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Abstract
The on-farm burning of crop residues and biomass results in numerous environmental issues and affects human beings. 
Crop residues have considerable energy potential if utilized appropriately. Crop residues can be converted into biochar 
through thermo-chemical routes; conversion helps in the managing and handling of biomass. Biochar reactors usually 
operate at temperatures between 400 and 600 °C with fixed carbon contents ranging from 60 to 85%. The application 
of this biochar to soil improves the physiochemical characteristics of soil because biochar is rich in organic carbon 
content, which makes the soil more fertile and acts as a carbon sequestration agent over the long term. Biochar itself is 
considered a source nutrient and can alter the soil nutrient pools and availability. Biochar applied up to 10 cm depth of 
soil may decrease the denitrification potential and lower  N2O emission, greatly controlling leaching of mobile nutrients 
such as potassium, thus improving water use efficiency, nutrient availability and plant growth. Furthermore, it reduces 
the leaching of nitrogen into the groundwater and increases the water retention and cation-exchange capacity while 
moderating the soil’s acidity, resulting in improved soil fertility. This article discusses different biochar production pro-
cesses and various feedstocks and characteristics of biochar. The factors affecting biochar production and advantages 
of the utilization of biochar in soil are also reviewed.

Keywords Biomass · Biochar · Slow pyrolysis · Soil health · Greenhouse gas mitigation

1 Introduction

Biomass is referred to as an indirect source of solar energy 
and considered a source of stored energy. Biomass is a 
renewable organic material derived from plants and ani-
mals serving as sources of energy [1]. Improper disposal 
of biomass produced by the agricultural sector is a major 
challenge worldwide [2].

The demand for energy and food security is increas-
ing as the world population grows. Energy is crucial for 
the development of the industrial, agricultural and trans-
portation sectors of any country [3]. To meet the energy 
demand, fossil fuels are extensively used worldwide. Envi-
ronmental and economic issues are continuously empha-
sizing the need to find eco-friendly renewable sources of 
energy [4, 5].

Mitigating greenhouse gas emissions and ensuring 
adequate global food supplies represent two of the last 
decade’s most difficult challenges [6]. Although global 
food production has benefitted from chemical fertiliz-
ers, environmental problems have emerged as a result of 
their use [7]. Additionally, overuse of fertilizers can result 
in hardened soil, decreased soil fertility, polluted air and 
water, and the release of greenhouse gases. There is an 
urgent need to find an alternative to chemical fertilizers 
that, ideally, can be sourced in abundant amounts, pro-
motes global food production, enhances  CO2 capture, 
and does not affect soil health or damage the environ-
ment [8]. To sustain agricultural productivity, it is crucial 
to maintain adequate levels of organic matter in the soil 
to preserve its physical, chemical and biological integrity. 
Biochar, a pyrogenic black carbon, may play an important 
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role in improving soil health, resulting in higher crop yield 
and absorbing atmospheric carbon dioxide [9]. Ji et al. [10] 
reported that biochar is the most auspicious straw man-
agement measure and provides the highest carbon abate-
ment rate and economic profit.

Biochar is produced by heating biomass at high tempera-
tures (300–600 °C) in a closed reactor containing no to par-
tial levels of air. Under these conditions, biomass undergoes 
thermochemical conversion into biochar [11–18]. Because 
of its numerous potential uses in agriculture, energy and the 
environment, much attention has been given to biochar in 
both the political and academic areas. Biochar can be used 
in a variety of applications such as energy production, agri-
culture, carbon sequestration, wastewater treatment and 
bio-refinery [19]; additionally, biochar provides an alterna-
tive strategy for managing organic waste. These advantages 
have renewed the interest of agricultural researchers in pro-
ducing biochar from bio-residues and using the product 
as a soil amendment. Hakala et al. [20] conducted a study 
to assess the potential of crop residues for the 1997–2006 
period and found that availability of crop residues varied 
from 4.8 to 5.1 billion tonnes.

Kumar et al. [21] reported that India has the poten-
tial for a large amount of biomass feedstock from differ-
ent sources. Hiloidhari et al. [22] estimated that annually 
about 686 million tonnes of gross residues is available 
in India from agricultural crops, and about 234.5 million 
tonnes represents the surplus potential. This shows the 
availability of enough raw materials for an efficient and 
eco-friendly biochar production unit. The biomass used 
for biochar production can be classified [23] as illustrated 
in Fig. 1. Figure 2 summarizes the thermochemical con-
version routes of biomass, including direct combustion to 

provide heat, liquid fuel and other elements for thermal 
and electrical generation. This review paper is written with 
the aim to highlight and discuss the different production 
processes, the use of biochar as a soil health enhancer, its 
effects on crop yield and its role in mitigation and carbon 
sequestration.

2  History of biochar technologies

Biochar has acquired new dimensions in the current 
organic farming era, but its origins are associated with 
soils of the Amazon region usually referred to as “terra 
preta” soils, which have been found up to 2 m depth. It is 
a highly fertile dark-coloured soil that has supported the 
agricultural needs of the Amazonians for centuries [24].

The presence of terra preta reveals that humans were 
deliberately responsible for its creation. Carbonization of 
biomass for producing biochar has been recorded as long 
as human evolution has existed [25, 26]. The wood dis-
tillation industry was flourishing in 1850, but petroleum 
industries developed between 1920 and 1950, dimin-
ishing the growth of wood distillation [25]. In 1970, the 
oil crisis accelerated the scope of alternative fuels and 
advanced pyrolysis reactors were designed to extract the 
bio-oil from biomass [27, 28]. Further development of 
pyrolysis occurred during the decades of 1970 to 1990 to 
understand the fundamentals of biomass pyrolysis reac-
tions [29–32]. The commercial use of fast, flash, vacuum 
and ablative types of pyrolysis for the production of bio-
char and bio-oil appeared between the 1980s and 1990s 
[33–35]. A new technological achievement allowing a new 
bio-oil-based refinery to extract usable by-products from 

Fig. 1  Classification of biomass
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biomass has been proposed [36–41]. Biochar used for soil 
improvement is produced through a slow pyrolysis pro-
cess because of its higher biochar yield compared with 
other production processes [42]. Basically, under a slow 
pyrolysis process, biomass is heated within the range of 
300–600 °C for a longer period [43].

3  Biochar and sustainability

Biochar plays a major role in mitigating climate change, 
promoting environmental sustainability and increasing 
agricultural productivity [44–46], facilitating soil carbon 
storage and improving soil fertility to increase plant and 
overall crop yield [47, 48]. Lehmann and Joseph [49] have 
presented four motivational objectives of biochar appli-
cation, i.e., soil improvement, waste management, cli-
mate change mitigation and energy. Either individually 
or in combination, these objectives can have social or 
financial benefits, or both, as illustrated in Fig. 3. Biochar 
always draws attention as a potential input for agriculture 
as it can improve soil fertility, aid sustainable production 
and reduce contamination of streams and groundwater 
[50–53].

De Gisi et al. [54] discussed the concept of terra preta 
sanitation (TPS), which has been extensively adopted in 
Amazon civilization. It was reported that TSP is a close loop 
process and beneficial for a sustainable lifestyle, integrat-
ing soil fertility, food security, waste management and 
renewable energy, as illustrated in Fig. 4. The terra preta 
sanitation process includes a diversion of urine through 
a charcoal mixture and is based on lactic acid fermenta-
tion with subsequent vermicomposting. It was found that 
lacto-fermentation is a biological anaerobic process where 
no gas or odour is produced.

Woolf et al. [55] introduced a sustainable biochar con-
cept, as illustrated in Fig. 5. Figure 5 clearly shows that 
atmospheric  CO2 is utilized by green plants during pho-
tosynthesis. Pyrolyzation of the biomass results in bio-oil 
and biochar. Furthermore, Woolf et al. [55] also reported a 
reduction in annual net emissions of  CO2,  CH4 and nitrous 
oxide by 1.8 pg. Biochar amendment to soil can prevent 
greenhouse gas emissions from the soil. The biochar can 
increase the water- and nutrient-holding capacities of soil, 
which typically then result in increased plant growth.

Fig. 2  Biomass conversion 
routes

Fig. 3  Motivational objectives of biochar [49]
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4  Biochar production technologies

Biochar is derived from a wide variety of biomasses includ-
ing crop residues that have been thermally degraded 
under different operating conditions. It exhibits a 

correspondingly immense range of composition. In this 
case, a compilation of different biochar conversion tech-
nologies along with their operating conditions and prod-
uct yields was offered by Xie et al. [56], who found that 
with a longer residence period (up to 4 h) with moderate 
temperature (up to 500 °C), the biochar yield varied from 
15 to 35% while the bio-oil yield varied between 30 and 
50%. On the other hand, with less residence time (up to 
2 s), more bio-oil (50–70%) was found.

Thermochemical processes such as pyrolysis and car-
bonization convert the biomass into bio-fuels and other 
bio-energy products. In the pyrolysis process, thermo-
chemical conversion of biomass is carried out in the 
absence of air and at a temperature > 400 °C to form a 
solid product known as biochar. The biochar mainly con-
sists of carbon (C), hydrogen (H), oxygen (O), nitrogen (N), 
sulphur (S) and ash. Generally, there are three modes of 
pyrolysis: slow, intermediate and fast. A higher biochar 
yield was found with a slow pyrolysis process than with 
others [57]. Steiner et al. [58]  produced biochar from 
rice husk using a top-lit updraft gasifier and found that 
this technology can be used relatively easily for farmers to 
produce biochar in the field, with an efficiency of 15–33%. 
Biochar produced from available on-farm crop residues is 
sufficient to contribute 6.3–11.8% of the production area 
annually [59].

Fig. 4  Terra preta sanitation system [53]

Fig. 5  Sustainable biochar routes [55]
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Carbonization is a slow pyrolysis process that has been 
in use for thousands of years, and its main goal is the pro-
duction of biochar. In slow pyrolysis, biomass is heated 
slowly in the absence of air to a relatively low temperature 
(≈ 400 °C) over an extended period of time [60]. Energy 
can drive the process in the following different ways: (1) 
directly as a heat of reaction, (2) directly by flue gases from 
the combustion of feedstock, (3) through indirect heating 
of the reactor wall using a hot gas and (4) through indirect 
heating of the reactor wall using sand or other non-gas 
materials. The biochar production process can be classified 
as illustrated in Fig. 6.

4.1  Batch processes

The batch process is an ancient practice and is still used 
in rural areas for biochar production. Though the char-
coal yield in such a process varies over the low range 
of 12.5–30% [61], it is still preferred in the countryside 
because of its low operational and construction costs. The 
batch process for biochar production includes:

1. Earthen and mound kiln;
2. Brick, concrete and metal kiln;
3. Retorts.

4.1.1  Earthen and mound kiln

Duku et al. [62] conducted an experiment on the pro-
duction of biochar by using an earthen mound kiln in 
Ghana. During the study, they used wood as a feedstock 
and found that the ground acts as an insulating material 
that resists the entry of oxygen during the carbonization 
process. Masek [63] performed an experiment on biochar 
production using an earthen mound kiln and found a yield 
> 10%. Bailis [64] used wood as a feedstock for charcoal 
production and found that moisture content affects the 
yield of charcoal in traditional processes. He reported that 
the yield of charcoal ranges from 10 to 30% when using 

wood as a feedstock. Lohri et al. [65] estimated an average 
emission component in the case of an earthen mound kiln. 
His analysis showed that the emission of carbon dioxide 
 (CO2) into the atmosphere was around 334 ppm. Signifi-
cant emissions of the products of incomplete combustion 
adversely affect human health and the environment. FAO 
[66] found that a higher level of efficiency and product 
quality could be obtained at a maximum carbonizing tem-
perature of approximately 500 °C.

4.1.2  Brick, concrete and metal kiln

Kristofferson and Bokalders [67] constructed a rectangu-
lar kiln using either masonry blocks or poured concrete 
combined with steel reinforcements. They reported char-
coal production cycles in a cold climate to be 25–30 days 
long and in a warm climate to be 33 days with maximum 
charcoal yields of 25–33%. Deal et al. [68] conducted an 
experiment to produce biochar using a metallic kiln. Dur-
ing the experiments, five different feedstocks were used: 
eucalyptus, maize, rice husks, coffee husks and groundnut 
shells. The maximum temperatures reached inside the kiln 
were recorded as being between 400 and 600 °C at the top 
of the kiln and between 600 and 800 °C at the bottom. Fur-
thermore, biochar yields were 140–290 g/kg of the initial 
biomass weight for eucalyptus, 240–250 g/kg for maize 
cobs, 450–490 g/kg for rice husks, 360–430 g/kg for coffee 
husks and 290–320 g/kg for groundnut shells.

Pennise et al. [69] tested a Brazilian round brick kiln 
with a capacity of 20,000  kg of woody biomass and 
noted a charcoal yield of approximately 68.9% with a 
carbon content of 85.7% and a calorific value of approxi-
mately 29.20 kJ/g. Mwampamba et al. [70] used wood as 
a feedstock for charcoal production, using a brick and 
metal kiln, and found that the efficiency of production 
fell between 25 and 35%. Kammen and Lew [61] com-
pared the efficiencies of five metal kilns, including Sia-
mese, Nilgiri, standard beehive, South African garage 
and commercial half orange, from different nations, 

Fig. 6  Classification of biochar 
production process



Vol:.(1234567890)

Review Paper SN Applied Sciences (2019) 1:168 | https://doi.org/10.1007/s42452-019-0172-6

including Malaya, India, Brazil, South Africa and Argen-
tina, and found variations in charcoal yields that ranged 
from 12.5 to 30%, reported as the dry weight ratios of 
the charcoal output to the wood feedstock input.

4.1.3  Retorts

Peterson and Jackson [71] produced biochar by adopt-
ing two different processes, a retort-type oven with 
inert gas and a gasification technology using various 
crop residues (such as corn stover, wheat straw and 
wheat straw treated with glycerin). They reported that 
gasification is a simpler, easier and more cost-effec-
tive means to produce biochar compared with retort, 
because while the retort method effectively promoted 
pyrolysis in the absence of oxygen, it was costly during 
scale-up. This expense was due to the need to control 
the atmosphere with sealed systems in conjunction with 
the use of inert gas. For operation, as a batch reactor, 
atmospheric control is also required; otherwise, it can-
not run with a continuous supply of feedstock. Adam 
[72] built an improved charcoal production system in 
India and East Africa from a low-cost retort kiln that pro-
duces charcoal from forest residue such as wood and 
that is more eco-friendly. Also, during the experiment 
Adam [72] realized that the charcoal production effi-
ciency was approximately doubled (30–42%) compared 
with traditional charcoal production methods (10–22%). 
He also found that ICPS reduces emissions into the 
atmosphere up to 75% compared with traditional car-
bonization processes. Antal and Grønli [73] studied the 
required operating cycle for the production of charcoal 
from the Missouri kiln in the USA and reported that it 
produces charcoal in a 25% yield for every 7–12 days of 
its operating cycle. The average temperature required 
for the operation is between 450 and 510 °C; the work-
ing temperature varies significantly throughout the kiln, 
which affects the charcoal quality. Furthermore, Moreira 
et al. [74] produced biochar from cashew nut shells in 
a batch-type reactor. The temperature was varied from 
200 to 400 °C and yielded 30% biochar, 40% liquid and 
30% gas products.

4.2  Continuous process for production of biochar

At present, the continuous process for production of bio-
char is widely adopted in the commercial sectors because 
of maximum yield, energy efficiency and its quality. The 
biochar yield was between 25 and 35% [62]. The con-
tinuous production of biochar is ideal for medium- to 
large-scale production and it provides greater flexibil-
ity concerning the biomass feedstock, which are major 

benefits [75]. The continuous process for biochar produc-
tion includes:

1. Drum type pyrolyzer;
2. Screw type pyrolyzer;
3. Rotary kiln.

4.2.1  Drum type pyrolyzer

Robert et al. [45] used a generalized model in which the 
feedstock is pyrolyzed in continuous operation, is hori-
zontally mounted to a drum kiln and heated externally 
to around 450 °C. The continuous feeding and moving of 
biomass took place in the drum with the help of paddles, 
which increased the kiln efficiency about 50% so that 90% 
of the heat recovered from the kiln was used for drying the 
feedstock. Jelinek [76] developed a drum pyrolyzer which 
uses heating tubes placed in the centre of the durm. The 
tubes are subjected to low-temperature carbonization 
of trash and reuse material with a temperature of about 
400–500 °C by slowly rotating the drum. The drum pyro-
lyzer feed material to be carbonized was located near one 
end of the face and discharge took place at the other end. 
Collin [77] discovered that aromatic pyrolysis oil can be 
produced by pyrolyzing special wastes containing hydro-
carbons such as scrap tires, cable, waste plastics, etc., in an 
indirectly heated drum reactor at a temperature of around 
700 °C. Collin [77] saw a yield of up to 50% in relation to 
the organic material. Becchetti et al. [78] studied the use 
of a conventional type rotary drum pyrolysis reactor for 
the production of pyrolysis gases and carbonaceous solid 
residue such as charcoal from municipal solid waste and 
observed that the pyrolysis process not only improved 
the energy yield but also minimized the waste disposal 
problem; solid waste was controlled to 10–15% of the total 
weight of the initial residue.

4.2.2  Screw type pyrolyzer

Agirre et al. [79] developed an auger reactor for the contin-
uous carbonization process by using biomass waste. Dur-
ing the experiment it was realized that 900 °C temperature 
was required for suitable quality of charcoal production, 
which contains a high carbon content of approximately 
85% and a low volatile amount of approximately 10%. For 
the auger pyrolysis reactor, many parameters, such as the 
moisture content, residence time, grain size and operat-
ing temperature, affect the yield of charcoal and its qual-
ity. Maschio et al. [80] studied a moving bed in the pilot 
plant, a continuous screw reactor for charcoal production, 
by using biomass with indirect heating. They found that a 
350 °C to a 450 °C operating temperature was required for 
charcoal production. During the study they realized that a 
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heating rate in the range of 20–40 k/min rate was required; 
the higher temperature could decrease the charcoal yield, 
and the particle size should range from 50 to 200 mm. 
Brown and Brown [81] developed a laboratory-scale reac-
tor to pyrolyze red oak wood biomass for the production 
of char and bio-oil. During the experiment, they found that 
operating conditions, such as the flow rate of the sweep 
gas (3.5 standard l/min), heat carrier temperature (600 °C), 
high auger speeds (63 RPM) and high heat carrier mass 
flow rates (18 kg/h), were helpful for maximum bio-oil 
yield and minimum char yield. The result indicated that 
this reactor was well suited for bio-oil production, achiev-
ing > 73% liquid yield. Mozammel et al. [82] used a Her-
bold pyrolyzer in which a screw type shaft was fitted inside 
the reactor to produce activated charcoal from feedstock 
such as coconut shells using  ZnCl2 activation. While per-
forming the experiment, results were obtained in which 
the initial calorific value of coconut shell was 18.38 MJ/kg, 
and the final calorific value of charcoal was 30.75 MJ/kg. 
The fixed carbon content was approximately 76.32% and 
had a maximum yield up to 32.96%. The activation time 
was 50 min for the production of activated charcoal at a 
temperature of 600 °C with an impregnation ratio of about 
40%. Recently, Ferreria et al. [83] developed a screw reactor 
to produce biochar from elephant grass. The reactor tem-
perature during the experimental study ranged between 
400 and 600 °C. Their experimental results reveal that the 
maximum biochar yield was about 37.4% at 400 °C.

4.2.3  Rotary kiln

Ortiz et al. [84] carried out a study using a pilot rotary 
kiln to produce carbonized material from a variety of raw 
materials such as eucalyptus wood. The pilot rotary kiln 
was cylindrical and rotated around its longitudinal axis. To 
facilite the discharge of material, the pilot rotary kiln was 
slightly inclined (slope of about 2–6%). In their research 
project, Ogawa et al. [85] introduced an internal heat-
ing rotary kiln designed to produce charcoal using wood 
waste as a feedstock. During their experiment, they found 
that the rotary kiln produced around 358.0 Mg-C/year bio-
char from 936.0 Mg-C/year wood waste at a planned tem-
perature in the range of 500–600 °C. Schimmelpfennig and 
Glaser [86] analyzed two different rotary kilns used in the 
carbonization of organic material that discharged pyrolysis 
gases suitable for heating purposes or for driving the pro-
cesses. The experiment used rotary kilns that are heated 
externally and have a shape similar to a cylindrical pyro-
lyzer in which biomass is moved continuously by rotating 
the spiral inside the kiln. The rotary kilns produced a total 
of 16 samples of biochar. Ten samples were produced in 
a vertically constructed rotary kiln in China operating in a 
temperature range from 400 to 600 °C and using bamboo 

as a feedstock. Another six samples in Switzerland were 
produced from a horizontally constructed kiln heated to 
a temperature of 650 °C.

4.3  Novel processes

Flash carbonization is a novel process. In it, biomass is 
quickly and efficiently converted into biochar. The maxi-
mum biochar yield was around 40–50% with 70–80% fixed 
carbon content [87]. Antal and Grønli [73] examined the 
high yield of charcoal using different feedstocks, such as 
leucaena wood, oak wood, corncobs and macadamia nut 
shells, carbonized at high pressure (1 MPa) in controlled 
flash fires within a packed bed. In flash carbonization, the 
direction of the fire and the entry of the air were controlled 
with a counter current and at an elevated pressure. Char-
coal with a fixed carbon yield was reached at < 30 min 
of reaction time. Furthermore, during the experiment, 
the charcoal yield was between 29.5 and 40%, fixed car-
bon ranged from 27.7 to 30.9%, and the energy conver-
sion efficiency of biomass to charcoal ranged from 55.1 
to 66.3%. Wade et al. [88] investigated laboratory-scale 
flash carbonization (a novel process) for the conversion 
of feedstock biomass (corncob and macadamia nut shell) 
into biocarbon. During the experiment, biomass feedstock 
was placed in a packed bed within a pressure vessel, and 
an initial pressure of 1–2 MPa was maintained through 
the use of compressed air. A flash fire was ignited at the 
bottom of the bed, and after a duration of 2 min, air was 
supplied to the top of the bed. It was found that biomass 
could be converted to biocarbon at a high yield. For corn-
cob, a pressure > 1.31 MPa was achieved at a rate up to 
1.21 MPa/s, for an initial system pressure of 2.17 MPa. In 
the case of macadamia nut shell, this phenomenon did 
not occur. Nunoura et al. [89] used biomass feedstock such 
as corncob and nut shell to produce charcoal by using a 
flash carbonization process. After the experiment was 
completed, they found that the fixed carbon yield from 
corncob feedstock reached 29.30% and the yield from nut 
shell was 32.0% at elevated pressures of 0.791–2.86 and 
1.14–2.17 MPa, respectively. Gas chromatography was 
also used to analyze the composition of effluent gas com-
ing from the carbonization canister. Both feedstocks con-
tained up to 2% hydrogen, 14% oxygen, 60–80% nitrogen, 
10% carbon monoxide, 3% methane and 2–20% carbon 
dioxide. Nartey and Zhao [90] studied the flash carboniza-
tion of biomass; their ignition of the flash fire took place 
at elevated pressure (1–3 MPa) in the middle of a packed 
bed, and 0.8–1.5 kg air per kg of biomass was required 
to complete the carbonization. Those researchers found a 
50% biochar yield by using various feedstocks for reactor 
temperatures ranging from 330 to 650 °C, where the time 
required for flash carbonization was < 30 min. A two-step 
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pyrolysis process was developed by Cheng et al. [91] to 
improve the biochar yield. With this process, the biochar 
yield was 39.3% at 600 °C. Furthermore, it was also noted 
that the fixed carbon yield obtained from two-step pyroly-
sis was higher than that from the one-step process.

4.4  Method of biomass heating to produce biochar

Biochar production from crop residues starts with the 
feeding of biomass into the biochar production unit and 
combustion in the absence of air. The formation of char-
coal is completed in five different temperature stages: 
stage 1: At 20–110 °C, biomass absorbs heat as it dries, 
giving off moisture as water vapour. At this stage, the tem-
perature remains at or slightly above 100 °C until the wood 
is dry. Stage 2: At 110–270 °C, biomass starts to decom-
pose by giving off carbon monoxide, carbon dioxide, ace-
tic acid and methanol, making an endothermic reaction. 
Stage 3: At 270–290 °C, this is the point when an exother-
mic reaction starts, generating a considerable amount of 
heat. Such a reaction leads to a continuous breakdown; 
the desired temperature is maintained to keep the wood 
from cooling down below the decomposition tempera-
ture. During the exothermic reaction, gases are released 
in vapour form with some tar. Stage 4: With increasing 
temperature, a vapour mixture of combustible gases (i.e., 
carbon monoxide, hydrogen and methane) and carbon 
dioxide is released into the atmosphere. As the tempera-
ture increases up to 400 °C, the condensable vapours such 
as water, acetic acid, methanol, acetone, etc., and tar are 
predominate. Stage 5: When the temperature reaches 
400 °C, the transformation of biomass to charcoal will be 
practically complete, but appreciable amounts of tar are 
contained within the biochar, and some tar has condensed 
on the charcoal. To avoid this, the temperature should be 
further increased to 500 °C to complete the carbonization 
stage [92].

There are several ways to provide heat to maintain 
the desired temperature of pyrolysis kilns. One method 
involves combusting part of the biomass within the kiln. 
This is called autothermal pyrolysis, as illustrated in Fig. 7a. 
Due to the use of partial combustion, authothermal kilns 
typically have lower char yields. Another method is for the 
heat to be produced externally and to heat the biomass 
directly. This involves hot gas being brought into con-
tact with the biomass, as shown in Fig. 7b, or heat being 
transferred through the reactor walls, as in shown Fig. 7c. 
Condensable pyrolysis vapour can be recovered during 
indirect heating, and this ultimately enhances the biochar 
yield [93].

A performance test of the Argentinean-type charcoal 
kiln (see Fig. 8) involving the carbonization of wood bio-
mass was carried out by Mohod and Panwar [94]. The kiln 

was tested with Anjan (Hardwickia binata), Babul (Acacia 
nilotica), Behada (Terminalia chebula), Char (Buchnania 
lazan) and Dhawda (Anogeissus latifolia) wood, and the 
mass conversion efficiency was found to be 27.14%.

5  Factors affecting biochar production

The performance results of biochar production which 
occur via different production technologies broadly 
depend on the various types of feedstock used, the mois-
ture content of said feedstock, and the operating tem-
peratures and pressure points at which experiments were 
conducted. Biomass has three main groups, cellulose, 
hemicellulose and lignin, with trace amounts of extractives 
and minerals. These propositions are varied depending on 
the feedstock, a variation which highly affects the biochar 
yield [73, 95, 96]. Moisture content is another factor that 
affects the biochar properties and char yield. The mois-
ture content affects the char reaction and is extensively 
used to produce activated carbon [97]. Bridgwater and 
Peacocke [98] reported that in the fast pyrolysis processes 
around 10% moisture content is fairly desirable during the 
charcoal-making process, with feedstock having 15–20% 
moisture that can be carbonized [73].

Production of biochar is a thermochemical process and 
temperature plays a major role in the properties of bio-
char and its suitability for soil health [99]. A laboratory-
scale study on pyrolysis’ ability to produce biochar from 
pin, mixed larch and spruce chips and from softwood pel-
lets was conducted by Masek et al. [100]. In the study by 
Masek et al. [100] temperatures varied between 350 and 
550 °C. Also, Masek et al. [100] reported that the stability 
of biochar increases as the temperature increases, and the 
yield of biochar is independent of temperature. Angin and 
Sensoz [101] also reported that the chemical and surface 
properties of biochar are affected by pyrolysis tempera-
ture. As the pyrolysis temperature is increased from 400 
to 700 °C, the volatile matter, hydrogen and oxygen con-
tents of the biochar were decreased, but the value of fixed 
carbon was increased. Biomass cannot be converted into 
biochar at low pyrolysis temperature (300 °C) because at 
this temperature the desired carbon frame structure has 
not developed [102].

The reactor operating temperature plays a vital role in 
deciding the fixed carbon and oxygen content of biochar. 
It has been found that higher operating temperatures 
have higher fixed carbon contents and lower oxygen con-
tents, as presented in Table 1.

Operating pressure also affects the biochar yield. The 
effect of absolute pressure (0.1–1.5 MPa) and peak tem-
perature (400–550  °C) on pyrolysis behaviour of two-
phase olive mill wastes was examined by Manya et al. 
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[107]. Increasing both absolute pressure and peak tem-
perature results in a decrease in biochar yield; however, 
the fixed carbon yield increases [83, 107]. Furthermore, 
Manya et al. [108] investigated the effect of particle size 
along with pressure and peak temperature on the stability 
of vine shoot-derived biochar. It was found that operat-
ing a pyrolysis reactor under high pressure and high tem-
perature maximizes pyrolysis gas production, but reduces 
the char yield. The pyrolysis process carried out at high 
temperature (750°C) electrical conductivity significantly 
increased, but there is scope vitalization of heavy metal 
(Zn) with the low melting point [109].

6  Energy required for the production 
of biochar

Energy consumption during biochar production 
obtained from a pyrolysis plant is the major issue 
involved in carbon-free emission in the carbon indus-
try. The enthalpy for pyrolysis is the energy required 

to produce the biochar and syngases that mainly 
depend on biomass and its operating condition. The 
term enthalpy for pyrolysis or carbonization is the heat 
or energy used to produce pyrolysis. Daugaard and 
Brown [110] revealed that the enthalpy required for 
the thermal decomposition of oat shell and pine was 
approximately 1.04 ± 0.18  MJ/kg and 1.61 ± 0.26  MJ/
kg, respectively. However, the corresponding energies 
required for thermal decomposition were approxi-
mately 0.8 ± 0.2 MJ/kg and 1.6 ± 0.3 MJ/kg, respectively, 
as presented in Table 2. Laird [111] reported that the 
net amount of energy required for the pyrolysis pro-
cess is nearly 15% of the total energy obtained from 
dry biomass. Furthermore, Fing [112] estimated that the 
energy demand for obtaining biochar from biomass var-
ied in the range of 1.1–16 MJ/kg, whereas 44–170 MJ/
kg energy was required to produce activated carbon, 
which was approximately ten times higher than that of 
biochar production.

Ro et al. [113] used swine solid and blended swine 
solids (29% rye grass + 71% swine solids) to produce 

Fig. 7  a Kiln, autothermal car-
bonization [93]. b Retort with 
direct heating using pyroly-
sis gases [93]. c Retort with 
indirect heating using pyrolysis 
gases [93]



Vol:.(1234567890)

Review Paper SN Applied Sciences (2019) 1:168 | https://doi.org/10.1007/s42452-019-0172-6

high-temperature value-added biochar feedstocks. 
In the same study [91], the authors demonstrated the 
energy balance of their study for drying and pyrolysis, 
revealing that 12.5 MJ/kg energy was required for swine 
solids and 0.5 MJ/kg for blended material to obtain the 
desired value-added biochar, as mentioned in Table 2.

7  Classification of biochar

The International Biochar Initiative (IBI) broadly classi-
fies biochar based on the carbon storage value, fertilizer 
value (P, K, S and Mg only), liming value and particle 
size distribution. Furthermore, Anon [114, 115] pro-
posed three general classes of biochar on the basis of 
organic carbon content. In class 1 type biochar, the  Corg 
mass fraction is about ≥ 60%, in class 2 in the range of 
30 to < 60% and in class 3 < 10% [116].

8  Stability of biochar in soil

The stability of biochar depends on the conditions of 
its production and biomass feedstock. Spokas [117] 
conducted a study on the stability of biochar in soil and 

found that a lower oxygen-to-carbon (O:C) ratio resulted 
in a more stable biochar material. Conclusively, when the 
oxygen-to-carbon molar ratio (O:C) is > 0.6, biochar will 
probably possess a half-life on the order of < 100 years; 
if the range is 0.2–0.6, the accepted half-life range is 
between 100 and 1000 years. If the molar oxygen-to-
carbon ratio is < 0.2, the half-life will be > 1000 years. 
In this way, the process temperature, i.e., pyrolysis tem-
perature, is highly responsible for biochar stability [118].

9  Application of biochar

9.1  Biochar as soil improvement

Biochar improves soil physiology and increases produc-
tivity, and it also assists with crop residue management. 
After the application of biochar to soil, many studies 
report that the soil acidity was reduced considerably, 
and essential mineral uptake increased with residual 
effects for the following season [119]. In biochar signifi-
cant quantities of K and small amounts of Mg, Ca, Cu, Zn 
and Fe are present, which have potential as fertilizer [70].

Stockmann et  al. [120] reported that soil contains 
approximately 2344 Gt of organic carbon globally and is 

Fig. 8  Argentinean-type 
charcoal kiln (all dimensions in 
mm) [94]
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considered the largest terrestrial pool of organic carbon. 
Small changes in the soil’s organic carbon stock could 
result in significant impacts on the atmospheric carbon 
concentration. The sustainability of agricultural produc-
tion is highly dependent on the physical, chemical and 
biological integrity of the soil. Organic carbon plays a 
major role in maintaining these factors. The efficient 

conversion of surplus crop residues as a source of organic 
carbon is one way to improve the soil health and retain the 
water-holding capacity as well as essential nutrients [9]. 
Demand for food has drastically increased as the global 
population has grown. Growers are increasingly using 
chemical fertilizers in the soil to meet demand. Soil fertility 
has significantly decreased as a result of this. The addition 

Table 1  Effect of temperature 
on biochar composition

Feedstock Pyrolysis tempera-
ture (°C)

Biochar elements (%) References

C H N O

Corn cob 400 75.23 3.37 0.82 14.11 [103]
450 77.84 2.95 0.86 11.45
500 80.85 2.5 0.97 8.87
550 82.62 2.25 0.84 7.43

Rapeseed 400 57.95 3.43 5.43 33.16 [104]
450 59.77 2.36 5.12 32.75
500 61.98 1.92 4.12 31.78
550 67.29 1.75 4.35 26.21

Safflower seed 400 68.76 4.07 3.77 23.49 [101]
450 70.43 3.49 3.69 22.39
500 71.37 2.96 3.91 21.76
550 72.96 2.67 3.74 20.63
600 73.72 2.34 3.84 20.10

Conocrpus waste 200 64.20 3.96 0.69 26.60 [105]
400 76.80 2.83 0.87 14.20
600 82.90 1.28 0.71 6.60
800 85.00 0.62 0.90 4.90

Wheat straw 400 57.80 3.20 1.50 21.60 [106]
500 70.30 2.90 1.40 17.70
600 73.40 2.10 1.40 14.90
700 73.90 1.30 1.20 14.60

Corn straw 400 56.10 4.30 2.40 22.00 [106]
500 58.00 2.70 2.30 21.50
600 58.60 2.00 2.00 18.70
700 59.50 1.50 1.60 16.60

Peanut shell 400 58.40 3.50 1.80 21.00 [106]
500 64.50 2.80 1.70 18.50
600 71.90 2.00 1.60 15.00
700 74.40 1.40 1.40 14.20

Table 2  Energy required to produce biochar from different feedstocks

Sample no. Type of feedstock Mode of process Energy 
demand (MJ/
kg)

Output products References

1. Oat shell Pyrolysis 0.8 ± 0.2 Biochar, oil, gases [110]
2. Pine Pyrolysis 1.6 ± 0.3 Biochar, oil, gases [110]
3. Swine solids Carbonization (high temperature) 12.5 Oil, biochar, gases [13]
4. Blended swine solid (29% rye 

grass + 71% swine solid)
Carbonization (high temperature) 0.5 Oil, biochar, gases [113]

5. Biomass Carbonization 1.1–16 Biochar [112]



Vol:.(1234567890)

Review Paper SN Applied Sciences (2019) 1:168 | https://doi.org/10.1007/s42452-019-0172-6

of organic carbon is the only option for overcoming this 
issue. Biochar has tremendous potential to improve soil 
health, and it is currently attracting considerable interest 
globally because of the sustainable stability of carbon, 
which also helps in reducing the atmospheric carbon 
dioxide concentration. In the present context, biochar is 
globally considered a soil amendment tool because it has 
a suitable cation exchange capacity, which improves the 
soil pH, water-holding capacity and affinity for micro- and 
macro-plant nutrients [17].

Laird [121], Glaser et al. [122], Novak et al. [123] and 
Muhammad et  al. [124] found that the application of 
charcoal worked to increase the available water, build soil 
organic matter, enhance nutrient cycling, lower bulk den-
sity, act as a liming agent and reduce leaching of nutri-
ents to groundwater. The application of biochar as a soil 
amendment significantly increased crop yield, even in the 
absence of nitrogen fertilizer [103]. Mogami et al. [125] 
reported that the soil water retention capacity with palm 
shell biochar application is significantly higher than that 
without biochar. Furthermore, Mogami et al. [125] also 
found that biochar application at 0–10 cm greatly con-
trolled leaching of mobile nutrients such as potassium, 
thus improving water use efficiency, nutrient availability 
and plant growth. Jia et al. [126] conducted a pot experi-
ment to estimate the effect of maize straw biochar applica-
tion on nitrous oxide  (N2O) and methane  (CH4) emissions, 
 N2O emission factor and vegetable yield. They concluded 
that biochar application greatly reduced  N2O emissions 
and  N2O—N emission factors while maintaining vegetable 
production. They found that the methane emission was 
not affected by biochar amendment.

Chintala et al. [127] produced biochar from corn stover 
(Zea mays L.) and switchgrass (Pencium vigratum L.) using 
microwave pyrolysis at 650 °C and applied in acidic soil. Liu 
et al. [128] concluded that biochar can potentially reduce 
 N2O emission in soil by affecting ammonia and nitrite-oxi-
dizing bacteria and these effects depend on the biochar 
application rate in soil. Ibrahim et al. [129] also revealed 
that the application of biochar significantly increases plant 
fresh weight, chlorophyll and chlorophyll b.

The environmental benefits can be maximized if recy-
cling of organic wastes occurs through proper routes 
[130]. Maraseni [130] gives a very good example of value 
addition in the Australian pulp and paper industry, as illus-
trated in Fig. 9. Promoting fast-growing species on planta-
tions can not only aid in achieving goals for greenhouse 
gas mitigation, but also help in carbon sequestration. Such 
a value addition approach increases employment in rural 
areas.

Iswaran et al. [131] applied biochar during the cultiva-
tion of pea and mungbean in Indian climatic conditions 
and found that adding 0.5 tonne/ha biochar in the field 
increased the yield of peas by 160%, while the yield of 
mungbean was increased by 122%. Kishimoto and Sugiria 
[132] conducted a study in Japan on soybeans grown on 
volcanic ash loam, revealing that the yield was increased 
by 151% with the addition of about 0.5 tonnes/ha biochar. 
By adding biochar at rates of 5 tonnes/ha and 15 tonnes/
ha, the yield was increased by 63% and 29%, respectively. 
In addition, biochar produced using cow manure was 
mixed with sandy soil at rates of 0, 10, 15 and 20 tonnes/
ha before the cultivation of a maize crop revealing biochar 
application at 15 and 20 tonnes/ha significantly increased 

Fig. 9  Value addition for the 
pulp and paper industry [131]
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maize yield by 150% and 98%, respectively. The study also 
found that application of cow manure-derived biochar to 
sandy soil not only improves the crop yield, but also sig-
nificantly improves the physico-chemical properties of the 
coarse soil [133].

Nitrogen (N) is one of the most important elements 
that play a major role in plant growth and productivity 
as plants use inorganic N directly through the root sys-
tem [134–138]. Nguyen et al. [139] reviewed the effects of 
biochar on soil inorganic nitrogen and found that biochar 
production temperature and biochar surface properties 
are the main factors affecting soil inorganic nitrogen. So 
far, there are limited long-term studies of > 1 year dura-
tion available in the literature; thus, the long-term effects 
of biochar on soil inorganic nitrogen still remain unclear.

Shanta et al. [140] demonstrated the effects of biochar 
along with plant growth-promoting rhizobacteria on plant 
growth variables (i.e., height, stand count, dry biomass). 
The 20 Mg/ha biochar treatment, in combination with 
100 kg N fertilizer  ha−1, found almost the same biomass 
yield as the treatment with 50 kg N fertilizer  ha−1 without 
biochar. Furthermore, it was reported that this effect was 
not consistent across study sites, highlighting the incom-
plete understanding of crop responses to biochar applica-
tion at different study locations. Surprisingly, inoculation 
of switchgrass seeds with bio-fertilizers did not appear to 
improve crop yield in the presence or absence of biochar 
soil amendments.

9.2  Application of biochar in water treatment

Recently, biochar derived from biomass has been given 
significant attention, especially for the effective removal 
of heavy metals, toxic elements and contaminants from 
water and wastewater. Biochar is a promising low-cost and 
effective material with remarkable physiochemical proper-
ties such as high surface area, cation exchange capacity, 
aromatic character, carbon content and low H/C ratio, etc.

Shaheen et al. [141] derived wood-based biochar as an 
emerging bio-sorbent which has potential to remove toxic 
elements from water and wastewater. The biochar mate-
rial’s high surface area and its reactivity further its uses in 
water filters for the removal of pathogens such as lipids 
and phenol from water, as studied by Werner et al. [142]. 
Werner et al. [142] carried out a field experiment in Ghana 
using biochar-filtered water for irrigation and measured 
the increase in maximum crop yield (> 40%) in leafy green 
vegetable production. Gwenzi et al. [143] asserted that 
biomass-derived biochar-based water treatment systems 
are a potentially low-cost sustainable technology for the 
provision of clean water. Lee et al. [144] conducted experi-
ments for removal of natural organic matters in water 
through biochar with different doses and reported that 

at 200 mg-C/l, biochar removes 90% of organic matter in 
20 min of contact, with a capacity of 0.0064 mg-dissolved 
organic carbon/mg-C.

Biochar acts as a super sorbent with the ability to 
remove organic and inorganic contaminants from the soil 
as well as water because of its physiochemical properties. 
The activities of biochar and activated carbon (AC) are 
similar, but they differ from the type of raw material or 
feedstock, production techniques and final physiochemi-
cal properties, as studied by Qambrani et al. [145].

9.3  Biochar for climate change mitigation

To avoid the worst consequences of climate changes, 
humans need to significantly reduce global warming emis-
sions and, if possible, remove the existing carbon dioxide 
from the atmosphere. Scientists have discovered a more 
environmentally friendly way to create charcoal by heat-
ing biomass, plants and animal manure in a low-oxygen 
environment. The result is called biochar; it consists mostly 
of carbon and is produced specifically to help reduce 
global warming [146]. Bruckman et al. [147] reported that 
incorporating charred organic matter in soil is a potential 
geo-engineering method for climate change mitigation. 
In addition, Bruckman et al. [147] reported that biochar 
amendment on forest floors in an acidic spruce ecosystem 
could lead to an increase of surface carbon stocks. It is a 
well-known fact that airborne black carbon, or soot, is a 
significant contributor to global warming. If biochar is sim-
ply spread on top of soil, there is the possibility of airborne 
black carbon. However, such issues can be avoided if bio-
char is tilled deep into the soil, which can also improve the 
soil’s water retention and reduce leaching of agricultural 
nutrients [148]. Furthermore, Waters et al. [149] reported 
that issues of climate change mitigation impacts arise 
largely with the stabilization of soil organic matter using 
biochar and generation of renewable fuels, which can 
reduce fossil fuel consumption.

9.4  Carbon sequestration

Climate change is one of the biggest challenges presently. 
It affects the entire cropping patterns across the globe. 
Biomass is usually considered a carbon-neutral material, 
whereas biochar, which is produced through crop resi-
dues with stable carbon and returned to the soil, will act 
as a long-term sink for atmospheric carbon dioxide. It 
will enhance carbon fixation and reduce the emission of 
gases such as  CH4,  N2O and  CO2 [150]. Lehmann et al. [151] 
reported that the global carbon sequestration potential 
using agricultural and forestry wastes was estimated to 
be about 0.16 Gt on an annual basis. Furthermore, these 
authors also reported that by using renewable fuels the 
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carbon sequestration potential may reach the range of 
5.5–9.5 Gt/year by the year 2100. Smith et al. [152] esti-
mated the carbon sequestration potential considering 
agricultural soils globally at about 1.4–2.9 Gt of  CO2 equiv-
alents. Chatterjee and Lal [153] suggested a sequestration 
potential of agricultural soils of up to 6 Gt of  CO2 equiva-
lents per year by 2030. An experimental investigation of 
carbon sequestration through silage maize was carried out 
under Denmark’s climatic conditions by Kristiansen et al. 
[154]. They found that carbon from maize roots and stub-
ble accumulated in the soil at a rate of 0.25–0.49 tonnes 
C/ha year. Furthermore, with the addition of 8 tonnes of 
dry matter per hectare, the carbon accumulation rate was 
between 0.71 and 0.98 tonnes C/ha year. Boddey et al. 
[155] conducted experiments in a subtropical region of 
Southern Brazil to assess the soil’s organic carbon potential 
at 30 and 100 cm. The soil carbon accumulation rate at a 
depth of 30 cm was estimated to be between 0.04 and 
0.88 mg/ha/year, whereas at 100 cm depth it was between 
0.48 and 1.53 mg/ha/year.

9.5  Mitigation of greenhouse gas emissions

Carbon dioxide, methane and nitrous oxide are considered 
the major greenhouse gases that are primarily responsi-
ble for climate change. The concentration of greenhouse 
gases in the atmosphere has reached an alarming level. 
The atmospheric carbon dioxide concentration has 
increased from 280  ppm prior to industrialization to 
379 ppm in 2005 [156] and 402.9 ppm in 2016. Carbon 
dioxide levels today are higher than at any other point in 
at least the past 800,000 years [157]. Global crop residues 
produce about 3758 million tonnes of carbon dioxide a 
year, which is equivalent to what is produced by approxi-
mately 7560 million barrels of oil. The energy equivalent 
of these yearly crop residues was estimated to be about 
69.9 EJ [158].

On the Asian continent, straw burning is a common 
problem. Gupta et al. [159] reported the particulate matter 
produced by burning 1 tonne of straw as 60 kg CO, 1460 kg 
 CO2, 199 kg ash and 2 kg  SO2. Furthermore, Gadde et al. 
[160] estimated that the burning of crop residues on the 
Asian continent annualy contributes about 0.10 Tg  SO2, 
0.96 Tg  NO2, 379 Tg  CO2, 23 Tg CO and 0.68 Tg  CH4. Emis-
sion of such gases and aerosols adversely affects regional 
environments and is also responsible for global climate 
change. Renewable energy harvesting of surplus crop resi-
dues, forest residues and agro-industrial wastes has been 
encouraged to reduce greenhouse gases [161, 162].

In 2009, Roberts et al. [45] conducted a lifecycle assess-
ment of the application of biochar derived from stover, 
switchgrass and yard waste. They reported that it has 

much lower greenhouse gas abatement costs of about 
30, 45 and 1.5 euros per tonne  CO2e for biochar derived 
from stover, switchgrass and yard waste, respectively. Fur-
thermore, Cowie et al. [163] examined the greenhouse gas 
mitigation potential of poultry litter biochar applied to 
maize crops and reported a reduction of 3.2 kg  CO2e per 
kg of biochar.

Zhang et al. [164] conducted an experiment to assess 
the effect of biochar with and without application of nitro-
gen on the net greenhouse gas balance and greenhouse 
gas intensity under the Jerusalem Artichoke Bioenergy 
Cropping System. During their experiment, it was found 
that soil  CH4 emissions were 72–80% lower in the biochar-
amended plots than in the unamended plots. Further-
more, it was reported that biochar-amended soil improved 
the greenhouse gas sink capacity.

10  Safety measures during biochar 
production and its applications

There is limited literature available with details on the 
smooth operation and necessary safety measures for the 
production of biochar. Many reports have shown that the 
moisture content of crop residue or feedstock should be 
< 8% as feedstock with lower moisture content requires 
less energy to convert into biochar. It is well known that 
biochar is produced by heating of biomass and a consid-
erable amount of smoke is generated during the process. 
Therefore, the workplace should be well ventilated. Sig-
mund et al. [165] investigated the cytotoxicity of biochar 
and reported that cytotoxic effects were likely related to 
its particulate nature and size distribution. They also sug-
gested that, to minimize the risk of exposure, operators 
should wear respiratory protective equipment during 
biochar production and its application in the field. It was 
also suggested that biochar should be applied as a slurry 
and properly mixed with a soil matrix to avoid secondary 
dust formation.

11  Conclusions

In developing countries, crop residue has traditionally 
been used as animal feed. When not used as animal feed, 
it becomes a huge surplus biomass, and farmers burning 
it create a hazy and smoky environment. Conversion of 
such surplus biomass into biochar circumvents this prob-
lem and creates employment and economic opportuni-
ties. Quality biochar with high fixed carbon content can be 
produced by maintaining a reactor temperature between 
400 and 600 °C. It is highly porous, has a larger surface area 
for absorbing soluble organic and inorganic nutrients and 
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provides a favourable environment for the growth of use-
ful microbes. It significantly increases microbial biomass 
carbon in soil compared with chemical fertilizers. Biochar 
is also considered a carbon sink and absorbs atmospheric 
carbon dioxide; hence, it is a good sink for carbon seques-
tration. Biochar remains in soil longer if its oxygen-to-car-
bon (O/C) molar ratio is < 0.2. The effect of biochar on crop 
yield has also been discussed, and most short-term studies 
have reported improvements in crop yield. The long-term 
effects of biochar on soil health are unknown and require 
further study.
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