Chapter 17 )
Biochar Production and Its Impact oo
on Sustainable Agriculture
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Abstract Biochar is a fine-grained, carbon-rich and porous organic derivative
derived through pyrolytic combustion of biomass. Its use in agriculture since
Amazonian terra preta civilization signifies its potential benefits in sustainable
crop production and environmental remediation. It supports plant growth and
yields through favourable soil physicochemical properties, enhanced water holding
capacity, nutrient availability, heavy metal remediation and disease and pest suppres-
sion. It sequesters atmospheric carbon dioxide, pacifies the pace of global warming
and contributes to quenching adverse effects of climate change in the long run. In this
direction, large-scale biochar application in the agricultural production system is a
holistic approach for socio-economic and ecological sustainability. Research results
on biochar application, though miraculous, are mostly laboratory or greenhouse-
based as the popularization of its wider field application in the agriculture sector
is constrained by a higher rate of application incurring a high cost of production.
This problem can be addressed through low-cost biochar generation from the locally
available biowastes.
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17.1 Introduction

Healthy soil leads to a productive, profitable and sustainable agriculture production
system (White and Barberchek 2017). Rhizospheric aeration, moisture, temperature,
nutrients and microbial population are influenced by soil type and its physicochem-
ical characteristics. However, continuous cropping over years depletes many essential
plant nutrients from the soil that need to be replenished through judicious nutrient

S. K. Dwibedi (X)) - F. Khawajazada

Department of Agronomy, College of Agriculture, Odisha University of Agriculture and
Technology, Bhubaneswar, India

e-mail: sanatdwibediouat@ gmail.com

B. Behera
Institute of Agricultural Sciences, Siksha ‘O’ Anusandhan University (Deemed), Bhubaneswar,
QOdisha, India

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 445
V. C. Pandey (ed.), Bio-Inspired Land Remediation, Environmental Contamination
Remediation and Management, https://doi.org/10.1007/978-3-031-04931-6_17


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-04931-6_17&domain=pdf
mailto:sanatdwibediouat@gmail.com
https://doi.org/10.1007/978-3-031-04931-6_17

446 S. K. Dwibedi et al.

management. Furthermore, excessive application of synthetic pesticides, hormones,
probiotics and chemical fertilizers have perilous effects on the soil environment
that ends up with pesticide resistance and pest resurgence (Wu et al. 2012). Inten-
sive cropping and use of chemical fertilizers deteriorate the soil health and reduce
crop yield (Rawat et al. 2017). Continuous cropping without manuring exhausts soil
carbon pool that influences soil biota. Heavy metal accumulation, particularly nearby
opencast mines need to be remediated for sustainable cropping and maintaining soil
biodiversity (Rawat et al. 2017).

It is high time to feed the ever-growing population without degrading the envi-
ronment. Selection of any soil ameliorant for land reclamation must be based on
its compatibility, cost and availability. Hence, due care must be taken to maintain
the soil carbon pool to facilitate soil biodiversity, natural cycles and to sequester
atmospheric carbon. Among many options of soil fertility restoration and carbon
sequestration, biochar application has been a well-proven, widely accepted and age-
old practice dating back to Amazonian civilization (Lahori et al. 2017). Biochar is “a
fine-grained, carbon-rich, and porous organic derivative derived through anaerobic
thermo-chemical combustion of biomass” (Amonette and Joseph 2009). Pyrolytic
burning of biomass produces oil and gas as co-products in addition to biochar
depending on the substrate type and processing conditions (Gaunt and Rondon 2006).

17.2 History of Biochar Production and Use

As mentioned earlier, biochar production and application trail to the era of a fire-
fallow system of cultivation during the Neolithic revolution when nomadic hunters
and gatherers domesticated certain plants and animals for leading a settled life and
getting more nutrition per unit area. These ancient nomads were clearing up the
forests and grasslands, and burning biomass just before the rainiest part of the year
to enrich the soil with valuable plant nutrients and to eliminate weeds and control the
disease-pest infestation. However, after three to five years of cropping, the nomads
were abandoning the land in search of new locations due to reduced soil fertility,
and the resurgence of diseases, pests and weeds. After a gap of a few years, they
were again returning to the same land on recovery. This cyclic process of burning
and assorting is known as slash-burn or shifting cultivation. In India, it is known as
jhoom or jhum cultivation (Singh 2018). As of 2004, an estimated area of 200 to
500 million hectares across the world was under this system of cultivation. As the
slash and burn system of cultivation is not sustainable and scalable for the larger
human population, an alternative system such as the inga alley cropping or slash and
char system (Biederman 2012) with significantly less environmental repercussion
had evolved (Elkan 2004).



17 Biochar Production and Its Impact on Sustainable Agriculture 447

17.2.1 Slash and Burn System Versus Slash and Char System

The slash and burn system of farming had evolved during the Neolithic era to expand
crop area for feeding the growing human population by clearing thick vegetation.
The burning of biomass was yielding ashes, that provided essential plant nutri-
ents, but at the cost of devastating environmental pollution (Raison et al. 2009)
by producing many toxic gases that polluted air in the near vicinity. The wood ash
thus produced, being light in weight, was also getting washed away through natural
drainage exposing the land to accelerated weathering and soil erosion. In long run,
that eventually affected farming and large-scale ranching.

To mitigate the negative effects of burning, people started charring residues instead
of burning after cutting. This alternate system of farming, known as the ‘slash and char
system’, had tremendous environmental benefits over the slash and burn system as it
significantly reduced toxic gases and improved the bio-physicochemical properties
of soil. Slash and burn system with 1-3 years of cropping followed by 20 years of the
fallow period could be sustainable but not practicable under growing food demands
(Steiner et al. 2008).

In the slash and char system, biochar is produced which can be buried in the soil
after mixing with biomass such as agricultural residues, manure and food waste for
conditioning or terra preta. Terra preta is the most fertile black-coloured soil on the
planet found in the Amazon basin, popularly known as Amazonian dark earth or
Indian black earth (Terra Preta de Indio). It is known to regenerate on its own. It
sequesters considerable quantities of atmospheric CO; into the soil as safe, stable but
active form in contrast to the slash and burn system that increases carbon footprint
opposite to it. Near about 50% of the carbon remains in stable form and remains
active over hundreds of years (Lehmann et al. 2006).

17.2.2 Biochar in Traditional Agriculture

Charcoal, the precursor of biochar has been in use since the Paleolithic and Neolithic
eras of slash and burn (Chen et al. 2019). Carbon dating of the charcoal paintings
on the walls of the caves across the globe uncovers the story of charcoal use even
more than 30,000 years ago (Zorich 2011). The International Biochar Initiative (IBI)
defined biochar or pyrogenic carbon as “the solid material produced through thermo-
chemical conversion of biomass in an oxygen-deprived environment”. It is popular
both in ancient and modern civilizations. The application of biochar in the ancient
era is evident from the Terra preta in the Amazonian basin of South America (Glaser
et al. 2001) for more than 2500 years (USBI News 2021a). Such a meaningful piece
of ancient agricultural heritage was unveiled in 1966 by Wim Sombroek, a Dutch
soil scientist who located a rich self-regenerating soil in the Amazon basin of Brazil
(Wayne 2012). The nutrient and organic matter content of this Amazonian dark soil
were extremely high (Harder 2006; Marris 2006; Tenenbaum 2009). Its chemical
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analyses indicated the presence of burned wood, crop and bone residues of animals
and fishes (Sombroek et al. 2002). The productivity of terra preta is four times
greater than the soil from similar parent material (Wayne 2012). Bruno Glaser of
the University of Bayreuth in his article “the Terra preta phenomenon: a model for
sustainable agriculture in the humid tropics” has estimated around 250 tons of carbon
in terra preta compared to the maximum of 100 tons in unimproved soils from the
same area (Glaser et al. 2001). The land size varied from 20 ha (Smith 1980; Zech
etal. 1990; McCann et al. 2001) to 350 ha (Smith 1999) patches covering 50,000 ha
in the central Amazonian region. Still today, 10% of the Amazonian basin is under
terra preta soil (USBI News 2021a).

The porous structure of biochar facilitates nutrient accumulation, growth of bene-
ficial microorganisms and helps in the slow release of nutrients in available form and
a balanced ratio supporting vigorous plant growth (Shindo 1991; Cheng et al. 2008).
The black carbon in charcoal exists in soil for over 1000 years or longer. This black
soil from anthropogenic activity in the Amazonian basin of dense rainforest could
be attributed to the sustenance of a large human population for thousands of years
before it was exposed to the outer world by Christopher Columbus in 1498 (Petersen
et al. 2001; Lehmann 2009).

China and India have a strong history of biochar production and application.
Conversion of crop residues into biochar instead of burning in-situ has been an age-
old practice in China, mostly in the southern region of the country (Yan et al. 2019).
The use of charcoal in agriculture in the Himalayan hills of the Indian subcontinent is
a traditional practice. People gather biomass in forests and fields, cover them under
mud-coat and set fire to get biochar on subsequent cooling. Terra preta like soils
have been identified in Peru, Ecuador, Benin and Liberia in West Africa also (USBI
News 2021a). Archaeologists have claimed the fall of Mesopotamia civilization due
to climate change leading to drought and depletion of soil carbon (Codur et al. 2017).

In some ancient civilizations, the production of biochar was not the only require-
ment. Rather, they were more acquainted with the liquid product recovery. Traces
of wood-tar and pyroligneous acids on the embalmed body of the dead are widely
observed in the remains of ancient Egyptian societies (Emrich 1985; Day et al. 2012).
Macedonians obtained wood oil from burning biochar in pits (Klark and Rule 1925).
Evidence dating 6000 years back shows the use of wood tar to attach arrowhead with
the spear shaft (Klark and Rule 1925; Emrich 1985). However, few such practices of
charcoal making in many developing countries are not completely anoxic and thus
unhealthy for the environment but are better than open burning of residues (USBI
News 2021b).

17.3 Benefits of Biochar Use

Pyrolysis of natural vegetation or farm residues generates biofuel without competi-
tion with crop production. Controlled burning of biomass with limited or no oxygen
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produces syngas and wood oil in addition to the biochar, while open burning gener-
ates greenhouse gases (GHGs) and deteriorates the environment. Biochar on incor-
poration into the soil enhances natural processes, improves soil physicochemical
properties, promotes beneficial microbial growth (Ajema 2018) and facilitates plant
growth, protects against moisture stress (Bera et al. 2018), induces disease-pest toler-
ance, provides anchorage, sequesters atmospheric CO, (Cornet and Escadafal 2009),
reduces soil erosion (Jien and Wang 2013), remediates (Cheng et al. 2020) and
rejuvenates the soil.

17.4 Procedure for Synthesis of Biochar

The carbonization of wood for heating or making biochar is as old as human civi-
lization itself (Brown 1917; Emrich 1985). Although different methods of biochar
making were employed by ancient civilizations, all of them were to generate heat
without any intent to harness the released volatile gases during the combustion
process releasing toxic gases and fumes into the surrounding environment. However,
in some civilizations, wood tar was collected for embalming dead or inserting
arrowheads.

The simple process of thermal decomposition of biomass for biochar produc-
tion involves either pyrolysis or gasification. Pyrolysis is the temperature-mediated
systematic chemical decomposition of organic substrates in an oxygen starved atmo-
sphere without combustion (Demirbas 2004). The gasification system produces
smaller quantities of biochar (10-20%) but the larger volume of syngas (80%) on
direct heating at >700 °C or more (Nartey and Zhao 2014; Biochar International
2021). In pyrolysis kilns, retorts and other specialized equipment are used to bake
the biomass at <600 °C in absence of oxygen. Pyrolytic gases, often called syngas,
are allowed to escape or combusted to make the process self-sustaining (International
Biochar Institute 2021). Broadly, two systems of pyrolysis are used today, viz. fast
pyrolysis and slow pyrolysis. Fast pyrolysis produces 75% oils and 10-20% char
while slow pyrolysis produces one-third each of oils, char and gases (Nartey and
Zhao 2014; Biochar International 2021). Pyrolysis occurs in three basic steps: In the
initial step, moisture and some volatiles are lost; in the middle step, organic residues
are transformed into volatile gasses and biochar, and finally, chemical rearrangement
of the biochar occurs slowly (Demirbas 2004).

17.4.1 Stages of Pyrolysis

Biomass constitutes five main components: water, cellulose, hemicelluloses,
minerals (ash), and lignin at varying proportions depending on the biomass source.
Seasoned wood contains 12—-19% moisture and freshly cut crops or wood contain
40-80% water on a weight basis. On heating, most of the water escapes at 100 °C and
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biomass starts breaking down above 150 °C. At this temperature, biomass softens and
chemically bound water is released with carbon dioxide (CO;) and volatile organic
compounds (VOCs). On ‘torrefaction’, means further heating into the range of 200—
250 °C, chemical bonds start breaking. Acetic acid, methanol and other oxygenated
volatile compounds along with carbon monoxide and CO, are released from cellu-
lose and hemicelluloses. Torrefied biomass (e.g. boiler fuel) is brittle, easy to grind
with less energy, resistant to microbial decomposition and water uptake. The liquid
condensate, known as ‘wood vinegar’, ‘smoke water’ or ‘pyrolignous acid’, can
be used as a fungicide, plant growth promoter, compost stimulant and to improve
the effectiveness of biochar (International Biochar Institute 2021). The torrefaction
process is endothermic—external heat is required for increasing the temperature of
dry biomass. When the temperature reaches 250-300 °C, the thermal decomposi-
tion of biomass becomes more extreme with the release of a combustible mixture of
H,, CH,, other hydrocarbons, CO, CO, and tars. At this stage, pyrolysis becomes
exothermic with the release of heat due to break-up of large polymers of biomass and
release of structural oxygen to support self-sustained combustion thereby increasing
the temperature up to 400 °C till oxygen gets depleted completely leaving carbon-rich
charcoal-like residues. As heat is released and lost outside the system, external heat is
required for any further pyrolytic processes. At the end of this exothermic pyrolysis
stage, the maximum yield is obtained but stable carbon is yet to be attained. The ash
content, VOCs and fixed carbon of wood biochar may be around 1.5-5%, 25-35%
and 60-70%, respectively (Biochar International 2021). The biochar at the end of the
exothermic stage still contains a significant amount of VOCs. More heating is needed
to enhance the fixed carbon content, surface area and porosity from the remaining
VOCs. To elevate the fixed carbon content to 80-85% and reduce the VOCs below
12%, the biochar is heated further to a temperature range of 550-800 °C depending
on the substrate and particle size (Biochar International 2021). At this stage, the
biochar yield is 25-30% of the oven-dry weight of the feedstock.

Once the temperature goes above 600 °C, the addition of small quantities of steam
and air can trigger up the temperature up to 700-800 °C which results in activation
and gasification processes. Air and steam can activate the surface of biochar at high
temperature and release more VOCs. Activation increases the surface area, porosity
and CEC by adding acidic functional groups but at the cost of lowering the yield.
If an excess of air and/or steam is added to the process then a relatively clean gas
is produced that can be used for generation of electricity but the yield of biochar is
reduced below 20% and the ash content increases significantly (Biochar International
2021).

17.4.2 Preprocessing of Feedstock

Preconditioning of the feedstock can alter the rate of pyrolysis and final prop-
erties of biochar. Pretreatment with phosphoric acid increases functional groups,
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reduces the pH of biochar and produces slow-release phosphatic fertilizer. Pretreat-
ment with iron salts produces magnetic biochar that can remove heavy metals from
water. Alkali (potassium hydroxide) pretreatment softens biomass and breaks-down
lingo-cellulosic compounds. Mixing of clay, ferrous sulphate and rock phosphate
with biomass slows down the rate of pyrolysis, captures nitrogen and increases the
concentration of nutrient-rich nanoparticles (Biochar International 2021).

17.4.3 Post-processing of Biochar

Post-processing of biochar can alter its properties. Phosphoric acid can be treated to
make slow-release phosphatic fertilizer, reduce pH and enhance functional groups.
Urine is added to increase nitrogen content and alkali is added to increase pH and
potassium content. Rock phosphate, dolomite, gypsum, iron oxides, lime are added to
rectify soil constraints. Urea and diammonium phosphate (DAP) is added to biochar
for making complex fertilizers (Mohiuddin et al. 2006).

17.4.4 Effect of Residential Time

The largest specific surface area (155.77 m? g~ 1), a higher carbon content (67.45%)
and a lower ash content (15.38%), and higher carboxylic and phenolic-hydroxyl
group (1.74 and 0.86 mol kg~') were obtained in biochar from Robinia pseudoa-
cacia biowaste with zero residential time (the gap between burning char falling on
ground and cooling by the sprinkling of cold water). However, a longer exposure
time (5.30 min) resulted in lower values of above parameters (Xiao et al. 2020).

17.5 Methods of Preparation

Biochar can be prepared in small quantities at the individual household level
(Whitman and Lehmann 2009) and in large quantities in big industries (Amon-
ette and Joseph 2009). A specific requirement driven procedure is adopted for the
synthesis of biochar and other by-products (Srinivasarao et al. 2013). Various pyrol-
ysis technologies are available for traditional and commercial production of biochar
and other fractions.

The global biochar market in 2018 was US$1.3 billion while the demand was
395.3 kilotons in that year, which is expected to get doubled by 2025. Increased
demand for organic food so also its application in waste treatment and water purifi-
cation in emerging economies like India and China, are likely to trigger the biochar
requirement in near future. Environment friendliness, cheaper cost and multifarious
applicability render it indispensable to reorient government policies for wider market
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expansion (Grand View Research 2018). To popularize biochar among the farmers,
low-cost biochar production technology with the least negative environmental impact
needs to be developed at the community as well as individual farm-family level. A
few traditional, as well as modern biochar making methods are discussed hereunder.

17.5.1 Heap Method

The heap or mound method of charcoal making is an oldest practice in many parts
of the world where a heap or mound or pyramid-like structure is made up of dried
wood, crop residues, weeds, sawdust, rice husks, etc. The heap is then covered with
grasses, available agriculture waste or coir and moist earth to prevent the free flow
of oxygen during burning (Fig. 17.1). Vents are opened at the top to downward to
allow free out flow of the combustion gas and to facilitate uniform charring. The
fire is set at the bottom hole or top hole of the heap which subsequently engulfs
the entire heap within an hour or several days depending on the type and volume
of substrates. The quantity of smoke during burning depends on the substrate type,
oxygen supply and moisture content of the feedstock. When smoke production stops,
the holes are plugged with mud for the final conditioning of the biochar. After several
days of cooling, the earth cover is removed and water is sprinkled to wash away ash.
Earth-mound kilns with adjustable chimneys at the top that regulate diameter and
height controlling oxygen flow are the most advanced among earth kilns (Emrich
1985). This method is the cheapest, easiest, simplest, quickest and most popular way
of making biochar.

Narrow pipe for
limited airflow

Leaf and mud
covering

Wood to be
charred

Fig. 17.1 Schematic diagram of the heap method of biochar making
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Fig. 17.2 Schematic diagram of cone-pit method of biochar making

17.5.2 Cone-Pit Method

Cone-pit method is also another traditional practice of producing charcoal. A pit of
desired diameter and depth is dug in well-drained upland depending on the volume
of the biomass (Fig. 17.2). A dried feedstock is put in it up to the ground level or
below that at a time or in a phased manner after ignition of the fire. After completion
of partial combustion, the pit is covered with fresh grasses or leaves followed by
sealing with mud to restrict the inflow of oxygen into the pit. On cooling, the pit is
opened and biochar is removed for further use in agricultural land or other purposes.

17.5.3 Drum Method

The drum method of biochar making is popular in areas where the transportation of
biomass is cheaper than in-situ construction of kilns. Portable and handy metallic
drums are easy to operate requiring less maintenance (Srinivasarao et al. 2013).
Usually, cylindrical metal oil drums of about 200 L with both sides intact or of
varying sizes depending on the volume of substrate capacity and are preferred for
this purpose (Fig. 17.3). A square or round-shaped hole of 12-16 cm diameter or
side length is made at the centre of the top lid to allow combustion syngas to escape
through a chimney fitted to it. At the bottom of the drum, holes measuring about 4
cm? each are made covering 20% of the bottom area for uniform air flow from below.
The pyrolytic temperature and quality of biochar depend on the inlet air volume and
thus indirectly on the vent area at the bottom and side of the drum, if at all done
in some designs. The entire drum is placed on 3—4 bricks to facilitate free airflow
from the bottom. After putting feedstock systematically inside the drum, the fire is
set by pouring some petroleum oil or using polythene pieces at the top or side-hole.
Once the biomass catches fire, it is allowed to burn for about 15 min for partial
combustion and then the top lid is covered. Initially, sooty smoke with luminous



454 S. K. Dwibedi et al.

Smokeless fire

Chimney stack

Wood for

burning Outer metallic

drum

Wood to be

charred
Inner metallic
drum

Air intake

holes
Bricks on the

ground

Fig. 17.3 Schematic diagram of drum method of biochar making

flame comes out of the chimney and subsequently bluish smokeless flame (non-
luminous) come indicating completion of the heating phase of biochar making. The
drum is then brought down from the top of bricks and placed on a muddy surface to
prevent further entry of air. The top lid is also sealed by using mud to prevent airflow.
After a few hours of cooling, the biochar is ready for direct use or grinding. The
Central Research Institute for Dryland Agriculture (CRIDA), Hyderabad, India has
developed a biochar kiln for the community as well as the individual level (Venkatesh
et al. 2016).

17.5.4 Brick Kilns

Brick kilns are constructed at the place of origin of huge quantities of biomass. The
size and quality of the kiln depend on the volume of feedstock and its expected
longevity. Earthen bricks are mostly used but cemented bricks or fire bricks are also
used in some designs. Earthen bricks are brittle and may break down if not specially
baked and plastered thoroughly. Broken bricks allow free inflow of air resulting in
vigorous burning and more ash production. Mud or cement mortar is used to plaster
the bricks arranged in cylindrical or cubical shape (Fig. 17.4).
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Fig. 17.4 Schematic
diagram of brick kiln method
of biochar making

Smoke less fire

Chimney stack

Bricks kiln

Airintake
holes
Woodto

be charred

A simple biochar kiln, known as ‘Holy Mother Biochar Kiln’, has been made by
the Sarada Matt (Holy Mother) at Almora, Uttarakhand, India by using clay mud-
plaster and earthen bricks. Biomass is added continuously during combustion and
the primary air vent at the bottom is kept open till biomass is added. Then further
biomass addition is stopped and the primary vent is closed when the biomass reaches
just below the secondary air vents. Thereafter, water is sprinkled over it to drop down
its temperature and the biochar is collected and stored on drying.

17.5.5 Biochar Stoves

Biochar stoves are still widely used by more than two billion people across the globe,
particularly in the developing and underdeveloped energy-starved countries to cook
food or heat their homes with by burning wood, dried dung, crop residues or coal.
Such inefficient traditional heating practices cause air pollution that can exacerbate
global warming and bring health issues such as cardiac arrest and respiratory conges-
tions. The UN Environment Programme (UNEP) has identified the Atmospheric
Brown Clouds (ABCs) as a major contributing factor in climate change (UNEP 2008)
resulting mostly from a forest fire and inefficient anthropogenic biomass combus-
tion. Inefficient combustion of biomass produces black particles (soot) that absorb
sunlight and heat up the air mass while suspended white particles reflect back the inci-
dent solar radiation. Black carbon significantly contributes to global warming, next
only to CO; (Ramanathan and Carmichael 2008). Even non-biochar making cook-
stoves emit huge volume of black carbon. Black carbon from rocket stove equals to
that of from an open fire (MacCarty et al. 2008). However, modern science-based
technologies sequester carbon very efficiently through production of heat along with
biochar without much gas release. Gasifier stoves such as Top-Lit Updraft Gasifier
(TLUD) (Fig. 17.5) and the Anila stove are reported to have very low black carbon
emissions. Four basic stratified zones viz. raw biomass, flaming pyrolysis, gas and
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Fig. 17.5 Schematic
diagram of top-lit updraft
gassifier (TLUD)
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charcoal combustion are found in TLUD (Anderson and Reed 2004). If removed
and quenched properly at right time then charcoal can also be obtained. During this
process, the biomass is kept between two concentric cylindrical plates and a fire is
ignited at the centre to pyrolyze the fuel in between the concentric rings. The gases
from pyrolyzing fuel come out of the centre and they burn there to generate heat for
cooking whereas the biomass becomes char (Srinivasarao et al. 2013). The modern
Anila stove has been designed by U. N. Ravikumar of the Centre for Appropriate
Rural Technology (CART) to take advantage of the huge biomass available in rural
areas mostly in developing and underdeveloped countries and to minimize in-house
air pollution that comes during cooking. The Anila stove works on the principle of
top-lit updraft gasification. Hardwood fuel is lit at the top which burns downward and
simultaneously combusts the released syngas. The stove is made from stainless steel
and ordinarily weighs around 10 kg (Iliffe 2009). The IBI (Reddy 2011) has designed
a fan-propelled biochar cooking stove that circulates air and liberates energy from
the biomass for cooking and produces biochar in lesser quantity at the end of the
process.

Three different pyrolysis reactors viz. kiln, retort and converter have been
described by Emrich (1985) depending on the technology, size, purpose and the
type of feedstock in use. In traditional biochar making process kilns are used solely
to generate biochar. Retorts or reactors pyrolyzepile wood-log over 30 cm (length)
x 18 cm (diameter) (Emrich 1985) whereas converters carbonize small biomass
fragments like chipped or pelletized wood.

17.6 Economic Feasibility of Biochar Production

Application advantages of biochar for carbon sequestration, soil amendment, and
bioremediation of heavy metals and organic pollutants are widely accepted however
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its large-scale use has been constrained by its high cost of production (Xiao et al.
2020). Slow pyrolysis of corn stover resulted in a higher yield of char (40% by weight)
but with the lower gas release, while fast pyrolysis maximized bio-oil with lower
biochar and gas yields as co-products (Brown et al. 2010). Anaerobic production
of biochar from Robinia pseudoacacia biowaste demonstrated a low-cost of $20
t~! (Xiao et al. 2020). As estimated in 2015, slow pyrolysis of corn stover was not
profitable at offset value of biochar of $20 t~! as feedstock cost was $83 t~! in
the USA while the fast pyrolysis resulted in 15% internal rate of return (IRR) as
gasoline from bio-oil could value $2.96 per gallon gasoline-equivalent. By 2030, the
carbon offset value of biochar is expected to rise to $60 t~! and the gasoline price
per gallon is presumed to reach $3.70 that could benefit investors with an IRR of
26% (Brown et al. 2010). A stochastic analysis of biochar production in Canada
from spruce trees by slow pyrolysis mobile unit estimated fixed and variable cost of
$505.14 and $499.13 t~!. Its soil application @ 10 t ha™! of carbon was reported
to have increased the beet root yield from 2.9 to 11.4 t ha~! with the maximum net
profit of $11,288 ha~! (Keske et al. 2019).

17.7 Effects of Biochar on Agriculture

17.7.1 Geomechanical Properties

Favourable soil tilth and an increase in root penetrability promote crop growth and
yield (Jiang 2019). Although the literature on the biochar effects on soil tilth are rarely
traceable but its ameliorative bio-physicochemical properties significantly improve
soil tilth and tillage efficacy. Hseu et al. (2014) in a simulated rainfall experiment on
biochar amendment in the degraded mudstone soil have observed increased macro-
pores and reduced soil strength that invariably improved soil quality and physical
properties for tilth. According to Snyder et al. (2009), reduced tillage requirements
and residue retention due to biochar application significantly reduced GHG emission
irrespective of the type of cultivation. Experiments conducted by Tim Crews (Cox
2013) in the Land Institute at Kansas revealed the importance of the 2000 year of the
old practice of retaining soil nutrients that improves soil tilth too. Positive influence
of biochar on soil tilth and soil aggregate stability has also been corroborated by Elad
et al. (2010, 2011), Matt (2015), Yuniwati (2018) and Planet (2020).

Biochar can enhance the shear strength of clays and cyclic resistance of sand
but can desaturate soil separates (Pardo et al. 2018). Sokolowska et al. (2020) in
their experiment with wood waste and sunflower stick biochar experienced reduced
tensile strength in all types of soils under test. Another experiment by Sadasivam
and Reddy (2015) revealed a dramatic increase in cohesive strength of moist soil by
almost thrice and an increase in shear strength of soil by incorporation of biochar at
10% (w/w) indicating induced stability to landfill covers. The above results were also
corroborated by Reddy et al. (2015) with results showing positive relation between
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biochar amendments and geotechnical properties like hydraulic conductivity and
shear strength of soil while compressibility had reverse relation. Looking at the
paucity of information on the impact of biochar amendment on geomechanical prop-
erties, Renee (2019) has advocated for further intensive research for its effective
geoenvironmental engineering applications.

17.7.2 Nutrient Dynamics

The role of biochar on nutrient dynamics in soil has already been touched upon
earlier in this chapter. However, attempts are made in this section to review the
research findings on the differential response of plants to varying levels of biochar
applications only. Sukartono et al. (2011) have reported an increase in nutrient uptake
in maize crop with the application of biochar. Olszyk et al. (2020) in their experiment
reported variation in concentration of Ca, K, Mn, Mg, Zn and Fe in carrot taproot
and lettuce leaf depending on the biochar type. The Ca, Mg and Zn were the most
influenced and the concentration of K increased in the taproot system of carrot.
The addition of corn stover biochar increased the uptake of macronutrients both in
presence and absence of chemical fertilizers but switch-grass biochar had no effect
on macronutrient uptake and pinewood biochar reduced the uptake (Chintala et al.
2013). The importance of P and K for the increase in crop productivity was revealed
by Karer et al. (2013a) in an experiment on barley that resulted in reduced N uptake
while P and K uptake improved with the biochar addition. In corn, omission of
biochar from integrated chemical fertilizer application had at par effects on N, P and
K uptake rates. However, the reduction in yield was severe under deficient N supply
(Karer et al. 2013a). The uptake of nutrients in rice as studied by Ali et al. (2015)
indicated a positive response of biochar on Ca, K, Mg, Cu and Mn uptake over control
while the uptake of Zn, N and crude silica did not differ significantly. Moreover, the
uptake of Fe was higher under normal fertilization than biochar supplementation in
rice soil (Ali et al. 2015). In chickpea, application of maize stover biochar prepared
by batch-wise hydrothermal carbonization (210 °C) had recorded better uptake of N,
P, K and Mg than the biochar produced at 600 °C (Dilfuza et al. 2019). The utilization
of biochar not only increased the growth of calendula (Calendula officinalis L.) but
also increased the acquisition of macro and microelements from the soil (Karimi et al.
2020). A comparative report on the changes in chemical properties under biochar and
cattle manure amendment in maize crop has been depicted at Table 17.1 for better
understanding (Sukartono et al. 2011).

17.7.3 Disease Pest Infestation

Very few disease control methods are available to manage soil-borne pathogens
whereas biochar has been successfully tested to fight against major diseases in fruit,
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vegetables, ornamental plants, trees, shrubs, etc. Elad et al. (2010) in their exper-
iments with biochar amendments to the soil observed antagonistic effects against
foliar fungal pathogens such as grey mould (Botrytis cinerea) and powdery mildew
(Leveillula taurica) in pepper and tomato and to the broad mite pest (Polyphagotar-
sonemus latus) in pepper. In another experiment with biochar, they reported a shift in
the bacterial community that could contribute to the resistance against bacterial wiltin
tomato. The soil amendment with biochar altered microbial population and caused
a shift towards beneficial microbial populations that promoted plant growth and
induced resistance against soil-borne diseases (Lad et al. 2011). Graber et al. (2014)
reported resistance of plants to pathogens in a U-shaped response curve depending on
the dose of biochar, with a minimum disease outbreak at intermediate dose but severe
effects at both the minimum and maximum doses. However, a relatively lower inci-
dence of damping-off was seen in lower doses of biochar but at higher or moderate
doses, the severity was similar to untreated control. Biochar has been affecting the
progress of soil-borne diseases such as Fusarium oxysporum in asparagus (Elmer
and Pignatello 2011), Ralstonia solanaceaearum in tomato (Nerome et al. 2005) and
Rhizoctonia solani in cucumber (Jaiswal et al. 2014). Suppression of canker causing
Phytophthora in woody plants was reported by Zwart and Kim (2012) under biochar
addition to the soil.

17.7.4 Weed Dynamics

Study on weed dynamics is important, especially because, biochar can reduce the
efficacy of herbicides. Many researchers have advocated for enhanced crop yield
and ameliorative effects of biochar addition on bio-physicochemical properties of
soil. Biochar has minimal effect on weed germination and emergence pattern as
reported by Soni et al. (2015). Biochar mediated reduced germination and subsequent
infestation of Phelipanche aegyptiaca (Egyptian broomrape), a weed in tomato has
also been reported (Dilfuza et al. 2019). An increase in height and above-ground
biomass of pig-weed and crabgrass was observed that might complicate the weed
management strategy in biochar amended crop fields (Mitchell 2015). In a four
year experiment with walnut shell biochar at 5 t ha=!, 60-78% higher weed density
was reported by Safaei et al. (2020) indicating more efficient utilization of macro
and micronutrients by weeds compared with wheat and lentil crop. However, the
reduced air-dry weight of weeds compared to the control plots in the rye crop grown
with biochar has been reported in Poland (Kraska et al. 2016).

Preemergence herbicides are usually applied to the soil before the emergence of
crop that might increase the adsorption of the applied herbicides by biochar thereby
reducing efficacy. An experiment conducted by Soni et al. (2015) by incorporating
biochar at 2 t ha~! completely suppressed the herbicidal effects of atrazine and
pendimethalin in corn crop due to the presence of organic carbon and higher surface
area in biochar that resembled activated carbon thereby reducing the herbicidal effi-
cacy (Soni et al. 2015). In another experiment, recommended dose of pendimethalin
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at 1 kg a.i. ha~! along with biochar reduced grain yield of direct-seeded rice by 7.5%
compared to pendimethalin without biochar. A higher dose of pendimethalin also
reduced the biological yield of rice (Nath 2016). Hence, alternative weed manage-
ment practices should be adopted for eradicating preemergence weeds in biochar
amended soil (Sohi et al. 2010).

17.7.5 Water Use Efficiency

Biochar has the benefit of increasing water use efficiency (WUE) and water retention
in soil (Monnie 2016; Dwibedi et al. 2022) at varying degrees depending on soil
type, biochar characteristics and climatic parameters (Gao et al. 2020). Remarkable
positive influence of biochar application on the WUE have also been observed by
Benjamin et al. (2016), Lusiba et al. (2018) and Zhang et al. (2020). An experiment
with corn cob biochar showed no remarkable effect on the water retention curve
in sandy loam soil up to 20 t ha~! but only at 80 t ha~! the effect was significant
(Monnie 2016). However, large application of biochar at 200 t ha~! in sandy soil did
not promote plant growth compared to 100 tha~! thereby fixing the upper limit of its
beneficial effects (Kammann et al. 2011). This observation was corroborated by the
result from low magnitude applications (1 and 2% of biochar in soil) that although
slightly increased the water holding capacity but the effect was not sufficient to
mitigate deficit moisture stress condition for which application with the higher rate
was perhaps necessary (Afshar et al. 2016).

In the changing climatic scenario, it is imperative to develop a water balance
agricultural method to improve resilience to climatic variability. A meta-analysis of
observational data on biochar amendment revealed an increase in long-term evapo-
transpiration rates thereby increasing soil water retention capacity and water avail-
ability to crop (Benjamin et al. 2016). An increase in plant resistance to water stress
(60% field capacity) was observed in biochar amended soil compared to the control
(without biochar) (Aniqa et al. 2015). However, the negative effects of biochar on
plant water availability are also cited by Fischer et al. (2019).

17.7.6 Crop Growth and Yield

Biochar has synergistic effects on crop growth and yield (Dwibedi et al. 2022). Its
application in Chernozem soil significantly increased spinach (Spinacia oleracea L.)
in terms of growth by 102 and 353% in spring and autumn, respectively (Zemanovai
et al. 2017). In high drought-affected Chernozem soil, biochar application at 72 t
ha~! along with chemical N could increase barley crop yield by 10% compared to
the control with N fertilizer but without biochar. However, reduction in maize and
wheat grain yields by 46% and 70% at biochar application rate beyond 72 t ha~!
has been reported by Karer et al. (2013b). A single application of biochar at 20 t
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ha~! to Colombian savanna soil increased maize yield by 28—-140% compared to
unamended control (Major et al. 2010). Perhaps the nutrient adsorptive capacity
and antiallelopathic effects of biochar at 18 t ha™! resulted in higher germination
percentage, germination index and mean germination time of garden pea (Pisum
sativum L.) seeds (Berihun et al. 2017) while biochar at 10 and 20 t ha~! had positive
influence on Lepidium sativum L. seed germination (Kraskal et al. 2016). Results of
enhanced growth and yield parameters of bean (da Silva et al. 2017), wheat (Sial et al.
2019), maize (Zhuetal. 2015), rice (Muhammad et al. 2017), winter rye (Kraskal et al.
2016), sunflower (Qiang et al. 2020), and tomato (Yilangai et al. 2014) with positive
effects on the plant height, root, shoot and grain dry mass, number of pods and/or
grains due to application of biochar have also been reported. However, short-term
application of biochar did not have any effect on grain yield or yield components of
rice as reported by Yin et al. (2020). Rosenani et al. (2014) in their experiments with
rice husk biochar reported higher biomass in Amaranthus viridis and Ipomoea reptans
while no significant increase in yield was observed in sweet corn, except increase
in total dry matter. The grain yield increase in cowpea with biochar amendment
was irrespective of soil moisture regimes while the highest grain yield was reported
under no-water deficit stress (Moosavi et al. 2020). However, significant interaction
between biochar and maize productivity under limited water supply might prove a
novel approach in enhancing yield as well as WUE (Faloye et al. 2019). Biochar
amendment at 20 and 40 t ha~! in rain fed region of North China although could
significantly increase grain yield of maize by 23.9% and 25.3%, respectively with
positive effects on root morphology and stalk biomass but its effects in the second
year was not significant (Liu et al. 2020).

Application of biochar has also been influencing the cropping system as well
(Dwibedi et al 2022). In rice-wheat system, Gupta et al. (2020) have reported higher
grain yields for three consecutive years due to application of rice straw biochar and
rice husk biochar at 5 t ha~!. Significant positive correlation between N, P and K
concentration in soil with total N, P and K in wheat indicated potential benefits of
biochar application in supplementing plant nutrients in desired quantities (Gupta
et al. 2020).

17.7.7 Climate Change

Carbon is an important basic constituent of all living organisms on this earth. Man
is hunting for the traces of carbon in extraterrestrial bodies to explore any possible
existence of life. On this earth, it cycles among the atmosphere, biosphere, hydro-
sphere and lithosphere in many forms. In the earth’s atmosphere, carbon is present
mostly as methane and carbon dioxide. The earth’s largest carbon pool is found in
the continental crusts and upper mantle, a large portion is present in form of sedi-
mentary rocks. Oceanic carbon is the next largest stock, over 95% are present in
inorganic dissolved carbon and only 5% (900 gigatons) of carbon (GtC) is available
for exchange in the ocean surface (Kayler et al. 2017). The atmosphere contains only
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839 GtC, a very small portion of total carbon but it plays a very significant role. Near
about 19% of the carbon in earth’s biosphere is stored in plants, and the rest remains
in soil (FAO 2021). Soils contain 1325 GtC of top few feet and as much as 3000
GtC in total (Kayler et al., 2017). Oil and natural gases contain 270 and 260 GtC,
respectively. Coal reserve accounts for 5000-8000 GtC and unconventional fossil
fuels have whooping 15,000-40,000 GtC (Edmonds et al. 2004).

The concentration of CO; in the troposphere has elevated by 45%, from 280 ppm
in 1750 to 415 ppm in 2019, due to the industrial revolution. The level of CO, has
reached at this mark again after 3 million years, despite due absorption by various
sinks involved in natural cycles. The earlier peak was natural and steady that had
spread over many hundreds or even thousands of years allowing necessary adaption
and adaptation by different species while the present rise is sudden and anthropogenic
leading to mass extinctions of some life forms due to climate change.

Burning of fossil fuel, agricultural wastes and forest vegetation release fixed and
structural carbons into the atmosphere elevating the CO, concentration of the atmo-
sphere. Every year 30 GtC is fixed by crop plants, while on dying, it may return
back to the atmosphere, resulting in little net change in soil carbon pool (Krounbi
et al. 2019). Wildfires are estimated to add 8 billion tons of CO; every year for last
20 years and in 2017, the total CO, emission reached 32.5 billion tons as estimated
by the International Energy Agency (Berwin 2018). In 2014, forest fires released 8.8
million tons of carbon compared to 104 million tons from all fires (Merzdorf 2019).
Scientists have claimed that wildfires contribute less carbon than burning of fossil
fuels, citing 15 years of carbon release from the wildfires in US at only 250 Gt as
against fossil fuel contribution of 4800 GtC each year (Francovich 2019). However,
their real worry began with the peatland fire in Indonesia in 1997-98 that released
3.7 billion tons of CO,;. Permafrost thaw due to global warming and climate change
has increased the risks of uncontrolled fires in the northern peat that was previously
not vulnerable to such hazard (Khadka 2018). Hence, issue of wildfires will be more
challenging than mitigating the burning of fossil fuels in the future (Khadka 2018).

However, attempts to sequester significant amounts of free atmospheric carbon
through afforestation and reforestation in forest fire affected areas are not successful
in many cases due to global warming and related consequences. Restoration of the
original wild biodiversity in such charred areas is quite difficult and time consuming.
Many native species would be able to survive under changing climate due to mismatch
with their physiological optima. Systematic planning and consistent efforts are
required for altering the challenging and perilous effects of global warming and
climate change.

Biochar can significantly smother climate change by reducing atmospheric GHG
levels, and sequestering carbon dioxide. It can also increase productivity of marginal
soils, reduce soil erodibility, recharge groundwater, reshapes soil biodiversity, regen-
erates natural vegetation and many more synergistic effects it can have in the line of
sustainable agriculture and environment. Estimates reveal that application of biochar
can reduce 12% of the global GHGs and doping of potassium can enhance carbon
sequestration potential by 45% (Masek et al. 2019). Biochar in soil not only fixes
atmospheric CO, but also ameliorates soil that facilitates plant growth. It induces
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dark colour in the topsoil, like ferra preta of Amazon basin, which absorbs much
incident solar radiation during daytime and reradiates it back as long-wave radiation
during night thereby maintaining a steady range of diurnal temperature. Its presence
in soil not only marginalizes diurnal air temperature but the soil temperature is main-
tained which protects vegetation against harmful effects of low temperature. Biochar
is carbon negative and hence it can bring back the carbon from active cycle and
sequester in an inactive native cycle that slows down the process of global warming
and climate change (USBI News 2021Db).

Studies on the application of biochar with poultry manure in maize (Zea mays)
in rotation with soybean (Glycine max) in Canada showed a positive influence on
carbon and nitrogen transformation in the soil-plant-atmosphere system (Mechler
et al. 2018). In another experiment under soybean in Ohio, USA the cumulative N,O
emission over the growing period decreased by 92% in the biochar-amended soil
compared to the control (without biochar) while the total cumulative CH4 and CO,
emissions did not get affected by any such amendment. Biochar amendment resulted
in net soil carbon gain whereas humic acid and water treatment residual resulted in
net soil carbon loss. However, all three amendments subsided the global warming
potential (Mukherjee et al. 2014). A meta-analysis of Timmons et al. (2017) published
papers with 552 paired comparisons conducted by He et al. (2017) indicated 22.14%
increase in soil CO, fluxes, but 30.92% decrease in N,O fluxes while CH,4 fluxes
remained unaltered. However, under soil fertilization, the CO, fluxes were suppressed
which implies that biochar is unlikely to stimulate CO, fluxes in the agriculture sector
(He et al. 2017).

17.8 Future Prospects and Constraints in Biochar Systems

The significance of biochar in environmental remediation and agricultural production
systems is now an undoubted fact. However, its in-depth study on ISO-based life
cycle assessments in various systems has not yet been well attended. The potential of
biochar and biochar systems is manifold. It can be potentially linked to many sectors
for green-growth, development and climate resilience. Decision tools based on local
environmental, agricultural, social constraints and opportunities requirement need
to be designed and validated to select befitting biochar system technologies (Scholz
et al. 2014).

17.8.1 Scaling up from Pilot to Programme

Biochar systems are nascent technologies in-spite of their wide adoption by many
older civilizations. As of now, many researchers have intensively studied various bio-
physicochemical properties of biochar synthesized from different feedstock, ranging
from wastes to wood under varying pyrolytic conditions. However, most of them
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are either laboratory- or GHG-based experimentations lacking wider replicability
in the farmers’ fields to adjudge their effects extensively. A deeper insight into the
economic benefits of the carbon trading of biochar systems overweighs the return
from crop growth. So also, due to lack of applicable methodologies and legislative
yardstick to regulate the targeted source of feedstock, the engagement of private
sector is unlikely to exist in larger scale, at least in the present scenario in most
developing countries. Therefore, it is high time for the institutions such as World
Bank, International Finance Corporation, Global Environment Facility and many
other international and national institutions to test-demonstrate various sustainable
biochar production systems across the globe prioritizing the economically deprived
but resource stuffiest countries.

17.8.2 Further Research Needs

The quantum of funds pumped towards research and demonstration has not yet
reached at its desired level to scale up biochar systems comfortably. Among the
areas of further research, effective targeting of the ‘true wastes’ that degrade the
environment in absence of judicious and alternative uses is of prime importance
now. Furthermore, development of low cost pyrolysis units befitting to the socioe-
conomically deprived countries is an area for future research. Critical assessment
of biochar application process and their bio-physicochemical effects on the soil and
crop yields also deserve deeper attention. Characterization of biochar and their bio-
physicochemical properties, depending on feedstocks, pyrolysis temperature and
duration, would allow better prediction of soil fertility, target crops and soil types
to which these biochars could be allowed. The farmers may be directly involved
or the knowledge will be made available through intermediary extension service
systems, preferably in the developing countries first. Moreover, social aspects of
biochar system related technologies need further attention as certain biochar systems
would increase drudgery that in turn would discourage the farmers, and farm women
in particular, in adopting them. As biochar systems at higher rate of application, in
many instances, may not be financially sustainable for small and marginal farmers,
small-scale experimental use in limited areas could remediate soil and enhance crop
productivity in a time series perspective. As biochar systems aim at ‘triple win
promise’ viz. energy, climate and soil but no such evidence satisfies universal condi-
tions without considering local conditions (Scholz et al. 2014). Hence, long-term
applied research at scale of implementation could essentially resolve this problem.

17.8.3 Constraints and Risks

While considering the feasibility of biochar production and management systems
certain key questions need to be addressed. Firstly, will the biomass be honestly
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sourced from the true waste materials? While answering this question a compar-
ative analysis with alternative waste disposal systems should be performed giving
importance to the energy capture and nutrient-recycling unlike open burning and land
filling. Further question of safe-feedstock use could be addressed through incorpo-
ration of non-toxic rural and agricultural wastes in biochar systems and deliberately
avoiding the industrial and urban wastes. However, the risk of rampant deforestation
and cleaning of natural vegetation can never be set aside under lucrative government
incentives to popularize biochar systems. Next challenge could be sufficient avail-
ability of suitable feedstock locally and its economic feasibility in long run. Such
a challenge could be sorted out by indicators like sustainable availability of feed-
stock on-farm and its potential use in high value crops in intensive cropping system.
Furthermore, the risk of methane, carbon oxide and other toxic volatile fume release
must be addressed meticulously to safeguard global environment. A site specific
biochar application repository could scientifically address variable soil and crop
requirements. The constraint of non-adoption of technology in post demonstration
phase could be ascribed to drudgery and valuable alternate energy services.

17.9 Conclusion

Application of biochar is an ancient practice of soil conditioning and sustainable
yield enhancement. It ameliorates and improves physicochemical properties of soils,
facilitates nutrient availability and enhances plant growth and yield, rendering it
most suitable for organic, dryland and conservation agriculture and land reclama-
tion. Its lower production cost from locally available biowastes could lead-support
resource poor small and marginal farmers as an intriguing option in crop produc-
tion. Although research results on biochar application are alluring but most of them
are laboratory or greenhouse-based, lacking wider adaptability in open field condi-
tions. Even today, large knowledge gaps on persistence, bio-geochemical cycles,
GHG regulations, microbial behaviour and metal retention period are still lacking
that need to be addressed in full-scale outdoor trials. Crop specific tailored biochar
dose recommendations based on biochar feedstocks, pyrolytic conditions and soil
type need to be designed.



S. K. Dwibedi et al.

eyep Juowean-aid , ‘sdoio ozrew
(1107) uoseas K1p pue ([ [-0](Q) UOseas Aurel ajouap pug pue 1T (500 = d) ApueoyruSIs IQJJIp 10U Op UWN[od UM s1anaf 1duosiadns swes ay) Yim UBdA

466

—| L8°0 - ¥€T -| LSO - I - 71 -| $80 —| 667l —| L6S| s1dxear050g

jusWIpUSWE

oCE 1| qLE'T| «80°C| 5CCCT| AL'O| SLO| o¥FPL| q6S€C| q€1'0| qII'0| q680| 4L8°0 V'€l | qvE€ €l | qCE9 | 56CT9 moym

BRI

SV qv'T| oSI'T| 8ET| qIL0| q9L0| qS6'0C| e99°ST| q€1'0| qeb 0| qet6’0| q6'0| qul9¥I| eCO'SI| ¢9€9 | q6£'9| oInued oe)

Ieyoolq

€S T| ST | ¢8LC qQ9C| e8L0| 2680 | qulIIC| e¥C9C| BSI0| 10| =II'L| eV I'T| eVI'ST| el'SI| 9%9| S¥'O Sunp ape)

Ieyoolq

QVST| qCV' 1| qeVST| etV C| e8L0| qSL'O| qebETC| e8V'9C | qeb1'0| qCI'0| €Il | oSI'T| SI'SI| eV0°SL| e9Y'9| 26¥°9 | [2USINUOII0H

puc ST pug 8T puc ST puc 1 pug 1 pug 1 pug IS[ | pug ST

(8% (;-8Y Suwr) (,-8Y Su) SJUSWIPUIWER

[ou) S | (3% [ou) &) | (;_33 [oun) 3 (-8 8un) 4 N| (-8y3w)D odD Hd oIuESIO
(110T TR 32

ouopreyns) walsAs Jurddoro dzrew 1opun amnuew J[)ed pue Ieydolq jo uonedrjdde 19)je eIsauOpu] YoquIo Je Weo| Apues Jo SONSLIAORIRYD [10S L] d[qEL



17 Biochar Production and Its Impact on Sustainable Agriculture 467

Acknowledgements Authors are highly thankful to the Dean, College of Agriculture, Odisha
University of Agriculture and Technology, Bhubaneswar and the Dean, Institute of Agricultural
Sciences, Siksha ‘O’ Anusandhan University (Deemed) for extending their kind support throughout
preparation of this book chapter.

Funding No external funding was received for this review assignment.

Conflict of Interest There is no conflict of interest among the authors.

Data Availability Statement The authors confirm that the data supporting the findings of this
study are available within the article.

References

Afshar RK, Hashemi M, DaCosta J, Spargo M, Sadeghpour A (2016) Biochar application and
drought stress effects on physiological characteristics of Silybum marianum. Commun Soil Sci
Plant Anal 47(6):743-752. https://doi.org/10.1080/00103624.2016.1146752

Ajema A (2018) Effects of biochar application on beneficial soil organism review. Int J Res Stud
Sci Eng Tech 5(5):9-18. http://ijrsset.org/pdfs/v5-i5/2.pdf.

Ali M, Haruna OA, Charles W (2015) Coapplication of chicken litter biochar and urea only to
improve nutrients use efficiency and yield of Oryza sativa L. cultivation on a tropical acid soil.
Sci World J 943853. https://doi.org/10.1155/2015/943853

Amonette J, Joseph S (2009) Characteristics of biochar: micro-chemical properties. In: Lehmann
J, Joseph S (eds) Biochar for environmental management: science and technology. Earth Scan,
London. pp 33-52. https://www.osti.gov/biblio/985016

Anderson P, Reed TB (2004) Biomass gasification: clean residential stoves, commercial power
generation, and global impacts, prepared for the LAMNET project international workshop on
“bioenergy for a sustainable development,” 8—10 Nov 2004, Viiia del Mar, Chile. https://biochar-
international.org/stoves/

Aniqa B, Samia T, Audil R, Azeem K, Samia Q, Aansa S, Muhammad G (2015) Potential of soil
amendments (Biochar and Gypsum) in increasing water use efficiency of Abelmoschus esculentus
L. Moench. Front Plant Sci 6. https://doi.org/10.3389/fpls.2015.00733

Benjamin MC, Fischer SM, Morillas L, Garcia M, Mark S, Johnson S, Lyon W (2016) Improving
agricultural water use efficiency with biochar—a synthesis of biochar effects on water storage
and fluxes across scales. Sci Total Environ 657:853—-862. https://doi.org/10.1016/j.scitotenv.2018.
11.312

Bera T, Purakayastha TJ, Patra AK, Datta SC (2018) Comparative analysis of physicochemical,
nutrient, and spectral properties of agricultural residue biochars as influenced by pyrolysis
temperatures. J Mater Cycles Waste 20:1115-1127. https://doi.org/10.1007/s10163-017-0675-4

Berihun T, Tolosa S, Tadele M, Kebede F (2017) Effect of biochar application on growth of garden
pea (Pisum sativum L.) in acidic soils of Bule Woreda Gedeo Zone Southern Ethiopia. Int J Agron
6827323. https://doi.org/10.1155/2017/6827323

Berwin B (2018) How wildfires can affect climate change (and vice versa). Inside Climate
News. https://insideclimatenews.org/news/23082018/extreme-wildfires-climate-change-global-
warming-air-pollution-fire-management-black-carbon-co2. 23 Aug 2018

Biederman LA (2012) Biochar and its effects on plant productivity and nutrient cycling: a meta-
analysis. GCB Bioenergy 5(2):202-214. https://doi.org/10.1111/gcbb.12037, 31 Dec 2012

Biochar International (2021) Basic principle of biochar making. https://biochar.international/gui
des/basic-principles-of-biochar-production/, 10 Mar 2021


https://doi.org/10.1080/00103624.2016.1146752
http://ijrsset.org/pdfs/v5-i5/2.pdf
https://doi.org/10.1155/2015/943853
https://www.osti.gov/biblio/985016
https://biochar-international.org/stoves/
https://biochar-international.org/stoves/
https://doi.org/10.3389/fpls.2015.00733
https://doi.org/10.1016/j.scitotenv.2018.11.312
https://doi.org/10.1016/j.scitotenv.2018.11.312
https://doi.org/10.1007/s10163-017-0675-4
https://doi.org/10.1155/2017/6827323
https://insideclimatenews.org/news/23082018/extreme-wildfires-climate-change-global-warming-air-pollution-fire-management-black-carbon-co2
https://insideclimatenews.org/news/23082018/extreme-wildfires-climate-change-global-warming-air-pollution-fire-management-black-carbon-co2
https://doi.org/10.1111/gcbb.12037
https://biochar.international/guides/basic-principles-of-biochar-production/
https://biochar.international/guides/basic-principles-of-biochar-production/

468 S. K. Dwibedi et al.

Brown NC (1917) The hardwood distillation industry in New York. The New York State College
of Forestry at Syracuse University, Jan 2017

Brown TR, Wright MM, Brown RC (2010) Estimating profitability of two biochar production
scenarios: slow pyrolysis vs. fast pyrolysis. Biofuels Bioproducts Biorefining. https://www.abe.
iastate.edu/wp-content/blogs.dir/7/files/2010/09/Profitability-of-Pyrolysis.pdf, 7 Dec 2010

Chen W, Meng J, Han X, Zhang W (2019) Past, present, and future of biochar. Biochar 1:75-87.
https://doi.org/10.1007/s42773-019-00008-3

Cheng CH, Lehmann J, Thies JE, Burton SD (2008) Stability of black carbon in soils across a
climatic gradient’. J Geophys Res 113:G02027. https://doi.org/10.1029/2007JG000642

Cheng S, Chen T, Xu W, Huang J, Jiang S, Yan B (2020) Application research of biochar for
the remediation of soil heavy metals contamination: a review. Molecules (basel, Switzerland)
25(14):3167. https://doi.org/10.3390/molecules25143167

Chintala R, Gelderman RH, Schumacher TE, Malo DD (2013) Vegetative corn growth and nutrient
uptake in biochar amended soils from an eroded landscape. Joint annual meeting of the asso-
ciation for the advancement of industrial crops and the USDA National Institute of Food and
Agriculture, At: Washington D.C., October 2013. https://www.hort.purdue.edu/newcrop/procee
dings2015/200-chintala.pdf

Codur AM, Itzkan S, Moomaw W, Thidemann K, Jonathan H (2017) Conserving and regenerating
forests and soils to mitigate climate change. In: Climate policy brief no.4, Global Development
and Environment Institute, Tufts University, https://sites.tufts.edu/gdae/files/2019/10/Codur_Con
servingRegeneratingForestsSoils.pdf, 6 Dec 2017

Cornet A, Escadafal R (2009) Is biochar “green”? CSFD Viewpoint. Montpellier, France, 8 pp.
http://www.csf-desertification.eu/combating-desertification/item/is-biochar-green#:~:text="Bio
char’ %2C%?20which%?20is%20short,sawmill %20waste%20or%20agricultural %20residue.&
text=It%20is%20mostly %20composed %200f,and %20the % 20pyrolysis % 20process %20used

Cox S (2013) Biochar: Not all it’s ground up to be? Mother Earth News. https://www.motherearthn
ews.com/nature-and-environment/biochar-not-all-its-ground-zb0z 1307

da Silva ICBL, Fernandes A, Colen F, Sampaio RA (2017) Growth and production of common bean
fertilized with biochar. Crop Production, Ciéncia Rural 47(11). https://doi.org/10.1590/0103-847
8cr20170220

Day D, Evans RJ, Lee J, Reicosky D (2012) Methods of producing biochar and advanced biofuels
in Washington state Part 1: literature review of the pyrolysis reactors pdf. http://pacificbiomass.
org/documents/1207034.pdf

Dwibedi SK, Pandey VC, Divyasree D, Bajpai O (2022) Biochar-based land development. Land
Degrad Dev. https://doi.org/10.1002/1dr.4185

Demirbas A (2004) Effects of temperature and particle size on biochar yield from pyrolysis of
agricultural residues. J Anal Appl Pyrol 72:243-248. https://doi.org/10.1016/j.jaap.2004.07.003

Dilfuza E, Hua LL, M, Stephan W, Dorothea BKS, (2019) Soil amendment with different maize
biochars improves chickpea growth under different moisture levels by improving symbiotic
performance with mesorhizobium ciceri and soil biochemical properties to varying degrees. Front
Microbiol 10:2423. https://doi.org/10.3389/fmicb.2019.02423

Edmonds J, Joos F, Nakicenovic N, Richels R, Sarmiento J (2004) Scenarios, targets, gaps and
costs. In: Field BC, Raupach MR (eds) The global carbon cycle: integrating humans, climate and
the natural world. Island Press, pp 77-102. ISBN 9-781-55963526-4

Elad Y, Cytryn E, Harel YM, Lew B, Graber ER (2011) The biochar effect: plant resistance to biotic
stresses. Phytopatho Mediterr 50:335-349. https://doi.org/10.14601/Phytopathol_Mediterr-9807

Elad Y, David DR, Harel YM, Borenshtein M, Kalifa HB, Silber A, Graber ER (2010) Induction
of systemic resistance in plants by biochar, a soil-applied carbon sequestering agent. Dis Control
Pest Manag 100(9):913. https://doi.org/10.1094/PHYTO-100-9-0913

Elkan D (2004) Fired with ambition. The Guardian. https://www.theguardian.com/society/2004/
apr/21/environment.environment, 21 Apr 2004


https://www.abe.iastate.edu/wp-content/blogs.dir/7/files/2010/09/Profitability-of-Pyrolysis.pdf
https://www.abe.iastate.edu/wp-content/blogs.dir/7/files/2010/09/Profitability-of-Pyrolysis.pdf
https://doi.org/10.1007/s42773-019-00008-3
https://doi.org/10.1029/2007JG000642
https://doi.org/10.3390/molecules25143167
https://www.hort.purdue.edu/newcrop/proceedings2015/200-chintala.pdf
https://www.hort.purdue.edu/newcrop/proceedings2015/200-chintala.pdf
https://sites.tufts.edu/gdae/files/2019/10/Codur_ConservingRegeneratingForestsSoils.pdf
https://sites.tufts.edu/gdae/files/2019/10/Codur_ConservingRegeneratingForestsSoils.pdf
http://www.csf-desertification.eu/combating-desertification/item/is-biochar-green\#:~:text='Biochar'%2C%20which%20is%20short,sawmill%20waste%20or%20agricultural%20residue.&amp;text=It%20is%20mostly%20composed%20of,and%20the%20pyrolysis%20process%20used
http://www.csf-desertification.eu/combating-desertification/item/is-biochar-green#:~:text='Biochar'%2C%20which%20is%20short,sawmill%20waste%20or%20agricultural%20residue.&amp;text=It%20is%20mostly%20composed%20of,and%20the%20pyrolysis%20process%20used
http://www.csf-desertification.eu/combating-desertification/item/is-biochar-green#:~:text='Biochar'%2C%20which%20is%20short,sawmill%20waste%20or%20agricultural%20residue.&amp;text=It%20is%20mostly%20composed%20of,and%20the%20pyrolysis%20process%20used
https://www.motherearthnews.com/nature-and-environment/biochar-not-all-its-ground-zb0z1307
https://www.motherearthnews.com/nature-and-environment/biochar-not-all-its-ground-zb0z1307
https://doi.org/10.1590/0103-8478cr20170220
https://doi.org/10.1590/0103-8478cr20170220
http://pacificbiomass.org/documents/1207034.pdf
http://pacificbiomass.org/documents/1207034.pdf
https://doi.org/10.1002/ldr.4185
https://doi.org/10.1016/j.jaap.2004.07.003
https://doi.org/10.3389/fmicb.2019.02423
https://doi.org/10.14601/Phytopathol_Mediterr-9807
https://doi.org/10.1094/PHYTO-100-9-0913
https://www.theguardian.com/society/2004/apr/21/environment.environment
https://www.theguardian.com/society/2004/apr/21/environment.environment

17 Biochar Production and Its Impact on Sustainable Agriculture 469

Elmer WH, Pignatello JJ (2011) Effect of biochar amendments on mycorrhizal associations and
fusarium crown and root rot of asparagus in replant soils. Plant Dis 95(8):960-966. https://doi.
org/10.1094/PDIS-10-10-0741

Emrich W (1985) Handbook of biochar making. The traditional and industrial methods. D. Reidel
Publishing Company. https://www.springer.com/gp/book/9789048184118

FAO (2021, March 10) Forests and climate change. Retrieved from http://www.fao.org/3/ac8
36e/AC836E03.htm#:~:text=At%20the%20global %20level %2C%2019,69%20percent%20in%
20the%20soil

Faloye OT, Alatise MO, Ajayi AE, Ewulo BS (2019) Effects of biochar and inorganic fertiliser
applications on growth, yield and water use efficiency of maize under deficit irrigation. Agric
Water Manage 217(C):165-178. https://doi.org/10.1016/j.agwat.2019.02.044

Fischer B, Manzoni S, Morillas L, Garcia M, Johnson MS, Lyon SW (2019) Can biochar improve
agricultural water use efficiency? Geophys Res Abstr 21, EGU2019-7358. https://meetingorgan
izer.copernicus.org/EGU2019/EGU2019-7358.pdf

Francovich E (2019, June 7) Forest fires release less CO; than previously thought, challenging some
forest management practices, study says. The Spokesman- Review. Retrieved from https://www.
spokesman.com/stories/2019/jun/07/forest-fires-release-less-co2-than-previously-thou/

Gao Y, Shao G, Lu J, Zhang K, Wu S, Wang Z (2020) Effects of biochar application on crop water
use efficiency depend on experimental conditions: a meta-analysis. Field Crops Res 249:107763.
https://doi.org/10.1016/j.£cr.2020.107763

Glaser B, Haumaier L, Guggenberger G, Zech W (2001) The “Terra Preta’ phenomenon: a model for
sustainable agriculture in the humid tropics. In: McEwan C, Barreto C, Neves EG (eds) Unknown
Amazon: culture in nature in ancient Brazil. British Museum Press, London, pp 86—105. https://
doi.org/10.1007/s001140000193

Graber ER, Frenkel O, Jaiswal AK, Elad Y (2014) How may biochar influence severity of diseases
caused by soilborne pathogens? Carbon Management 5(2):169-183. https://doi.org/10.1080/175
83004.2014.913360

Grand View Research (2018) Biochar market size, share & trends analysis report by technology
(gasification, pyrolysis), by application (agriculture (farming, livestock)), by region, and segment
forecasts, 2019-2025. https://www.grandviewresearch.com/industry-analysis/biochar-market

Gupta R, Hussain AY, Sooch S, Kang J, Sharma S, Dheri G (2020) Rice straw biochar improves soil
fertility, growth, and yield of rice-wheat system on a sandy loam soil. Exp Agr 56(1):118-131.
https://doi.org/10.1017/S0014479719000218

Harder B (2006) Smoldered-Earth policy: created by ancient Amazonia natives, fertile, dark soils
retain abundant carbon. Sci News 169:133. https://doi.org/10.2307/3982299

He Y, Zhou X, Jiang L, Li M, Du Z, Zhou G, Shao J, Wang X, Xu Z, Bai SH, Wallace H, Xu C
(2017) Effects of biochar application on soil greenhouse gas fluxes: a meta-analysis. Bioenergy
9:743-755. https://doi.org/10.1111/gcbb.12376

Hseu Z, Jien S, Chien W, Liou R (2014) Impacts of Biochar on Physical Properties and Erosion
Potential of a Mudstone Slopeland Soil. Sci World J 2014:602197. https://doi.org/10.1155/2014/
602197

Iliffe R (2009) Is the biochar produced by an Anila stove likely to be a beneficial soil additive?
UKBRC Working Paper 4. https://www.biochar.ac.uk/abstract.php?id=15

International Biochar Institute (2021) Biochar Production Technologies. https://biochar-internati
onal.org/biochar-production-technologies/, 10 Mar 2021

Jaiswal AK, Elad Y, Graber ER, Frenkel O (2014) Rhizoctonia solani suppression and plant growth
promotion in cucumber as affected by biochar pyrolysis temperature, feedstock and concentration.
Soil Bio Biochem 69:110-118. https://doi.org/10.1016/j.s0ilbio.2013.10.051

Jiang R (2019) The effect of biochar amendment on the health, greenhouse gas emission, and
climate change resilience of soil in a temperate agroecosystem. Master’s thesis, Geography and
Environmental Management, University of Waterloo. Retrieved from https://uwspace.uwaterloo.
ca/bitstream/handle/10012/15169/Jiang_Runshan.pdf?isAllowed=y&sequence=7


https://doi.org/10.1094/PDIS-10-10-0741
https://doi.org/10.1094/PDIS-10-10-0741
https://www.springer.com/gp/book/9789048184118
http://www.fao.org/3/ac836e/AC836E03.htm\#:~:text=At%20the%20global%20level%2C%2019,69%20percent%20in%20the%20soil
http://www.fao.org/3/ac836e/AC836E03.htm#:~:text=At%20the%20global%20level%2C%2019,69%20percent%20in%20the%20soil
http://www.fao.org/3/ac836e/AC836E03.htm#:~:text=At%20the%20global%20level%2C%2019,69%20percent%20in%20the%20soil
https://doi.org/10.1016/j.agwat.2019.02.044
https://meetingorganizer.copernicus.org/EGU2019/EGU2019-7358.pdf
https://meetingorganizer.copernicus.org/EGU2019/EGU2019-7358.pdf
https://www.spokesman.com/stories/2019/jun/07/forest-fires-release-less-co2-than-previously-thou/
https://www.spokesman.com/stories/2019/jun/07/forest-fires-release-less-co2-than-previously-thou/
https://doi.org/10.1016/j.fcr.2020.107763
https://doi.org/10.1007/s001140000193
https://doi.org/10.1007/s001140000193
https://doi.org/10.1080/17583004.2014.913360
https://doi.org/10.1080/17583004.2014.913360
https://www.grandviewresearch.com/industry-analysis/biochar-market
https://doi.org/10.1017/S0014479719000218
https://doi.org/10.2307/3982299
https://doi.org/10.1111/gcbb.12376
https://doi.org/10.1155/2014/602197
https://doi.org/10.1155/2014/602197
https://www.biochar.ac.uk/abstract.php?id=15
https://biochar-international.org/biochar-production-technologies/
https://biochar-international.org/biochar-production-technologies/
https://doi.org/10.1016/j.soilbio.2013.10.051
https://uwspace.uwaterloo.ca/bitstream/handle/10012/15169/Jiang_Runshan.pdf?isAllowed=y&amp;sequence=7
https://uwspace.uwaterloo.ca/bitstream/handle/10012/15169/Jiang_Runshan.pdf?isAllowed=y&amp;sequence=7

470 S. K. Dwibedi et al.

Jien SH, Wang CS (2013) Effects of biochar on soil properties and erosion potential in a highly
weathered soil. CATENA 110:225-233. https://doi.org/10.1016/j.catena.2013.06.021

Kammann C, Linsel S, Goessling JW, Koyro HW (2011) Influence of biochar on drought tolerance
of Chenopodium quinoa Willd and on soil-plant relations. Plant Soil 345(1):195-210. https://doi.
org/10.1007/s11104-011-0771-5

Karer J, Wimmer B, Zehetner F, Kloss S, Soja G (2013a) Biochar application to temperate soils:
effects on nutrient uptake and crop yield under field conditions. Agric Food Sci 22:390-403.
https://doi.org/10.23986/afsci.8155

Karer J, Zehetner F, Kloss S, Wimmer B, Soja G (2013b) Nutrient uptake by agricultural crops from
biochar-amended soils: results from two field experiments in Austria. EGU General Assembly
in Vienna, Austria, id. EGU2013b-4974. https://ui.adsabs.harvard.edu/abs/2013bEGUGA..15.
4974K/abstract

Karimi E, Shirmardi M, Ardakani MD, Gholamnezhad J, Zarebanadkouki M (2020) The effect of
humic acid and biochar on growth and nutrients uptake of Calendula (Calendula officinalis L.).
Commun Soil Sci and Plant Anal 51(12):1-12. https://doi.org/10.1080/00103624.2020.1791157

Kayler Z, Janowiak M, Swanston C (2017) Global carbon. U.S. Department of Agriculture, Forest
Service, Climate Change Resource Center. https://www.fs.usda.gov/ccrc/topics/global-carbon,
June 2017

Keske C, Godfrey T, Hoag DLK, Abedin J (2019) Economic feasibility of biochar and agriculture
coproduction from Canadian black spruce forest. Food Energy Secur 9(4). https://doi.org/10.
1002/fes3.188

Khadka NS (2018) Climate change: worries over CO, emissions from intensifying wildfires. BBC
News. https://www.bbc.com/news/science-environment-46212844, 15 Nov 2018

Klark M, Rule A (1925) The technology of wood distillation. Londin Chapman & Hill Ltd.

Kraska P, Oleszczuk P, Andruszczak S, Kwieciniska-Poppel E, R6zytol K, Patys1 E, Gierasimiuk
P, Michatoj¢ Z (2016) Effect of various biochar rates on winter rye yield and the concentration of
available nutrients in the soil. Plant Soil Environ 62(11):483—489. https://doi.org/10.17221/94/
2016-PSE

Krounbi L, Enders A, van Es H, Woolf D, von Herzen B, Lehmann J (2019) Biological and ther-
mochemical conversion of human solid waste to soil amendments. Waste Manage 89:366-378.
https://doi.org/10.1016/j.wasman.2019.04.010

Lad Y, Cytryn E, Harel Y, Lew B, Ggrbber E (2011, March 19) The biochar effect: plant resistance
to biotic stresses. Phytopathol Mediterr 50(3):335-349. https://www.jstor.org/stable/26556455

Lahori AH, Zhanyu G, Zhang Z, Li R, Mahar A, Awasthi M, Shen F, Sial TA, Kumbhar F, Wang P,
Jiang S (2017) Use of biochar as an amendment for remediation of heavy metal contaminated soils:
prospects and challenges. Pedosphere 27:991-1014. https://doi.org/10.1016/1002-0160(17)604
90-9

Lehmann J (2009) Terra preta Nova-where to from here? In: Woods W1, Teixeira WG, Lehmann J,
Steiner C, WinklerPrins A (eds) Terra Preta Nova: a tribute to Wim Sombroek. Springer, Berlin,
pp 473-486. https://doi.org/10.1007/978-1-4020-9031-8_28

Lehmann J, Gaunt J, Rondon M (2006) Bio-char sequestration in terrestrial ecosystems-a review.
Mitig Adapt Strat Glob Change 11:403-427. https://doi.org/10.1007/s11027-005-9006-5

Liu X, Wang H, Liu C, Sun B, Zheng J, Bian R, Drosos M, Zhang X, Li L, Pan G (2020) Biochar
increases maize yield by promoting root growth in the rainfed region. Arch Agron Soil Sci. https://
doi.org/10.1080/03650340.2020.1796981

Lusiba S, Odhiambo J, Ogola J (2018) Growth, yield and water use efficiency of chickpea (Cicer
arietinum): response to biochar and phosphorus fertilizer application. Arch Agron Soil Sci
64(6):819-833. https://doi.org/10.1080/03650340.2017.1407027

MacCarty N, Ogle D, Still D, Bond T, Roden C (2008) A laboratory comparison of the global
warming impact of five major types of biomass cooking stoves. Energy Sustain Dev 12(2):56-65.
https://doi.org/10.1016/S0973-0826(08)60429-9


https://doi.org/10.1016/j.catena.2013.06.021
https://doi.org/10.1007/s11104-011-0771-5
https://doi.org/10.1007/s11104-011-0771-5
https://doi.org/10.23986/afsci.8155
https://ui.adsabs.harvard.edu/abs/2013bEGUGA..15.4974K/abstract
https://ui.adsabs.harvard.edu/abs/2013bEGUGA..15.4974K/abstract
https://doi.org/10.1080/00103624.2020.1791157
https://www.fs.usda.gov/ccrc/topics/global-carbon
https://doi.org/10.1002/fes3.188
https://doi.org/10.1002/fes3.188
https://www.bbc.com/news/science-environment-46212844
https://doi.org/10.17221/94/2016-PSE
https://doi.org/10.17221/94/2016-PSE
https://doi.org/10.1016/j.wasman.2019.04.010
https://www.jstor.org/stable/26556455
https://doi.org/10.1016/1002-0160(17)60490-9
https://doi.org/10.1016/1002-0160(17)60490-9
https://doi.org/10.1007/978-1-4020-9031-8_28
https://doi.org/10.1007/s11027-005-9006-5
https://doi.org/10.1080/03650340.2020.1796981
https://doi.org/10.1080/03650340.2020.1796981
https://doi.org/10.1080/03650340.2017.1407027
https://doi.org/10.1016/S0973-0826(08)60429-9

17 Biochar Production and Its Impact on Sustainable Agriculture 471

Major J, Rondon M, Molina D, Riha SJ, Lehmann J (2010) Maize yield and nutrition during four
years after biochar application to a Colombian savanna oxisol. Plant Soil 333:117-128. https://
doi.org/10.1007/s11104-010-0327-0

Marris E (2006) Black is the new green. Nature 442:624-626. https://doi.org/10.1038/442624a

Masek O, Buss W, Brownsort P, Rovere M, Tagliaferro A, Zhao L, Cao X, Xu G (2019) Potassium
doping increases biochar carbon sequestration potential by 45%, facilitating decoupling of carbon
sequestration from soil improvement. Sci Reports 9:5514. https://doi.org/10.1038/s41598-019-
41953-0

Matt CP (2015) An assessment of biochar amended soilless media for nursery propagation of
northern Rocky Mountain native plants. Graduate student theses, dissertations, & professional
papers, 4420. https://scholarworks.umt.edu/etd/4420

McCann JM, Woods WI, Meyer DW (2001) Organic matter and anthrosols in Amazonia: inter-
preting the Amerindian Legacy. In: Rees RM, Ball BC, Campbell D, Watson A (eds) Sustainable
management of soil organic matter. CAB International, Wallingford, UK, pp 180-189. https://
doi.org/10.1007/978-3-662-05683-7_4

Mechler AA, Jiang RW, Silverthorn TK, Oelbermann M (2018) Impact of biochar on soil charac-
teristics and temporal greenhouse gas emissions: a field study from southern Canada. Biomass
Bioener 118:154-162. https://doi.org/10.1016/j.biombioe.2018.08.019

Merzdorf J (2019) Boreal forest fires could release deep soil carbon. global climate change. https://
climate.nasa.gov/news/2905/boreal-forest-fires-could-release-deep-soil-carbon/#:~:text=In%
20total %2C%?20about%2012%?20percent,released % 20by %20all%20the %20fires, 22 August
2019

Mitchell KA (2015) The effect of biochar on the growth of agricultural weed species. Master’s
thesis, Purdue University, West Lafayette, Indiana

Mohiuddin KM, Ali MS, Chowdhury MAH (2006) Transformation of nitrogen in urea and DAP
amended soils. J Banglad Agricl Univ 4(2):201-210. https://doi.org/10.22004/ag.econ.276545

Monnie F (2016) Effect of biochar on soil physical properties, water use efficiency, and growth of
maize in a sandy loam soil. Thesis (MPHIL)-University of Ghana. http://197.255.68.203/handle/
123456789/21575

Moosavi SA, Shokuhfar A, Lak S, Mojaddam M, Alavifazel M (2020) Integrated application of
biochar and bio-fertilizer improves yield and yield components of Cowpea under water-deficient
stress. Ital J Agron 15(2). https://doi.org/10.4081/ija.2020.1581

Muhammad N, Aziz R, Brookes PC, Xu J (2017) Impact of wheat straw biochar on yield of rice
and some properties of Psammaquent and Plinthudult. J Soil Sci Plant Nut 17(3). https://doi.org/
10.4067/S0718-95162017000300019

Mukherjee A, Lal R, Zimmerman AR (2014) Effects of biochar and other amendments on the
physical properties and greenhouse gas emissions of an artificially degraded soil. Sci Total Environ
487:26-36. https://doi.org/10.1016/j.scitotenv.2014.03.141

Nartey OD, Zhao B (2014) Biochar preparation, characterization, and adsorptive capacity and its
effect on bioavailability of contaminants: an overview. Hindawi Publishing Corporation, 2014,
Article ID 715398. https://doi.org/10.1155/2014/715398

Nath S (2016) Influence of biochar on weed control in dry direct seeded rice (Oryza sativa L.).
Master thesis in G. B. Pant University of Agriculture and Technology, Pantnagar. Retrieved from
https://krishikosh.egranth.ac.in/handle/1/5810115058

Nerome M, Toyota K, Islam TM (2005) Suppression of bacterial wilt of tomato by incorporation
of municipal biowaste charcoal into soil. Soil Microorg 59(1):9-14 (in Japanese). https://doi.org/
10.18946/jssm.59.1_9

Olszyk DM, Shiroyama T, Jeffrey M, Novak K, Cantrell B, Sigua G, Watts DW, Johnson MG
(2020) Biochar affects essential nutrients of carrot taproots and lettuce leaves. J Am Soc Hortic
Sci 55(2):261-271. https://doi.org/10.21273/HORTSCI14421-19

Pardo S, Orense RP, Sarmah AK (2018) Cyclic strength of sand mixed with biochar: some
preliminary result. Soils Found 58(1):241-247. https://doi.org/10.1016/j.sandf.2017.11.004


https://doi.org/10.1007/s11104-010-0327-0
https://doi.org/10.1007/s11104-010-0327-0
https://doi.org/10.1038/442624a
https://doi.org/10.1038/s41598-019-41953-0
https://doi.org/10.1038/s41598-019-41953-0
https://scholarworks.umt.edu/etd/4420
https://doi.org/10.1007/978-3-662-05683-7_4
https://doi.org/10.1007/978-3-662-05683-7_4
https://doi.org/10.1016/j.biombioe.2018.08.019
https://climate.nasa.gov/news/2905/boreal-forest-fires-could-release-deep-soil-carbon/\#:~:text=In%20total%2C%20about%2012%20percent,released%20by%20all%20the%20fires
https://climate.nasa.gov/news/2905/boreal-forest-fires-could-release-deep-soil-carbon/#:~:text=In%20total%2C%20about%2012%20percent,released%20by%20all%20the%20fires
https://climate.nasa.gov/news/2905/boreal-forest-fires-could-release-deep-soil-carbon/#:~:text=In%20total%2C%20about%2012%20percent,released%20by%20all%20the%20fires
https://doi.org/10.22004/ag.econ.276545
http://197.255.68.203/handle/123456789/21575
http://197.255.68.203/handle/123456789/21575
https://doi.org/10.4081/ija.2020.1581
https://doi.org/10.4067/S0718-95162017000300019
https://doi.org/10.4067/S0718-95162017000300019
https://doi.org/10.1016/j.scitotenv.2014.03.141
https://doi.org/10.1155/2014/715398
https://krishikosh.egranth.ac.in/handle/1/5810115058
https://doi.org/10.18946/jssm.59.1_9
https://doi.org/10.18946/jssm.59.1_9
https://doi.org/10.21273/HORTSCI14421-19
https://doi.org/10.1016/j.sandf.2017.11.004

472 S. K. Dwibedi et al.

Petersen JB, Neves E, Heckenberger MJ (2001) Gift from the past: Terra Preta and prehistoric
Amerindian occupation in Amazonia. In: McEwan C, Barreto C, Neves E (eds) Unknown
Amazonia. British Museum Press, London, pp 86—-105. https://doi.org/10.1007/978-1-4020-903
1-8_8

Planet S (2020) Using biochar to increase biodiversity in soil. Innovation News Network. https://
www.innovationnewsnetwork.com/using-biochar-to-increase-biodiversity-in-soil/4090/, 9 Mar
2020

Qiang M, Jian-en G, Jian-qiao H, Haochen Z, Tingwu L, Long S (2020) How adding biochar
improves Loessal soil fertility and sunflower yield on consolidation project land on the Chinese
Loess plateau. Pol J Environ Stud 29:3759-3769. http://www.pjoes.com/How-Adding-Biochar-
Improves-Loessal-Soil-nFertility-and-Sunflower-Yield-on-Consolidation,118204,0,2.html

Raison RJ, Khanna PK, Jacobsen K, Romanya J, Rarrasolses (2009) Effect of fire on forest nutrient
cycles. In: Fire Effects on Soils and Restoration Strategies. https://doi.org/10.1201/978143984
3338-c8

Ramanathan V, Carmichael G (2008) Global and regional climate changes due to black carbon. Nat
Geosci 1:221-227. https://doi.org/10.1038/ngeo156

Rawat J, Saxena J Sanwal P (2017) Biochar: a sustainable approach for improving plant growth and
soil properties. In: Biochar an imperative amendment for soil and the environment. IntechOpen.
https://doi.org/10.5772/intechopen,82151

Reddy B (2011) Biochar production and use. http://www.slideshare.net/saibhaskar/biocharprodu
ction-and-uses-dr-reddy-5242206

Reddy KR, Yaghoubi P, Yukselen-Aksoy Y (2015) Effects of biochar amendment on geotechnical
properties of landfill cover soil. Waste Manage Res 33(6):524-532. https://doi.org/10.1177/073
4242X15580192

Renee L (2019) Evaluation of the geotechnical engineering properties of soil-biochar mixtures.
Masters’ thesis. University of Delaware. http://udspace.udel.edu/handle/19716/24921

Rosenani AB, Ahmad SH, Nurul AS, Loon TW (2014) Biochar as a soil amendment to improve
crop yield and soil carbon sequestration. Acta Hortic 1018:203-209. https://doi.org/10.17660/
ActaHortic.2014.1018.20

Sadasivam Y, Reddy KR (2015) Shear strength of waste-wood biochar and biochar-amended soil
used for sustainable landfill cover systems. In: Fundamentals to applications in geotechnics.
https://doi.org/10.3233/978-1-61499-603-3-745

Safaei Khorram M, Zhang G, Fatemi A, Kiefer R, Mahmood A, Jafarnia S, Zakaria MP, Li G (2020)
Effect of walnut shell biochars on soil quality, crop yields, and weed dynamics in a 4-year field
experiment. Environ Sci Pollut Res 27:18510-18520. https://doi.org/10.1007/s11356-020-083
35-w

Scholz SM, Sembres T, Roberts K, Whitman T, Wilson K, Lehmann J (2014) Biochar systems
for smallholders in developing countries: leveraging current knowledge and exploring future
potential for climate-smart agriculture. World Bank Publications, The World Bank, number
18781, November. http://documents1.worldbank.org/curated/zh/188461468048530729/pdf/Bio
char-systems-for-smallholders-in-developing-countries-leveraging-current-knowledge-and-exp
loring-future-potential-for-climate-smart-agriculture.pdf

Shindo H (1991) Elementary composition, humus composition, and decomposition in soil of charred
grassland plants. J Soil Sci Plant Nut 37:651-657. https://doi.org/10.1080/00380768.1991.104
16933

Sial TA, Lan Z, Wang L, Zhao Y, Zhang J, Kumbhar F, Memon M, Lashari MS, Shah AN (2019)
Effects of different biochars on wheat growth parameters, yield and soil fertility status in a silty
clay loam soil. Molecules 24(9):1798. https://doi.org/10.3390/molecules24091798

Singh SV (2018, September 18) NITI Aayog for clear policy on ‘jhum’ cultivation. The
Hindu. https://www.thehindu.com/business/agri-business/niti-aayog-for-clear-policy-on-jhum-
cultivation/article24970537 .ece

Smith NJH (1980) Anthrosols and human carrying capacity in Amazonia. Ann Am Asso Geogr
70:553-566. https://doi.org/10.1111/j.1467-8306.1980.tb01332.x


https://doi.org/10.1007/978-1-4020-9031-8_8
https://doi.org/10.1007/978-1-4020-9031-8_8
https://www.innovationnewsnetwork.com/using-biochar-to-increase-biodiversity-in-soil/4090/
https://www.innovationnewsnetwork.com/using-biochar-to-increase-biodiversity-in-soil/4090/
http://www.pjoes.com/How-Adding-Biochar-Improves-Loessal-Soil-nFertility-and-Sunflower-Yield-on-Consolidation,118204,0,2.html
http://www.pjoes.com/How-Adding-Biochar-Improves-Loessal-Soil-nFertility-and-Sunflower-Yield-on-Consolidation,118204,0,2.html
https://doi.org/10.1201/9781439843338-c8
https://doi.org/10.1201/9781439843338-c8
https://doi.org/10.1038/ngeo156
https://doi.org/10.5772/intechopen,82151
http://www.slideshare.net/saibhaskar/biocharproduction-and-uses-dr-reddy-5242206
http://www.slideshare.net/saibhaskar/biocharproduction-and-uses-dr-reddy-5242206
https://doi.org/10.1177/0734242X15580192
https://doi.org/10.1177/0734242X15580192
http://udspace.udel.edu/handle/19716/24921
https://doi.org/10.17660/ActaHortic.2014.1018.20
https://doi.org/10.17660/ActaHortic.2014.1018.20
https://doi.org/10.3233/978-1-61499-603-3-745
https://doi.org/10.1007/s11356-020-08335-w
https://doi.org/10.1007/s11356-020-08335-w
http://documents1.worldbank.org/curated/zh/188461468048530729/pdf/Biochar-systems-for-smallholders-in-developing-countries-leveraging-current-knowledge-and-exploring-future-potential-for-climate-smart-agriculture.pdf
http://documents1.worldbank.org/curated/zh/188461468048530729/pdf/Biochar-systems-for-smallholders-in-developing-countries-leveraging-current-knowledge-and-exploring-future-potential-for-climate-smart-agriculture.pdf
http://documents1.worldbank.org/curated/zh/188461468048530729/pdf/Biochar-systems-for-smallholders-in-developing-countries-leveraging-current-knowledge-and-exploring-future-potential-for-climate-smart-agriculture.pdf
https://doi.org/10.1080/00380768.1991.10416933
https://doi.org/10.1080/00380768.1991.10416933
https://doi.org/10.3390/molecules24091798
https://www.thehindu.com/business/agri-business/niti-aayog-for-clear-policy-on-jhum-cultivation/article24970537.ece
https://www.thehindu.com/business/agri-business/niti-aayog-for-clear-policy-on-jhum-cultivation/article24970537.ece
https://doi.org/10.1111/j.1467-8306.1980.tb01332.x

17 Biochar Production and Its Impact on Sustainable Agriculture 473

Smith NJH (1999) The Amazon River forest: a natural history of plants, animals, and people. Oxford
University Press, New York

Snyder CS, Bruulsema TW, Jensen TL, Fixen PE (2009) Review of greenhouse gas emissions from
crop production systems and fertilizer management effects. Agric Ecosyst Environ 133:247-266.
https://doi.org/10.1016/j.agee.2009.04.021

Sokotowska Z, Szewczuk-Karpisz K, Turski M, Tomczyk A, Skic CM, K, (2020) Effect of wood
waste and sunflower husk biochar on tensile strength and porosity of dystric cambisol artificial
aggregates. Agronomy 10(2):244. https://doi.org/10.3390/agronomy 10020244

Sombroek W, Kern D, Rodriques T, da S Cravo M, Jarbas TC, Woods W, Glaser B (2002) ‘Terra Preta
and Terra Mulata: pre-Columbian Amazon kitchen middens and agricultural fields, their sustain-
ability and their replication. In: Proceedings of the 17th World Congress of Soil Science, Thai-
land, Paper no. 1935. https://sswm.info/sites/default/files/reference_attachments/SOMBROEK %
20et%20al%202002%20Terra%?20Preta%20and%20Terra%20Mulata.pdf

Sohi S, Krull E, Lopez-Capel E, Bol R (2010) A review of biochar and its use and function in soil.
Adv Agron 105:47-82. https://doi.org/10.1016/S0065-2113(10)05002-9

Soni N, Ramon GL, Erickson JE, Ferrell JA (2015) Biochar effects on weed management. UF/IFAS
Extension. https://edis.ifas.ufl.edu/pdffiles/AG/AG39000.pdf

Srinivasarao C, Gopinath KA, Venkatesh G, Dubey AK, Wakudka, H, Purakayastha TJ, Pathak H,
Jha P, Lakaria BL, Rajkhowa DJ, Mandal S, Jeyaraman S, Venkateswarlu B, Sikka AK (2013)
Use of biochar for soil health management and greenhouse gas mitigation in India: potential
and constraints, Central Research Institute for Dryland Agriculture, Hyderabad, Andhra Pradesh,
51p. http://www.nicra-icar.in/nicrarevised/images/Books/Biochor%20Bulletin.pdf

Steiner C, Glaser B, Teixeira WG, Lehmann L, Blum WEH, Zech W (2008) Nitrogen retention
and plant uptake on a highly weathered central Amazonian ferrosol amended with compost and
charcoal. J Plant Nutr Soil Sci 45:165-175. https://doi.org/10.1002/jpIn.200625199

Sukartono W, Utomo H, Kusuma Z, Nugroho WH (2011) Soil fertility status, nutrient uptake, and
maize (Zea mays L.) yield following biochar and cattle manure application on sandy soils of
Lombok, Indonesia. J Trop Agric 49(1-2):47-52. http://jtropag.kau.in/index.php/ojs2/article/vie
w/236

Tenenbaum D (2009) Biochar: carbon mitigation from the ground up. Environ Health Persp
117(2):70-73. https://doi.org/10.1289/ehp.117-a70

Timmons D, Lema-Driscoll A, Uddin G (2017) The economics of biochar carbon sequestration in
Massachusetts. Report on Biochar prepared at University of Massachusetts Boston. https://ag.
umass.edu/sites/ag.umass.edu/files/reports/timmons_-_biochar_report_10-16-17.pdf

UNEP (2008) United Nations Ministerial Conference of the Least Developed Countries. Energizing
the least developed countries to achieve the Millennium Development Goals: the challenges
and opportunities of globalization. Issues Paper. https://www.wto.org/english/thewto_e/coher_e/
mdg_e/mdg_e.pdf

USBI News (2021a) Biochar slows climate change. https://biochar-us.org/biochar-slows-climate-
change#:~:text=Biochar%?20is%20Carbon%20Negative %E2%80%94 %20Biochar,in%20the %
20inactive%20carbon%20cycle

USBI News (2021b) Biochar then and now. https://biochar-us.org/biochar-then-now#:~:text=
Biochar’s%20History %20as %20an%20Ancient,a%?20result%200f%20vegetation %20fires.&
text=Terra%?20preta%20was%20discovered%20in,Sombroek %20in%20the %20 Amazon%20r
ainforest

Venkatesh G, Gopinath KA, Sammi Reddy K, Srinivasarao C (2016) Biochar production technology
from forest biomass. In: Partiban KT, Seenivasan R (eds) Forestry technologies—complete value
chain approach. Scientific Publisher, Jodhpur, pp 532-547. ISBN: 978-93-86102-60-7

Wayne E (2012) Conquistadors, cannibals and climate change A brief history of biochar. History of
Biochar. Pro-Natura International, 1-5. http://www.pronatura.org/wp-content/uploads/2012/07/
History-of-biochar.pdf.

White C, Barberchek M (2017) Managing soil health: concepts and practices. Penn State University.
https://extension.psu.edu/managing-soil-health-concepts-and-practices, 31 July 2017


https://doi.org/10.1016/j.agee.2009.04.021
https://doi.org/10.3390/agronomy10020244
https://sswm.info/sites/default/files/reference_attachments/SOMBROEK%20et%20al%202002%20Terra%20Preta%20and%20Terra%20Mulata.pdf
https://sswm.info/sites/default/files/reference_attachments/SOMBROEK%20et%20al%202002%20Terra%20Preta%20and%20Terra%20Mulata.pdf
https://doi.org/10.1016/S0065-2113(10)05002-9
https://edis.ifas.ufl.edu/pdffiles/AG/AG39000.pdf
http://www.nicra-icar.in/nicrarevised/images/Books/Biochor%20Bulletin.pdf
https://doi.org/10.1002/jpln.200625199
http://jtropag.kau.in/index.php/ojs2/article/view/236
http://jtropag.kau.in/index.php/ojs2/article/view/236
https://doi.org/10.1289/ehp.117-a70
https://ag.umass.edu/sites/ag.umass.edu/files/reports/timmons_-_biochar_report_10-16-17.pdf
https://ag.umass.edu/sites/ag.umass.edu/files/reports/timmons_-_biochar_report_10-16-17.pdf
https://www.wto.org/english/thewto_e/coher_e/mdg_e/mdg_e.pdf
https://www.wto.org/english/thewto_e/coher_e/mdg_e/mdg_e.pdf
https://biochar-us.org/biochar-slows-climate-change\#:~:text=Biochar%20is%20Carbon%20Negative%E2%80%94%20Biochar,in%20the%20inactive%20carbon%20cycle
https://biochar-us.org/biochar-slows-climate-change#:~:text=Biochar%20is%20Carbon%20Negative%E2%80%94%20Biochar,in%20the%20inactive%20carbon%20cycle
https://biochar-us.org/biochar-slows-climate-change#:~:text=Biochar%20is%20Carbon%20Negative%E2%80%94%20Biochar,in%20the%20inactive%20carbon%20cycle
https://biochar-us.org/biochar-then-now\#:~:text=Biochar's%20History%20as%20an%20Ancient,a%20result%20of%20vegetation%20fires.&amp;text=Terra%20preta%20was%20discovered%20in,Sombroek%20in%20the%20Amazon%20rainforest
https://biochar-us.org/biochar-then-now#:~:text=Biochar's%20History%20as%20an%20Ancient,a%20result%20of%20vegetation%20fires.&amp;text=Terra%20preta%20was%20discovered%20in,Sombroek%20in%20the%20Amazon%20rainforest
https://biochar-us.org/biochar-then-now#:~:text=Biochar's%20History%20as%20an%20Ancient,a%20result%20of%20vegetation%20fires.&amp;text=Terra%20preta%20was%20discovered%20in,Sombroek%20in%20the%20Amazon%20rainforest
https://biochar-us.org/biochar-then-now#:~:text=Biochar's%20History%20as%20an%20Ancient,a%20result%20of%20vegetation%20fires.&amp;text=Terra%20preta%20was%20discovered%20in,Sombroek%20in%20the%20Amazon%20rainforest
http://www.pronatura.org/wp-content/uploads/2012/07/History-of-biochar.pdf
http://www.pronatura.org/wp-content/uploads/2012/07/History-of-biochar.pdf
https://extension.psu.edu/managing-soil-health-concepts-and-practices

474 S. K. Dwibedi et al.

Whitman T, Lehmann J (2009) Biochar—one way forward for soil carbon in offset mechanisms in
Africa? Environ Sci Policy 12:1024-1027. https://doi.org/10.1016/j.envsci.2009.07.013

Wu F, Gai Y, Jiao Z, Liu Y, Ma X, An L, Wang W, Feng H (2012) The community structure of
microbial in arable soil under different long-term fertilization regimes in the Loess Plateau of
China. Afric J Microbiol Res 6:6152-6164. https://doi.org/10.5897/AMJR12.562

Xiao L, Feng L, Yuan G, Wei J (2020) Low-cost field production of biochars and their properties.
Environ Geochem Health 42:1569—-1578. https://doi.org/10.1007/s10653-019-00458-5

Yan S, Niu Z, Zhang A, Yan H, Zhang H, He K, Xiao X, Wang N, Guan C, Liu G (2019) Biochar
application on paddy and purple soils in southern China: soil carbon and biotic activity. Royal
Soc Open Sci 6:181499. https://doi.org/10.1098/rs0s.181499

Yilangai MR, Manu AS, Pineau W, Mailumo SS, Okeke-Agulu KI (2014) The effect of biochar and
crop veil on growth and yield of Tomato (Lycopersicum esculentus Mill) in Jos, North central
Nigeria. Curr Agric Res J 2(1). https://doi.org/10.12944/CARJ.2.1.05

Yin X, Chen J, Cao F, Tao Z, Huang M (2020) Short-term application of biochar improves post-
heading crop growth but reduces pre-heading biomass translocation in rice. Plant Prod Sci
23(4):522-528. https://doi.org/10.1080/1343943X.2020.1777879

Yuniwati ED (2018) The effect of chicken manure and corn cob biochar on soil fertility and crop
yield on intercropping planting pattern of cassava and corn. Int J Environ Sci Natur Resour 54-55.
https://doi.org/10.19080/IJESNR.2018.15.555910

Zech W, Haumaier L, Hempfling R (1990) Ecological aspects of soil organic matter in tropical
land use. In: McCarthy P, Clapp CE, Malcolm RL, Bloom PR (eds) Humic substances in soil
and crop sciences: selected readings. American Society of Agronomy and Soil Science Society
of America, Madison, Wis., pp 187-202. https://doi.org/10.2136/1990.humicsubstances.c8

Zemanovai V, Brendova K, Pavlikova D, Kubatova P, Tlustos P (2017) Effect of biochar application
on the content of nutrients (Ca, Fe, K, Mg, Na, P) and amino acids in subsequently growing
spinach and mustard. Plant Soil Environ 63(7):322-327. https://doi.org/10.17221/318/2017-PSE

Zhang Y, Ding J, Wang H, Su L, Zhao C (2020) Biochar addition alleviate the negative effects of
drought and salinity stress on soybean productivity and water use efficiency. BMC Plant Biol
20:288. https://doi.org/10.1186/s12870-020-02493-2

Zhu Q, Peng X, Huang T (2015) Contrasted effects of biochar on maize growth and N use efficiency
depending on soil conditions. Int Agrophys 29(2):257-266. https://doi.org/10.1515/intag-2015-
0023

Zorich Z (2011) March-April) “A Chauvet Primer. Archaeology 64(2):39

Zwart DC, Kim SH (2012) Biochar amendment increases resistance to stem lesions caused
by Phytophthora spp. in tree seedlings. ] Am Soc Hortic Sci 47(12):1736-1740. https://doi.
org/10.21273/HORTSCI1.47.12.1736


https://doi.org/10.1016/j.envsci.2009.07.013
https://doi.org/10.5897/AMJR12.562
https://doi.org/10.1007/s10653-019-00458-5
https://doi.org/10.1098/rsos.181499
https://doi.org/10.12944/CARJ.2.1.05
https://doi.org/10.1080/1343943X.2020.1777879
https://doi.org/10.19080/IJESNR.2018.15.555910
https://doi.org/10.2136/1990.humicsubstances.c8
https://doi.org/10.17221/318/2017-PSE
https://doi.org/10.1186/s12870-020-02493-2
https://doi.org/10.1515/intag-2015-0023
https://doi.org/10.1515/intag-2015-0023
https://doi.org/10.21273/HORTSCI.47.12.1736
https://doi.org/10.21273/HORTSCI.47.12.1736

	17 Biochar Production and Its Impact on Sustainable Agriculture
	17.1 Introduction
	17.2 History of Biochar Production and Use
	17.2.1 Slash and Burn System Versus Slash and Char System
	17.2.2 Biochar in Traditional Agriculture

	17.3 Benefits of Biochar Use
	17.4 Procedure for Synthesis of Biochar
	17.4.1 Stages of Pyrolysis
	17.4.2 Preprocessing of Feedstock
	17.4.3 Post-processing of Biochar
	17.4.4 Effect of Residential Time

	17.5 Methods of Preparation
	17.5.1 Heap Method
	17.5.2 Cone-Pit Method
	17.5.3 Drum Method
	17.5.4 Brick Kilns
	17.5.5 Biochar Stoves

	17.6 Economic Feasibility of Biochar Production
	17.7 Effects of Biochar on Agriculture
	17.7.1 Geomechanical Properties
	17.7.2 Nutrient Dynamics
	17.7.3 Disease Pest Infestation
	17.7.4 Weed Dynamics
	17.7.5 Water Use Efficiency
	17.7.6 Crop Growth and Yield
	17.7.7 Climate Change

	17.8 Future Prospects and Constraints in Biochar Systems
	17.8.1 Scaling up from Pilot to Programme
	17.8.2 Further Research Needs
	17.8.3 Constraints and Risks

	17.9 Conclusion
	References




