estimation of 80% of the soil charcoal present. Hydrogen peroxide with dilute nitric acid
digestion was even more effective and less variable than the Walkley-Black method and accurate at
charcoal contents of 0.5% to 5%. This was accomplished by combining 1.0 g of soil sample with 20 ml
of 30% H2O2 and 10 ml of 1 M HNO3 in an Erlenmeyer flask, then swirling these occasionally over 30
minutes at room temperature, then swirling occasionally over 16 h (or until effervescence ceased) while
heating at 100˚C. Samples were then filtered with Whatman #2 filter paper, dried, homogenized, and C
content determined through dry combustion, assuming that all non-charcoal C was consumed during
digestion. It was recommended that a multiplier of 0.70 be used in soils containing less than 0.2%
charcoal C to account for over-estimations at low rates (Kurth et al 2006).
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Larger pieces of charcoal were found to be more resistant to photo-oxidation than other types of
organic matter (Skjemstad et al 1996). Humic acid-like materials remaining after 4 h of photo-oxidation
were resistant because they were made up of charcoal with condensed, cross-linked aromatic rings.
Photo-oxidation was hypothesized to oxidize charcoal surfaces to form carboxyl groups having a higher
surface charge and making smaller particles more easily extracted at high pH. Surface oxidation might
result from sunlight exposure or biological processes. Aromatic bands at 130 ppm previously interpreted
as the core of humic acids and other humic materials may actually be from charcoal once corrections are
made for lignin and tannins. Physical incorporation of organic carbon into aggregates and the formation
of charcoal are two ways in which C enters the inert pool (Skjemstad et al 1996).
The Walkley-Black method of soil organic matter content determination cannot be used to differentiate
between charcoal C and other forms of organic matter, nor does it quantitatively estimate soil organic C
(Skjemstad and Taylor 1999).

Natural fire events create a variety of types of black C, making it

impossible to even estimate how much black C Walkley-Black will recover and detect. The percentage of
charcoal detected is dependent on its particle size (with smaller particles recovered at a higher rate) and
the source of the charcoal. The Walkley-Black method can be used to recover and detect char to an
extent, but it cannot be used to discriminate charcoal from other forms of organic C. (Skjemstad and
Taylor 1999).
Black C is ubiquitous in soils, sediments, seawater and the atmosphere, existing as a continuum of
materials with not yet well-defined boundaries (Schmidt et al 2001). It is a sink in the global C cycle, it
affects the balance of Earth’s radiative heat and it is a tracer of fire history. Yet because it is a continuum
of materials altered by heat and because analytical methods rely on different operational definitions of
black C due to varying research goals, there is a wide range in reported values of soil black C content.
One solution would be to have an agreed upon standard of black C samples upon which equipment and
methods can be routinely tested and calibrated such that future comparisons can be more meaningful
(Schmidt et al 2001).
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1.11 Landscape Fire Effects on Black Carbon in Soils
Repeated summer and winter prescribed fires increased soil organic C on a north Texas Mollisol (Dai
et al 2005). This was attributed mainly to increased primary productivity and root growth following
burning. Soil black C increased significantly with depth and made up a greater proportion of soil organic
C at depths of 10 – 20 cm following burning. Black C was 5-9% of organic C at 0 – 10 cm and 7-13% at
10 - 20 cm. Black C was estimated to be accumulated at the depth range of 0 – 10 cm at rates of 5, 87 and
70 mg C kg-1 soil by individual summer, winter and combination fires, respectively, and at the depth
range of 10 – 20 cm at rates of 145, 130 and 180 mg C kg-1 soil for those same burning seasons,
respectively. Black carbon translocated downward through the soil profile, as did clay and silt-sized
particles, and accumulated in the same places (Dai et al 2005).
Glaser and Amelung (2003) discovered that pyrogenic C from grassland fires made up 4-18% (9%
average) of total organic C in native grassland soils on a transect from south to north on the North
American prairie. It tended to accumulate more where annual biomass production was greater due to a
moist climate and where cooler conditions reduced the overall rate of organic matter decomposition. They
also cited the fact that only pyrogenic C will form benzene carboxylic acids (BCAs) with three to six
carboxyl groups when oxidized with nitric acid, making BCA’s the best marker for pyrogenic carbon in
soils (Glaser and Amelung 2003).

1.12 Natural, On-site Fertilizing Agents: What produces terra preta properties along with biochar?
Terra preta has been found to contain many additions of locally available materials in addition to
biochar. These include animal manure, human excrement, bones, aquatic plant material, fish, turtle shells
and many other organics (Lehmann 2009). Asian users combined biochar with human excrement not
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only to retain its nutrients, but also to deodorize the excrement (Ogawa and Okimori 2010). This raises
the question of what else needs to be added to soil in addition to biochar to supply necessary nutrition and
structure or habitat for plant roots and soil microorganisms. Terra preta sites are extremely variable
spatially and in their composition (Lehmann 2009) and it must be recognized that useful management
recommendations for creation of terra preta nova will depend on local conditions and availability of soil
amending materials.
Large amounts of plant available N (8.36 g L-1), P (0.7 g L-1) and K (2.0 g L-1) are contained in human
urine (Pradhan et al 2010). Hosting very few enteric microorganisms, it is safe to use as a fertilizer and
has been used successfully to grow barley, beets, cabbage, cucumber, maize and tomato.

High

concentrations of NH4+ in urine raise its pH to the point where enteric microbes cannot survive. Wood
ash contains large amounts of P (Betula spp.: 37 g kg-1), K (137 g kg-1), Ca and Mg and is also a
fertilizing agent. Urine and wood ash are available as waste products in most societies and can be
obtained at low cost. Urine collected from eco-toilets (which separated it from feces) was tested for its
effects on crop growth alone or in combination with wood ash derived from birch (Betula spp.) gathered
from a furnace. Both treatments increased the yield of red beets (Beta vulgaris) compared to conventional
mineral fertilization or no fertilization, and also improved their quality without altering taste (Pradhan et
al 2010). Both biochar and municipal biosolids have been shown to increase soil microbial properties and
all aspects of tree growth (Scharenbroch et al 2014). It may be possible to achieve even greater results by
combining biochar with other available organic materials.

1.13 Factors Determining the Persistence of Black Carbon in Soils
Controls on Black Carbon Storage in Soils (Czimczik and Masiello 2007) is a review paper which
addresses the apparent paradox of pyrogenic organic matter behaving as a recalcitrant material in some
cases and as a labile material in others. Based on experimental evidence to date, the authors lay out the
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theoretical conditions under which black C will stabilize and accumulate and those under which it will
volatilize or migrate out of a soil profile. They then use this theoretical understanding to explain why
significant amounts of pyrogenic C are found in some soils whereas virtually none are found in others.
Many factors influence black carbon accumulation and depletion according to Czimczik and Masiello
(2007). Accumulation requires a high frequency of fires in the ecosystem, high-lignin fuels to serve as
aromatic precursors, high-intensity fire behavior (which produces more black carbon than low-intensity
fires), bioturbation of the carbon to a depth sufficient to protect it from full combustion in future fires and
from erosion, and reactive soil minerals (Ca, Al and Fe-oxyhydroxides) that form protective organo-metal
ligand bonds between soil minerals and black B molecules. Degradation of black C requires the presence
of microorganisms with specific extracellular enzymatic pathways for breaking down C rings, such as
basidiomycetes adapted to consuming wood and leaf litter (which have been demonstrated to also
consume charcoal, black shale and low-grade coal), and a source of non-aromatic C, such as sugars, to
produce the hydrogen peroxide necessary for these reactions. Humans can facilitate black C accumulation
through direct additions of charcoal, landscape burning and practices such as tillage which deplete labile
carbon through oxidation while not affecting black carbon pools (Czimczik and Masiello 2007).
Many experiments were performed on black carbon degradation, accumulation and loss since
Czimczik and Masiello wrote their review paper in 2007. Several of them are summarized below. Their
conclusions do not always support the claims of Czimczik and Masiello. Overall, the literature reveals
that black carbon stability remains a complex and elusive subject.
Deluca and Aplet (2008) claim that frequent, high-intensity fires are needed to produce enough black
C for it to accumulate in the ecosystem. These authors confirmed that fire events in the landscape produce
black C as charcoal and that it may or may not accumulate in the soil profile depending on whether or not
it is incorporated in the soil to a sufficient depth to protect it from erosion or combustion in future fires.
They did not directly relate fire intensity to charcoal production, but rather found through research that 1-
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10% of fuels consumed in any fire become charcoal. Therefore, charcoal production is governed by the
amount of fuel present in an ecosystem, the degree to which that fuel is consumed and the frequency of
fire events. This is a more nuanced theory than Czimczik and Masiello presented, but if we accept that
greater fire intensities consume more fuel in general, and transform more of it into black carbon materials,
then these theories are in agreement.
A second claim was that certain microbes adapted to consuming woody materials with high
proportions of carbon rings can break down black carbon and that they do so more effectively when there
is also a source of labile carbon such as sugar, an effect known as “priming.” Kuzyakov et al. (2009)
confirmed that microbial decomposition of black carbon takes place in the presence of glucose and that
carbon derived from black C materials shows up later as a part of microbial biomass. They detected no
black C leaching out in the form of dissolved organic carbon and found that black C additions to soil did
not change total CO2 efflux. These latter two findings support the idea that although microbes break down
a portion of black carbon material, on the whole the soil remains a sink for atmospheric C.
A third claim was that a high-lignin feedstock with many carbon rings is required as a precursor for
stable black carbon to be produced in a large quantity. Zimmerman (2010) experimentally found early
black carbon degradation to occur independently from feedstock source (each feedstock having a unique
lignin content) and independent of the presence of a labile carbon source such as sugar in soil and to be
dependent mostly on volatile organic matter content in the original black carbon material. Pyrolysis
temperature and duration determined volatile content in black carbon with volatiles decreasing as
temperature and duration increase. This suggests that volatiles themselves, and not the core graphitic
structure, are the portion of black carbon which is degraded by microbes. It is possible that Zimmerman
(2010) did a more thorough job of fractionating black carbon into volatile and non-volatile components
and that different microbes were present to act on the black carbon materials than those used by Czimczik
and Masiello (2007). Czimczik and Masiello (2007) did not directly discuss the effects of pyrolysis
temperature and duration on the volatile component of black carbon materials, but their assertion that
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increased fire intensity leads to increased black carbon production and accumulation is essentially
confirmed.
A fourth claim is that bioturbation is necessary to incorporate black carbon into the soil to a depth
sufficient to protect it from future fires and from erosion. Liesch et al. (2010) found no tendency of
earthworms to incorporate black carbon into soil and no difference between survival of earthworms with
or without pine chip biochar, although poultry litter char at high application rates caused significant
earthworm mortality due to rapid ammonia formation and pH increase. Earthworms do not appear to
provide the bioturbation described by Czimczik and Masiello (2007) or to benefit from black carbon in
soils. It is experimentally unclear what the source of bioturbation would be if not direct tillage by humans.
Liesch et al. (2010) suggested that earthworms might be ruled-out as a potential source.
A fifth claim was that black carbon is retained more effectively when it forms organo-metal ligand
complexes with soil minerals. Rumpel et al. (2009) determined that the most chemically recalcitrant
components of black carbon are the most susceptible to splash erosion and sheet flow and tend to be
preferentially lost from a site. This confirms the need to incorporate black carbon in order to retain its
recalcitrant components on a site and to realize its benefits for soil quality and long-term carbon storage.
Mineral-associated organic matter is more subject to sedimentation and tends to be redistributed vertically
within a soil profile rather than lost (Rumpel et al 2009), confirming and expanding on the importance of
ligand reactions between mineral soil and black carbon in order to stabilize and retain it. Rainfall amounts
and patterns greatly affect black carbon accumulation; high-intensity events with splashing make the
greatest contribution to loss. That may explain why black carbon accumulates better in some climactic
regions or in places where it is protected from splashing by vegetation and surface litter.
Black carbon research is expanding and filling in the details of specific responses under different
conditions every year. Work by Czimczik and Masiello (2007) has not so much been refuted by more
recent studies as it has been confirmed and elaborated upon. Its weaknesses appear to be mainly in the
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area of recognizing the continuum of materials referred to by the term “black carbon” and the fact that
what is true for a material at one end of the spectrum may not be true at other points along that spectrum.
A more nuanced discussion of how fire (pyrolysis) intensity and duration affect black carbon properties
and long-term storage in soils would complement their work.

2. Research Questions
Based on the existing literature, I developed key questions whose answers would potentially determine
if biochar can be practically used to improve soils and sequester carbon in the Appalachian Plateau and
the Piedmont Plateau of Virginia.
The first question is if biochar can be applied to raw mineral soil derived from mine spoils at a
practical rate that will help young trees planted on mine sites to establish and grow more biomass for
reclamation purposes. Alternative Hypothesis 1: biochar added to mine spoils will improve first-year tree
growth. This question is explored in a series of experiments using soil columns and pots for growing trees
in the greenhouse. This will inform the direction for a future field study where biochar can be applied to
an entire reclaimed mine site which is being reforested.
The second question is if biochar made from woody biomass can be used as a pure medium for
growing trees. Alternative Hypothesis 2: pure biochar will support and increase first-year tree survival
and growth when used as a medium. This is explored by including a pure biochar control treatment in the
greenhouse pot study. This will provide information about biochar’s potential as either a medium for
growing containerized seedlings in a greenhouse or as a potential backfill to be added to planting holes
during reforestation with bare-root seedlings in future experimental trials.
The third question is if biochar can be aggregated alone or in combination with other common soil
amendments, especially municipal biosolids, in order to improve its ease of application and on-site
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retention while reducing its pollution profile. Altrnative Hypothesis 3: biochar can be successfully
pelletized with municipal biosolids and biochar can be retained on-site during application simply be
wetting it down prior to application. This is explored in a series of experiments testing different
combinations of materials and methods of pelletization. Results will inform the direction of future scaleup for industrial methods of biochar pelletization using complementary materials and help determine a
simple method to reduce biochar losses during application.
The fourth question is whether a set of fuel and weather conditions can be found that will improve the
yield of biochar residue during controlled burning of a pine plantation understory and to approximate
biochar yield under those conditions. Alternative Hypothesis 4: some defined range of a combination of
factors (such as fuel moisture, relative humidity, ambient temperature, fuel loading and ignition method)
will yield higher amounts of biochar than when one or more of those conditions is not within the defined
range. This is explored with a series of controlled burns under differing natural weather conditions. This
will inform a future set of best management practices that can be used by prescribed fire managers to
increase carbon storage in soils and to improve soil properties for land production and conservation
purposes.
The fifth question is how biochar resulting from high-yield controlled burns will affect soil properties
in the medium and long-run if it accumulates to high levels as a result of repeated, successful high-yield
burns. Alternative Hypothesis 5: high accumulations of biochar in soil will dramatically improve soil
properties such as pH, water-holding capacity and available nutrients, and that these changes will be
similar in direction to those affected by compost, though differing in magnitude for some properties. This
is explored with a series of experiments on constructed soil columns. This will inform estimates and
modeling of what levels soil properties might attain and can be compared to actual results over time to
improve the model and account for discrepancies in properties and losses of carbon due to combustion,
decomposition, leaching and erosion of residuals.
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The sixth and final question is if a hypoxic zone exists behind the flaming front of a backing surface
fire and if that leads to backing fires resulting in more biochar formation than heading fires. Alternative
Hypothesis 6: a hypoxic zone does exist behind the flaming front of a backing fire and it will be
correlated to increased levels of biochar formation under varying weather and fuel conditions. This is
explored by placing an oxygen sensor behind the flaming front of backing and heading fires during the
controlled burn experiments. This will inform if firing methods and sequences can be planned along with
the choice of the right day and time to achieve the optimal fuel and weather conditions in order to further
increase biochar yield. It might also inform safety considerations, in terms of ambient oxygen, when
working immediately behind the flaming fronts of heading versus backing fires.
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Chapter 2. Pine sawdust biochar as a potential amendment for establishing trees in Appalachian mine
spoils

1. Abstract
Early growth and survival of tree seedlings is often poor on reclaimed surface coal mines in Appalachia.
This study was conducted to determine if the application of biochar could help first-year seedling growth.
Mine soil was collected from a recently reclaimed coal mine in Wise County, Virginia and combined with
fast-pyrolyzed (processing temperature 452°C) loblolly pine (Pinus taeda) sawdust biochar at rates of 2.3,
11.2 and 22.5 Mg Ha-1. Leaching columns (30 cm length X 2.5 cm diameter) and 4-l tree planting pots
were filled with these treatment combinations, plus controls of pure mine soil and pure biochar, in three
replications each. Additionally for the tree planting pots, treatments of topdressing and fully incorporated
biochar were performed and both American sycamore (Platanus occidentalis) and black locust (Robinia
psuedoacacia) one-year-old seedlings were transplanted. Columns were leached with rainwater for six
months and trees were grown for one growing season. Black locust had higher average above-ground dry
woody biomass (24.4 g) than American sycamore (17.0 g), and also higher below-ground biomass (61.0 g
compared to 30.2 g). The pure biochar treatment produced greater average below-ground biomass (99.9
g) than the pure mine soil (46.9 g). All of the biochar treatments produced greater average above-ground
woody biomass (19.1 g – 33.4 g) than the pure mine soil (10.9 g). Biochar decreased soil phosphorus,
calcium and iron while increasing soil carbon and organic matter. 22.5 Mg Ha-1 biochar increased soil
volumetric water holding capacity to 18.6% compared to 13.4% for pure mine soil. Pure biochar had a
volumetric water holding capacity of 49.8%. Naturally-occurring herbaceous biomass in the pots was
negatively correlated with above-ground woody biomass at an r value of -0.483, but was not significantly
different between biochar treatments. Topdressing and full incorporation of biochar were not significantly
different in their effects on biomass. This biochar type should help young seedlings grow faster above-
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ground in mine soil when either broadcast or concentrated in planting holes. Root growth would also be
enhanced by concentrating this biochar in planting holes.

2.1 Introduction
The Appalachian region is beginning a period of transition in energy, employment and land usage.
Stricter environmental regulation and rapidly depleting recoverable reserves of coal in the region will
inevitably put to an end a major source of employment, government revenue and private income while
simultaneously eliminating the dominant source of energy production. Over 1.2 million hectares have
been permitted for surface mining of coal (Pizarchik 2012, Demchak et al 2004) in Appalachia, leaving
behind land in various conditions of reclamation. This land base must continue to provide energy,
employment, recreation, habitation, food, water and other ecosystem services to the peoples of
Appalachia. The Appalachian Regional Reforestation Initiative (ARRI) (Angel et al 2005) was begun in
recent years to achieve these ends using the Forestry Reclamation Approach (FRA) (Burger et al 2005).
Pyrolysis technology has the potential to solve some of these challenges for Appalachia, producing
electrical energy, liquid fuels and charcoal from biomass materials. Fast pyrolysis is the rapid heating of
biological materials in a low oxygen environment (Ji-lu 2007) which yields charcoal at a rate of about
15% to 19% of the original dry biomass of the feedstock (Moss 2010, Mullen et al 2010). Charcoal is
called “biochar” when it is used as a soil amendment for agronomic purposes. Hundreds of years ago,
biochar was added to soils in the Amazon rainforest by natives (Lehmann et al 2003). These Terra preta
(“dark earth”) soils had greatly enhanced fertility and carbon levels in comparison to neighboring natural
soils. These properties have lasted for over 500 years to the present day, indicating that biochar is a longterm soil amendment and carbon sink. Biochar has also been found in prairie soils, which were burned
regularly (Skjemstad et al 1996) and are among the most fertile and high-carbon soils in the world. The
consensus of many studies is that biochar applied in a wide range of rates generally improves the
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aboveground productivity of plants, even though below-ground effects on productivity and soil properties
are often variable (Biederman and Harpole 2013). Biochar may help facilitate the reclamation and
reforestation of mined land by inproving the performance of planted trees. Productive forests would then
provide an array of economic opportunities and ecosystem services to the region.
Biochar enhances soil fertility in many ways that are undergoing increasing study (Lehmann et al
2009). As a fertilizer, biochar directly provides nutrient cations, available P and some labile organic
matter for consumption by important soil microbes. As a fertilizer enhancer, biochar provides cation
exchange capacity and pH modification, being particularly useful on acid soils such as Ultisols and
Oxisols, and can potentially also moderate alkalinity and salinization of other soil types that might be
found on mined lands (Liu and Zhang 2012). These properties are dependent on the processing
temperature during pyrolysis (Mukherjee et al 2011). Beneficial changes to biochar accrue over time and
are enhanced through interactions with natural soil (Mukherjee et al 2014). These changes increase the
cation exchange capacity and water holding capacity of soils lacking the clay minerals or organic
materials to provide these functions, such as mine soils following reclamation.
Biochar may be particularly effective as an amendment to excessively sandy or gravely soils or to
spoils used as topsoil substitutes on reclaimed mined lands. The porous structure of biochar facilitates
water drainage and air circulation in soils, such that biochar could also enhance the function of
excessively clayey soils. Wood made into charcoal through traditional methods has been found to provide
the most consistently high increases in productivity, perhaps because of its greater porosity due to the
presence of intact wood vessels (Spokas et al 2011). Biochar generally enhances the activity and biomass
of beneficial soil microorganisms (Lehman et al 2011).

Physical limitations, such as excessive

compaction and soil strength and deficient aeration, drainage and water holding capacity, are common in
reclaimed mine soils.
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The benefits to trees of adding a wide range of organic materials to the soil they are growing in is
broadly accepted (Scharenbroch 2009). Biochar is comparable to clay minerals in its function, form and
longevity in the soil (Laird 2009). As pyrolysis processing temperatures increase, the resulting biochar
contains increasingly higher proportions of a form of polyaromatic carbon called “graphene,” which is a
1-atom thick planar sheet resembling a honeycomb (Antal and Gronli 2003). Biochar, specifically, has
been found to be particularly effective at controlling many types of pollution on mined lands and to help
them be successfully re-vegetated (Anawar et al 2015). Research has also found biochar to induce
systemic resistance to fungal disease through indirect effects on the soil environment and microbial
community (Elad et al 2010), which helps in the survival and development of young trees which face a
number of pest and disease issues in stressful environments. Biochar is a promising soil amendment with
the potential to help solve many of the key issues on reclaimed mined lands for the long-term.

2.2 Research Objectives
The goal of this study is to use laboratory and greenhouse techniques to determine preliminary
application rates and methods for biochar use on mine spoils to inform the design of future field
experimentation. The first objective is to evaluate the effects of biochar application rates on soil
properties of mine spoils using weathering columns. The second objective is to test the effects of biochar
application rates on the growth characteristics of two native woody plant species, black locust (Robinia
pseudoacacia) and American sycamore (Platanus occidentalis), growing in a typical mine spoil in a
greenhouse.

3. Methods and Materials
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Mine spoil material for this study was collected from a Forestry Reclamation Approach (FRA)
research site in Wise County, Virginia, and baseline properties were determined (Table 1). Only the fine
fraction (less than 2 mm diameter) was used for the column experiment in order to remove the random
effects of highly variable coarse material. The whole soil, including coarse rock fragments, was used for
the tree growth experiment to better simulate soil conditions on mined lands. These materials were
combined with fast pyrolysis biochar synthesized from loblolly pine (Pinus taeda) sawdust heated at 452
°C in a fixed bed reactor. This type of biochar was chosen because of its low levels of nutrients and salts
to prevent damage to the young trees. Biochar was applied at rates equivalent to 2.3, 11.2 and 22.5 Mg ha1

based on the top surface area of the pots. Controls of pure mine spoil and pure biochar were also used.

Pure biochar was used as a medium to see if it would be toxic to the trees or if they could grow well in it
alone.
PVC pipes (2.5 cm diameter x 30 cm length) fitted with fiberglass screens across the bottom were
used for containing spoil mixes in the weathering study. These columns were filled with their respective
treatment combinations in three replications and soil samples were collected immediately from the
reserve mix for testing. The columns were leached with 15 ml of collected rainwater weekly for six
months to simulate initial weathering conditions. Following six months, column saturated hydraulic
conductivity was measured while the soil was still in the pipe and a second set of soil samples was taken
from the pipes for testing. Saturated hydraulic conductivity was measured by maintaining a constant head
(30 cm from the top of the head of water to the bottom of the soil column) of water in the column and
then measuring the rate the water was released from the bottom of the column.
For the tree growth experiment, 4-l plastic pots (16 cm diameter x 20 cm height) were used to grow
black locust and American sycamore trees. Black locust and American sycamore were chosen because
they are two tree species which have been used historically in the reforestation of mined lands because of
their fast growth and high tolerance to a wide range of soil conditions. Char was applied at 2.3, 11.2 and
22.5 Mg ha-1 by both top-dressing and incorporation into the spoil by hand mixing for each of the two tree
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species for a total of twelve normal treatments, plus the four control treatments with pure mine spoil and
pure biochar for each tree species.
Trees for the study were obtained as one year-old bare root seedlings from the Virginia Department of
Forestry Augusta Forestry Center. Once planted on February 24th, 2011, the trees were arranged in the
greenhouse in a random layout, measured for biomass index (groundline stem diameter squared X height)
and grown at 21oC – 24oC. Water was applied as 15 minutes of mist nightly plus a weekly soaking to
bring them up to field capacity. To simulate the types of nutrient inputs available in primitive agriculture,
20 ml of human urine was applied to each pot on March 3rd, April 11th, and July 7th. The urine was
collected by diverting it from a toilet into a bottle and refrigerating it at 4°C overnight before use and
analysis. It contained an average nutrient content of 169 ppm orthophosphate, 23 ppm nitrate and 621
ppm ammonium.
The trees and any herbaceous biomass growing in the pots were harvested and measured for biomass
index and oven dry matter biomass on November 2nd, 2011. Pots were then brought to field capacity and
weighed, allowed to dry until all remaining vegetation had fully wilted (January 20th, 2012) and then
weighed again to determine plant available water holding capacity. Roots were then washed of soil and
rocks, oven dried and weighed to determine root biomass. In cases where rocks and soil could not be
washed out of matted roots, the roots were weighed with the rocks, burned with open combustion and
then just the rocks were weighed to determine the weight of the roots by difference.
Soil samples from each column were dry sieved (#10, 2 mm screen) and analysis was conducted by
the Virginia Cooperative Extension soil analysis laboratory for properties including: organic matter
percentage by loss on ignition, soil solution pH, extractable Ca, P and K and soluble salts by electrical
conductance (Maguire and Heckendorn 2011). Sub-samples were further processed in a ball mill and then
total soil C and N were determined by dry combustion with an Elementar varioMAX CNS macro element
analyzer (Elementar, Hanau, Germany). Photographs of washed roots and light microscope and scanning
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electron microscope imagery was taken of biochar materials used in the experiment for the figures shown
here.
The experiment had a 2 x 2 x 3 + 4 (species x application method x biochar level + negative and
positive controls for each tree species) factorial structure and was conducted and analyzed as a completely
randomized design with three replications per treatment using JMP software (SAS Institute, Cary NC)
and Tukey HSD mean separations at the alpha = 0.05 level.

Table 1. Properties of mine spoil material from Wise
County, Virginia used in materials for soil columns and
planting pots for biochar trials on soil properties and
tree growth effects (Fields-Johnson 2011).
Coarse fragments (> 2 mm)

64%

Brown sandstone

53%

Gray sandstone

44%

Siltstone

1%

Shale

0%

Coal

3%

Fine fraction (< 2 mm)

36%

Sand

45%

Silt

28%

Clay

27%

pH (1:1 Soil:Water)

5.62

Soluble salts (1:2 Soil:Water)

120 mg kg-1
5.0 cmolq+ kg-1

CEC
Base saturation

100%

4. Results
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Pine sawdust underwent some shrinkage and fracturing during the fast pyrolysis process, but remained
nearly the same size and shape as is evident from light microscope imagery (Figures 1 and 2). Scanning
electron microscope imagery (Figure 3) confirmed that wood tracheids remained intact with typical
tracheid diameters on the order of 5 um. Increasing biochar application increased organic matter content
and total carbon but decreased the extractable P, Ca and Fe (Table 2). Reference data before and after
weathering are shown in Table 3.

Figure 1. Light microscope image of loblolly pine
(Pinus taeda) sawdust used for biochar feedstock (1
mm scale shown).

Trees grown in 100% biochar had significantly greater root biomass compared the un-amended mine
soil (Table 4). All levels of biochar application increased aboveground biomass growth compared to the
un-amended mine soil. Black locust had greater root biomass and a greater woody biomass index growth
than American sycamore. The 100% biochar treatment also had the greatest volumetric water holding
capacity (VMHC), and that variable increased significantly with increasing levels of biochar application
(Table 5).
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Figure 2. Light microscope image of loblolly pine (Pinus
taeda) sawdust biochar from fast pyrolysis (1 mm scale
shown).

Figure 3. Scanning electron microscope image of loblolly
pine (Pinus taeda) sawdust fast pyrolysis biochar (50 um
scale shown).
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Table 2. Soil properties in response to biochar level following six months of weathering in soil
columns. Treatments within rows having different letters differ at α = 0.05 based on Tukey’s HSD
(n = 3).
__________________

Biochar amendment rate, Mg Ha-1__________________

Element

0

2.3

11.2

22.5

P mg kg-1

32.3 a

32.0 a

31.0 ab

29.3 b

Ca mg kg-1

676.3 a

657.7 ab

622.7 bc

603.7 c

Fe mg kg-1

55.9 a

53.1 a

51.7 a

47.0 b

OM g kg-1

16 c

17 c

20 b

22 a

Total C g kg-1

23 c

25 bc

27 ab

28 a

Trees grown in pure spoils tended to have a weakly developed root structure (Figures 4 and 5) that
followed gaps between coarse fragments and the pot wall. Pure biochar produced the fullest root
structures for both black locust (Figure 6) and American sycamore (Figure 7) without competing
herbaceous vegetation due to the absence of herbaceous seeds and scions in the new biochar material.
Herbaceous biomass and above-ground woody biomass were negatively correlated (r = -0.483, p =
0.000).

5. Discussion
Applications of 2.3 - 22.5 Mg ha-1 of biochar to mine soils by topdressing and mixing had significant
positive effects on above ground tree growth over a single season. Pure pine sawdust biochar produced
through fast pyrolysis also out-performed the pure mine soil and is a promising medium for the early
development of tree seedlings. There was a clear advantage in the woody biomass growth of trees grown
in pure char in these experiments, likely due to the superior root growth and water holding capacity made

45

possible by the pure biochar medium and the lack of competing herbaceous vegetation in the newly
applied biochar. It is also clear that black locust has higher early growth rates than American sycamore,
both above and below-ground. This is consistent with its being a fast-growing, early-successional tree
species.

Table 3. Mine soil and pine sawdust biochar properties by application rate (Mg ha-1) before (pre) and after
(post) six months of weathering with rain water (n = 3).
______________

Biochar application rate Mg ha-1______________

0

2.3

11.2

22.5

100%

Pre

Post

Pre

Post

Pre

Post

Pre

Post

Pre

Post

pH

5.35

5.68

5.17

5.53

5.17

5.50

5.19

5.63

6.63

7.55

Total N g kg-1

1.0

0.9

1.0

0.9

1.0

0.9

0.9

0.9

1.1

1.0

P mg kg-1

34

32

32

32

32

31

31

29

16

10

K mg kg-1

59

82

59

80

60

79

60

74

38

56

Ca mg kg-1

648

676

625

658

634

623

661

604

81

87

Base saturation g g-1

0.76

0.85

0.77

0.85

0.77

0.85

0.76

0.85

0.78

1.00

Organic matter g kg-1

17

16

18

17

19

20

23

22

962

982

Total C g kg-1

24.0

23.2

23.5

24.5

26.4

26.6

27.6

28.3

317.2

300.1

Soluble salts mg kg-1

124

107

115

98

124

107

137

73

73

42

Saturated hydraulic
conductivity cm min-1

--

0.12

--

--

0.00

--

0.00

--

7.33

0.00
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Table 4. Average biomass of two tree species grown in mine spoils amended with five levels of pine
sawdust biochar. Significant differences (indicated by different letters next to values in columns, mean
separation by Tukey HSD, α = 0.05) are shown by biochar level, application method and tree species for
each spoil type following one growing season. Root biomass and woody biomass were transformed by
Log10 for mean separations due to high standard errors. Standard errors of means are in parentheses.
Root Biomass
(g)

Above-ground Wood Biomass
(g)

Herbaceous Biomass
(g)

100%

99.9 (27.5) a

33.4 (6.8) a

0.2 (0.2) a

22.5 Mg ha-1

37.7 (8.5) ab

19.1 (2.3) a

5.2 (1.5) a

11.2 Mg ha-1

40.6 (6.8) ab

20.7 (2.5) a

4.0 (1.2) a

2.3 Mg ha-1

30.0 (3.3) ab

25.7 (4.0) a

2.6 (2.0) a

0.0 Mg ha-1

46.9 (23.6) b

10.9 (2.6) b

6.7 (1.6) a

Top Dressing

40.2 (3.8) a

24.1 (2.7) a

2.4 (0.8) a

Mixed

32.0 (6.4) a

19.6 (2.2) a

5.4 (1.6) a

Black Locust

61.0 (12.7) a

24.4 (2.9) a

4.4 (1.0) a

American Sycamore

30.2 (3.5) b

17.0 (1.6) b

3.8 (1.1) a

Biochar Rate

Application Method

Species
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Table 5. Volumetric water holding capacity results from
applications of five levels of pine sawdust biochar to two tree
species growing in mine soils showing significant differences
(indicated by different letters next to values in columns, mean
separation by Tukey HSD, α = 0.05) by biochar level and
application method following one growing season. Standard errors
of means are in parentheses.
Volumetric Water Holding Capacity (%)
Biochar Rate

Method

100%

49.8 (2.0) a

22.5 Mg ha-1

18.6 (0.6) b

11.2 Mg ha-1

16.3 (0.5) bc

2.3 Mg ha-1

14.9 (0.4) cd

0.0 Mg ha-1

13.4 (0.5) d

Top Dressing

16.8 (0.5) a

Mixed

16.5 (0.6) a

Figure 4. Photograph of black locust
roots growing in pure mine soil with
no biochar additions following one
growing season.
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Figure 5. Photograph of American sycamore and mostly grass roots
growing in pure mine soil with no biochar additions following one
growing season.

Figure 6. Photograph of black locust roots
growing in pure pine sawdust biochar
following one growing season.
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Figure 7. Photograph of American sycamore roots
growing in pure pine sawdust biochar following
one growing season.

Biochar can be priced on its energy value, which is comparable to that of metallurgical coke (Moss
2010). Coke prices have varied widely based on demand trends over the last five years
(www.steelonthenet.com/files/blast-furnace-coke.html) costing between $167 Mg-1 - $400 Mg-1. To
purchase low-cost ($200 Mg-1) char and apply at the high rates trialed here (10 Mg ha-1) across the
landscape would require $1,000 ha-1 invested (before considering the price of application). This may or
may not prove to be an economical way to benefit these trees as a profitable bioenergy crop. However, if
added directly into the planting holes of the bare root seedlings planted on mined sites at a volume
comparable to the volumes of pots used in this study (4 L), then the young trees could be expected to have
improved early survival and growth and thus better establishment. This would cost only $341 ha-1 in
biochar material for 2,500 trees planted ha-1 (assuming a biochar bulk density of 0.13 g cm-3) and would
be expected to produce an effect comparable to spreading the biochar across the entire site at the
experimental rates. Greater labor costs for planting and applying the char would also apply. It may be
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possible to achieve that result with less than 4 L of biochar per planting hole, which would further reduce
the cost.
Biochar has been found in other experimentation to be a suitable medium for use in plant containers
for nurseries (Dumroese et al 2011), as a substitute for vermiculite in potting mixes (Headlee et al 2014),
as a superior growing medium in hydroponic production (Nichols et al 2010) and for reducing rainwater
runoff and nutrient discharge in green roof applications (Beck et al 2011). Studies on use of biochar to
remediate coal fly ash storage sites have shown that it improves chemical properties for plant
establishment, but does not itself have enough N and labile C to improve plant growth (Belyaeva and
Haynes 2011), indicating the need for supplemental use of fertilizer or compost in tandem with the
biochar. The superior ability of biochar to retain water as compared to sandy soils was confirmed by
Zhang et al. (2016), although the superior saturated hydraulic conductivity of pure biochar in this
experiment contrasted with their finding that increasing biochar application amounts reduced saturated
hydraulic conductivity in sandy soil. This may be due to either the greater porosity of the biochar in this
experiment compared to theirs and also because of the very low saturated hydraulic conductivity of the
un-amended mine soil material used in this experiment. Biochar made from poultry litter was found to
increase water-holding capacity in pot experiments, contributing to increased lettuce seed germination
(Revell et al 2012a), and to increase available P in proportion to its application rates, contributing to faster
maturation of tall fescue on a field site (Revell et al 2012b). It was also found to increase soil cation
exchange capacity at high rates, but to become toxic to plants at rates greater than 2.5% by weight due to
excessive salts (Revell et al 2012a). Care must be taken in choosing the type of biochar used, based on its
feedstock, especially in high-rate applications, as there are clear differences between wood-based biochar
and poultry litter-based biochar. High-performing treatments were also observed to have become potbound by the end of the growing season. This may have caused them to reach a growth plateau
prematurely in the season and to have lessened the degree to which treatment effects were expressed.
Herbaceous above-ground biomass was negatively correlated with woody above-ground biomass and may
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have also been a contributing factor directly affecting woody growth due to competition for water and
other resources.

6. Conclusions
Future field studies should incorporate treatments which include use of biochars derived from a woody
feedstock. These chars can be tested as amendments applied either as a broadcast treatment across a site
or directly as backfill to the tree planting holes. Improved tree growth would be expected compared to unamended mine soil. A field study carried until harvest age would better inform logistical and economic
questions about using pyrolysis technology to enhance reclamation efforts in Appalachia. When a planned
pyrolysis facility is established on a reclamation site, char produced on site can then be added to the mine
soils by incorporation in to the soils adjacent to trees in plantations in order to realize the goal of carbonnegative and soil-regenerative bio-energy. As a captive resource (i.e. not having to be bought off the
market at the coke price), biochar might be more financially feasible for application in large amounts with
dedicated energy systems, although this will depend on several factors, including potential credits for
sequestered carbon and the value of other products leaving the facility.
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Chapter 3. Improving on-site retention of biochar and biosolids

1. Abstract
Applying fine biochar to soil surfaces can be ineffective because of severe losses to wind and water
erosion and because it is dangerous for workers to breathe. Surface application of municipal biosolids is a
challenge because of leaching and runoff of nutrients and evolution of greenhouse gases. This study was
conducted to determine if commingled biochar and biosolids cold be pelletized into a product that would
ameliorate the negative effects of both materials. Many pelletization methods and combinations of
materials were trialed to achieve a practical formula. Eight treatments were selected for study: wet and
dried biosolids, and wet and dry biochar, and wet and dry drum-mixed granules and wet and dry handmixed granules of a 1:4 by volume biochar to biosolids mix. These eight treatment combinations, each
replicated three times, were evaluated for windborne losses, nutrients in leachate and greenhouse gas
evolution under incubation. Wet biochar treatments had significantly less wind losses (3%) than dry
biochar treatments (55%). Coating with biochar with drum-mixing significantly reduced orthophosphate
in leachate (5 mg kg-1) compared with pure fresh biosolid treatments (10 mg kg-1). Wet, fresh biosolid
treatments evolved significantly less carbon dioxide (71,107 mg l-1) than dried biosolids (124,638 mg l-1).
Wet biosolids (769.72 mg kg-1) produced a higher concentration of ammonium in leachate than both dried
biosolids (255.50 mg kg-1) and wet drum-mixed granules (358.44 mg kg-1). Air-drying drum-mixed
granules decreased their moisture content from 64% to 17%. Either applying wetted pure biochar directly
to the soil or applying fresh, wet biosolids coated in biochar with drum mixing to the soil were found to
be the options with the best combinations of properties to reduce losses and pollution.
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2.1 Introduction
Both biochar and biosolids have been used successfully to increase both soil microbial activity and the
growth of young trees (Scharenbroch et al 2014). Terra preta soils, on which biochar research is founded,
contain both high levels of biochar and human excrement, which together explain their properties and
high fertility (Glaser and Birk 2012) and historical agricultural practices in Asia include combining
human excrement and biochar to both retain more of the nutrients in the excrement and to deodorize it
(Ogawa and Okimori 2010). Biochar provides an array of agronomic and environmental benefits when
applied to certain soils (Atkinson et al 2010).
However, significant losses of biochar as wind-blown dust can occur when it is applied to the surface
of soils in a dry form (Blackwell et al 2009). Wetting biochar, or combining it with another soil
amendment with excess water content, show potential for mitigating this problem. Municipal biosolids
are one such co-amendment, which contains not only high concentrations of water, but also available N,
both of which biochar is missing. Biochar can potentially mitigate N losses from biosolids applied to soils
by sorbing mineralizing N until it can be utilized by soil life forms (Knowles et al 2011). Biochar is
known to contain polycyclic aromatic hydrocarbons (PAHs) (Hilber et al 2012). However minimal, these
compounds have potentially negative effects on human health and the environment (Freddo et al 2012),
and this is another reason to reduce dustiness and airborne losses which negatively impact particulate air
quality and might have a more pronounced health effect on applicators getting high levels of exposure to
the product.
Biochar has also been found to reduce soil solution concentrations of heavy metals such as Zn and Cd
and of toxic PAHs when they are preexisting in the environment (Beesley et al 2010, Chen and Yuan
2011) or in sewage sludge (Oleszczuk et al 2012). However, to achieve these effects and to avoid direct
exposure to airborne contaminants in biochar, it first must be applied successfully to the ground with
minimal airborne dust formation and then retained there. Pelletization is one method for reducing
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dustiness both during and after biochar applications. Pelletizing biochar also decreases its C
mineralization rate in Ultisol soils, thus allowing its effects to persist longer (Sigua et al 2014).
Biochar combined with municipal biosolids would be expected to be less dusty than biochar alone and
to produce less nutrient leachate and runoff than biosolids alone, and to perhaps produce lesser amounts
of greenhouse gasses. Techniques to combine the two products include mechanically pressing them into
briquettes or pellets, mechanically rolling them until granules nucleate or tilling them together by hand.
Waterborne pollution can be readily measured through colorimetric techniques and greenhouse gasses
with a gas chromatograph.

2.2 Research Objectives
Our research objective was to develop one or more viable methods of applying biochar, with or
without municipal biosolids, in a form that would significantly reduce windborne losses of biochar,
concentrations of nutrients in leachate and evolution of greenhouse gases from the applied materials. We
would employ different combinations of materials and aggregation methods until we developed a product
which was efficient to produce and testable. Then we would produce several combinations of products
and test them as potential sources of pollution.

3. Materials and Methods
We conducted a series of experiments in 2011 to determine the conditions under which pine sawdustderived biochar can be re-formed into pellets or briquettes and applied to soil with reduced windborne
losses. The first series of tests (Section 3.1) were performed with a briquetting press to identify general
material combinations that might produce stable biochar pellets. The second series of tests (Section 3.2)
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were performed with targeted material combinations identified in the first series. The materials formed in
Section 2.2 were then subjected to analytical testing to determine their relative pollution profiles.

3.1 Biochar briquetting studies
Biochar made from waste loblolly pine (Pinus taeda) sawdust from a local lumber mill was obtained
from Piedmont Bioproducts in Gretna, VA. This biochar had been processed by fast pyrolysis in a fixed
bed reactor operated at 452°C to optimize bio-oil production. Immediately after processing, the biochar
was stored in air-tight steel barrels and kept dry prior to testing.
Biochar alone, or in combination with water or several potential binders was pressed into briquettes
with a Komarek briquetting press (K.R. Komarek, Inc., Wood Dale, IL). The Komarek briquetting press
has a hopper with built-in mixers to prevent bridging voids and it feeds material into a roller press with a
screw drive. The rollers have interchangeable molds which can produce differing sizes and shapes of
briquettes and corrugated strips which will break into pellets. The feed rate, roller speed, roller gap width
and roller pressure can all be monitored and adjusted with electronic controls. The molds for these studies
were set to form pill-shaped briquettes approximately 5 x 2.5 x 1.5 cm. Mixtures were prepared by hand
and then loaded into the hopper. Briquettes formed from wet materials were collected in metal trays and
set out to air dry in the laboratory before being examined for strength and stability. Organic binders tested
included un-charred pine sawdust, corn starch and municipal biosolids (Table 1), both at fresh 72%
moisture and air dried. Crushed limestone was tested as a possible inorganic binder, and all binder sources
were tested at different char: binder ratios under varied moisture concentrations. Each briquette product
was handled to subjectively determine if it was stable and would hold together.

3.2 Binding and agglomeration tests with biosolids
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Fresh Class A municipal biosolids produced by the Alexandria (Virginia) Sanitation Authority were
obtained from Synagro Corporation (West Point, VA) and evaluated for its constituents and chemical
properties by A&L Eastern Laboratories, Inc., Richmond, VA (Table 1). Biosolids were stored in a plastic
barrel for a few days before use in binding experiments. Eight binding treatments were tested (Table 2).
Except for a negative control using dry biochar, biochar for each treatment was brought to 100%
gravimetric moisture content before mixing. Each treatment was replicated three times for a total of 24
samples. This was done in a random order for a Completely Randomized Design.
Table 1. Properties of Class A biosolids from the Alexandria
Sanitation Authority in 2011 used as a constituent for forming
briquettes and granules.
Parameter and Value
pH 8.44
Moisture 73.8%
Volatile Solids 651.5 g kg-1
Organic N 38.4 g kg-1
Nitrate < 1.0 mg kg-1
P 36.3 g kg-1
S 9.7 g kg-1
Mg 3.2 g kg-1
Na 817 mg kg-1
Cu 371 mg kg-1
Cd 2.0 mg kg-1
Ni 17 mg kg-1
As 3.0 mg kg-1
Se 2 mg kg-1

CaCO3 Eq. <100 mg kg-1
Solids 262 g kg-1
Kjeldahl N 57.6 g kg-1
Ammonium N 19.2 g kg-1
K 1.7 g kg-1
Ca 22.9% g kg-1
Fe 59.8 g kg-1
Mn 552 mg kg-1
Zn 842 mg kg-1
Cr 83 mg kg-1
Pb 41 mg kg-1
Hg 1.4 mg kg-1
Mo 8 mg kg-1

The drum-mixed pellet treatment involved mixing four parts by volume of municipal biosolids in an
electric cement mixer and then one part by volume of wet biochar was slowly added to create total
batches of approximately 20 L which were then subsampled for testing. The mixer drum was held at an
angle while rotating to keep the materials toward the back of the drum. Materials were tumbled together
for about five minutes until biosolid particles were observed to be coated with biochar and all biochar
particles were nucleated into granules with the biosolids. Granules were also mixed with a hand cultivator
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at the same ratio in a separate treatment, taking approximately one minute per 20-L batch. Following
mixing, each granule batch was sub-divided and half air-dried in the greenhouse and the remainder
immediately placed in plastic bags and refrigerated at 4°C. After air-drying, dry-stored granules were
placed in plastic bags and stored at room temperature until testing. Pure biochar (dry or wetted to 100%
gravimetric moisture) and pure biosolids (fresh and air-dried) treatments were also tested for comparison
with the aggregate materials.

3.3 Stability, Leaching and Greenhouse Gas Measures
Windborne losses of dust from each granulated material (Table 2) were determined by mass difference
after dropping the same 10 g sub-sample of each treatment 10 times across 15 cm of the open face of a
laboratory hood. The ventilation air was moving at 45 m min-1 and simulated breezy conditions at that
wind speed out in the open. Samples were weighed, then poured from a 1-L beaker to another 1-L beaker
of equal diameter for ten repetitions before being weighed again with any material which did not land in
the target beaker being excluded from the second measurement. This was meant to simulate the material
being handled in a series of drops, pours, conveyors etc. until it reached the ground on the target site and
being subjected to wind losses when exposed while being handled. Moisture of each material following
storage was measured by taking mass difference of a sub-sample (about 1 g) following 24 hours in the
oven at 105°C. This was done to determine the amount of water weight being handled with the dry
component of the material.
Leachate pollution was measured by taking 1.7 L of each material and packing it in a 10-cm wide x
30-cm high PVC column screened at the bottom to a depth of 15 cm. Distilled, deionized water was then
leached through each material until exactly 1 L of leachate was collected. Subsamples of the first 1 L of
leachate from each sample were then placed in scintillation vials and cold-stored overnight. These
leachate samples were then diluted 10:1 and run through a Lachat colorimetric analyzer (Hach Company,
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Loveland, CO) PO43-, NO3- and NH4+ content. Samples which were found to be outside of the bounds of
the standards were further diluted to 100:1 and analyzed. This procedure simulated the initial flush of
nutrients down from the surface and into the soil solution or carried off as runoff during the first
precipitation event following application.
Table 2. Final biochar and biosolids agglomeration methods for analytical study. Biochar and biosolids
were mixed at a 4:1 (vol : vol) ratio.
Biochar
Biosolids
Agglomeration method
Post mix drying
Wet
--No
Dry
--Yes
-Yes
-No
-Yes
-Yes
Wet
Yes
Drum-mixed
No
Wet
Yes
Drum-mixed
Yes
Wet
Yes
Hand-mixed
No
Wet
Yes
Hand-mixed
Yes
Greenhouse gases were measured after 125 ml of each material was placed in a sealed 250 ml jar and
brought to field capacity with distilled, deionized water. Jars with the samples were heated for one hour in
an incubator at 30°C before being sealed with rubber seals and septa. Following incubation and gas
accumulation in the headspace for a further 24 hours in the incubator at 30°C, a 20-ml air sample was
extracted from each sample jar and transferred to 20-ml vials which had been evacuated three times each
with alternating pure N2 gas and vacuum. These samples were then analyzed for CH4, CO2 and N2O
content with a gas chromatograph (Shimadzu Scientific Instruments, Columbia, MD) operating with a
flame ionization detector, electron capture detector and a methonizer for converting carbon dioxide to
methane. This procedure was used to estimate the initial concentration of greenhouse gas evolution from
these materials once field applied.

3.4 Statistical Analysis
Preliminary observational studies were conducted to determine feasibility of aggregating various
mixtures before submitting the potentially acceptable products to more rigorous testing and analysis.
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Preliminary studies were not statistically analyzed, but judged visually to either pass or fail based on
whether the materials held together during handling. Data from formal tests were analyzed for simple
effects with the Tukey HSD procedure with a 95% confidence interval on mean separation using Minitab
17 (Minitab, Inc., State College, PA) software. Relative loss rates (as dust, leaching and greenhouse gas
emissions) were then used to determine a rank order for the eight experimental options to arrive at
management recommendations.

4. Results and Discussion
4.1 Briquetting Study
Pure pine sawdust biochar could not be made into briquettes by the Komarek machine using any
combination of moisture content, feed rate and roller pressure (Table 3). The output always crumbled as
soon as it was discharged from the rollers. The biochar had no tendency to stick to itself when dry or wet
with force of up to 101 kN applied. We suspect that biochar particles tend to repel each other because
biochar has significant amounts of sp2 hybridized carbon rings with delocalized electron clouds on carbon
sheet surfaces which repel each other and discharge energy as heat when forced into close proximity.
Fahy et al (1996) determined that it would require 80 GPa of pressure to convert rhombohedral graphite
sheets into diamond by forcing the graphene sheets to bond to one another. Although the temperature
change was not measured, briquettes, which crumbled on removal from the briquetter, were observed to
heat up significantly during pressing. A topic for future study is that if biochar tends to resist briquetting
that it will also be expected to resist compaction and cementation in soil under high traffic conditions
when it makes up a significant proportion of the soil matrix.
Class A municipal biosolids (72% moisture) formed strong briquettes when pressed in the Komarek
machine and then air-dried. The most successful run with a biosolid-biochar combination used a
volumetric mixture of 50% biochar at 5% moisture by weight and 50% biosolids at 72% moisture by
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weight. However, these briquettes tended to stick to the rollers and had to be manually scraped off the
machine as it was running. Increasing the ratio of biochar to biosolids resulted in weaker briquettes that
tended to crumble. We also observed that hand mixing the biochar-biosolids combinations formed a
granular, compost-like substance. In this case, the dry biochar particles coated the larger wet biosolids
particles, resulting in both greatly reduced dust from the biochar and subjectively reduced offensive odors
from the biosolids. It was thought that it may be possible to mix these substances into a granular material
in a cement mixer type device, which functions as a drum pelletizer, and to avoid the step of using the
pressing machine with all of its logistical problems and limitations.
We also tested cornstarch and crushed limestone as potential binders for the biochar briquetteing
process. Cornstarch did not work well without pre-heating and the amount of cornstarch required in
proportion (29% by volume) to biochar to from even a delicate briquette seemed economically unviable.
Pure crushed limestone (5% moisture) formed very sturdy briquettes, but adding only low rates of biochar
was feasible for successful pellets. Crushed limestone with only 5% biochar by weight and a total
moisture content of 5% formed briquettes that had a delicate cleavage line where the two halves of the
mold met. It may be possible to add biochar to existing limestone pelletizing processes at such a rate and
still have durable pellets, but this method would only be useful for adding significant amounts of biochar
to soils where large applications of limestone are also desired.
The consistency of the briquettes as they came off of the machine and the preliminary nature of this
part of the study did not warrant further measurement and analysis beyond direct visual observation. The
conclusions of this series of preliminary experiments were clear (Table 3). Biochar can be formed into a
granular, dustless, nearly odorless substance when simply hand-mixed with municipal biosolids. We
decided to attempt to develop a mechanized methodology of mixing with a common cement-mixer type
device or with mechanical tillage. Incidental observations for future study were that biochar clearly resists
compaction and cementation and would therefore be expected to do so if applied at high rates
(approaching 50% by volume) in high-traffic areas such as urban street or parking lot plantings or paths in
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orchards, fields or gardens. Also, biochar can be successfully incorporated into limestone pelletization at
up to 5% by weight for use on acid soils which need amending for reclamation purposes or sustaining
agricultural yields.

4.2 Drum-rolled Granules Study
Dry biochar had the highest windborne losses (Table 4). Wetting the biochar in order to nucleate
granules and drying out these aggregates before testing also resulted in a high proportion of losses to
wind. As might be expected, windborne losses were lowest for wet amendments (both biochar and
biosolids).
Fresh, wet biosolids released the largest amount of PO43- and NH4- through leaching. PO43- losses were
comparable to those observed in other experiments involving leaching of P from biosolids-amended soils
(Alleoni et al 2008). PO43- losses from dried biosolids were about 6-fold less than from fresh material.
Presumably, however, the losses of these ions from dried materials would increase as they are wetted and
weather in the field. No significant differences were observed in NO3- leaching between the various
treatments. Knowles et al. (2011) found that applying 100 Mg Ha-1 of biochar along with biosolids
significantly reduced NO3- leaching. Wet drum mixes, hand mixes and biosolids produced more NH4leachate than their dried counterparts, while dried and wet biochar produced nearly none. Both methods
of biochar mixing reduced NH4- leaching compared to wet biosolids and drum mixing resulted in less
NH4- leaching than hand mixing for the wet combinations.
Dried biosolids released the largest amount of CO2. Dried granules made through both the drum
method and hand-mixing method had high wind losses and high CO2 losses. Fresh, wet granules made
through drum mixing and hand mixing had moderate and NH4- leaching. Generally, levels of CO2
evolution, indicative of microbial respiration, were consistent with other data on actively decomposing
biosolids (Wu et al 2000). Treatments with biosolids which had first been dried before being re-wetted for
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Table 3. Results of preliminary studies on different combinations of materials to create stable briquettes
with the Komarek press. Results were determined by visual observation and handling of the briquettes.
Constituents by Volume

Stable Briquette?

Comments

1 x biochar + 1 x biosolids
1 x biochar + 1 x biosolids air-dried
1 x biochar + 1 x biosolids + 0.05 g
cm-3 water
2 x biochar + 1 x biosolids

Yes
Yes
No

Let air-dry overnight before handling
Made good briquettes, did not stick
Stuck to rollers, split in half, too wet

No

2 x biochar + 1 x biosolids + 1 x
sawdust
Biochar at 5% moisture (normal)
Biochar at 8% moisture
Biochar at 16% moisture
Biochar at 22% moisture
Biochar at 27% moisture
Biochar at 32% moisture

No

Biosolids at 72% moisture (normal)
5 x Biochar + 1 x Cornstarch + 0.17
g cm-3 water
5 x Biochar + 2 x Cornstarch + 0.17
g cm-3 water
20 x Biochar + 5 x Cornstarch +
0.17 g cm-3 water
Constituents by weight
2.27 kg biochar + 2.27 kg crushed
limestone + 4 l water
1.816 kg biochar + 3.632 kg
crushed limestone + 3.2 l water
Crushed limestone at 5% moisture
9 x crushed limestone + 1 x biochar
at 5% moisture
19 x crushed limestone + 1 x
biochar at 5% moisture

Yes
No
Yes

Too spongy, falls apart / crumbles
immediately
Too spongy, falls apart / crumbles
immediately
Falls apart / crumbles immediately
Falls apart / crumbles immediately
Falls apart / crumbles immediately
Falls apart / crumbles immediately
Falls apart / crumbles immediately
Oozes water and falls apart / crumbles
immediately
Tended to stick to rollers some
Oozes water and falls apart / crumbles
immediately
Tended to stick to rollers

No

Falls apart / crumbling

No
No

Oozes water and falls apart / crumbles
immediately
Briquettes split in half easily

Yes
No

Perfect briquettes, do not stick
Briquettes split in half easily, do not stick

Yes

Sometimes splits in half, do not stick

Best Machine Parameters
Roll Gap
Roll Speed
Feed Speed
Roll Force
Roll Torque
Screw Torque

No
No
No
No
No
No

0.90 mm
210 RPM
182 RPM
101 KN
32 NM
16 NM
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incubation showed higher levels of CO2 evolution than treatments which had been used fresh, while still
wet. Drying in the open may have either inoculated or primed the dried treatments for more microbial
activity prior to incubation. There were no significant differences in N2O or CH4 evolution between the
various treatments. Only wet biochar had the lowest levels of losses from volatilization or leaching across
all of the tests. Drying the treatments containing biosolids significantly reduced NH4- leaching,
presumably due to losses of NH3 during the drying process (Smith and Durham 2002).
The standard errors of the means in this study were high and prevented some treatments from being
statistically separated at the p = 0.05 level for some parameters. Er et al. (2005) also showed high
standard deviations of biosolids materials when studying N mineralization factors in soils, indicating that
these materials can have a high level of heterogeneity requiring a higher degree of replication in order to
statistically separate some treatment results.
Clearly the most effective method of applying biochar with minimal dust pollution, while not
introducing leachate of NH4- or CO2 as a greenhouse gas, out of the options tested here is to wet the
material to approximately 100% gravimetric water content (equal weights biochar and water) and to
spread it on the target area. If this is done immediately prior to, or in tandem with, disking, plowing or
tillage, then wind and surface-waterborne losses following application could be minimized.
If biochar is added to municipal biosolids or a similar material, it clearly would be beneficial to do so
immediately prior to soil application while the mixture is still wet. This would reduce wind losses and
CO2 release. This technique would release more NH4- on the site than dried pellets, but adding biochar to
biosolids would result in less NH4- and PO43- release than fresh biosolids alone. The drum-pelletized
mixture would release less NH4- than the hand-tilled mixture, but otherwise there are no significant
differences between these procedures. Applicators may choose a pelletization and mixing methodology
based on logistics and the availability of equipment and expect similar results.
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Table 4. Results of tests on potential pollution in the form of wind losses, groundwater leaching and
greenhouse gas volatilization for eight biochar and biosolid treatment combinations with mean
separation by the Tukey HSD test (α = 0.05) with different letters in columns indicating significant
differences within columns (n = 3). Standard errors of means are in parentheses.
Treatment

Dry Drum Granu.

Dry Hand Granu.

Dry Biochar

Dry Biosolids

Wet Drum Granu.

Wet Hand Granu.

Wet Biochar

Wet Biosolids

Loss

H2 O

PO43-

NO3-

NH4+

CH4

CO2

N2 O

g g-1

g g-1

mg l-1

mg l-1

mg l-1

mg l-1

mg l-1

mg l-1

0.07 bc

0.17 cd

0.64 b

5.00

165.59 c

5.83

115,519 ab

1093

(0.01)

(0.03)

(0.23)

(4.70)

(45.7)

(3.59)

(12.962)

(1090)

0.12 b

0.20 c

0.64 b

45.57

171.11 d

40.03

101,896 abc

2098

(0.02)

(0.07)

(0.15)

(22.60)

(29.1)

(38.1)

(18,667)

(1,458)

0.55 a

0.07 d

4.09 b

0.55

0.49 c

1.97

18,913 d

11

(0.02)

(0.00)

(0.06)

(0.03)

(0.15)

(0.12)

(4,624)

(4.61)

0.01 cd

0.12 cd

1.61 b

70.84

255.50 cd

2.2

124,638 a

3027

(0.00)

(0.00)

(0.61)

(30.60)

(36.2)

(0.35)

(13,559)

(1,515)

0.01 d

0.64 a

5.04 b

1.22

358.44 c

182.53

56,708 cd
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(0.00)

(0.00)

(1.85)

(0.87)

(13.4)

(90.5)

(1,048)

(72.1)

0.01 d

0.65 a

4.33 b

24.03

561.69 b

50.27

55,494 cd

3

(0.00)

(0.00)

(1.64)

(22.7)

(43.6)

(47.6)

(4,032)

(1.02)

0.03 cd

0.35 b

2.95 b

0.59

2.06 c

1.97

10,986 d

2

(0.00)

(0.00)

(0.31)

(0.04)

(0.71)

(0.03)

(474)

(0.25)

0.02 cd

0.72 a

10.45 a

0.51

769.72 a

2.6

71,107 bc

1

(0.00)

(0.00)

(1.55)

(0.05)

(39.7)

(0.45)

(10,979)

(0.19)

Biochar and biosolids have separately been found to be more effective, when topdressed at a rate of 25
Mg ha-1 yr-1, at promoting soil microbial activity and young tree growth than compost, aerated compost
tea, wood chip mulch and synthetic fertilizer (Sharenbroch et al 2014). It is anticipated that those results
would be matched or exceeded by mixing the two materials and then incorporating them into the soil.
Biochar has also been found to decrease concentrations of organic contaminants (Chen and Yuan 2011,
Gomez-Eyles et al 2011) and some potentially toxic elements (Beesley et al 2010) which may be found in
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biosolids, especially when biochar is applied in soils populated by earthworms which tend to mobilize
contaminants (Gomez-Eyles et al 2011). It also works well at reducing organic and inorganic
contaminants, especially Cd, Zn and heavy polycyclic aromatic hydrocarbons, when combined with
greenwaste compost (Beesley et al 2010). Wetting biochar before application will also mitigate other
potential negative impacts, such as earthworm avoidance (Li et al 2011). These results support the
historical practice of combining human excrement with biochar in Asia prior to applications to fields
(Ogawa and Okimori 2010).
Biochar does not easily form compressed pellets due to its extreme resistance to compaction and
cementation. Other researchers have noted the difficulty in forming pellets from dry-torrefied biochars,
but have had success pelletizing biochar through the use of hydrothermal carbonization (HTC) (Reza et al
2011) or in using HTC biochar as a binder for dry-torrefied biochar (Reza et al 2014). However, when
wetted to 100% gravimetric moisture and added to wet biosolids at a volume ratio of one part biochar to
four parts biosolids and then either rolled in a drum mixer or hand-tilled together, the mixture nucleates
into small granular pellets. The biochar coats the biosolid particles, simultaneously reducing the dustiness
of the biochar, nutrient leaching and air pollution from the biosolids. It is best if these pellets are applied
while still wet. Pure biochar can also be applied to soil at 100% gravimetric moisture with little dust loss
at the time of application.

5. Conclusions
Biochar can be successfully applied with minimal dust losses merely by wetting it to 100%
gravimetric water content. It can also mitigate nutrient leachate from biosolids when it is used to coat
them in the process of granulation with either drum-rolling or hand-mixing techniques. Applying these
granules fresh, as opposed to after drying, reduced the concentration of evolved greenhouse gasses.
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Applying the granules dry reduced the concentration of nutrients in leachate compared to wet
applications.
.
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Chapter 4. Increasing yields of biochar in-situ during low-intensity controlled burning in Southern yellow
pine plantations

1. Abstract
The high material cost of commercially-made biochar is a barrier for extensive land applications. This
study was conducted to determine the amount of biochar which can be produced in-situ, under different
conditions of weather and fuel moisture, using low-intensity controlled landscape burns which blacken
contiguous surface litter. Ten controlled burns were conducted in a 20-year-old loblolly pine (Pinus
taeda) plantation near Scottsville, Virginia. Ambient temperature, relative humidity, wind speed, ambient
oxygen, duff moisture and litter moisture were measured as potential contributing factors and biochar was
collected directly off of the soil surface and weighed after each burn. Biochar from controlled burns on
the site and commercial compost were also combined with the native soil series (Tatum silt loam) in
columns at rates of 2% and 50% by volume to test potential effects on soil properties after both small and
large accumulations of the material. Overall biochar yields of 0.0 - 3.0 Mg Ha-1 were achieved. Yields
were improved when relative humidity was between 33% and 59% with litter moistures between 23% and
46% (1.5 Mg Ha-1 – 3.0 Mg Ha-1) compared to yields when these ranges were exceeded (0.0 Mg Ha-1 –
0.7 Mg Ha-1). Ambient temperature was also found to be a significant factor and was combined with
relative humidity in a prediction model for biochar yields using standard field equipment. Ambient O2
content averaged 17.8% in the biochar formation zone behind backing fires and 20.5% in the biochar
formation zone behind heading fires, but this reduction was not enough to cause a significant
corresponding decrease in yield. Wind speed and duff moisture were not found to be significant factors
affecting yields. The 50% by volume rates of both compost and biochar increased soil pH from 4.8 to 5.6
compared to the control soil. The 50% by volume rate of biochar increased soil carbon from 13 g kg-1 to
65 g kg-1 compared to the control soil. Biochar yields are significantly influenced by weather and fuel
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conditions at the time of burning. If biochar accumulates with each successive burn, it will have
significant effects on soil properties over time.

2. Introduction
2.1 Forest fires and biochar
The forest management practice of near total fire suppression prevailed for most of the twentieth
century with the intent of preserving valuable timber and human settlements (Fowler and Konopik 2007).
However, recent decades have brought the recognition that catastrophic wildfires are inevitable in the
absence of regular, low-intensity fires. Fire is an essential component of many North American
ecosystems (Scott and Glasspool 2006, Pausas and Keeley 2009). This has led to the increased tolerance
of periodic wildfires when they fall within prescription conditions in wilderness areas and the mandating
of deliberate controlled burns to achieve a wide variety of objectives, including wildfire risk reduction,
silvicultural practices that support fire-dependent tree species, and habitat improvement for both wildlife
and livestock (Stephens and Ruth 2005).
Soil management is another important goal of prescription fire usage. Fire accelerates nutrient cycling,
reduces litter loading and increases soil pH. Fire intensity, which is the amount of energy a fire releases
per unit of time, determines the quantity of litter, duff and soil organic matter consumed (Certini 2005),
and the extent to which these fuels are consumed is termed fire severity. One convention used by
controlled burn managers is that land should be blackened contiguously by charred litter following a good
burn, but that duff and soil organic matter should be relatively untouched. If the landscape appears gray
and white, then fire severity was too high and it has damaged the O-horizon, leaving mostly ash behind. If
the landscape appears orange, then fire severity has been excessively high, causing much of the ash to be
convected away from the site and organic matter to be burned out of the A-horizon (Keeley 2007).
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The discovery of Terra preta (dark earth) soils in the Amazon basin with high quantities of charcoal
used by ancient natives to correct many of the deficiencies of their tropical rainforest soils for agriculture
has led to much interest and research on the potential use of biochar as a way to sequester large quantities
of atmospheric carbon while simultaneously improving soil productivity (Glaser et al 2001). Though
charcoal formation during pyrolysis is so thermodynamically favorable that a wide spectrum of primitive
to modern methods will give good yields, charcoal remains an expensive commodity due to its high
energy value and plentiful competing uses (Antal and Gronli 2003). Using it as biochar for agricultural or
conservation purposes at concentrations high enough to replicate Terra preta is an expensive proposition.
Producing biochar in-situ would eliminate the costs of transporting and processing the material with
modern machinery, making extensive landscape application feasible.
Biochar, which is charcoal made from any biological materials and used as a soil amendment, is
known to provide a wide range of benefits to soils (Solaiman and Anawar 2015), but long-term studies on
a wide variety of issues surrounding both the fundamental science and the practical applications of
biochar are needed to realize its full potential (Lone et al 2015). Biochar is similar to charcoal materials
found in the natural landscape as a result of landscape fires, which are also called pyrogenic C. Pyrogenic
C was found to make up 4-18% (9% average) of total soil organic C in prairie soils, which were burned
regularly, with more pyrogenic and total soil C observed where moisture and biomass were greater,
providing more fuel to burn, and where temperatures were cooler, slowing the rate of overall soil organic
C decomposition (Glaser and Amelung 2003). Furthermore, in studying Terra preta soils of the Amazon
basin, it was found that 25 forest fires would be sufficient to accumulate the 50,000 kg ha-1 of biochar in
the soil to account for the black C found on Terra preta sites (Glaser and Birk 2012).
While conducting low-intensity controlled burns in a loblolly pine (Pinus taeda) plantation, the
authors observed that low-intensity controlled burns in accumulated pine litter generated a substantial
layer of contiguous charred litter on the ground. Some of this litter was collected for laboratory analysis.
This in-situ biochar had a bulk density of 0.13 g cm-3 and the same essential properties as other biochars
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made from woody or herbaceous feedstocks. At that bulk density, 1 Mg of charred pine litter spread over
1 ha would be approximately 0.4 mm thick. It was estimated that the charred layer was thicker than that,
on average, after typical controlled burns. Based on preliminary sampling after a controlled burn, 1.1 Mg
ha-1 of pine litter biochar had been generated on that site. We then conceived an experiment to determine
how much biochar could be generated in-situ in this ecosystem type under a variety of weather conditions
and to develop a prediction model and set of best management practices for achieving a high biochar
yield from controlled landscape burning. If high biochar yields could be obtained during relatively
inexpensive controlled burns, which also provide an array of other benefits, and retained in the soil longterm, then this could prove to be an economically feasible methodology for accumulating high levels of
biochar in soils and thus replicating Terra preta soils in some North American ecosystems.

2.2 Research Objectives
In-situ production of biochar through controlled landscape burning would likely be more economical
than purchasing commercially-available biochar and spreading it on sites if the biochar loads on burn sites
are high enough and if the biochar accumulates from one burn to the next. Little is known about biochar
loads following burns. This study had the objective of determining the range of potential biochar loads
following burning across a range of environmental and fuel conditions.
Low-intensity controlled burns are well known to produce landscapes covered in litter blackened by
charring due to incomplete combustion of surface layers. Although efforts have been made to measure the
charcoal content of soils under plots, which have undergone controlled burn management, direct
collection and measurement of charred material immediately following fires has not been commonly
performed. Furthermore, little is known about how burning conditions affect the relative amounts of
unconsumed litter versus charcoal versus ash produced during burns. If biochar can be efficiently
produced in-situ through controlled burning under conditions that favor charcoal formation, then this can
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be a practical way to accumulate large amounts of biochar in the soil at the landscape scale over time. The
objectives of this study were to:
1) approximate the maximum amounts of biochar ha-1 which can be produced from pine needle litter
in a controlled burn of an undisturbed, mid-rotation pine plantation.
2) determine which variables are relevant to the amount of biochar produced, what range of each
relevant variable is sufficient to produce a high biochar yield and what multiple linear regression
models best fit the variables relevant to biochar yield.
3) determine the effects of large proportions of biochar derived from pine litter through controlled
burning, in comparison with commercial compost, on native soil from the site through soil
column studies and pH titration analysis.

3. Methods and Materials
3.1 Controlled burn study
A series of ten controlled surface fires were conducted on adjacent 10 m x 10 m plots during 2012,
2013 and 2014. These were conducted in an undisturbed loblolly pine plantation, which was planted in
1994. Previous to planting, the site had been a mixed hardwood forest, which had been clear-cut in 1992.
The site was treated with an aerial application of herbicides to control broadleaf competing vegetation and
was burned to reduce slash and litter cover prior to planting. Trees were planted 3 m apart in rows 3.7 m
apart. At the time of the experiments, there was minimal understory vegetation in the research site,
consisting mainly of scattered tulip poplar (Liriodendron tulipifera) and red maple (Acer rubra) saplings
of 1 cm to 5 cm diameter. The site is at coordinates 37.855358, -78.422247 in Fluvanna County, Virginia,
has an annual mean July high temperature of 30°C, an annual mean January low temperature of 8°C and
mean annual precipitation of 1,034 mm (Weatherbase 2013). Conditions most closely match wildland fire
Fuel Model Type 8: Closed Timber Litter (Anderson 1982).
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The authors were experienced with prescribed burning and fighting wildfires. They used an intuitive
process for determining on which days burns would be performed. Rainfall events were noted and the site
was visited each day after rainfall to inspect it for burning potential based on the perceived moisture
content of the duff and litter. An effort was made to burn across a range of temperature, fuel moisture and
relative humidity conditions when the fires were likely to carry themselves across the research plots but
not either escape or create hazardous smoke conditions off-site. Generally, three days of dry weather,
minimum, were required following a significant rain event for the litter to dry to the point where it would
carry fire. Immediately prior to each burn, 0.5-m wide fire breaks were created along the boundaries of
each plot by raking away the litter and duff layers to expose bare mineral soil. To determine pre-burn fuel
moisture, samples (522 cm2) of litter and duff were collected by removal with a hand-held sod cutter,
weighed to the nearest 0.1 g, and stored in sample bags. From these, in aggregate, an overall estimate of
the litter (un-decomposed fallen leaves) and duff (partially decomposed fallen leaves not yet incorporated
into mineral soil) loading on the site were determined. Air temperature, relative humidity and wind speed
at a height of 2 m were then measured with a Skymaster handheld weather station and the start time for
the fire noted.
Using a drip torch with a fuel mixture of 1:1 kerosene to diesel, either the uphill or downhill (5%
slope) side of the plot was lit all at once along the fire break and the fire was allowed to burn to the other
side of the plot. The overall range of consistent flame heights was estimated, recorded and then averaged
for the plot. Whether the overall progress of the fire was heading (progressing with the wind and uphill)
or backing (progressing against the wind or downhill) was determined and recorded. An MSA Altair O2
Pro O2 sensor contained in an open Pyrex jar reinforced with layers of aluminum foil heat shielding was
used to determine the oxygen content of the air in the biochar formation zone behind the flaming front.
Readings were collected at the middle of each burn plot at a point in time and space when it was
exhibiting average burn behavior for the plot. Time was noted the moment any part of the flaming front
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first reached the firebreak on the far side from the starting side in order to determine the speed of the
fire’s progress in m hr-1.
As soon as the entire area inside the fire break was burned out, four circular subsamples (410 cm2
each) of biochar were collected directly off of the surface at random points spaced across the middle of
each plot. This was done by taking a sample every 2 m in a straight line across the middle of the burn
plot. All of the charred material was removed from the surface of the ground, including pine needles,
sticks, pine cones and any other charred debris. The biochar sub-samples were then aggregated in to one
sample for each treatment plot. These aggregated samples were each laid on a white tray and sorted by
hand to remove un-charred pieces from the biochar samples for weighing. These and the duff and litter
samples were dried in a convection oven at 105°C until they ceased losing water weight and were then
weighed. Moisture content of duff and litter by plot, biochar residue loading by plot and overall duff and
litter loading for the site were then calculated.

3.2 Soil column study on controlled burn biochar effects
A second experiment was also performed to determine what effects might be anticipated if repeated
controlled burns over many years accumulated large amounts of biochar in the soil and how those effects
would compare to those of a commercial compost. Native soil adjacent to the burn sites (Tatum silt loam:
Fine, mixed, semiactive, thermic Typic Hapludults) was collected from the top 30 cm of the soil profile
and homogenized. Soil columns were then assembled using this native soil and both biochar, consisting of
charred pine litter collected following a controlled burn, and a bagged commercial compost product
(GardenPro, Compost and Manure, Harvest Power, Waltham, MA, nutrient analysis: 0.05 - 0.05 - 0.05 for
NPK) made from leaves and cow manure. The treatments were as follows: 1) native soil, 2) native soil
with 2% biochar added by volume, 3) native soil with 2% compost added by volume, 4) native soil with
50% biochar added by volume and 5) native soil with 50% compost added by volume.
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Six replications of each treatment were assembled and this was done in a random order for a
completely randomized design. Each replication was itself homogenized and then a sub-sample was taken
for soil analysis. Sub-samples were submitted to the Virginia Cooperative Extension soil laboratory for
testing of basic soil properties plus soluble salts and organic matter percentage by loss on ignition. Each
replication also had total C and N content analyzed using an Elementar varioMAX CNS macro element
analyzer (Elementar, Hanau, Germany). Each replication was placed in a 10 x 30 cm soil column,
saturated with water and then allowed to drain. When each column stopped dripping water through the
mesh screen at the bottom, it was determined to be at field capacity and weighed. The columns were then
allowed to air dry in a greenhouse until they stopped losing water weight. Differences between the
weights at field capacity and the weights when air dry were determined to estimate plant available water
content and this was used to calculate volumetric water content based on the volume of soil in each soil
column. Biochar treatments were then compared directly to the control treatment, and also to the
corresponding compost treatments to determine how these treatments affect soil properties and if these
effects differ from those resulting from the same level of compost application.
A titration of the native soil with this biochar was also performed to determine its full ability to affect
pH. The biochar was mixed in three repetitions in a completely randomized design at levels of 0% to
100% at 10% intervals by dry-matter mass with the soil in 20g total mixtures and combined with 40 ml
each of deionized water and then measured for solution pH with an electrode probe.

3.3 Statistical Analysis
Data were analyzed to first determine which independent variables were associated with biochar
residue yield, to next determine where approximate thresholds of independent variables lay which were
conducive to higher levels of biochar residue formation and finally to develop a multiple linear regression
prediction model of how much biochar residue could be expected to be formed under given conditions.
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Paired T-tests on the high versus low-yielding burn plots, mean separations (Tukey HSD at the α = 0.05
level) on the biochar, compost and soil columns were performed, correlations were calculated for paired
samples and multiple linear regression modeling was performed using Minitab 17 software (Minitab Inc.,
State College, PA). The pH titration results were then analyzed using SAS JMP software (Cary, NC) for
mean separations by Tukey HSD at the α = 0.05 level and for the best prediction equation.

4. Results
Biochar yields ranged from 0.0 to 3.0 Mg Ha-1 and there were clear ranges of conditions within which
biochar yields were consistently higher (Table 1). Generally, when litter moisture (p = 0.0176, comparing
high versus low-yielding burns) was between 23% and 46% and relative humidity (p = 0.0282, comparing
high versus low-yielding burns) was simultaneously between 33% and 59%, biochar yield significantly (p
= 0.0002) increased from an average of 0.4 Mg Ha-1 to 2.3 Mg Ha-1 compared to when one or both of
these ranges were exceeded.
Wind speed in the stand at 2-m height was measured at 0.0 km hr-1 for all burns. 6-m height wind
speeds from the nearest weather station with data are reported for reference (Weather Underground 2014).
Wind direction could always be determined from the movement of smoke and flame for the purposes of
distinguishing backing and heading behavior, but wind speed was always below detectable limits and not
significant to any aspect of this analysis. Duff moisture (p = 0.2247), oxygen readings (p = 0.3160) and
ignition method (p = 0.8477) had no strong connection to the observed increase in biochar yield within
the ranges stated above when comparing the high and low-yielding burns. Ambient temperature (r = 0.52,
p = 0.0516) was moderately correlated to char yield and nearly showed a significant difference between
the high and low-yield levels. The one high ambient temperature reading which occurred in the lowyielding char group was coincident with both high values for relative humidity and litter moisture,
demonstrating that those two variables were more important to char yield than ambient temperature.
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Ambient temperature was negatively correlated (r = -0.85) with litter moisture, indicating the potential for
multi-collinearity issues between those two variables. Litter moisture and duff moisture were correlated to
each other at an r-value of 0.63. Flame spread rate and flame height were highly correlated (r = 0.90).
Flaming fronts exhibiting backing behavior had significantly (p = 0.0152) lower ambient oxygen in the
biochar formation zone (17.8%) than did fronts with heading behavior (20.5%). Litter moisture and
relative humidity were correlated to each other at only an r-value of 0.13, indicating that multicollinearity was weak between these variables and that both variables could be used in a multiple linear
regression model. Relative humidity and ambient temperature were correlated at an r-value of 0.38, also
indicating weak multi-collinearity.
Multiple linear regression analysis produced this equation whose variables were found to best predict
biochar yield (p = 0.009, r2 adjusted = 0.67) while avoiding multi-collinearity:
B = 3.03 – 2.79 (L) – 1.89 (H)
where B = biochar yield in Mg Ha-1, L = Litter Moisture %, and H = Relative Humidity %, with
percentages entered in decimal form.
Because of the difficulty of readily measuring litter moisture n the field, an alternative linear
regression model was calculated using ambient temperature (p = 0.031, r2 adjusted = 0.52):
B = 2.23 + 0.08 (T) – 0.05 (H)
where B = biochar yield in Mg Ha-1, T = temperature in °C and H = Relative Humidity %, with the
percentage entered in decimal form.
Overall pre-burn litter loading was 8.0 Mg Ha-1 and duff loading was 11.4 Mg Ha-1 on average. All of
the burns were conducted in a homogenous, contiguous area of forest where litter and duff loading were
consistent and could therefore be considered controlled variables. Litter-to-char conversion rates ranged
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Table 1. Data for ten controlled burns testing variables potentially related to biochar yield. Litter-tochar conversion is on a mass basis, litter and duff moisture are on a dry matter mass basis, spread
refers to the speed of movement of the flaming front and height refers to the average flame height of
the flaming front. The dashed line separates the plots determined to have a “high” versus a “low”
yield in this experiment. “None” under ignition method indicates that the experimental site failed to
ignite, therefore making heading versus backing behavior irrelevant. Local 6-m height wind data
were taken from Weather Underground (2014), but were 0.0 m s-1 as measured on the site during
burns.

Burn

Date

8
6
5
9
10
7
1
2
4
3

10/6/13
3/30/13
3/30/13
6/18/14
9/6/14
9/8/13
1/5/13
1/5/13
1/11/13
1/11/13

Litter

Time

Ignition

Wind

Method

ms

-1

Head
Head
Back
Back
Back
Head
Back
Head
None
None

5.4
1.3
0.4
2.2
2.7
2.2
1.8
2.2
0.9
0.9

1542
1830
1812
1710
1550
1520
1045
1300
1338
1337

Duff

Oxygen

Humidity

Char Yield

% Ambient

Mg ha

20.8
20.1
18.6
18.1
16.5
20.8
17.9
20.2
20.8
20.8

3.0
2.6
2.3
2.1
1.5
0.7
0.7
0.5
0.0
0.0

-1

38.0
32.9
28.3
25.8
19.2
8.5
8.4
6.2
0.0
0.0

Spread
-1

% Moisture

% Moisture

% Ambient

°C Ambient

m Hr

8
6
5
9
10
7
1
2
4
3

32
46
41
23
27
45
79
87
102
104

43
155
136
48
39
147
95
130
146
157

59
33
33
57
56
66
35
36
69
69

27.7
15.9
15.7
34.1
33.2
27.7
7.4
8.0
11.0
11.0

23
10
10
18
12
5
9
20
0
0
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% Conversion

Temperature

Burn

Litter to Char

Height
cm Ave
38
23
23
23
10
10
23
38
0
0

from 19.2% to 38.0% when within the ranges of relative humidity and litter moisture stated above and
from 0.0% to 8.5% when outside of these ranges.
The tested combinations of the native soil from the burn site with different levels of both pine-litter
biochar collected after a controlled burn and commercial compost produced significant changes in soil
properties (Table 2). Biochar at 50% substantially increased soil pH, similarly to 50% compost. Biochar
at 2% and 50% proportionally increased base saturation, available Ca and soluble salts, but neither did so
by as much as the corresponding levels of compost application. Compost at 50% decreased water-holding
capacity compared to the pure soil. Biochar at 50% increased cation exchange capacity slightly, but not
by as much as compost. Biochar at 50% greatly increased available Mn, organic matter, total C and total
Nitrogen, even more so than did compost at the same level. Biochar at 2% and 50% increased available
Cu, K and P, with 50% biochar increasing P by more than compost and K by less than compost. Biochar
at 50% increased available Mg, but by less than the same level of compost. Biochar at 2% and 50%
increased available Zn and did so by more than the corresponding levels of compost. Biochar at 50%
decreased available Fe, whereas compost increased available Fe. Biochar at 50% increased available B to
the same extent as the same level of compost application.
Titrating the native soil and controlled burn pine litter biochar from 0% to 100% produced significant
differences in pH, driving it from 5.085 to 7.475, with the pH being 5.859 at 10% biochar by volume and
6.886 at 50% biochar by volume (Table 3). This gave a third degree polynomial prediction equation of:
pH = 6.463 + 0.0114415 (C) – 0.0002844 (C – 50)2 + 0.0000049689 (C – 50)3
Where C = percent char by mass in the native soil. This prediction equation had an r2 value of 0.9790 and
a p-value of <0.0001.

5. Discussion
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These data indicate that burning when relative humidity is between 33% and 59% is beneficial for
increasing char yields, but that is contingent on the larger driver, litter moisture, being between 23% and
46%. Relative humidity is easily and inexpensively measured in the field with either electronic or dry
bulb / wet bulb portable instruments.

Table 2. Results of soil property analysis of pine litter biochar and Tatum silt loam combinations.
Averages followed by different lower-case letters horizontally are significantly different at the α = 0.05
level according to the Tukey HSD procedure. Volumetric water-holding capactity (VWHC), cation
exchange capacity (CEC), base saturation (BS), soluble salts (SS), organic matter (OM), pH and elements
are shown.
Parameter
pH
VWHC g kg-1
CEC cmolc+ kg-1
BS g g-1
SS mg kg-1
OM g kg-1
C g kg-1
N g kg-1
P mg kg-1
K mg kg-1
Ca mg kg-1
Mg mg kg-1
Zn mg kg-1
Mn mg kg-1
Cu mg kg-1
Fe mg kg-1
B mg kg-1

Control

2% Biochar

2% Compost

50% Biochar

50% Compost

4.8 b
243 a

4.8 b
234 ab

4.8 b
241 a

5.6 a
218 ab

5.6 a
204 b

8.3 c
0.209 d
51 c
37 c
13 c
0.8 c
2c
47 c
233 c
55 c
0.6 c
13.4 c
0.4 b
49.0 bc
0.1 b

8.4 c
0.234 cd
62 c
40 c
14 c
0.8 c
3c
51 c
273 c
58 c
1.6 c
14.0 c
0.5 b
44.1 cd
0.1 b

8.4 c
0.267 c
66 c
39 c
15 c
0.8 c
4c
52 c
325 c
61 c
0.9 c
15.3 c
0.6 b
58.8 b
0.1 b

9.7 b
0.655 b
181 b
131 a
65 a
2.0 a
28 a
118 b
1070 b
86 b
24.7 a
56.3 a
2.7 a
32.2 d
0.6 a

14.8 a
0.801 a
273 a
66 b
37 b
1.3 b
21 b
130 a
2016 a
178 a
6.9 b
33.4 b
3.0 a
122.6 a
0.6 a

In contrast to relative humidity measures, litter moisture is more difficult to accurately and easily
obtain in the field. Litter moisture is largely a function of the cumulative effects of relative humidity,
temperature and the amount of precipitation in and time elapsed since the most recent precipitation event.
Although experienced practitioners can reasonably estimate litter moisture by feel with “bend and
crackle” tests, accurate measures more typically require either expensive field instruments or drying of
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samples in the laboratory or field with specialty equipment. One simple method could involve placing
toothpick-sized sticks on the research site until their moisture content equalizes with the environment, as
determined with an accurate scale, then comparing their weight to their pre-measured oven-dry weight to
determine their moisture content. This gives an approximation of the fuel moisture for fuels less than 0.64
cm in diameter, or what are known as the “one-hour” fuels. Alternatively, either an expensive electronic
fine fuel moisture meter could be employed, or else a method used to rapidly dry samples in the field to
determine moisture content by mass difference.
The regression equations are only valid with near-zero wind conditions and within the ranges of litter
moisture (23 - 104%), relative humidity (33 - 69%) and ambient temperature (7.4 – 34.1°C) encountered
in this experiment. The best uses of these equations would be to either predict biochar loading following a
controlled burn under specific conditions for the sake of carbon budgeting, or to set a target biochar load
and to choose a day with the conditions that would most likely achieve that load.
Small test fires prior to burning a unit, always recommended for many reasons, can also reveal relative
litter moisture through the ease of ignition and spread, fire intensity and the unconsumed litter versus
biochar versus ash residues remaining after the flaming front has passed. Much is known already about
how humidity, temperature and precipitation cumulatively affect litter moisture (Viney and Hatton 1990,
Wittich 2005) and how litter moisture affects ease of ignition, fire spread and fire intensity.
Environmental conditions which are cooler and moister also tend to encourage the accumulation of
pyrogenic C once it has formed during burning (Glaser and Amelung 2003).
In the field of pyrolysis technology, it is also known that lower processing temperatures and longer
residence times in the reactor favor the increased production of charcoal in proportion to volatile liquids
and gases (Balat et al 2009). This was not the case in this experiment, perhaps because longer residence
times promoted more complete combustion in the open environment with a constant fresh air supply to
contribute to the burning of charcoal.
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Table 3. Effect of pine litter biochar on pH of Tatum
silt loam soil when added in 10% by mass increments
with mean separations by the Tukey HSD test (α =
0.05) with different letters in columns indicating
significant differences within columns (n = 3). The
confidence interval of the of means are in parentheses.
Biochar by Mass

pH

95% CI

0%

5.085 f

(4.965, 5.205)

10%

5.859 e

(5.739, 5.979)

20%

6.339 d

(6.219, 6.459)

30%

6.635 c

(6.515, 6.755)

40%

6.916 c

(6.796, 7.036)

50%

6.886 cb

(6.766, 7.007)

60%

7.196 ba

(7.076, 7.317)

70%

7.203 ba

(7.083, 7.323)

80%

7.237 a

(7.117, 7.357)

90%

7.422 a

(7.302, 7.542)

100%

7.475 a

(7.355, 7.595)

Duff, defined as partially decomposed litter not yet incorporated into mineral soil, showed little sign of
consumption or transformation to biochar in the burn plots and its moisture was not significantly
connected to biochar yield. Kauffman and Martin (1989) found that 135% duff moisture led to only 11%
consumption of litter and duff layers combined whereas 15% duff moisture led to 94% consumption of
litter and duff combined. Further experimentation may discover optimal levels of duff moisture to
transform the highest proportion of litter and duff combined in to biochar.
Using the daily weather records for Charlottesville, VA, for 2013 as an example, there were 104 days
when the relative humidity dropped into, but not below, the recommended range and that did not have
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either any precipitation that day or any significant precipitation in the previous two days that would have
raised litter moisture to a point where it would not burn (Weather Underground 2014). Further reductions
to the tally of 104 potential days in 2013 for burning would result from days with improper winds for
smoke transport and dispersion and from personnel or logistical limitations. Wet duff from recent rain
events can lead to higher levels of litter moisture than would be predicted from relative humidity and
temperature alone (Wotton and Beverly 2007). Nevertheless, a starting point of 104 potential good
burning days in one year for biochar formation gives ample flexibility and individual days to choose from
based on other factors.
The model predicts a maximum biochar yield of 1.8 Mg Ha-1 under the optimal levels of relative
humidity (33%) and fuel moisture (23%). This is an estimate of how much biochar can be potentially
generated under the recommended conditions in loblolly pine plantations with closed canopies and heavy,
contiguous litter. Ecosystems with higher plant and litter biomass have more potential material per unit of
land area that can be converted into pyrogenic carbon. Biomass is generally positively correlated
primarily with mean annual precipitation (Glaser and Amelung 2003). Elapsed time since the previous
fire also contributes to biomass levels.
Once into the duff layer and mineral soil, this biochar may be preserved for the long-term and may
accumulate with each successive burn provided the stands are protected from catastrophic wildfires and
soil conservation practice prevent erosion. Up to 47% of the Piedmont region of the Southeastern United
States lost all of its topsoil to erosion due to poor soil conservation practices in the past (Johnston and
Crossley 2002), and that kind of erosion must be prevented in the future to retain biochar imbedded in the
topsoil. Widespread topsoil erosion is a potential reason we do not see more pyrogenic C built up in
Eastern forest soils (Johnston and Crossley 2002). Topsoil losses from surface erosion during centuries of
intensive agriculture were estimated to be 11 – 18 cm in the region of the Southeastern Piedmont where
these burn studies were conducted (Daniels 1987). Pyrogenic carbon in eroded topsoil would end up in
sediment deposits, and that is indeed where it is found (Middleburg et al 1999).
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If burns are conducted an average of every three years, then a century of burning would accumulate
no more than 60 Mg ha-1 of biochar in the soil; enough to significantly influence its fundamental
properties and carbon storage. Perhaps some of the extensive Terra preta soils were developed this way
in the past, with systematic, careful controlled burning of the landscape. Landscape fire is known to cause
soils to accumulate forms of carbon more resistant to degradation in soil humus (Gonzalez-Villa et al
2004). Excessive burning, however, can deprive the pine forest of the large amounts of nitrogen stored in
slowly decomposing leaf litter, so the optimum balance between biochar production and nitrogen
preservation needs to be determined (Johnston and Crossley 2002). Also, conventional timber
management to achieve maximum sustained yield in loblolly pine would involve harvest events which
would disturb forest soils and the forest floor as well as replanting of seedlings which would preclude the
use of prescribed fire until they large enough to withstand it at approximately ten years of age.
One open research question is how much biochar can build up in the A-horizon before it becomes
flammable under dry conditions? Regular controlled burning should prevent catastrophic wildfires, but it
would only take one accidental, severe fire to burn all of the organic matter, including biochar, out of
surface soil horizons, negating decades or centuries of accumulations. Perhaps this is why we do not see
large accumulations of biochar in Eastern forest ecosystems today despite the fact that Native Americans
practiced widespread, regular, low-intensity controlled burning of the landscape here. It may have been
lost in severe fires between the era of native fire management and today’s modern fire suppression
methods, which have succeeded to excluding fire from most of the Eastern forest landscape. Perhaps the
vegetation and the way it burns in prairie ecosystems influenced how biochar accumulated and remained
in the soils there. It may be that woody surface fuels accumulate to a point that fire severity can be far
more extreme, thus allowing soil carbon to be consumed. In a grass system, the energy released above the
surface may be insufficient to also burn the carbon out of the soil. However, duff and soil moisture have
been determined to be more important factors in determining fire severity and duration than aboveground
woody fuel loading (Hartford and Frandsen 1992). Care must be taken to only burn areas with
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accumulated biochar when they have sufficient duff and soil moisture and to exclude all fire during
periods of drought. Repeated understory burning of longleaf pine sites was found to not change either C
or N in the soil in Florida sandhills (Lavoie et al 2014) and to only significantly affect C and N in the
litter later, not mineral soil to a depth of 0.2 m, following thirty years of annual burning of a loblolly and
longleaf pine forest on the South Carolina Coastal Plain (Binkley et al 1992). It is possible that repeated
burning will not significantly affect either N or C below the litter layer in soil in piedmont loblolly pine
forests either.
Backing behavior could potentially produce more or less biochar than heading behavior due to
differences in residence time and the oxygen content of the air behind the flaming front in a backing
versus a heading fire. Lower oxygen content in this zone was expected to cause burning litter to be
extinguished sooner following charring and before it had burned completely to ash. Although the oxygen
sensor revealed the existence of a strong hypoxic zone behind a backing fire, which is much weaker or
non-existent behind a heading fire, these factors could not be connected to biochar yield in this
experiment. The average oxygen content in the biochar formation zone behind the flaming fronts of the
backing fires was 17.8% (vs. 20.5% for the heading flame). Although 13%-15% atmospheric oxygen is
low enough to prevent combustion (Chaloner 1989, Scott and Glasspool 2006, Belcher and McElwain
2008) and the hypoxic zones in this study may have slowed combustion to a degree, they were not
hypoxic enough to affect final biochar yield in this experiment.
Biochar derived from controlled burning in pine litter had a variety of positive effects on soil
properties in the second experiment. pH, cation exchange capacity, base saturation and all elemental
nutrients, with the exception of Fe availability, were greatly improved with the 50% biochar by volume
rate. Significant improvements in some factors were also observed from the 2% by volume biochar rate as
well. Plant available water decreased somewhat, likely due to the fact that the biochar does not have quite
as much microporosity as the clay in this native soil. The most striking improvement was in total soil C. If
soil C can reach that level, or higher, and remain there, then this technique could sequester much more C
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in the soil over time than is lost from the surface litter consumed in the controlled burns. Forest litter
would otherwise almost all decompose naturally anyway, making this controlled burning practice strongly
C-negative in the long run before improvements in aboveground living biomass are even taken in to
account. The compost treatment, for comparison, showed that this form of biochar generally moves
properties in the same direction as the type of compost used in the experiment, though compost was
shown to provide greater improvements in cation exchange capacity and available base cations and
smaller improvements in available P and some metals as compared to biochar.
This form of biochar raises this type of soil’s pH most efficiently at the lower rates tested, indicating
that the most benefit to soil pH would be achieved early in the accumulation process. It is possible to push
pH up beyond the optimal range for forests of the region (5.5 – 6.0) if it accumulates by much more than
10% by mass, which corresponds to 50% by volume. Zhu et al. (2014) found that applying biochar to
acidic red clay soils similar to the one in this study improved maize growth due to positive effects on
increasing pH and P availability while decreasing exchangeable Al3+ and sometimes improving N use
efficiency. Masud et al. (2014) had similar results growing soybeans with biochar amendments in an
acidic Ultisol, attributing increased yields to higher pH, base cation saturation and availability of P. Yuan
et al. (2011) reported similar beneficial effects on acid soils, especially when using chars derived from
legumes.
The weight of the top 15 cm of soil in a typical hectare is estimated to be an average of 2,000 Mg. 50%
biochar by volume corresponds to 10% biochar by mass using the average bulk density of 0.13 g cm-3 for
biochar and the average bulk density of 1.30 g cm-3 for un-compacted mineral soil. The remaining mineral
soil having a mass of 1,000 Mg, that leaves 111 Mg of biochar taking up the other half of the space in the
top 15 cm of soil. With the previous assumptions about biochar yield for each burn and an average
interval of three years between burns, it would take 183 years minimum to accumulate that amount of
biochar in the soil, with additional time and burns required to make up for decomposition losses. The
lower level of 2% biochar by volume corresponds to 0.2% biochar by mass, giving 1,996 Mg of mineral
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soil and 4 Mg of biochar. That level could be achieved in 5 years of burns using the previous assumptions
about burn yields and timing. By adopting this type of burning as a permanent cultural practice, this soil
type could be dramatically improved over time. As may have happened on the North American prairie
(Glaser and Amelung 2003), this could generate a positive feedback cycle wherein better soil produces
greater biomass, which produces more biochar, which further improves soil and so on. Disturbances to
forest litter and soils due to harvesting activity and interruptions in burn cycles due to planting young
trees, which cannot withstand fire for a number of years, would further limit biochar accumulation rates
and make it take longer to achieve the target values.

6. Conclusions
Generation of biochar in-situ with repeated, low-intensity controlled burns is one of many potential
reasons for a program of regular controlled burning on lands where it is appropriate. The recommended
best management practices (BMP’s) for achieving a good biochar yield are to burn when: relative
humidity is between 33% and 59%, and when litter moisture is between 23% and 46%. Sufficient
undecomposed litter (approximately 8 Mg ha-1 or more) should be accumulated contiguously on the site
to both carry the fire and to serve as a feedstock. Burning can be performed at any point during the year or
any time during the day when weather conditions are suitable. To preserve accumulated biochar in the
soil, care should be taken in the prevention of both soil erosion and catastrophic wildfires. Future
repetitions of these burns may provide sufficient data to strengthen the model and find significant effects
of factors such as ignition method, wind speed and temperature. Experimentation under stronger wind
conditions would be particularly insightful since all wind value were near-zero for this experiment. They
may also allow an understanding of how biochar yields interact with environmental factors in ecosystem
types or stages of ecosystem development other than mid-rotation loblolly pine plantations in the
Southeastern United States. However, to reiterate the old rule of thumb for burn managers, a contiguously
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blackened landscape indicates that an appropriate fire severity has been achieved. Such burns likely
would generate over 1 Mg Ha-1 of biochar residue on the ground, which would cost hundreds of dollars
per hectare to obtain and to apply from industrial char production methods. As this biochar accumulates,
it has potential to positively impact many soil properties and increase land productivity.
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Chapter 5. Conclusion: strategies to achieve the greatest benefits from biochar
This document began with six main hypotheses, which were to be explored through further research
and experimentation. I will review them and their corresponding findings here briefly before considering
how the results of this research might inform future management and experimentation.
Alternative Hypothesis 1 stated that biochar added to mine spoils would improve first-year tree growth.
This hypothesis was accepted through experimentation. The tested levels of biochar application were
found to be effective. Applying biochar at these rates in field studies would be the next step to determine
logistical and economic viability of using biochar to improve soils on reclaimed mined lands.
Alternative Hypothesis 2 stated that pure biochar would support first-year tree survival and growth
when used as a medium. This hypothesis was accepted through experimentation. The trees growing in the
pure biochar medium had the highest, and most consistent, levels of aboveground and belowground
biomass with the least amount of herbaceous competition, and they all survived.
Alternative Hypothesis 3 stated that biochar could be successfully pelletized with municipal biosolids
and that biochar could also be retained on-site during application simply be wetting it down prior to
application. This hypothesis was accepted through experimentation. Stable pellets were best formed by
rolling a defined ratio of fresh biosolids in a mixer with dry biochar. This resulted in biosolids particles
being coated in biochar in granules. This helped to reduce various potential streams of pollution and was
also noted to subjectively reduce the offensive odors from the biosolids. Biochar was also found to be
retined during handling and application simply by wetting it to its field capacity.
Alternative Hypothesis 4 stated that some defined range of a combination of conditions of fuel
moisture, relative humidity, ambient temperature, fuel loading and ignition method would yield higher
amounts of biochar than when one or more of those conditions was not within the defined range. This
hypothesis was accepted through experimentation. Litter moisture and relative humidity were found to be
the determining factors in the amount of biochar formed during a controlled burn and when they were
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both simultaneously within their respective recommended ranges, biochar yield was significantly
improved compared to when one or both of these ranges was exceeded.
Alternative Hypothesis 5 stated that high accumulations of biochar in soil would dramatically change
soil properties for the better, and that these changes would be similar in direction to those affected by
compost, though differing in magnitude from compost in some properties. This hypothesis was accepted
through experimentation. Biochar applied in high rates produced similar effects to compost applied in
high rates, though to a greater or lesser extent for individual properties. The effects of high rates of
biochar effectively turned a marginal soil into a more or less ideal soil across a broad range of properties.
Alternative Hypothesis 6 stated that a hypoxic zone exists behind the flaming front of a backing fire
and that it would be connected to increased levels of biochar formation under varying weather and fuel
conditions as compared to biochar formation from a heading fire. The first part of this hypothesis was
accepted through experimentation. The oxygen sensor measured significantly lower levels of oxygen
behind a backing fore as compared to a heading fire, which showed nearly normal ambient oxygen levels.
The second part of this hypothesis was rejected through experimentation. No significant difference in the
rate of biochar formation was measured between heading and backing fires.
Taken together, these experiments lead to several conclusions with strong implications for practical
management using biochar. Broadcasting biochar on extensively managed sites is likely to result in
significant gains in the performance of trees in soils almost devoid of organic materials. Using biochar in
pots for containerized seedlings or placing it in planting holes for bare-root seedlings is also a good
strategy for helping these trees establish and develop full root systems in a hostile environment. This
should be tried experimentally at the field scale with up to 4 L of wood-based biochar applied to each tree
or 10 Mg ha-1 broadcast across the site.
Biochar and municipal biosolids can be easily combined into granules by rolling fresh biosolids with
fresh biochar in a cement-type mixer. The water content in the biosolids causes the biochar to stick to and
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coat the biosolids particles while eliminating dustiness of the biochar and greatly reducing the odor of the
biosolids. When then applied fresh, before the granules dry, this procedure should also help mitigate the
early evolution of greenhouse gases and nutrient leaching along with eliminating biochar dust.
Furthermore, the biosolids provide the biochar with both the N and labile C which it lacks, making it a
more complete soil amendment. This should be developed on a more industrial scale that fits well with
existing biosolids application infrastructure and systems.
The extreme resistance of biochar to compaction and cementation in the briquetting experiment
indicates that is may be useful to apply it in high concentrations to soils where there are high levels of
traffic which might otherwise cause detrimental increases in bulk density and soil strength. Trails, athletic
fields, parking areas and urban tree-planting holes are potential sites for future trials.
Wetting biochar to its field capacity before it is handled and applied is the simplest means of
controlling dust and reducing losses. If then incorporated into soil by tillage or over-mulching with
another wind-resistant material, the biochar would be successfully and permanently retained.
Conducting controlled burns every three years in loblolly pine plantations when litter loads are high,
when duff is too moist to burn, when wind is gentle, when relative humidity is between 33% and 59% and
when litter moisture is between 23% and 46% all at the same time, increases biochar yields may allow
biochar to accumulate over time with repeated appropriate burning within these best management
practices. There should be many days in the Southeast of North America over the course of three years
that meet this criteria, giving some latitude to meet other logistical considerations. Yields can be expected
to reach up to 1.8 Mg Ha-1 or higher for each burn, with resulting improvements in soil properties being
evident after just three burns in five years and with the soil being totally transformed from marginal to
ideal if this becomes an engrained cultural practice for centuries, as it likely was in the Amazon basin
where Terra pretas were formed. A long-term agro-ecological experiment spanning at least a century is
warranted to test this method.
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Firing method and sequence is not important to the degree of biochar formation as compared to the
other factors mentioned above. This frees burn managers to conduct burns in the way they see best to
account for safety and logistical consideration first. Nevertheless, it would be good to re-test this
hypothesis in larger burns where heading versus backing behavior is more consistent and more strongly
expressed. The discovery of a strongly hypoxic zone behind the flaming front of a backing fire adds to
other concerns for firefighters and prescribed burn personnel who are exposed to other hazards when
breathing that air, such as superheated air, carbon monoxide, small particulates and volatile organic
compounds. It is recommended that firefighters who are often exposed to these gases in the smoke from a
fire wear a body-mounted device to measure ambient O2, CO and perhaps key volatile organics and alarm
them when the levels become hazardous to the point where wearing a self-contained breathing apparatus
or retreating to fresher air is warranted to preserve health and life. These kinds of devices, similar to the
one used in this experiment, are often worn by underground miners and other workers in confined
environments with poor-quality air and can be readily obtained commercially. Field-testing of some of
these devices and creation of best management practices for their use in the wildland fire environment is
recommended.
Biochar has many foreseeable practical applications, though they might not be as simple as casting it
onto the ground dry over vast areas as is done for many conventional soil amendments. It is important to
remember that Terra pretas were formed by peoples who likely had no other options to turn their poor
tropical soils into something that would support permanently sustainable agriculture. They could not mine
limestone and rock phosphate half a world away and transform natural gas and ambient nitrogen gas into
nitrogen fertilizers and use these to amend and fertilize their soils like we can now. They had to invent a
way, through some unknown genius or happenstance, to amplify their organic methods of agriculture to
fit the humid tropical rainforest environment. Formation and application of biochar likely became an
economic necessity and priority to them. Biochar is an emerging soil amendment today, but has much to
demonstrate in terms of its economic and environmental value before it would come into widespread use.
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Nevertheless, this overall research project has discovered some viable paths forward, including one
methodology which could effectively replicate Terra preta formation in the long-term by subtly tweaking
the already common cultural practice of prescribed burning on lands to prevent catastrophic wildfires,
enhance wildlife habitat and control competition for crop trees. Furthermore, the revelation that pure
biochar of a certain type can be a viable soil medium gives us at least one way to sequester unlimited
amounts of carbon and begin to control net greenhouse gas emissions globally, should we decide to do so.
The additional potential of pyrolysis technology to provide for some of our electrical and liquid fuel
demands in tandem with biochar formation as fossil fuel production inevitably goes into decline is also a
cause for hope in solving our energy problems, so I hope those working on that component of biochar
research can continue to do so until that aspect becomes economically viable as well.
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Appendix A. Journal of case studies on primitive biochar manufacturing and pine plantation silvopasture
1. Introduction
I spent a great deal of time and energy during my undergraduate and graduate years practicing the
things I was learning in school and on my own by integrating them into a large-scale, long-term land
project. There is no way to convey all of the lessons learned during this time in a scientific way, so I have
set aside this chapter as a record of my experiences and observations which might provide ideas for future
research and experimentation, by myself or others.

2. Using Silvopasture Components for Building Better Soils
Two anthropogenic soil types that I studied struck me as having a potential special application in a
silvopasture context: Terra preta and Plaggen. Both were developed to build soil fertility in environments
that were resource-constrained by using recalcitrant forms of organic carbon to capture and retain
nutrients. Terra preta uses charcoal in low-fertility tropical Ultisols and Oxisols and Plaggen uses acidic,
high-lignin compounds in sandy coastal lowland soils. Charcoal used for this purpose in the case of the
former is termed biochar.
Biochar has been proven to be a keystone soil amendment which can help to increase crop yields,
increase soil nutrient retention and fertilizer efficiency, reduce atmospheric carbon by sequestering it into
the ground, provide an environmentally appropriate outlet for a wide variety of green wastes and improve
soil physical, chemical and biological properties. Despite having all of these myriad benefits, none of
them will be realized on a meaningful scale unless charcoal can be produced economically and then
dedicated to this express purpose as biochar. Current retail and bulk prices for biochar reflect both the
high cost of capital equipment for producing it in a modern facility and the value of using it as charcoal
for alternative purposes such as a fuel, a metallurgical reducing agent or for filtration. I began a series of
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experiments to develop a biochar production method that was as economical as possible in terms of both
labor and capital investment such that any person could produce a volume significant enough for on-farm
usage or local sales. The in-situ method employing prescribed burning is described elsewhere in this
document. The methods here have the intention of producing large volumes of concentrated biochar
which would later be applied to the landscape.
Early trials involved use of different configurations of steel drums to contain the burning fuel and
manipulate its air supply and exhaust such that the fuel would carbonize and then cease to burn. The most
successful primitive method here was found to be the use of a primary combustion drum, a secondary
combustion drum and a smoke stack to create sufficient draft. The primary combustion drum was simply
a drum with the top cut out and set upright. A fire was started in the bottom and then fuel (dry sticks and
cordwood up to 3 inch diameter) was added up to the top. The secondary combustion drum was cut in half
lengthwise and flared at the bottom to allow it to sit on the primary drum and let fresh air in to mix with
the emissions from the primary drum. The secondary drum had a flared hole cut at the center of the top
and the smoke stack was set centered on this hole. When operating properly, the emissions from the
primary combustion were consumed in the secondary chamber and the hot exhaust from the top of the
stack was clear and odorless. A few hours of work and tending would yield only about 200 liters of
charcoal with this method. Though this might suit the backyard hobbyist, this was deemed to be merely a
good learning experience and far too labor intensive for producing significant yields.
Intermediate trials sought to increase yields by taking advantage of another method of arresting
combustion: water. Brush was laid out in a narrow linear arrangement (a windrow) so that it could be lit
on fire at one end and allowed to burn down the length of the windrow. Once the first end had burned
down to smoldering coals, it was extinguished with water while the active fire continued down the length
of the pile. Coals were continuously extinguished as they formed until the entire windrow was
carbonized. This method was much more efficient in terms of labor, if less so in terms of the yield ratio of
charcoal to fuel. Much of the coal bed was consumed before all of the fuel had reached the point of
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becoming coals with an estimated 90% reduction in volume. This method also used a lot of water, but it
was possible to create a cubic meter of charcoal in the same amount of labor time as required to produce
200 liters in the barrel method due to the fact that the brush did not have to be cut to length and repeatedly
added to the combustion chamber. An advantage of this method is that it can be accomplished in any
amount of time available since production is continuous rather than in a batch.
The final method I arrived at was a modified version of the old charcoal mounds used to produce
charcoal for the early iron and steel industries. Brush and woody debris was piled into a tight, conical
mound about six feet high and eight feet across and then set on fire. Once the entire pile was engulfed in
flames, it was allowed to burn to the point where coals were beginning to form in the interior. Green
(unseasoned) wood chips from a variety of hard and soft woods (obtained from local arborists) were then
slowly added to the burning pile over the course of several hours to form as large of a hemispheric mass
as possible. Our trials maxed-out at applying 24 m3 cubic meters of wood chips. These were allowed to
smolder for 24 hours until flames began to engulf the exterior of the pile in a way that could no longer be
controlled by simply raking chips over spots that were beginning to burn. Two cubic meters of earth were
then slowly spread over the pile into a layer just thick enough to prevent active burning with flames.
The burning pile was then closely monitored for three days and earth was raked over any spots which
began to have actively burning flame. The smoke produced by the pile gradually diminished as the wood
chips completed carbonization, and after four days of burning the pile was raked out flat and any
residually burning spots were quickly extinguished with water and the charcoal allowed to cool. Eight
cubic meters, approximately one metric ton, of charcoal were obtained using this method. Two hundred
gallons of water were needed to completely extinguish the pile, but it was likely that by letting it cool
under the earth covering for another day or two that this amount would not have been necessary. A halfday of labor was required to get the pile going, an hour to apply the earth covering and a half day to
periodically rake over burning spots and to rake out and extinguish the pile. Though the pile had to be
monitored nearly constantly for the four days, this did not preclude performing other work nearby
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simultaneously. With a wood chip volume loss of only about 66% and a full day of labor to produce the
ton of biochar, this was determined to be the best method of production by far. It could be performed with
hand tools only or with a tractor-mounted bucket to speed handling of earth and wood chips, thus further
reducing labor requirements. This method does require precise timing of key events: when to add chips
and how fast, when to add earth and when to rake out the pile, and learning that proper timing would
come from experience. The other main drawback is that this method creates vast amounts of thick smoke,
as if it were a slow-motion forest fire. This primitive mound method was found to be very similar to
traditional methods of charring rice husks in historical Japan (Ogawa and Okimori 2010).
Once biochar is produced in substantial quantities, it can go through a variety of pre-treatments or be
applied directly to the target soil. I prefer to use it for garden and orchard soil as an intensive treatment to
improve the growth and health of high-value plants. Potential pre-treatments include open-air seasoning
for a year or more, soaking in urine or compost tea, mixing with compost or manure, inoculation with
fungi and bacteria or the addition of fertilizer. My preferred method is to let the biochar sit in the open air
exposed to wet-dry and freeze-thaw cycles for several months to a year and to then apply it to the top of
the target soil in a layer up to eight centimeters deep. I then spread a thin layer of wood ash over the
biochar, then a layer of composted wood chips, straw and sheep manure up to eight centimeters deep on
the very top. These materials are then tilled into the soil to a depth of fifteen to thirty centimeters. I will
repeat this process until the soil stabilizes with a mollic epipedon and the characteristics of Terra preta.
Abundant forest litter and chipped debris from silvopasture can be used to replicate Plaggen soil by
repeatedly bedding livestock with it to absorb urine and manure and then allowing the old bedding to
weather in place and be incorporated into the mineral soil through downward translocation and the action
of earthworms. My method on the farm has been to put wood chips (or sometimes pine needle litter)
down on top of the ground where the livestock are being overwintered in a layer three to six centimeters
thick up to once per week until the herd is moved back on to silvopasture rotations in the spring. This
builds a layer of manure-enriched wood chips up to thirty centimeters thick over the course of a few

106

months. I have over-wintered the herd in a different location each winter for the last three years, which
expands the area of amended soil each year and gives the older areas time for their new organic layer to
season and incorporate before the animals return. I believe repeated applications of this technique will
simulate Plaggen soils over time, leading to long-term increases in fertility and organic matter content.
Pine plantation land is also eligible for the spreading of Class B, lime-stabilized municipal biosolids.
Forestry grade biosolid spreaders are the size of large log skidders and need the lanes created in a first
thinning to get through the forest freely. I had this type of biosolid spread on about half of the area of my
pine silvopasture two years after the completion of the first thinning. Twenty-two tons of biosolids were
spread per acre, including two tons of lime per acre. The site is eligible for this rate of application every
five years and I plan on having it repeated. Subjectively, there is no question that the biosolids have
greatly increased both canopy and understory growth as well as noticeably darkening and thickening the
topsoil in the areas where it was spread. Livestock must be excluded from spread areas for several weeks
following application and recreational land use which would bring the public in to contact with the
biosolid materials is restricted for a full year. Residue was visible on trees and the ground for a year
following application. No adverse affects were directly observable to surface waters, in part because the
buffers between them and spread areas far exceeded those used for the purpose of protecting water during
logging. Repeated biosolid application has been adopted into my overall program as a method of
extensive soil building to complement my intensive methods.

3. Silvopasture: The Benefits of Integrating Livestock in to a Pine Plantation
I spent the largest portion of my graduate school years developing a silvopasture system for integrating
livestock in to an existing loblolly pine plantation. My perception at the time was that most of the effort in
silvopasture research was going toward planting trees in existing pastures, but that there were
comparatively few projects to introduce forages and livestock to existing forests. Having access to a three

107

hundred acre pine plantation and seeing the potential to manage a silvopasture system there modeled on
southeastern longleaf pine woodland-savannas, I developed a plan to grow a small herd of goats and
sheep and move them out to the plantation after it had gone through its first thinning. Here, I will record
some of my general observations after having them on the ground there for three growing seasons.
A woodland is an open forest where direct light regularly reaches through the canopy to the ground. A
savanna is an open woodland where gaps in the canopy cover more area than the canopy itself does. I use
the term woodland-savanna here to represent a complex or continuum of open forest densities which are
always changing with the rhythms of the landscape and the cycles of thinning and growth. Longleaf pine
woodland-savannas were chosen as the ecosystem model for my silvopasture system because they have
the most similar open structure in the Southeast for what is desirable in a silvopasture while also having
the most diverse forest floor flora of any forest type in North America. Piney Grove Preserve in Sussex
County, Virginia is an open loblolly pine woodland-savanna managed specifically for an endangered
species of woodpecker where it has been proven that loblolly pine can act as an effective substitute for
longleaf pine in this ecotype. Loblolly pine is easier to manage, has a larger potential range and is faster
to grow, but lives a shorter life and produces lower quality wood than longleaf pine, making it perhaps
more appropriate for a broad and user-friendly application of silvopasure. However, if I lived in the range
of longleaf pine, I would be very interested in incorporating it into my silvopasture system. Rapid early
growth to hasten the day when livestock can be introduced, tolerance and facilitation of controlled surface
fires for improvement of groundcover composition and condition, a translucent canopy to allow forage
growth year-round, thick and scaly bark to discourage livestock chewing on stems, and excurrent tree
structure to increase canopy gaps for direct light while providing frequent shaded spots and an effective
windbreak make loblolly pine a good choice as a silvopasture tree.
A frequent problem in the management of loblolly pine plantations in the Southeast is the intrusion
and competition of the wide variety of hardwood trees that would ultimately take over most any site if
given enough time without a natural or manmade forest disturbance to reset the process of succession.
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Several tons of valuable pine wood is lost for every ton of hardwood that grows in a hectare of pine
forest, hardwood trees which have less value per ton than pine when in small diameters to begin with.
Herbicides and in some cases prescribed fire are frequent methods for keeping the competition under
control. I experimented with foraging by livestock on hardwood trees as a primary means of controlling
this competition for the crop tree pines. I think that this is likely the greatest benefit the animals provide
for the crop trees. I am also interested in how the animals can increase the diversity and coverage of the
forages and groundcovers and thus also encourage a great diversity of wildlife.
Livestock expend a great amount of energy in the summer cooling themselves by panting and in the
winter warming themselves through increased metabolic activity, or else lose energy inputs by missing
out on good foraging time by spending excessive time under limited shade or behind limited windbreaks
available in open pastures. Ubiquitous shade for the summer and windbreaking for the winter are likely
the greatest benefits the trees provide the animals in a silvopasture system. I would like to be able to set
up weather stations in open pastures and silvopastures to continually log and compare wind speed and
near-surface air temperatures and correlate those to measures of animal stress. There may also be positive
or negative effects of the type and quality of forages available to livestock, and that is an open question.
Timing of the introduction of livestock was an important decision in my operation. They will eat
newly planted trees along with other available forages, so the trees must have grown tall enough that less
than 50% of crown height is below the browse line in order to maintain a healthy 50% live-crown ratio.
Bipedal foraging of goats puts the browse line at about two meters height. However, by the time
plantation pine trees are four meters in height they have closed canopy to the point where ground forages
will quickly diminish from lack of light. The next opportunity for ground forages to regenerate is after the
first thinning of the pines at approximately seventeen years of age. When pines are thinned to five
hundred or fewer trees per hectare at this age, enough light penetrates the canopy to support forage
growth between that and subsequent thinning. My site was thinned in a commercial logging operation in
the fall of 2011. I then allowed ground-level forages to reestablish for one full growing season before
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moving the herd to the site in the late winter of 2013. By harvesting timber by thinning every ten years or
so to keep the canopy open and never clear-cutting more than a quarter of the forest at once during these
harvest events, sufficient forage space can be maintained in the silvopasture to maintain the herd
indefinitely.
Sprouts of broadleaf trees and shrubs were the predominant forages in the first three growing seasons.
Many of these were stump sprouts from trees cut during the 2011 mechanical thinning, but most were
from trees cut by hand with power tools including chainsaws and a brush cutter. I use tools made by the
German company Stihl: the MS 361 chainsaw and the FS 560 C-EM brush cutter outfitted with a chiseltoothed blade. The chainsaw is for cutting things over eight centimeters in diameter and the brush cutter
for things of lesser dimeter. The general pattern was to introduce the herd to a new paddock, let them
consume everything they could reach to eat, then cut down unwanted trees and lay them on the ground
such that the herd could eat their foliage, then move the herd to the next adjacent paddock and to not
return to a given paddock for 12-18 months to allow forages to regenerate as coppice. By overwintering
the herd and feeding hay in a different general area each year, herbaceous forage seed embedded in the
hay has been distributed over more area each year with grasses and forbs coming up strongly. The hoof
action of the animals aided in getting good seed-soil contact as their browsing activity reduced shade from
understory woody vegetation and their manure provided fertility extracted from the hay and forages. I
expect the herbaceous forages to eventually dominate as this process continues.
Repeating this process for three growing seasons has led to a few significant observations. Herd losses
from parasitism were significant before transitioning to the silvopasture system, but despite not having
used any de-worming drugs since July of 2014, the herd now shows no evidence of internal parasites such
as anemia, eggs in stool samples or diarrhea and I have not had one death from parasitism since the 2013
growing season. This is attributed to the fact that the herd is eating mostly browse, which is harder for
parasite larvae to infect than herbaceous forage, that they leave a given paddock within a week, which is
too soon for parasite eggs in stool to hatch and become infective and that they do not return to a given
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paddock for 12-18 months, which is far longer than larvae can survive if they do not find a new host to
infect. It is conceivable to systematically eliminate internal parasites from the herd in this way, other than
those that they might pick up from wild animals passing through.
Water was supplied to the animals by transporting it in buckets to their paddocks and dumping it into a
rubber tub. For a herd of thirty animals, including three Great Pyrenees guard dogs, five gallons of water
per day during the growing season was generally sufficient to keep the tubs topped-off. The dogs would
drink regularly, but the sheep and goats were observed to only drink right after consuming mineral salts
provided. I deduced that they were getting nearly all of their required moisture from the vegetation they
were eating and that the constant shade from the pine trees was reducing their heat stress and subsequent
need for additional water for body temperature regulation. This fact indicates that permanently positioned
paddocks and water stations based around well and pipeline infrastructure is unnecessary and that
paddock shape, size and position can be far more flexible than if they were built around water
infrastructure.
A third major finding was that the herd could survive and make gains on forages conventionally
thought to be too toxic to sustain them. Most strikingly, for periods of weeks-on-end during the late
summer of 2015, the herd had nothing to eat but sprouts of black cherry trees and mature pokeweed
plants, the former know to contain cynide and the latter known to contain oxalates. They not only
consumed nearly every leaf of this material, they also showed no ill effects from it and continued with
unabated growth and breeding activity. Furthermore, when black cherry trees were cut for them to eat the
tops, in the event that they did not eat all of the leaves before they did wilt after a day or so they would
not eat the wilted leaves which are known to contain more concentrated cyanide. I reasoned from this that
they had learned to not eat them beyond a certain degree of wilting. The pokeweed they ate whole,
including succulent stalks, berries and all leaves. The only thing present, in limited numbers, which they
would not eat at all, was mountain laurel, another known poisonous plant. They could therefore not be
expected to survive in an understory dominated by mountain laurel nor to make any significant impact on
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controlling the spread of that plant. They received no supplemental feed whatsoever during this period,
only water and mixed loose minerals. It is noteworthy that my herd had been partially foraging on these
kinds of materials for over two years before I set them loose in the exclusive cherry-pokeweed zone and
that they were well-acclimated to those species already from exposure in lesser concentrations in other
paddocks along with their usual forage of mixed grasses and forbs, blackberry, aspen, tuliptree, red
maple, oak, hickory, and tree-of-heaven. A properly prepared herd can therefore be relied upon to make
gains on mixed woody browse and weeds while consuming the main competition for the pines and further
opening the forest floor for grasses and forbs. There is no fundamental need for the use of herbicides,
environmental shredders or controlled burning to make this transition happen. The animals can do it on
their own, though the other methods in combination would speed up the process.
I have been incorporating controlled burning into the system, generally as a follow-up to the herd
foraging as a way to further the transition from woody to herbaceous vegetation. Surface fires have
helped to top-kill woody plants and exhaust their ability to re-sprout along with the repeated foraging and
hand-cutting. More importantly, the fires transform the thick bed of pine litter to biochar and ash, which
cycles into the mineral soil and allows herbaceous plants to thrive. Over ninety percent of the area
currently supporting the herd has yet to be burned, but the plan is to eventually be burning all of the
silvopastured area on a five-year rotation. The main area, which has been repeatedly burned, is now much
further along toward the savanna structure and composition we are targeting than those areas which have
yet to be burned.
The burning system relies on the previous years of mechanical and hand thinning and then foraging by
livestock to consume ladder fuels and compress forest litter to the point that surface fires can burn
consistently, cleanly and without damaging either the soil or the tree canopy. I also wait for a significant
rain event to bring up duff moisture followed by a few days of dry weather to get surface litter to the point
where it will carry fire. Light winds and moderate relative humidity are also required to achieve a general
blackening of the landscape which indicates that a majority of organic carbon at the surface has been
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transformed into black carbon “biochar,” which will then be sequestered in the soil indefinitely. If it is too
dry or windy, the landscape will become white and gray, indicating the complete oxidation and loss of
surface organic carbon. Another benefit of burning after the animals have come through is that they get to
use the vegetation as food rather than it just being burned and wasted. The benefits of burning in terms of
nutrient cycling and prevention of future catastrophic wildfires are well known. I am interested in how
burning and burn cycles affect which forages survive and which are eliminated and how they affect forage
quality by renewing growth.
A near-infinitely flexible fencing system is required to make all of this work. I use the double spike
Electrostop™ net fencing made in Germany and sold by Premier 1 in fifty-meter rolls powered by a solar
charger. Metal T-posts are installed at all hard corners and double as a ground for the fence charger. One
issue silvopasture poses is that the ubiquitous tree shade interferes with the re-charging of the fence
battery. I solved this by having two chargers so that one can be placed in the sun for a charge while the
other is powering the fence. They can be switched out every day or however often is needed. When the
soil is dry and not allowing a good ground, I simply pour water in to the soil at the base of the ground
post every day when I am delivering the water to the animals. I can take down and roll-up a 50 m section
of fence in about two minutes and can set it back up in a new spot in about five minutes. I generally use
half-hectare paddocks requiring six sections of fence each to enclose. Paths for the fences can generally
be quickly mowed with a bush hog (I use a five-foot brush hog made by Woods and pulled by a 35
horsepower, four wheel drive Kubota tractor), though large pieces of wood need to be cut out from paths
with a chainsaw if present the first time a path is made. Moving fences is the most labor-consuming task
of my operation, just ahead of hand-thinning stands. If the fence is properly setup and moved at least once
per week, then it contains the animals to an acceptable degree. Some persistent individuals will get
outside the fence from time to time, but will generally not go out of sight of the rest of the herd. If the
majority of the herd can be contained in a breakout, then the escapees are easy to round-up. If the whole
herd gets out, they can travel much further together and be harder to retrieve.
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Another advantage of this fence system is that riparian areas can be respected and managed in a
flexible way. Animals may be used to clear out the honeysuckle from a riparian zone once so that
hardwood trees can grow better and then never returned or just be excluded altogether. The fence moves
with the animals, so it does not require maintenance to be kept free of fallen trees or vines to work and it
does not interfere with movements of wildlife or detract aesthetically from the landscape. One
disadvantage is that movable fencing is not eligible for cost share as a part of riparian buffer conservation
programs.
Predator protection is another must as my region is overrun with coyotes and hunting dogs. I raise
Great Pyrenees dogs with the herd from the time they are weaned and they live with the herd year-round.
The use of paddocks of only up to a half hectare or so helps keep them in constant contact with the herd,
whereas having just a perimeter fence and allowing the herd to spread around 300 acres would make it
impossible for the dogs to intervene in every attack scenario. My dogs respect the electric fence better
than the goats and sheep do and it is sufficient to keep them in place. I have not had one death of a sheep
or goat as a result of predation.
Breed selection for sheep and goats is another work-in-progress. There are so many to choose from,
but I am settling on a breed of hair sheep, such as the Katahdin, as the optimal choice. Goats would be the
conventional choice for consuming the large amounts of browse under the pines in the early stages of the
conversion process, but they are problematic because of their ability to jump over and crawl under
electronet fences and because they have a greater requirement for shelter in rain and snow than do sheep.
It is harder to float goats around the farm with just the electronet equipment in a controlled way. My
sheep have proven their ability to consume and thrive on the same forages as the goats. Among sheep, I
have had much better performance from my Katahdin hair sheep than from my East Friesian milk sheep,
which were always a long shot to do well in my system. The hair sheep have consistently higher survival,
weight gain and lamb rearing than the others. I will only be purchasing hair sheep in the future to expand
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the flock. Though I like the Katahdin breed, Dorper sheep and other hair breeds are potentially just as
good and will be tried.

4. Riparian Zones
I have adopted an unconventional system for establishing and maintaining riparian buffers. Ephemeral
drainage areas are typically incorporated into the pine savanna landscape where rotational foraging and
periodic controlled burns maintain an open woodland of predominantly pines with mixed hardwoods and
an herbaceous groundcover. Intermittent and first-order perennial streams are granted broad,
predominantly mixed hardwood forest buffers, which are lightly thinned to improve forest health and
speed the development of mature, old-growth characteristics. Livestock and fire are excluded entirely
from these areas. Second-order streams have enough perennial water flow for beavers to dam and build
lodges and here they are allowed to transform the landscape at will with little to no interference. As their
dams go through cycles of building, use, abandonment and rebuilding, an entirely unique landscape
mosaic of open water, swamps, bogs, freshwater marshes, woody debris and isolated pools is created.
Sediment and nutrients are trapped, helping to purify the water before it is released into third-order
streams and rivers. Broad, flat, rich, terraced bottomlands are aggraded over time as sediment and
nutrients build and these can support an abundance of vegetation types, which are a favorite of wildlife. I
call these areas the beaver meadows. Maturing mixed hardwood forest buffers grow on the slopes leading
up from the beaver meadows, maintained the same as those surrounding first-order streams.
These methods bypass the most expensive aspects of establishing riparian buffers, which are building
permanent fences and planting quality hardwoods. Electronet-style fencing has been more than adequate
for keeping my livestock out of riparian buffers when their paddocks are adjacent. Quality hardwoods will
eventually regenerate on their own through a process of natural succession most anywhere in the Eastern
United States. These can be helped along considerably by identifying them early and releasing them by
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cutting-out early pioneers such as Eastern redcedar, Virginia pine, black cherry, sweetgum and various
shrub species, which might otherwise slow their growth through light and root competition. The desirable
hardwood species can then be progressively thinned to promote the health and diversity of the stands by
applying natural selection harvesting, which is a selection method involving taking out the trees which
will naturally die early so that they do not detract from the health and growth of the residual trees. I have
found no situation on my farm where some combination of quality, long-lived hardwood trees cannot by
regenerated by this method. Incidentally, natural selection harvesting will also be used to mark and thin
the pines in the silvopastures for all future commercial thinning events in order to maximize their health,
quality and longevity too.

5. Socioeconomic Considerations
One of my goals in exploring this form of pine silvopasture at the outset was to develop a model for
prospective farmers to follow that would give them access to land and resources without having either
inherited an existing operation with land nor having to go into debt to begin and continue operating.
Being a young aspiring farmer in 2004 without land or any resources to get started, finding a viable path
forward to having access to land was an existential problem for my success with this venture. That was
the year when I began to develop the idea of homesteading on a friend’s pine plantation land and
developing my own farming system from the ground up.
Pine plantation land can be leased in vast areas of the southeastern United States for little more than
the local property tax rate, which in my county comes to only about three dollars per acre per year. These
lands are generally leased to hunters of whitetail deer, wild turkeys, bobwhite quail and other game
species. The silvopastoralist can get a commission (typically around 15%) on timber sales for helping to
mark and market timber. Additional income can come from the landowner for forest management
activities such as competition and density control, controlled burns, ecological grazing, pruning,

116

fertilization, tree planting and road maintenance. Income from the livestock is up to how the
silvopastoralist wants to market them and their products. I have found that these conditions allow my
operation to break even on operating costs at a scale of thirty animals after being on the ground for three
growing seasons.
However, I see no possibility of making an acceptable income off of this system without having either
permanent land tenure or full equity in all land improvements or both. I define an acceptable income as
being capable of providing an independent life with enough surplus to buy the land I am on within thirty
years. The aesthetic and economic values added by my activities are clear, if difficult to measure precisely
in terms of dollars.
The landowners I lease from want to keep their future options open for use or sale of the land and
therefore are unwilling to grant land tenure beyond a five-year horizon. Granting equity in all land
improvements similarly complicates future land use and sale and is also undesirable for them. Therefore, I
have no way to ever realize the cumulative profit of my activities in terms of real estate value in my
current situation. Without a more committed landowner to lease from, the situation is intractable when I
consider expanding the herd and making future investments in infrastructure and equipment. There is no
way around having to own my own land for this endeavor to prove profitable to the point where it can
provide an acceptable income.
The experience, though rich in technical lessons and practical skills, has reinforced for me the
difficulty of breaking in to agriculture as a young person without inherited land or money. By the time I
can afford a large piece of land, I will be too old to keep up with all of the arduous hand thinning of trees,
moving of portable fences and building of farm infrastructure all of the time. There are no similar projects
anywhere that I know of that are hiring people like me to do this kind of work for an acceptable wage
either. What I am trying to accomplish is much too complex to ever fit nicely into a set of controlled
experiments achievable in the time frame of typical grant arrangements. So, my only hope is to continue
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working on my silvopasture farm on the side while pursuing a parallel career so that I might one day have
enough money to buy land and realize the final goal. Such is the plight of the un-landed, aspiring farmer. I
would not recommend that anyone take this path unless they have a very strong intention, have inherited
pine plantation land and have significant resources to get started with infrastructure, equipment and
livestock or unless they are ready to work up to forty hours per week on the farm on top of their day job.
Issues of land tenure and equity aside, there exists a far greater problem in my mind, one which I
continually encounter. Thinning dense trees with chainsaws, moving electronet fence, conducting
controlled burns and handling livestock are each specialized tasks requiring great skill to do properly and
safely. The work is extremely arduous and must be completed in all weather conditions year-round. Some
tasks are quite dangerous, if done improperly. I have attempted to offer free workshop time with the hope
of attracting and training future farm employees or partners, as opposed to offering classes for a fee or
just hiring unskilled people with the hope that I can get them up to speed. This has not worked after
several years of consistent effort. People come and go, but none have had the right combination of
stamina, motor skills, availability and sustained interest to progress to the point where I would hire them
beyond just the role of being a farm sitter when I am away.
Until I find the right people to work with, I will have to continue mostly alone. Running a silvopasture
farm solo is like competing in a decathlon that never ends. Situations, such as a personal injury, or a death
in the family, which could easily be covered if there were help can quickly become an existential threat to
the farm. Because I have no business debt on the farm, at least the risk of failure does not extend to my
personal life by putting my house etc. in jeopardy. Nevertheless, there have been too many times to count
in the past several years when the survival of the farm hung in the balance and it was saved again by
gutting it out one more time. This state of affairs cannot endure indefinitely, so I need to ultimately
develop good partners to make this venture succeed in the long-term, despite the cultural headwinds
which strongly discourage myself and others from proceeding on such a path.
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Appendix B. Data for Chapter 2. Pine sawdust biochar as a potential amendment for establishing trees in
Appalachian mine spoils
Tree ID #
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90

Species
Sycamore
Sycamore
Sycamore
Sycamore
Sycamore
Sycamore
Sycamore
Sycamore
Sycamore
Sycamore
Sycamore
Sycamore
Sycamore
Sycamore
Sycamore
Sycamore
Sycamore
Sycamore
Sycamore
Sycamore
Sycamore
Sycamore
Sycamore
Sycamore
Black Locust
Black Locust
Black Locust
Black Locust
Black Locust
Black Locust
Black Locust
Black Locust
Black Locust
Black Locust
Black Locust
Black Locust
Black Locust
Black Locust
Black Locust
Black Locust
Black Locust
Black Locust

Method
Topdressing
Topdressing
Topdressing
Topdressing
Topdressing
Topdressing
Topdressing
Topdressing
Topdressing
Topdressing
Topdressing
Topdressing
Mixing
Mixing
Mixing
Mixing
Mixing
Mixing
Mixing
Mixing
Mixing
Mixing
Mixing
Mixing
Topdressing
Topdressing
Topdressing
Topdressing
Topdressing
Topdressing
Topdressing
Topdressing
Topdressing
Topdressing
Topdressing
Topdressing
Mixing
Mixing
Mixing
Mixing
Mixing
Mixing

Rate Mg Ha-1
0
0
0
2.3
2.3
2.3
11.2
11.2
11.2
22.5
22.5
22.5
0
0
0
2.3
2.3
2.3
11.2
11.2
11.2
22.5
22.5
22.5
0
0
0
2.3
2.3
2.3
11.2
11.2
11.2
22.5
22.5
22.5
0
0
0
2.3
2.3
2.3
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Dry Herb g
8.3
12.2
8.2
8.1
0
7.8
20.7
0
8.8
9.6
0
0
18.8
0
0
7.7
31.7
7.6
13.3
10.6
16.1
15.4
9.6
10.9
20.2
21
10.3
7.7
9.2
0
8
9.4
0
12.4
15.9
12
9.7
16.9
17.9
7.7
7.5
7.8

Dry Wood g
20.1
15.1
28.7
19.7
27.5
30.6
22.9
37.1
33.8
27.9
26.7
34.5
14.2
29.5
15.4
30.4
10
23.9
30.3
18.8
16.4
13.6
30.2
17.5
11.2
14.6
32.8
56.5
55.2
38.2
22.4
23.2
45.2
23.3
14.5
30.1
15.3
0
27.9
46.8
33.2
26.4

91
92
93
94
95
96
145
146
147
148
149
150

Tree ID #
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78

Black Locust
Black Locust
Black Locust
Black Locust
Black Locust
Black Locust
Sycamore
Sycamore
Sycamore
Black Locust
Black Locust
Black Locust

FC g
4884
4480
4602
4760
4715
4590
5051
4683
5095
5002
5263
4990
4620
4155
4450
5233
4707
5055
4637
4773
4932
4600
5075
4795
4749
4877
4515
4942
5067
5000

Mixing
Mixing
Mixing
Mixing
Mixing
Mixing
.
.
.
.
.
.

PW g 4/5 GLD mm
4310
4
3990
7
4089
7
4205
5
4170
7
4005
7
4420
7
4060
9
4413
7
4250
5
4475
7
4225
4
4115
9
3700
7
3935
6
4602
6
4190
4
4530
6
4012
7
4100
4
4380
7
3990
7
4270
12
4215
6
4208
4
4200
5
3935
6
4275
8
4415
5
4435
4

11.2
11.2
11.2
22.5
22.5
22.5
100%
100%
100%
100%
100%
100%

4/5 Ht mm
32
386
343
410
384
413
374
429
418
246
313
394
255
425
75
448
214
241
402
298
415
247
342
297
174
378
451
350
400
390
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13.4
14.4
7.9
19.4
24.1
7.8
0.0
7.9
7.9
0.0
0.0
8.5
Blank 7.5g

27.2
36.8
24.5
31.5
33
36.9
33.6
36.5
27.4
34.6
73.9
38.9
Blank 7.5g

11/2 GLD mm 11/2 Ht mm
5
213
9
637
12
944
10
814
13
983
13
1011
11
839
18
1065
13
1136
11
1111
15
650
15
1052
9
527
9
864
10
640
12
1095
5
415
12
786
13
995
12
691
9
640
9
511
15
846
9
663
6
458
7
718
9
1126
14
1424
15
1657
12
1364

79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
145
146
147
148
149
150

4975
5011
4938
5060
5168
5127
4445
4704
4995
5376
5060
4752
5600
5000
4743
5240
5070
5310
3050
2817
3183
3266
3434
2990

4325
4300
4273
4260
4445
4402
3999
4200
4345
4699
4395
4172
4815
4320
4180
4465
4307
4445
1023
1125
1070
1079
1305
1193

8
4
6
5
4
8
5
3
4
4
4
7
4
4
12
7
8
4
8
6
7
4
5
9

445
379
244
128
368
310
315
86
352
364
394
417
370
384
441
329
415
395
442
482
445
140
425
312

122

13
7
14
10
7
13
9
0
8
10
10
11
11
10
12
11
15
10
15
12
12
12
15
12

723
1222
1348
1052
670
1025
716
0
1303
1298
1232
1011
910
1373
703
1106
1446
1115
956
1096
903
1010
1763
851

Appendix C. Data for Chapter 3. Improving on-site retention of biochar and bio-solids

ID
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

Treat 1
Pellets
Pellets
Pellets
Mix
Mix
Mix
Char
Char
Char
Solids
Solids
Solids
Pellets
Pellets
Pellets
Mix
Mix
Mix
Char
Char
Char
Solids
Solids
Solids

Treat 2
Wet
Wet
Wet
Wet
Wet
Wet
Wet
Wet
Wet
Wet
Wet
Wet
Dried
Dried
Dried
Dried
Dried
Dried
Dried
Dried
Dried
Dried
Dried
Dried

ID
1
2
3
4
5
6
7
8
9
10
11
12

Glass Wt g
24.1228
24.1221
24.8605
24.8610
24.1214
24.8521
24.1224
24.1228
24.1219
24.1215
24.1235
24.1227

Boat Wt g
1.0935
1.1996
1.0886
1.1911
1.1852
1.1588
1.0983
1.0995
1.1505
1.1716
1.0516
1.0586
1.0895
1.0941
1.1703
1.1715
1.0976
1.0687
1.1597
1.1712
1.1502
1.1963
1.0902
1.0681

Wt b/f g
47.6131
45.0496
48.5330
38.7836
42.4009
42.2293
32.2061
33.5877
33.6903
51.4293
42.1277
52.8661

Wt b/f g
13.9660
12.2257
14.0698
11.9753
10.8417
10.1079
5.2440
5.0075
4.7687
15.3926
13.5778
12.3413
11.0035
7.9007
8.5276
7.8928
8.6050
8.1510
5.5131
5.0976
5.6500
13.6479
13.9693
13.1587

Wt a/f g
47.4388
44.9517
48.1990
38.6199
42.2309
42.0404
31.9038
33.3845
33.3611
50.9740
41.6276
52.2602

Wt a/f g
5.6924
5.2059
5.8160
5.0016
4.5201
4.2357
3.8104
3.6438
3.5231
5.1408
4.5305
4.1701
9.8006
6.8034
6.7877
5.5656
7.6752
7.1288
5.2239
4.8423
5.3439
12.1507
12.3429
11.6303

Loss
0.0074
0.0047
0.0141
0.0118
0.0093
0.0109
0.0374
0.0215
0.0344
0.0167
0.0278
0.0211
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Moisture
0.6427
0.6367
0.6358
0.6467
0.6546
0.6562
0.3458
0.3490
0.3443
0.7209
0.7223
0.7242
0.1213
0.1612
0.2365
0.3462
0.1239
0.1443
0.0664
0.0650
0.0680
0.1202
0.1263
0.1264

13
14
15
16
17
18
19
20
21
22
23
24

ID
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

24.8610
24.8613
24.8617
24.8601
24.8601
24.8604
24.8603
24.8613
24.8601
24.8605
24.8608
24.8620

M ppm
2.2
286.0
259.4
145.5
2.6
2.7
1.9
2.0
2.0
2.1
3.5
2.2
2.5
2.0
13.0
116.2
1.8
2.1
1.8
1.9
2.2
1.9
2.9
1.8

34.3006
38.8115
40.8833
41.0617
40.8665
41.1149
31.5911
33.3752
33.3369
44.3891
49.5228
66.8543

CD ppm
58220
57209
54695
50860
52095
63526
10535
10488
11934
93040
61030
59251
119717
135574
91265
64863
124505
116321
19202
26773
10763
135363
97706
140845

33.8671
37.6237
39.8225
39.6970
38.9588
38.7867
27.6089
28.8938
28.9313
44.0309
49.1318
66.4677

0.0459
0.0851
0.0662
0.0842
0.1192
0.1432
0.5916
0.5264
0.5197
0.0183
0.0159
0.0092

NO ppm
8.1
222.2
3.5
2.8
5.0
1.5
2.0
1.3
1.2
0.6
0.5
1.1
3271.8
4.4
1.5
1.0
1392.0
4900.8
19.7
7.9
4.5
4206.7
4852.8
20.7
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Appendix D. Data for Chapter 4. Increasing yields of biochar in-situ during low-intensity controlled
burning in southern yellow pine plantations

Treatment

pH

CEC

BS

OM

C%

VWHC

None
None
None
None
None
None
0.02 Char
0.02 Char
0.02 Char
0.02 Char
0.02 Char
0.02 Char
0.02 Comp
0.02 Comp
0.02 Comp
0.02 Comp
0.02 Comp
0.02 Comp
0.50 Char
0.50 Char
0.50 Char
0.50 Char
0.50 Char
0.50 Char
0.50 Comp
0.50 Comp
0.50 Comp
0.50 Comp
0.50 Comp
0.50 Comp

4.79
4.68
4.79
4.8
4.71
4.83
4.76
4.74
4.79
4.79
4.83
4.83
4.86
4.74
4.81
4.73
4.79
4.81
5.72
5.71
5.58
5.48
5.51
5.45
5.58
5.55
5.48
5.55
5.7
5.81

8.2
7.8
8.6
8.2
8.6
8.6
8.9
8.2
8.4
8.5
8.1
8.5
8.7
8.1
9
8.4
8.4
8
10
9.7
9.4
9.1
9.9
9.9
15
14.9
14.7
14.3
14.4
15.4

21.1
22.1
20
21.1
20.4
20.4
22
25
23.4
23.3
24.6
21.8
26.2
25.4
25.9
26.3
30.2
26.4
69.7
70.1
62.1
60.9
67.7
62.4
83
80.1
78.3
76.3
80.6
82.3

3.5
4.2
3.5
3.5
4
3.4
4.5
4.7
4.1
3.5
3.4
3.5
3.6
4
3.7
4.5
4.2
3.6
13.2
12.9
13
13.2
13
13.4
6.3
6.3
6.8
6.6
6.7
6.8

1.019815438
2.220222195
1.358333433
0.943023791
1.408380752
1.146643329
1.565906832
2.147660508
1.396305296
1.337752075
1.121136387
1.070173498
1.356864873
1.689366888
1.175855733
1.910433513
1.808691395
1.351743386
7.363324154
6.608660563
6.098360064
6.216480954
6.012693866
6.791972307
3.625096476
3.316387583
3.405841164
3.861074369
3.700478277
4.289812678

0.226
0.288333333
0.256666667
0.233
0.216666667
0.237
0.241666667
0.203333333
0.234666667
0.238666667
0.241666667
0.246333333
0.228333333
0.277666667
0.226666667
0.269333333
0.213333333
0.231333333
0.216333333
0.220333333
0.209333333
0.230666667
0.208666667
0.224
0.209333333
0.195333333
0.194
0.216
0.207333333
0.200666667
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Treatment
None
None
None
None
None
None
0.02 Char
0.02 Char
0.02 Char
0.02 Char
0.02 Char
0.02 Char
0.02 Comp
0.02 Comp
0.02 Comp
0.02 Comp
0.02 Comp
0.02 Comp
0.50 Char
0.50 Char
0.50 Char
0.50 Char
0.50 Char
0.50 Char
0.50 Comp
0.50 Comp
0.50 Comp
0.50 Comp
0.50 Comp
0.50 Comp

P
2
3
2
2
3
2
4
4
3
3
3
3
3
5
3
4
4
3
34
32
24
23
26
26
23
18
20
20
24
21

K

Ca

Mg

Zn

Mn

Cu

Fe

B

48
47
47
47
48
47
51
51
52
52
51
48
53
51
53
53
52
52
127
121
118
107
120
112
141
133
127
116
128
135

226
244
227
226
246
229
280
301
270
268
271
249
318
300
331
323
390
290
1182
1164
970
925
1133
1043
2111
2029
1946
1859
1975
2176

58
47
57
59
50
59
52
52
59
62
62
60
67
53
65
56
57
65
90
84
86
79
91
86
188
183
183
160
170
185

0.5
0.8
0.5
0.5
0.6
0.5
1.9
2.4
1.5
1.3
1.4
1.3
0.8
1
0.8
1
1
0.7
29.1
25.1
26.2
22.4
20.4
25
8.6
6.6
6.3
5.7
6.8
7.1

12.4
17.3
13.2
11.7
15.2
10.8
16.2
17.9
13.6
12.6
12.4
11.2
12.4
16
13.7
18.6
18.2
12.8
63.9
60
56
47.7
52.7
57.6
39.2
32.6
31.4
29.9
32.2
35.2

0.4
0.4
0.4
0.4
0.4
0.4
0.5
0.6
0.6
0.5
0.5
0.4
0.6
0.6
0.6
0.6
0.6
0.5
3.1
3.1
2.2
2.2
3.2
2.1
3.3
3
2.8
2.9
3
3.2

40.9
63.9
47.6
42.4
57.1
41.9
51.4
55
43.1
39.4
37.8
37.9
49.1
65.4
53.9
68.9
67.3
48
35.3
37.1
30.8
29.3
29.1
31.8
123.7
125.6
125.9
120.4
118.9
121

0.1
0.1
0.1
0.1
0.1
0.1
0.2
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.2
0.2
0.1
0.7
0.6
0.5
0.5
0.7
0.5
0.6
0.6
0.6
0.5
0.6
0.6

126

N%
0.07062056
0.113217943
0.080435323
0.066266998
0.082399555
0.069544201
0.083067852
0.102001442
0.076904697
0.073644753
0.063583479
0.064989835
0.070454739
0.090591509
0.070114813
0.104156201
0.089368048
0.075577909
0.221109235
0.185070493
0.178113332
0.21786814
0.196710276
0.207575766
0.126202199
0.11469015
0.11808205
0.132393181
0.12176384
0.139000368

