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6.1 Introduction

The early developments have largely focused on the use of biochar as a soil
amendment in agriculture, but other applications in environmental remediation.
Thus, this chapter offers comprehensive and updated information related to produc-
tion of biochar, its use for agriculture sustainability as well as environmental
remediation. The special structure and greater surface area, the high load density
of the biochar help to absorb various soil contaminants. It also stabilises biomass and
native soil organic matter (SOM) which enhances soil aeration, improves microbial
activity and immobilises nitrogen which together reduces the emission of major
greenhouse gases, i.e. CH4, CO2 and N2O. The role of biochar in developing
sustainable development in the agriculture system is immense, and so is its potential
to moderate climate change, which is far beyond its use in agriculture.

Biochar, a by-product of the pyrolysis process, is a biomass-derived black carbon
intended for use as a soil modification. As a soil change, it is mainly used to improve
soil nutrient status, C storage and/or filtration of percolating soil water. Biochar has
an intrinsic energy value that can be used to increase the energy output of pyrolysis.
Research has shown, however, that the use of biochar in soil can be more beneficial
as it can increase soil organic carbon (SOC), boost the supply of nutrients to plants
and thus enhance plant growth and soil physical, chemical and biological properties.
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Biochar is believed to support crop production through three primary mechanisms:
direct alteration of soil chemistry through its intrinsic elemental and compositional
structure (e.g. availability of nutrients and light organic molecules and decrease in
soil acidity); provision of chemically active surfaces that modify soil nutrient
dynamics or otherwise catalyse useful soil reactions (e.g. increasing the cation
exchange capacity of the soil) and modifying physical character of the soil in a
way that benefits root growth and/or nutrient and water retention and acquisition
(e.g. reduction of soil bulk density, creation of stable macro-aggregates, improved
tilth, provision of shelter for microorganisms).

Biochar has also been studied as a means of more sustainable catalytic converting
(Kastner et al. 2012) activated carbon (Park et al. 2013), novel magnetic adsorbents
(Chen et al. 2011), phosphate traps for soil remediation (Cao et al. 2009) and
hydrogen storage (Sevilla and Mokaya 2014) using biorenewable materials. These
green technological advances will increase the viability of pyrolysis-based
bioenergy and foster economic growth in rural communities, while offering sustain-
able alternatives to meet consumer needs.

While increasingly recorded research has shown the beneficial effects of biochar
on agricultural growth in recent years, the remedial aspect of biochar is missing. We,
therefore, mentioned in this chapter the production of biochar and the use of biochar
for sustainable development in agriculture and environmental rehabilitation.

6.2 Production of Biochar

Biochar processing from waste biomass is inexpensive and advantageous because
this method offers renewable alternatives to fossil fuels, and the biochar commodity
can also be used to combat climate change (Barrow 2012). Waste biomass has been
commonly used to manufacture biochar from a number of sources (Cantrell et al.
2012), such as crop residues, forest waste, animal manure, food process (Li et al.
2013; Ahmad et al. 2014). Biochar processing can also produce oil and gas products
that could be used as a source of renewable energy (Windeatt et al. 2014). Biomass
thermal decomposition into biochar, oil and gaseous materials can be accomplished
using a range of approaches including pyrolysis, gasification, hydrothermal
carbonisation (HTC), torrefaction and conventional carbonisation methods (Stelt
et al. 2011). Gasification is distinct from the general pyrolysis process (Ahmad
et al. 2014). For gasification, biomass transforms into CO and H2 rich gases by
reacting with biomass at high temperatures (N700 �C) in a regulated oxygen and/or
steam system (Mohan et al. 2006). However, the yield of char from biomass
gasification is very low, which is not suggested for the development of biochar.
Hydrothermal carbonisation provided the final carbonaceous material (hydrochar)
from a wet feedstock without an energy intensive pre-drying phase (Kumar et al.
2016), whereas extra thermal energy is usually needed for post-treatment of HTC
streams, such as the separation of solid and liquid products (Kambo and Dutta 2015).
Torrefaction is a pre-treatment process that has been extensively studied to transform
biomass into carbon-rich solid fuel, such as biochar (Chen et al. 2015). It could also
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extract volatiles through different decomposition reactions in order to reduce the
main limitations of biomass, improve the quality of biomass and adjust the combus-
tion behaviour (Yu et al. 2017). However, the high inorganic metallic content of ash
remains a significant challenge for the comprehensive use of biochar during the
torrefaction process (Kambo and Dutta 2015). Biochar can be produced by thermo-
chemical decomposition of biomass at 200–900 �C in the absence of oxygen,
commonly known as pyrolysis (Ahmad et al. 2014; Demirbas and Arin 2002).
Pyrolysis is generally divided into fast, intermediate and slow depending on the
time of residence and temperature (Mohan et al. 2006). Fast pyrolysis with a very
short retention time (<2 s) generates more liquid fuel, which is often used to produce
bio-oil from biomass yielding around 75% (Mohan et al. 2006). Slow and interme-
diate pyrolysis processes with a residence time of a few minutes to several hours or
even days are generally preferred for biochar production (25–35%) (Brown et al.
2009). The conventional way to synthesise biochar is through slow pyrolysis.
Compared to HTC and torrefaction, it has higher carbon content (Wilk and
Magdziarz 2017). In addition, slow pyrolysis results in lower liquid fuel yields
and higher biochar yields compared to other thermal chemical processes (Windeatt
et al. 2014; Yu et al. 2017). Biochar production is stated to be a complicated
physicochemical process that affects the inherent inorganic substances and the
pyrolysis mechanisms and interactions of major components such as cellulose,
hemicellulose and lignin in biomass (Lian and Xing 2017). In general, the
characteristics of biochar are determined by many variables, such as biomass
feedstock, pyrolysis temperature, pyrolysis temperature residence and pyrolysis
atmosphere (Windeatt et al. 2014). Preparation temperature and parent material
(raw material, precursor, feedstock) are two major factors regulating the properties
of biochars (Lian and Xing 2017; Tang et al. 2013). Lee et al. (2017) examined the
ability of agricultural waste as a feedstock for slow pyrolysis biocharging
(50 mL min � 1, N2 at 500 �C). The relationship between the thermochemical
properties of the feedstocks and the biochar developed was calculated using various
characterisation methods. In particular, several variables in the production of
biochar, including pyrolysis conditions and feedstock types, can affect its exact
function in environmental management (Ahmad et al. 2014; Safaei Khorram et al.
2016). The type of feedstock had a greater impact on the efficiency of biochars for
metal removal than the pyrolysis temperature (Higashikawa et al. 2016). It has been
presumed that the porous structure and sorption characteristics of the activated
biochar are based on the physicochemical properties of the precursor biochar as
well as the activation methods (Park et al. 2013). Actually, activated carbon, which is
carbon dioxide treated with oxygen to increase microporosity and surface area, is the
most widely used carbonaceous sorbent (Ahmad et al. 2014). In particular, the
aromatic structures of the biochar can play an important role in the formation of
porous networks during the activation process. In short, feedstock types and produc-
tion processes may lead to biochars with different properties and therefore different
effects, further studies on the effects of different types of biochars are required to
systematically evaluate their effects on agriculture and environmental remediation
(Saifullah et al. 2018).
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6.3 Biochar and Microorganism

Bonanomi et al. (2015) reported that biochar is effective against both air-borne
(e.g. Botrytis cinerea and different types of powdery mildew) and soil-borne
pathogens (e.g. Rhizoctonia solani and species of Fusarium and Phytophthora).
The use of biochar derived from citrus wood was capable of regulating air-borne
grey mould, Botrytis cinerea on Lycopersicon esculentum, Capsicum annuum and
Fragaria ananassa. While there is a lack of published data on the effects of biochar
on soil-borne pathogens, evidence from Elmer et al. (2010) has shown that regula-
tion of such pathogens may be possible. The addition of biochar in 0.32, 1.60 and
3.20% (w/w) of Asparagus soils infested with Fusarium increased the biomass of
Asparagus plants and reduced Fusarium root rot disease (Elmer et al. 2010). In the
same way, Fusarium root rot disease in Asparagus was also reduced by biochar
inoculated with mycorrhizal fungi (Thies and Rillig 2009). A study of the suppres-
sion of bacterial wilt in tomatoes showed that biochar produced from municipal
organic waste reduced the incidence of disease in Ralstonia solanacearum infested
soil (Nerome et al. 2005). Ogawa (2006) promoted the use of modified biochars and
biochars to manage soil diseases caused by bacteria and fungi. The mechanism of
disease suppression has been due to the presence of calcium compounds, as well as
changes in the physical, chemical and biological characteristics of the soil.

According to Mackie et al. (2015), a mixture of compost and biochar-compost has
increased microbial biomass, phospholipid fatty acids (PLFAs) and various enzyme
activities, i.e. phosphatase, arylsulphatase, as well as an increase in bacterial taxon,
i.e. Actinobacteria, 5–007-Proteobacteria, β-Proteobacteria, Firmicutes and
Gemmatimonadetes.

Diazotrophs, a specialised group of bacteria (and Archaea), have a common
function: they possess the enzyme nitrogenase and the ability to reduce atmospheric
N2 to NH3, which can be nitrified (NO3�) prior to plant uptake. These diazotrophs
act as either free-living N-fixing soil bacteria (e.g. Azospirillum sp.; Azotobacter sp.)
or mutualists inside plants (e.g. Rhizobia forming legume nodules or Actinorhizal
associations of Frankia sp.) (DeLuca et al. 2006). Free-living bacteria are less
successful at N2 fixation than symbiont rhizobia, i.e. 5 compared to 3–-
206 kg N2 ha � 1 y � 1, respectively. Despite the ubiquitous presence of these
free-living N2 soil bacteria, few studies have shown that the use of activated carbon
(Berglund et al. 2004) and biochar (Gundale and DeLuca 2006) will improve
nitrification. Biochar micro-environment can also provide a favourable niche (fine
structural pores) in which the concentration of oxygen decreases; low oxygen
voltages with Fe and Mo ions are needed in order for nitrogenase to work effectively
(Thies and Rillig 2009). Biochars are typically low in inorganic-N2 and this can give
diazotrophs a competitive advantage for the colonisation of large surface biochars.
This element, combined with the capacity of biochar for NH4+ exchange with soil
solution, could alter the availability of soil-N2 to the plant and stimulate nodulation
and fixation.

The role of biochar in the adsorption and protection of chemical signalling
molecules derived from plants, such as node factors that enhance root nodulation
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through Rhizobia, has been suggested (Thies and Rillig 2009). Evidence exists to
show that increasing rates of biochar application to soil can increase the proportion
of N2 derived from Phaseolus vulgaris fixation and this increases in yield (Rondon
et al. 2007). These beneficial effects were related to increased availability of Mo and
B (source not determined) with an increase in soil pH. Rhizobia has increased role in
neutral pH soils, whereas increasing alkalinity in acid soil improves nodulation and
fixation.

The different functional groups within ‘soil fungi,’ i.e. saprophytes, pathogens
and mycorrhizae, react differently to biochar applications (Thies and Rillig 2009).
Saprophytes theoretically alter the persistence of biochar soil through decomposi-
tion. Their invasive hyphal growth and extracellular enzymatic ability enable them to
colonise biochar pores. Soil pathogenic fungi are extensive and especially important
in the management of plant diseases. However, the impact of biochar on soil
pathogens (population structure and function) appears to be minimal. Matsubara
et al. (2002) have shown that the resistance of asparagus seedlings to Fusarium
oxysporum has been improved by the use of biochar.

While biochars themselves can contain only small amounts of plant nutrients to
support mycorrhizal fungi (Lehmann et al. 2003a, 2003b; Gundale and DeLuca
2006), it is proposed that biochars increase the availability of soil nutrients by
altering the physical-chemical properties of the soil. These changes in themselves
alter the supply of nutrients and possibly mycorrhizal abundance, and modify the
local nutritional balance, e.g. N/P ratios, thereby impacting root colonisation (Miller
et al. 2002). The idea that the availability of nutrients or improved efficiency of use,
due to the existence of biochar, needs a critical review to determine the function of
soil microorganisms.

6.4 Application of Biochar

Biochar has a vast number of applications in agricultural and environment field,
some of are described below:

6.4.1 Increased Soil Fertility

Biochar soil additions cause pH, electrical conductivity (EC), cation exchange
capacity (CEC) and nutrient levels to change (Gundale and DeLuca 2006). The
increase in soil pH induced by biochar application is not surprising given the well-
known use of materials such as wood ash for pH modification and the availability of
nutrients, especially P and K. Elevated CECs are caused by a rise in the load density
per unit surface of organic matter, which is equivalent to a higher degree of
oxidation, or an increase in the surface area for cation adsorption, or a combination
of both.

Liang et al. (2006) reported an increase in organic matter adsorption and load
density (CEC per unit surface area) in anthrosols due to black carbon particle surface
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oxidation. Ammonium leaching, although from greenhouse biochar experiments,
has been reduced (by 60%) (Lehmann et al. 2003a, 2003b), although in some cases
N2O emissions may be reduced (Spokas and Reicosky 2009). Other research using
soils in Amazonian field studies have reported that biochar can act as an adsorber to
minimise N leaching and increase N use quality (Steiner et al. 2008). A large area of
research will appear to be needed to ensure that the pyrolysis process and the
feedstock used have the potential to optimise soil N for plant availability while
reducing leaching. Efficiency of N use will be an absolute requirement to sustain
future population growth. In order to do this, much more needs to be considered with
regard to the mechanistic effect of biochar (direct and indirect) on nitrification and
Na-validity. Expectation of enhanced soil fertility benefits emerges from terra preta
studies that involve high proportions of black carbon (Haumaier and Zech 1995;
Glaser et al. 2002; Lehmann et al. 2003a, 2003b). The apparent fertility of the Terra
preta is usually due to the high content of soil organic matter—organic matter
contributes to the preservation of water, soil solution and cation and the retention
ability of the aged biochar itself for nutrients and water. Black carbon present in terra
preta is thought to come from partially-combusted biomass residues resulting from a
variety of anthropogenic activities, including cooking and field fires. An especially
striking aspect is the stronger relationship between soil carbon content and soil CEC
in these soils compared to neighbouring soils, suggesting that biochar represents a
higher proportion of soil carbon (Liang et al. 2006). Since CEC is representative of
the ability to maintain key soil nutrient cations in a plant-available form and mitigate
leaching losses, this is cited as a key factor where variations in crop productivity are
observed. High levels of biocharging in the tropical environment have been
correlated with increased plant uptake of P, K, Ca, Zn and Cu (Lehmann and Rondon
2006a, 2006b). In comparison to mainstream chemical fertilisers, biochar often
contains bioavailable elements, such as selenium, which have the potential to help
increase crop development.

Much speculation has been made about the possible effects of biochar on soil
microbial activity, which Steiner has studied in depth in the sense of Terra preta
(Steiner et al. 2003). Assuming that plant inputs and thus microbial substrate remain
unchanged, enhanced microbial activity alone will minimise soil organic matter.
This is, however, contrary to the finding in Terra preta, where soil organic matter is
usually higher than in comparable surrounding soils (Liang et al. 2006). However, a
shift in the balance of microbial activity between different functional groups could
gain crop nutrition, specifically the enhancement of mycorrhizal fungi (Ishii and
Kadoya 1994), which could lead to higher net primary productivity and carbon
production. Relatively comprehensive literature records the stimulation of indige-
nous arbuscular mycorrhizal fungi by biochar, which has been expressed in plant
growth Rondon et al. (2007), Nishio (1996). Warnock et al. (2007) analysed this
literature in some detail, suggesting four mechanistic hypotheses, the most plausible
of which were mixed nutrient, water and CEC effects.
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6.4.2 Water Retention in Soil

Both the mineral and organic components of the soil contribute to the soil water
holding capacity, but only the latter can be actively controlled. Water is kept tighter
in small pores, so clay soils hold more water. Lower soil bulk density commonly
correlated with higher soil organic matter is a partial indicator of how organic matter
changes soil structure and pore size distribution. Many researches, in which the
impact of biochar on crop yield was assessed, cited moisture retention as a key factor
in the results. Given that the pore size of the biochar is relatively constant, while that
of the mineral soil is determined primarily by its texture, it can be predicted that the
available moisture in sandy soil will increase, will have a neutral effect on medium
textured soils and will decrease the available moisture in clay soils. Any impact of
the size of the biochar particle could be short-lived, as it appears to be relatively
rapidly disintegrating into fine fractions. Experimentally, the usual technique for
determining pore size characteristics is the moisture-release curve, which shows how
easily soil moisture is drawn from soil under increasing stress.

The method is well adapted for distinguishing differences between soils of
contrasting texture, but its sensitivity may be less adequate for discriminating against
the effect of contrasting management at a particular location: high levels of
replication may be required to demonstrate a significant impact of a management
intervention of a realistic magnitude. In a more recent study (Gaskin et al. 2007),
moisture-release curves were determined using samples of loamy sand soil from
field experiments where biochar was applied at rates of up to 88 t ha-1. In soils where
biochar was applied at concentrations of up to 22 t ha-1, there was no difference from
non-modified soil, although at the maximum rate the difference was substantial at
water potentials in the range of 0.01–0.20 MPa. The mean volumetric effect of the
water content was doubled by the addition of biochar at the maximum potential. Soil
temperature, soil cover, evaporation and evapotranspiration influence the available
soil water. The comparison of the actual volumetric water content between biochar-
modified and control soils in field experiments can, therefore, be confounded by any
indirect impact of biochar on plant growth and soil thermal properties. Soil organic
matter increases soil water holding capacity and in the biochar-enriched terra preta
with their associated higher levels of soil organic matter, Glaser (2002) reported a
water retention capacity that was 18% higher than in adjacent soils in which charcoal
was low or absent. This was likely a combined effect of the char itself and the higher
levels of organic matter that this promotes.

The effect of biochar (BC) and hydrochar (HTC) on water retention
characteristics (WRC) as well as on the wettability of sandy soils has been
documented using lab and field studies. Sandy soils with varying quantities of
organic matter were mixed with BCz (feedstock maize) and HTC. The total added
was 1, 2,5 and 5 wt percent, respectively. The mixtures were packed in 100 cm3 of
soil columns. In the field campaign, the same quantities of BCf (feedstock beech
wood) were applied to the soil. Samples of undisturbed soil were taken 6 months
after incorporation. Accessible water capacity (AWC) was calculated for these field
samples. The WRC was measured in the pressure head range from saturation to
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wilting point (15,848 cm) for the packed soil columns. The amount of water
repellency was calculated for all samples using the water drop penetration time test.

6.4.3 Increased Crop Yield

Glaser et al. (2002) analysed a number of early studies performed in the 1980s and
1990s, which appeared to demonstrate major impacts of low-carbon additions
(0.5 t ha-1) on different plant species. Higher rates appeared to inhibit plant growth.
In later studies, the combination of higher biochar application rates together with
NPK fertiliser increased crop yields on tropical Amazonian soils (Steiner et al. 2008)
and semi-arid soils in Australia (Ogawa 2006). Due to year-on-year variance in
climate and its effect on short-term dynamics, the results of a number of recent field
experiments have not yet been reported though generating data. The essence and
mechanistic basis for interactions between crops, soil type, biochar feed stock and
production method and application rate will have to be understood in order to
increase the predictive potential for soil biochar output and to open up the possibility
for large-scale deployment.

6.4.4 Restoring the Soil Properties

6.4.4.1 Effects of Biochar on Soil Physical Properties
Biochar is a long-term adaptation technique that enhances soil physical and chemical
properties that contribute to soil fertility. Possible mechanism for improving yield by
increasing porosity and water storage space, as well as reducing bulk density (Jeffery
et al. 2011; Lu et al. 2014; Nelissen et al. 2015). For e.g., ash content in biochars
ranged from 0.35 to 59.05%, which was rich in available nutrients, in particular
cationic elements such as K (0–560 mmol kg � 1), Ca (3–1,210 mmol kg � 1), Mg
(0–325 mmol kg � 1) and Na (0–413 mmol kg � 1) (Rajkovich et al. 2012).

Soil Structure
Biochar incorporation into soil can alter physical properties such as structure, pore
size, bulk density, soil aeration, water holding ability, plant growth and soil fertility.
The introduction of biochar into soil will alter the physical properties of soils such as
structure, pore size distribution and density with logical consequences for soil
aeration, water holding capability, plant growth and soil workability. Sohi et al.
(2009) suggested an analogy between the effect of the incorporation of biochar and
the observed increase in soil water repellency due to burning. The re-arrangement of
amphiphilic molecules by fire heat, as suggested by Doerr et al. (2000), does not
affect the soil, but may have an effect on the biochar itself during pyrolysis. In
addition, soil hydrology can be influenced by the partial or complete blockage of soil
pores by the smallest fraction of the particle size of the biochar, thus reducing the rate
of water infiltration. Liu et al. (2014) stated that when 40 t ha-1 biochar was applied,
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the soil water stable aggregate (>0.25 mm) in the 0–15 cm soil layer increased
considerably compared to other treatments.

6.4.4.2 Porosity, Aggregate Stability, Soil Surface, Bulk Density,
Penetration Resistance Porosity

The application of biochar may boost the physical properties of the soil, in particular
its high porosity and wide inner surface area. Porosity depends on the carbon
temperature and pyrolysis activation of up to 750 �C and the parent feed stock
forms. Pore sizes in biochar have been reported to range from <2 nm to >50 nm,
with an increase in the small diameter pore fraction as the pyrolysis temperature
increases. However, the high porosity of carbon dioxide particles does not inherently
increase the amount of plant-available water in the soil, since pore sizes <200 nm
tend to retain water at a higher water potential than those produced by plants (Lal and
Shukla 2004). Herath et al. 2013 concluded that biochar increased macroporosity in
the soil of Tokomaru and mesoporosity in the soil of Egmont.

Soil Density
Biochar has a much lower mass density than mineral soils; therefore, the application
of biochar will reduce the overall mass density of the soil. Tensile strength of hard
soil under investigation also decreased with a rising rate of biochar application. Jein
and Wang (2013) stated that the application of 5% biochar decreased the bulk
density (1.08 mg m-3) from 1.42 mg m-3.

Surface Area
The specific surface area of biochar, which is typically higher than sand and equal
to/or higher than clay, would result in a net increase in the total soil-specific surface
when applied as an amendment. Evidence suggests that biochar application to soil
can increase the overall net surface area of the soil and, as a result, improve soil water
retention and soil aeration. The direct effect is related to the broad inner surface of
the biochar. Increased soil-specific surface area and physical conditions can also
support native microbial communities.

Soil Water
Influence of biochar on soil physical properties will affect soil response to water,
aggregation and workability, shrinking dynamics, permeability and soil water reten-
tion. This change may be attributable to physical changes in soil where small
carbohydrate particles block soil pores and reduce water penetration rates. Glaser
et al. (2002) found that Amazonian char rich anthrosols had a field water retention
potential of 18%, which is higher than the non-charcoal surrounding soil. The
hydrophobic polyaromatic backbone reduces the flow of water into the aggregate
pores, resulting in improved aggregate stability and availability of water. The results
of this study also suggest that the application of cow manure biochar to sandy soil is
not only beneficial for crop growth, but also significantly improved the physico-
chemical properties of the coarse soil. Uzoma et al. (2011) reported that the lower
bulk density and porous nature of added biochar increased water use efficiency
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consequent to improvement in field capacity and hydraulic conductivity. Granatstein
et al. (2009) also reported an improvement in water holding ability of both sandy and
silt loam soil due to the use of biochar.

6.4.4.3 Liming Effect in Soil/Reduced Toxicity and pH
Biochar can act as a liming agent, resulting in increased pH and availability of
nutrients for a variety of soil types (Glaser et al. 2002; Lehmann and Rondon 2006a,
2006b). Biochar carbonate concentration promotes liming in soils and can increase
the pH of neutral or acidic soils (Van Zwieten et al. 2009). Mbagwu and Piccolo
(1997) reported increases in pH of different soils and textures by up to 1.2 pH units
from pH 5.4 to 6.6. Tryon (1948) recorded a higher increase in pH in sandy and
loamy soils than in clay soils. The pH of the various soils increased more after the
use of hardwood charcoals (pH 6.15) than coniferous charcoals (pH 5.15), possibly
due to different ash contents of 6.38% and 1.48% respectively (Glaser et al. 2002).

The biochar-associated liming effect may not be suitable for all soil types and
plant communities. Increased soil pHs associated with biocharging have resulted in
micronutrient deficiencies in agricultural crops (Kishimoto and Sugiura 1985) and
forest vegetation (Mikan and Abrams 1995); thus, prior to application, it is necessary
to recognise the existence of calcifuge vegetation. In addition, many forest plants,
fungi and bacteria thrive in lower pH soils (Meurisse 1976, 1985); thus, altering the
pH of the forest soil by adding biochar can result in unfavourable shifts in the upper
and lower soil flora. Understanding the interactions between biochar production and
application conditions and soil texture, organic matter and pH will be crucial in
evaluating the long-term effects of biochar application on forest soils.

Soil pH is an essential factor influencing the supply of biochar nutrients (Silber
et al. 2010). The release of PO4� and NH4+ was pH-dependent while the release of
K+ and NO3�was not pH-dependent (Zheng et al. 2013). In addition, at pH 2–7, the
content of PO4� and NH4+ released from biochars would have decreased with an
increase in pH values, whereas that of K+ remained relatively constant (Zheng et al.
2013). Similarly, the initial release of Ca and Mg from corn straw biochar was also
pH-dependent, with a rise in releases as the pH decreased from 8.9 to 4.5 (Silber
et al. 2010). As a result, pH and lower temperature pyrolysis can increase the
availability of N and P, whereas higher temperature pyrolysis can increase the
availability of K.

6.4.5 Improve Soil Organic Carbon (SOC)

The soil carbon reservoir, composed of organic and inorganic carbon, is the largest
carbon pool in the terrestrial ecosystem and has a gross reserve of approximately 3.3
times that of the atmospheric carbon pool (Wang et al. 1999). Soil organic carbon
content (SOC) is also used as an important index for determining potential soil
fertility (Spaccini et al. 2001; Dalal et al. 2003) and its complex balance has a direct
effect on soil fertility and crop yields.
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Human activities, such as high fertilisation rates and intensive crop rotation
systems, have resulted in decreases in soil organic matter and carbon/nitrogen ratios
and global imbalances in soil carbon pools (Lemenih et al. 2005; Collard and
Zammit 2006). Overall decreases in soil microbial communities and microbial
imbalances (Bell et al. 1998; Oldeman et al. 2017) have severely reduced the supply
of nutrients and soil transformation capability. These changes have resulted in major
nutrient imbalances in the soil environment (Parton et al. 1987), which have
influenced crop production.

Biochar usually refers to the highly aromatic organic matter derived from the
pyrolysis of any solid biomass. It can persist in the environment and plays an
important role in global biogeochemical cycling, climate change and environmental
systems as a part of the SOC pool (Marin-Spiotta et al. 2014; Brodowski et al. 2006).
Biochar is generally referred to as highly aromatic organic matter derived from the
pyrolysis of any solid biomass. It can stay in the ecosystem and plays an important
role in global biogeochemical cycles, climate change and environmental processes
as part of the SOC pool (Marin-Spiotta et al. 2014; Brodowski et al. 2006). Biochar
is also known to be a significant source of atmospheric CO2 (Forbes et al. 2006).
Furthermore, as a potential source of the highly aromatic portion of soil humus,
biochar plays a key role in sustaining and growing the SOC pool and maintaining
soil nutrients, improving soil fertility and maintaining the balance of the soil
ecosystem (Hart and Luckai 2013; Chan et al. 2008). Microbial soil populations
are considered to be acutely sensitive to changes in soil environment (Zhang et al.
2005).

Biochar is alkaline and porous, has a high specific surface area and multiple
negative surface loads, and contains high-charge dense materials (Steiner et al.
2008). Increased soil biochar content can alter the soil ecosystem and microbial
habitat, altering the biogeochemical cycle of soil carbon. As a material with a high
carbon content, the addition of biochar to the soil would directly complement the
organic carbon sources required for soil carbon cycling (Yin et al. 2014; Wu et al.
2012). The high stability of the biochar is due to its complex aromatic structure and
its physical and chemical defensive effects. As the biochar enters the soil, its stable
group significantly enriches the SOC pool and is retained in the soil for a long time,
thereby enriching the total amount of organic matter in the soil (Woolf and Lehmann
2012). Labile components of biochar, such as aliphatic carbon speciation, can
complement the soil carbon pool in the form of soluble organic matter (Brewer
et al. 2009; Schmidt and Noack 2000). Biochar can boost soil water holding capacity
(Laird et al. 2010), reduce soil bulk density, promote soil ECE (Cation Exchange
Capacity) and pH (Van Zwieten et al. 2009), alter soil biochemical reactions and
stimulate soil enzyme activity (Acosta-Martinez and Tabatabai 2000) and promote
soil microbial reproduction.
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6.4.6 Role of Biochar in Climate Change

6.4.6.1 N2O and CH4 Emissions
The main greenhouse gases associated with agriculture are nitrous oxide (N2O) and
methane (CH4). Cropland and grassland are an important agricultural source of N2O
emissions, whereas paddy fields, livestock waste and enteric fermentation are the
major sources of CH4 emissions. When added to soil, biochar will minimise
greenhouse gas emissions by dramatically reducing N2O emissions. Emissions of
N2O, a greenhouse gas that is nearly 300 times higher than CO2 in terms of global
warming potential, have been decreased by 40%. Laboratory studies show that the
reduction of N2O emissions from biochar-treated soil depends on soil moisture and
soil aeration (Yanai et al. 2007). Greenhouse gas emission reductions could be 12%
to 84% higher if biochar is used instead of combusted for energy purposes
(Lehman et al. 2006).

The retention of nutrients by biochar can depend on the temperature of the
biochar pyrolysis, soil types, fertiliser doses and soil water content. Some studies
have shown that the inclusion of biochar in soil effectively decreases N2Oemission
from different soils. For example, Rondon et al. (2005) stated that 50% reductions in
N2Oemissions were found in soybean systems, while 80% reductions in
N2Oemissions were found in grass systems. Similarly, treatment with biochars
could minimise N2Oemissions from 1768 to 45–699 μgN2O-N m � 2 h � 1
(Wang et al. 2013) and suppress N2Oemissions between 21.3% and 91.6% (Stewart
et al. 2012). However, several studies have confirmed that there is no impact (Cheng
et al. 2012) or even increase (Clough et al. 2010) was detected on N2Oemissions
after the application of biochar.

The global warming potential (GWP) of the gas represents two aspects: the
efficiency of the molecule in the absorption of incoming solar radiation and its rate
of chemical breakdown in the atmosphere. By definition, the global warming
potential (GWP) of CO2 is1.0; by contrast, the nitrous oxide GWP is 310. Under
anaerobic conditions, N2O is released from soil by means of denitrification, a
method in which specialised microbes that obtain energy from nitrate reduction
(NO3-) or intermediate gases are dinitrogen-based. However, it appears that nitrify-
ing bacteria, which are generally involved in the conversion of N2 to ammonium
(NH4+), i.e. nitrification, can simultaneously denitrify (Bateman and Baggs 2005).

The availability of NH4+ is usually regulated by the climate-driven
mineralisation of organic matter, but its concentration is greatly enhanced by the
use of nitrogen fertiliser or by the use of dung or slurry in livestock and grassland
systems. Regardless of the environment or source, the majority of soil nitrogen is in
organic form and N2O emanates through the use of a relatively small and dynamic
nitrogen reservoir. Life cycle evaluations quantifying the benefits of biochar-based
energy strategies are very heavily dependent on a decrease in N2O emissions that
often accompanies the addition of mineral nitrogen fertilisers. Accounting for this
effect makes a great difference to the overall analysis of how a biochar to soil
strategy impacts on net greenhouse gas balance (Gaunt and Lehmann 2008).
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Yanai et al. (2007) showed that ‘bio-waste’ carbon dioxide was used during the
re-wetting of a former grassland soil, high in organic matter, in laboratory incubation
(25 �C). Nine-tenths of N2O was suppressed in five-day soil-wetting emission
episodes to 73% and 78% water-filled pore space. At a marginally higher pore-
filled water region (83%), carbon dioxide had the opposite effect, increasing N2O
emissions. The rate of biochar applied used in the study was equivalent to a relatively
high application rate of 180 t ha-1 in topsoil.

In arable soil with a much lower C content (2.2% C), Sohi et al. (2009) studied the
impact of willow charcoal at a much lower rate of 10 t C ha-1, which was assessed
during 20 �C incubation of wet (70% water holding capacity) and re-wetted (20%
water holding capacity) soils, with and without simultaneous addition of small
amounts of inorganic N (equivalent 75 kg N ha-1). More moderate suppression of
15% was proportionally equivalent for all interventions where there was some
response at all (the already-wet soil did not emit significant N2O). After 6 months,
the available soil N would have been mostly consumed and the soil would have been
well balanced. A second inorganic N addition (without new charcoal) at this time
showed no difference in N2O emissions between amended and control soils.

It is currently estimated that 1325% of N in N of corn fertiliser is converted to
N2O emissions (Wang 2008). Biochar reportedly decreases N2O soil emissions
resulting from the use of N fertilisers (Yanai et al. 2007; Rondon et al. 2006; Van
Zwieten et al. 2009). A laboratory research in Japan (Yanai et al. 2007) showed that
soils changed with 10 wt percent of soil as biochar suppressed 89% of N2O
emissions. In the meantime, laboratory incubation studies (Van Zwieten et al.
2009) have shown that soils modified with biochar from poultry litter emit approxi-
mately 40%–80% less N2O than control. However, the same study found that yard
waste biochar generated at lower temperatures increased N2O emissions by 100%.
These findings show that not all biochars can minimise N2O emissions equally (Van
Zwieten et al. 2009). For this study, the baseline scenario assumes that biochar
processing takes place under conditions such that soil N2O emissions from N
fertiliser applications are reduced by 50%. Therefore, 0.394 kg of N2O emissions
to the air would be avoided with each tonne of biochar added. Sensitivity analysis
also looks at the effects of varying soil N2O emissions.

Despite some claims that good management of compost piles results in minimal or
zero CH4 or N2O emissions, numerous studies have found that even well maintained
compost piles (turning, aeration, proper moisture content) emit quantifiable quantities
of CH4 and N2O. The CH4 is produced by microorganisms when the biomass is
processed under anaerobic conditions. N2O is produced during the decomposition of
biomass by denitrification and nitrification processes. Studies of yard waste compost
(grass clippings, green leaves and brush) have reported that 0.030 kg and 2.79 kg of
N2O and CH4 are released, respectively, per tonne of dry organic material (Lehmann
et al. 2006) assuming moisture content.

6.4.6.2 Carbon Sequestering
Carbon sequestration is the capture and preservation of carbon to prevent its release
into the atmosphere. Studies indicate that biochar sequestration of approximately
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50% of the available carbon in the biomass feedstock is pyrolysed, depending on the
feedstock type (Lehmann et al. 2006). Carbon sequestration in agricultural soils is
also promoted as a realistic solution to slow down the rate of CO2 rise in the
atmosphere (Mekuria and Noble 2013). Over the last two to three decades, a variety
of land and crop management activities have been promoted to recover organic soil
carbon and reduce the net CO2 emissions from agricultural systems in the tropics
(Smith et al. 2008; Sohi and Shackley 2009; Woodfine 2009). Practices for restoring
organic soil carbon and minimising net CO2 emissions include, but are not limited
to, crop rotation, avoiding the use of bare fallow, conservation of tillage, manage-
ment of organic inputs such as manure and crop residues, restoration of degraded
agricultural land, water management and agroforestry (Banger et al. 2010; Batlle-
Bayer et al. 2010; Shafi et al. 2010; Wang et al. 2010; Bangroo et al. 2011;
Fallahzade and Hajabbasi et al. 2012).

Studies have shown that smallholder farmers can minimise greenhouse gas
emissions and preserve carbon stocks in soil and vegetation at relatively low cost
by adopting crop and land management practices (Nair et al. 2007). However, the
study by Giller et al. (2009) and Sanchez (2000) established a number of constraints,
including a low degree of mechanisation within the smallholder system, a lack of
suitable implements, an issue of weed control under the no-till system and a lack of
adequate technical knowledge that hinders the large-scale adoption of practices by
smallholder farmers. Woodfine (2009) added that the availability of funds to catalyse
the initial transition is a crucial obstacle for realising the implementation of several
mitigation activities. Operational improved crop and land management practices can
require more manual labour than traditional agricultural practices (Suprayogo et al.
2010a, 2010b). Optimising these advantages and disadvantages can be a difficult
job, which in itself is a drawback as there is a lack of skilled staff and extension
workers to provide information and advice to farmers. In addition, the time pattern of
influence to reduce the rise in CO2 varies between practices and, in most situations,
the decrease in CO2 emissions as a result of the recommended practices is temporary
(Smith et al. 2008). For example, a study in Kenya showed that the residual effect of
manure applied for 4 years only lasted another 7 or 8 years when assessed by yield,
SOC and OlsenP (Suprayogo et al. 2010a, 2010b). The consequences of no-till
practices are often quickly reversed and contribute to the release of CO2 into the
environment as soon as the system has begun to be interrupted.

6.4.7 Bioenergy from Agricultural and Forestry Residues

Ogawa (2006) proposed a scheme for carbon sequestration by forestation and
carbonisation. The scheme concerned fast-growing plantation tree species fixing
atmospheric CO2, with items consisting not only of traditional wood, wood chips
and pulp, but also of the transfer of waste and residues to the carbonisation process
and the re-application of this stabilised carbon back to the plantation soil. This
method has been formally suggested under the Clean Development Framework in
Sumatra, Indonesia. In Minas Gerais, Brazil, a current commercial project says,
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under CDM, a carbon credit for the replacement of coal-derived coke for the
smelting of iron by pyrolysed eucalyptus plantation. The project produces
300,000 t-1 of charcoal. The ‘fines’ of carbon dioxide, which account for about
5% of the substance, are used for the manufacture of briquettes rather than for use in
soils. In Australia, the potential for integration of oil production from mallee trees
with the processing of wood waste for the production of biochar for use in crop
production has been investigated examined (McHenry 2009).

Seifritz (1993) measured the size and expense of the carbon gain that could be
realised by converting plantation forest biomass directly to biochar. The scenario
included no energy capture in the conversion, demonstrating instead the net primary
efficiency that is retained by the cultivation process and the long life of charcoal
relative to the nature and fate of conventional timber products. In the tropical sense,
‘slash and char’ scenarios have been addressed, where one-off biochar inputs are
made during the conversion of land from forest to agriculture (Steiner 2006) or
maybe ‘crop and char’ with a positive feedback loop between one-off, periodic or
rotational biochar inputs and an increase in the productivity of biomass and feed-
stock. However, as examples of viable, village-scale bioenergy based on gasification
technology are growing in developing countries, it is conceivable that technological
progress in tandem with increased income from ‘crop and charcoal’ practices may
eventually lead to combined biochar production and energy capture on the same
scale.

In the absence of sufficient technological growth, charcoal processing and pro-
duction could not deliver the same benefits to human health as, for example,
replacing current biomass burning practices with basic yet cleaner and more efficient
combustion technology. Submicron soot particles formed by condensation reactions
in combustion gas streams are the most recalcitrant types of black carbon but, despite
the relatively small amount of carbon involved, can have a major effect on the albedo
of both the global atmosphere and the ice caps, alter the radiative balance and
intensify climate change (Ramanathan and Carmichael 2008). At present, global
emissions of soot are expected to decline as rural biomass consumers in developing
countries turn to clean fossil fuel combustion (Streets et al. 2004). Charcoal
processing produces less soot than open burning, but despite the potential size of
future biochar production, its future contributions to the global soot inventory have
not been formally evaluated.

6.5 Conclusion

In the light of the available literature relating to each and every phase of biochar
development and its application, we have concluded that there is an urgent need for
low-cost biochar-based waste material for the sustainability of agriculture and
environmental remediation, as well as for the daily erosion and infertility of
agricultural land.
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