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Abstract: Biochar is a carbon-rich material with potential applications in agriculture, industry, and 

the energy sector. It has significant application in agriculture to enhance crop production, soil condition, 

nutrient uptake, and carbon sequestration due to its unique characteristics like high surface area and 

pore volume. This review focuses on biochar as an agricultural additive to enhance crop productivity 

and improve soil health and the potential benefits as a material for growth media and composting. Co-

composting of biochar produced from various organic sources can stabilize the soil, repair degraded 

land, and reduce carbon emissions associated with agriculture. In conclusion, it was found that biochar 

is also used as growing media for a hydroponic system, which enhances the growth of high-value food 

crops to meet the increased food demand. Furthermore, the biochar-based soilless alternative to 

traditional farming may provide a more environmentally-friendly system for growing food and reduce 

the demand for chemical fertilizers, significantly reducing greenhouse gas emissions.  
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1. Introduction 

With an increasing population worldwide, the agricultural system is under rising 

pressure. The constantly growing demand for grains and organic food makes farmers use 

uncontrolled synthetic fertilizers and chemical inputs to increase production [1–3]. The 

consequences are hardened soil, reduced soil fertility, contaminated air and water, and 

greenhouse gas emissions [4,5]. This leads to the production of massive organic waste [6]. The 

utilization of biowaste to produce biochar could solve the disposal and management of 

agricultural waste. Biochar is a carbon-rich material obtained by heating biomass in the absence 

of air [7–10]. The type and composition of the feedstock particle size, reaction temperature, 

heating rate, and reactor parameters all affect the efficiency of biochar formation from 

biomass[11]. Unique physical and chemical characteristics of biochar, like large surface area, 

high pore volume, high cation exchange capacity, and functional groups, make it suitable for a 

wide range of applications [12,13]. Its applications impact soil characteristics, soil texture, and 

greenhouse gas emission control [14]. Multiple nutrient inadequacies related to severe soil 

nutrient deficiency have emerged as the most significant global constraint to agriculture's long-
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term viability. [15,16]. Biochar applications in the soil improved crop production, soil 

condition, nutrient uptake, and carbon sequestration [17–19]. 

The increased need for food demand is met through an improved farming system by 

combining some controlled environment agriculture such as hydroponics, aquaponics, and 

aeroponics [20–22].  A soilless alternative to traditional farming may provide a more 

environmentally-friendly system for growing our food [13,23,24]. Biochar has received greater 

attention during the past few years due to its potential use in agriculture, the energy sector, and 

for environmental purposes. To ensure the optimum growth of plants, regulation of growth 

conditions is one of the key factors in firms adopting soilless agriculture  [25]. Biochar has 

similar physicochemical characteristics to coir and peat and can be utilized as an alternate 

growing medium [26,27]. Dunlop et al. used biochar as a medium for the soilless, hydroponic 

production of vegetables [28]. 

In recent years, biochar has been used as an additive to composting and soil remediation 

to control greenhouse gases and NH3, humidification, and inactivate heavy and organic 

pollutants. The application of compost and biochar as soil amendments is affordable and long-

lasting, with a positive impact on soil enhancement and the growth of plants [15,29,30]. The 

different applications of biochar are shown in Figure 1; apart from this, biochar makes a good 

sustainable fuel [31].  

 
Figure 1. Potential biochar application. 

 This paper provides an overview of biochar production technology, its application in 

agriculture to increase production and soil remediation, biochar production methodology in 

rural areas, the impact of biochar on soil health and crop yield, how biochar is used as a 

substrate for growing media and as a compost additive, and the environmental impact of 

biochar after application. 

2. Biochar Production Technology  

Humans have been producing and using biochar for over 2500 years [32]. Several 

ancient biochar production methods have been modified as humans have progressed and 
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science has advanced. The two primary categories of biochar production methods, traditional 

and modern, are shown in Fig. 2 based on their advancements and modernization [6]. 

 
Figure 2. Biochar production technology. 

Traditional charcoal production is carried out using batch processes, including earthen 

and mound kilns and pits [33,34]. Only high-value wood logs are used in kilns and pits, whereas 

in brick, metal kilns, and retort systems, the feedstock wood can be combined with dry bio-

waste materials[35–40]. The biochar yield in the batch process varies from 12.5–30% due to 

its low operational and construction costs and is still preferred in rural areas [41]. TLUDs (top-

lid up-draft stoves) may be used for horticulture or small kitchen gardens but have a limited 

production capacity [42,43] of 0.5 kg to 10 kg.  

In recent years, biochar production methods have undergone several modifications and 

changes. Flash carbonization, gasification, torrefactions, hydrothermal carbonization, electro-

modified techniques, and microwave pyrolysis have been developed to produce biochar. The 

use of modern practices for biochar production speeds up the process while improving the 

quality of the biochar [44]. In addition, it can be used to recover high-value products like solid 

biochar, liquid bio-oil, and volatile compounds [45]. Slow pyrolysis yielded 35% of biochar 

[46], flash carbonization yielded 37% [47], gasification yielded 10% [48], and torrefaction 

yielded 80% [49].  

3. Biochar Production Process 

Biochar production from agriculture residue starts with biomass feeding into the 

combustion chamber in the absence of air. There are mainly five production stages: drying, 

conditioning, torrefaction, exothermic pyrolysis, and endothermic pyrolysis at different 

temperatures. As the temperature rose to 150–180 °C, the biomass conditioning process began, 

releasing carbon dioxide. The biomass breakdown starts during the torrefaction phase at 180–

250 °C, producing carbon dioxide and carbon monoxide. When an exothermic reaction begins 

at about 250–400 °C, it produces a significant quantity of heat, and condensable vapors such 

as water, acetic acid, methanol, acetone, etc., and tar are the prevailing products when the 

temperature rises to 400 °C. When the temperature rises above 450 °C, it is possible to convert 

biomass to biochar. The biochar production process is practically completed, but biochar 

contains considerable amounts of tar. To avoid this further, increase the temperature up to 500 
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°C to complete the carbonization stage  [50]. The production process of biochar is shown in 

Figure 3. 

 
Figure 3. Biochar production process. 

4. Impact of Biochar  

4.1. Soil health. 

Biochar is attracting huge interest due to its significant advantages to agriculture as it 

can hold soil water [51]. In addition, applying biochar to soil has shown the potential to 

decrease nutrient leaching, increase yield, and improve nutrient usage efficiency, as shown in  

Figure 4 [52–54]. 

 
Figure 4. Impact of biochar on soil health. 

Furthermore, biochar efficiently sequesters massive amounts of carbon in soil over 

time, thus increasing soil fertility and crop productivity and mitigating global warming [55,56]. 

Various parameters such as feedstock type, pyrolysis chamber temperature, soil type, and biotic 

interactions were discovered to influence the efficiency of biochar application in agricultural 

environments [57]. Biochar has the capacity to absorb carbon and reduce greenhouse gas 
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emissions in the soil [58]. Tanure et al., applied the biochar to a maize crop with two particle 

sizes (2.0−0.5 and<0.5 mm) at six doses (0, 5, 10, 20, 40, and 60 g/kg) under two soil moisture 

conditions in a greenhouse environment. It was found that biochar boosted the photosynthesis 

process, stomatal conductance, moisture retention, pore ratio, reduced bulk density, and 

fertility when added to soil  [59]. Biochar also increases the water-holding capacity of the soil. 

Singh et al. applied biochar on the paddy field to minimize the CH4 production and showed 

higher CH4 consumption because it improves the aeration and porosity of soil [55]. Similarly, 

Liu et al., examine the impact of biochar on yield-scaled greenhouse gas intensity. The results 

found that biochar considerably reduced yield-scaled greenhouse gas intensity by 29% [60].  

Biochar impacts the properties of soil and density because of its highly porous nature 

and large surface area. The direct benefits of biochar additions to the soil are due to higher 

potassium, phosphorus, and zinc availability and, to a lesser extent, calcium and copper 

availability  [61]. Biochar enhances soil pH and lowers the exchangeable acidity because of its 

high magnesium and calcium content [62]. Mohawesh studied the use of biochar to study the 

soil properties during the cultivation of tomato and bell pepper plants and found that soil pH 

increased by 1.4% to 7.3%, and electrical conductivity increased by 12.3% and 107.8% after 

the application of biochar at 8 t/ha and 40 t/ha, respectively  [63]. Lucchini et al. applied wood 

biochar in field plants (barley, beans) at the rates of 25 and 50 t/ha and found that it does not 

raise the metal concentrations in the soil and may be safely utilized for crop production [64]. 

Cation exchange capacity (CEC) is essential for soil quality, and adding biochar to the soil 

increases CEC. A higher CEC of soil indicates a high capability for nitrogen fixation, which is 

crucial for plant growth  [65]. The CEC factor is mainly influenced by two different factors: 

pyrolysis temperature and the type of biomass [63]. Tan et al. stated that adding the biochar in 

the ratio 1:100 increased soil cation exchange capacity by 0.92 cmol kg-1 [66]. Further, Berihun 

et al. found the highest germination percentage of garden pea seeds (95.23%), and shoot length 

was significantly affected at 2 weeks and 4 weeks after biochar application at a rate of 18 t/ha 

[19]. Biochar can affect soil microbes in terms of pH, pore structure, surface area, sorption 

behavior, and nutrient content[67–69]. According to recent studies, biochar's growth-

promoting effects on soil microbes have been verified [70,71]. Ge et al. studied the addition of 

biochar at a 5 t/ha rate within 10–20 cm of soil depth and increased microbial biomass  [70]. 

The effect of wheat and miscanthus straw biochars added at 1 and 2 percent on soil enzymatic 

activity and the microbe count was studied, and it found that adding 1% biochar increased the 

number of bacteria and fungi by 380 and 26%, respectively [72]. The inclusion of biochar into 

acidic mine materials reduces hazardous element concentrations, improves soil characteristics, 

and increases microbial populations and activity  [73]. Huang et al. observed that using biochar 

for extended periods can improve internal nitrogen use efficiency and crop yield [74]. Chen et 

al. examined the effect of biochar on the hydraulic characteristics of sandy soil. The study 

revealed that higher rates of biochar (3 and 5%) were added to the sandy soil. The results 

showed that water retention capacity improved  [75]. In addition to this, Glab et al. examined 

small biochar particles with a diameter of fewer than 0.5 m but increased the bigger pore 

volume diameter in the range between 0.5 and 500 m, and their implementation enhanced the 

accessible moisture content, especially when the tiniest fraction  (0.064 cm3cm−3) was used 

[17]. The positive effect of biochar on soil amendment is presented in Table 1.  

Table 1. Impact of biochar amendment on soil properties 

Sr no  Biochar feedstock  Effect on soil properties  References  

1 Bamboo Increasing soil moisture and soil [70]  

https://doi.org/10.33263/BRIAC135.429
https://biointerfaceresearch.com/


https://doi.org/10.33263/BRIAC135.429  

https://biointerfaceresearch.com/ 6 of 21 

 

Sr no  Biochar feedstock  Effect on soil properties  References  

microbial biomass 

2 Wood  Increasing soil organic carbon content and soil pH  [76] 

3 

Pinus tabu-laeformis Carr 

and Robinia pseudoacacia 

L 

Biochar application rate with an increasing in the soil 

organic content increased, and soil bulk density 

decreased 

[77]  

4 Hardwood 
Increasing available potassium and soil organic carbon 

content by 300% and 37%, respectively. 
[78] 

5 Maize straw Increasing fungi/bacteria ratios and soil organic carbon  [79] 

6 Maize straw 
Decreasing bulk density and enhancing plant available 

water and  soil aggregate stability  
[80] 

7 Rice straw Increasing soil pH  [81] 

8 Rice husk Enhanced  macro and micro aggregates [82] 

9 Woody biomass Biochar increased soil cation exchange capacity [83] 

4.2. Crop productivity  

Biochar applications to soils have been demonstrated to increase net primary crop 

production, grain yield, and biomass production. The biochar application rates in the field, 

greenhouse, plot, and pot are collected and displayed in Table 2. This table summarises crop 

biomass and yield changes for the following biochar application rates.  

The rice yield increased by 8.5-10.7% when the application rate of rice straw biochar 

was about 4.5 t/ha [84]. In addition to this, applying the same biochar in greenhouses at the 

rates of 10, 25, and 50 t/ha increased the rice and wheat yields by 12% and 17%, respectively 

[85]. In some studies, maize grain improved by 20% in the first year and 12.5% in the second 

year [86], 6% [87] by applying the biochar rate of about 10 to 25 t/ha. Similarly, biochar 

application had some positive effects on grain yield, such as wheat at 10% [87], 28% [88], 6.2-

24.2 % [89], 17% [85], corn at 5-20% [90], common bean at 46% [91]. Further, Usman et al. 

applied biochar in a greenhouse for the tomato crop and increased the fruit yield by 14–43% 

[92].  

Biochar produced from different organic materials on crop yield has shown a positive 

effect on crop yield on hardwood [87,93–96], wood [97,98], cow manure [99–101], poultry 

litter [102], rice husk [84,85,90]. The biomass yield increased by 50 to 300 % [87,88,103–105] 

by applying the biochar rate of about 10 to 60 t/ha. Some authors also revealed no impact of 

biochar on yield and biomass production [84,106–110]. 

Some authors found that the higher dose rate of biochar at 50t/ha for 21 days in a maize 

crop induced a severe negative effect on plant growth [98]. In addition, pine sawdust biochar 

was applied to sorghum crops at a rate of 45t/ha and was found to decline plant growth at higher 

applications [105].  

Table 2. Effect of biochar application on crop yield. 

S. No. Biomass & process  Application rate  Crop grown  Effect on yield  Reference  

A Field crop 

1 Hardwood 500 0C 10, 20, and 30 t/ ha Cocoyam 
Increase yield 8.1, 7.8, and 5.5 

%, respectively  
[95] 

2 
Willow wood pyrolysis, 

6000C  

10-25 t/ ha 1 crop 

cycle   

papaya 

banana 

Reduced banana yield by 18-

24%  and neutral for papaya 
[97] 

3 
Rice straw BC (RBC) 

550 °C  

4.5 t /ha for two crop 

season  
Rice  

Grain yield increases by 8.5–

10.7%  
[84] 

4 
Acacia biochar 400–500 

°C 
25- 50 t/ ha Maize  

Increased yields in 1st year by 

20% and after 2nd year by 

12.5%. 

[86] 
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S. No. Biomass & process  Application rate  Crop grown  Effect on yield  Reference  

5 
Pine needle and Lantana 

biochar slow pyrolysis 
2 and 5 t / ha Wheat, rice  

Increased wheat yield by 6.2–

24.2%. Neutral rice yield. 
[89]  

6 
Orchard pruning PY, 

500 0C. 

22 - 44 t / ha for 4 

years. 
Grape 

Increases productivity by up to 

66%  
[111] 

7 
Hardwood biochar at 

pyrolysis temp 500 0C 

30 and 60 t/ha 2 crop 

cycle 

Durum 

wheat 

 

Increased  up to 30% biomass 

production and yield 
[93] 

8 Poultry litter biochar 10,25,50and 100 t/ha   10% increase in the yield [102] 

9 
Mixed hardwood 

pyrolyzed 500 0C 

10 t/ha for 1 crop 

cycle 

Durum 

wheat and 

maize 

Increase yield by 10% and 

maize by 6 % 
[87] 

10 

Eupatorium 

adenophorum  

pyrolysed at 680-700 0C 

 750 kg/ha  for 17 

weeks 
Pumpkin 

Increase fruit yield (85-300)%  

 
[112] 

11 
Rice Straw and Corn 

Stalk 
1, 2, and 4 ton/ha 

Corn, 

peanut, and 

sweet potato  

Increase yield by 5-15 % when 

biochar is applied 1 or 2 t/ha. 

20% by applying 4 t/ha  

[90] 

12 

Zambia,  Maize cob, 

and mixed softwood 

pyrolysis at , 400 0C 

4 t/ ha 2 crop cycles Maize Biomass yield by 233-322% [113] 

B Greenhouse crop 

13 Cow Manure 600 0C  
0, 10, 15, and 20 

ton/ha 
Maize  Increased  Maize crop yield [101] 

14 
Conocarpus Pyrolysed 

at 400 0C 

Apply 4-8% (w/w) 

for 11 weeks 
Tomato 

Increase tomato yield by 14-

43%  
[92] 

15 Rice Husks 450 0C  
0, 10, 25, and 50 t/ha 

in    

Rice and 

wheat  

Increased rice and wheat yield 

by 12% and 17%, respectively  
[85] 

16 
Cow manure pyrolysis 

at 500 0C  

0, 10, 15, and 20 t/ 12 

weeks 
Maize 

Increased maize grain yield by 

150 and 98% by applying 15 

and 20 t ⁄ ha rate biochar, 

respectively. 

[99] 

17 
Natural grass-cutting 

pyrolysis at 400 0C 
10 t/ h 8 weeks 

Red clover, 

red fescue, 

and plantain 

Increase biomass (8-30)% in 

single crop  & 28-50% in mixed 

cropping 

[114] 

C Plot and pot crop 

18 
Pine sawdust is used in 

Fast pyrolysis at 400 0C 
45 t / ha 9 weeks Sorghum 

 Plant growth declined at a 

higher application rate  
[105] 

19 

Maize stalks biochar, 

400 0C 

 

16 t/ ha for  1 year  
Soybean, 

wheat  

Increase  grain mass per plant 

of soybean by 11% and wheat 

by 28 %, and Biomass increase 

by 32% 

[88] 

20 
Pine sawdust used in 

Fast pyrolysis at 4000C 
 22 t / ha  8 weeks Sorghum Increase 18-22% biomass. [105] 

21 

Wood, paper sludge & 

sewage sludge 

pyrolyzed at 500-600 0C  

10, 20, and 40 t/ha 79 

days 
Ryegrass 

Increase biomass yield by 67-

333 % 
[104]  

22 
Mixed wood chips 

pyrolysis at , 450 0C 
50t\ ha  21 days Maize 

Higher application rates have 

negative effects on plant 

growth. 

[98] 

5. Application of Biochar as Growing Media  

Conventional farming has a number of disadvantages, including high water and land 

requirements, high use of pesticides, soil degradation, and nutrient runoff  [115]. When 

comparing hydroponics to conventional agriculture, the former is preferred because of its 

ability to sustainably meet future food demands [116]. In a study by Barbosa et al., when 

conventional agriculture and hydroponics systems were evaluated using spinach as a test plant, 
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the hydroponics system produced an 11-fold higher yield than conventional practices. A 

controlled environment agriculture system can effectively perform aquaponics or hydroponics, 

which is soilless agriculture [21,117]. For optimal crop growth, this system effectively utilizes 

moisture and minerals. Hydroponics showed a significant increase in plant growth and 

productivity as well as better agricultural water management [116,118]. Hydroponic systems 

help plant cultivation in areas without soil or where plant cultivation is inefficient. It reduces 

soil fatigue and enables continuous production. 

Furthermore, soil-borne diseases and pests are eliminated, saving water and fertilizer. 

Biochar has recently gained popularity for soil nutrient management. Many researchers suggest 

that biochar has similar physicochemical characteristics to other growing media (like peat and 

coir) and enhances high-value crop production. [119,120].   

Generally, organic additives are used to enhance soil's physical and chemical 

characteristics. Bio-additives have effectively replaced soil as a growing medium. Electrical 

conductivity and pH are important factors to consider when using materials for the growing 

media because too high or too low pH and electrical conductivity can inhibit plant 

development. Plant growth is influenced by the physical characteristics of the growing 

medium, particularly pore size and density, which have an impact on the amount of available 

water [121]. Peat and aggregates (perlite and vermiculite) are commonly used as growing 

media, but their negative environmental impact and high cost necessitate using different 

alternatives [120]. According to Sanjuan-Delmás et al., hydroponic growth media has a nutrient 

retention gap due to possible volatilization, which could be a primary source of nutrient loss 

[122]. According to Hashida et al., nitrous oxide accounts for 16% of nitrogen loss [123]. Coco-

peat is the most widely used medium in soilless cultivation, although it has a pH range of 4-5, 

which is insufficient for the plant to absorb the most minerals [124]. The stability of the 

growing medium is another important parameter for potted plants' production because its 

physicochemical characteristics are usually preferred to hold steady throughout the growing 

period [125].  

There is a constant search for new materials with more suitable properties for plant 

growth. The use of biochar to replace peat [119] and vermiculite [126] substrate in growing 

media improves nutrient retention and is also disease and drought-resistant [127]. Haraz et al. 

analyzed the effect of adding biochar to peat moss growth media with ratios of 0%, 5%, 25%, 

and 50% on electrical conductivity and pH. They found that electrical conductivity reduced as 

the biochar rate increased and pH increased by 1.5 units with increased biochar to growth media 

ratio [128]. Biochar has similar physicochemical characteristics to coir and peat and can be 

used as an alternative growing medium [26]. The efficacy of rice straw biochar alone and in 

conjunction with perlite as substrates was investigated in nutrient film techniques (NFT) for 

cultivating crops such as cabbage, red lettuce, dill, and mallow [129]. In addition to this 

Karakas et al. suggest using olive stone biochar as a growing medium for aquaponics in 

greenhouse systems rather than perlite or coir materials [130]. Further, Dunlop et al. suggested 

that biochar be used as a medium for hydroponic systems, enhancing high-value food crops' 

growth [28]. 

Similarly, Haraz et al. studied the effect of coconut biochar used as substrate in closed 

hydroponics systems and recommended biochar percentage has a major role in growth and 

yield quality [128]. Altland and Locke produced the biochar tomato crop green waste and used 

it in a hydroponic system for the production of tomato crops. They evaluated that adding 

biochar to aquaponics boosted microbial activity while lowering nutrient leaching [131]. The 
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biochar in container substrate changes the characteristics of container substrates, such as bulk 

density, pore volume, container capacity, availability of nutrients, pH, electrical conductivity, 

and cation exchange capacity[132]. The effect of biochar on plant growth's physical and 

chemical properties in container substrates and hydroponic systems is shown in Tables 3 and 

4. 

Table 3. Summary of biochar used in container substrates. 

Sr 

no 
Properties Results References  

1 Porosity  

Increased microspores after biochar incorporation, combining 50 

percent (by volume) biochar with peat enhanced container 

capacity when compared to peat substrates containing 100 percent 

peat.  

[133]  

2 
Electrical 

conductivity 

Biochar added 50% (by volume) to peat moss media increased 

electrical conductivity significantly. 
[119]   

3 
Cation Exchange 

Capacity (CEC) 

The CEC was found to be significantly higher in a 25 percent 

biochar and 75 percent peat moss mixture (by volume) than in a 

100 percent peat moss mixture  

[126]  

4 Microbial activity 

Mycorrhizal colonization was found to be higher in containers 

containing sand and clay in a 3:1 (by volume) ratio with activated 

biochar (2 g per container) 

[134]  

5 Plant growth 
When compared to peat substrates alone, a 50 percent mix of 

biochar and peat increased total biomass and leaf surface area. 
[119]   

Table 4. Summary of biochar used in the hydroponics system. 

Sr 

no 

Biochar feedstock Results  References  

1 Tomato crop green 

waste 

Electrical conductivity decreases to <0.5 mS·cm-1, and Ph 

increases. 

[28] 

2 Rice husk : perlite 

(1 : 1) 

When compared to leafy vegetable plants grown in perlite substrate, 

the combination of rice husk and perlite (1:1) substrate resulted in 

increases in shoot length, number of leaves, and fresh/dry masses 

that were approximately 2-fold. 

[129] 

3 Olive stone biochar Tomato seedlings grew 3–41% faster than other solid media 

materials. 

[130] 

4 Coconut shell 

biochar 5%, 25%, 

and 50% addition 

to peat moss  

Electrical conductivity decreased as the biochar rate increased, and 

pH increased by 1.5 units as the biochar to growth media ratio 

increased. 

[128] 

5 Palm kernel shell Improvements in water quality parameters, as well as catfish and 

lettuce growth rates, are achieved using palm kernel shell biochar. 

[135] 

6. Biochar Used as Composting 

Composting is a simple method to turn biodegradable materials into a humus-like 

product that can be used as a soil addition or bio-manure [136,137]. However, manure 

fertilizers have some significant drawbacks in terms of greenhouse gas emissions and nitrogen 

loss [138,139]. Biochar boosts soil nutrient supply, microbial growth, soil organic matter, 

moisture retention, and plant growth while reducing fertilizer use, greenhouse gas emissions, 

nutrient loss, degradation, pollutant migration, and pollutant bioavailability [140], due to its 

unique properties such as chemical recalcitrance, porosity, adsorption capacity and large 

surface area [30]. Biochar has received increased attention as a composting and soil 

remediation amendment due to its positive effects on each other's properties. Some of the 

benefits of using biochar as a compost amendment include enhancing microbial activity 

through aeration, decreasing soil bulk density, increasing compost temperature, decreasing 
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nutrient losses and ammonia volatilization, improving water holding capacity through leaching, 

lowering greenhouse gas (GHG) emissions, and increasing the degree of humidification 

[137,141] shown Figure 5 

Zhang and Sun studied the impact of various biochar percentages on the characteristics 

of composted green waste. They determined that the most effective combination enhanced the 

particle-size distribution, reduced pH and electrical conductivity, and regulated the bulk 

density, porosity, and water-holding capacity to ideal ranges [142]. When Awasthi et al. added 

up to 10% biochar to poultry manure during composting, C loss was reduced by 394%, and N 

loss was 40.94% [143]. In addition, Miguel tested biochar-blended compost for its ability to 

improve soil fertility and found that it could increase 25% organic carbon in the soil, 44% 

nitrogen, and 26% increase in soil respiration. Furthermore, biochar-blended compost also 

increased significant crop quality parameters, such as fruit weight, diameter, and hardness, by 

16%, 9%, and 8%, respectively [144]. Further, Chowdhury et al. tested the efficacy of biochar 

in composting hen fertilizer and barley straw at low flow rates and found that biochar 

effectively minimized cumulative NH3-CH4 losses. Compared to barley straw added alone, 

the total greenhouse gas emissions were reduced by 27–32% [138]. The combination of 

compost and biochar improves soil fertility, microbes, and moisture retention capacity in 

cropland [145], and biochar compost combined with fertilizer improves soil nutrients, organic 

carbon content, moisture retention capacity, and maize production[146].  

 
Figure 5. Biochar used as an additive to compost. 

7. Income Enhancement 

Bio-economy refers to the research and application of bio-resources, as well as the use 

of biotechnology to develop innovative economic bio-products [147]. Soil erosion, soil acidity, 

and low fertility constitute a risk to food security and create serious economic restraints. 

Therefore, there is a need to study and develop value-added additives for upgrading soil 

productiveness [67]. Biochar is a valuable product with uses in cropland and energy. As a 

result, biochar can generate additional income by improving crop productivity and providing 

additional revenue opportunities, which leads to economic and agricultural benefits [147] under 

Biochar as additives Compost

Control the GHG & NH3 emmision

Better N & C sequestration

Inactivated the heavy & organic 
pollutant

Better humidification

Increase  water holding capacity

Reducing soil bulk density
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various biotic and abiotic stresses [56]. Kroeger et al. examined whether biochar could save 

water costs after the application of biochar in soil and found that about 37 percent reduced 

irrigation water use [148]. Furthermore, Zheng et al. investigated the application of biochar 

compound fertilizer to the soil. They discovered that it increases agronomic nitrogen efficiency 

use by 43.1 percent and net income by 12% when compared to inorganic compound fertilizers 

[149]. Applying biochar to the soil increases the carbon level and provides a long-term benefit 

to the crop. Aller et al. studied the biochar application rate of about 0 to 90 Mg/ha to increase 

the carbon level from 8 to 115 %. Due to this, corn yields increased from –2.6 to 0.6 %. Overall, 

the applied rate of 22 Mg/ha was found to be more cost-effective and provides for the long-

term reduction of 50% of maize residue for 32 years, making it beneficial for producers even 

with minimal impact on grain yield [150]. 

The cost of transportation is a significant part of the economics of biochar generation. 

Palma et al. describe the expense of generating biochar in one location and transporting it to 

another. They explored two different numbers of biochar kilns in three different states that 

travel at flexible periods to determine the economic viability of mobile pyrolysis facilities. 

They discovered that the net profit of biochar increases with the number of mobile pyrolysis 

units [151]. In addition, Homagain et al. analyze the complete life cycle cost and economic 

impact of biochar-based bioenergy generation and biochar land application. He reported that 

the pyrolysis process accounts for 36% of the total cost of the production system. 

On the other hand, land application, feedstock collection, and conveyance account for 

14%, 11%, and 9% of the overall generation cost, respectively [152]. Similarly, Dickinson et 

al. compare present total expenses versus present total benefits as a function of biochar 

performance lifespan to compute the net present value (NPV). Using biochar was shown to 

have a beneficial impact on cereals cropping, with the biochar effect on yield expected to last 

for 30 years [153]. Mohammadi et al. investigated rice production's economic returns after 

applying biochar compared with traditional farming practices. They found that the maximum 

benefit at 18 Mg ha-1 biochar addition enhanced rice's net present value (NPV) by 12% and 

lowered the conventional energy production by 27%, compared to after eight years of 

application. By crediting greenhouse gas emissions abatement in low and high carbon price 

scenarios, the variation in NPV values across generation systems grew to 23% and 71%, 

respectively [154]. Keske et al. studied the process of biochar produced from biomass and 

found stable and floating costs of $505.14 Mg−1 and $499.13 Mg−1, respectively. Biochar 

production was economical when applied to beets at the midpoint, with an expected yearly 

income of $4,953 ha−1 and a maximum yearly expected income of $11,288 ha−1 above various 

expenses [155] 

Biochar generation might be profitable if the earnings according to the above values 

cover the expense of producing, harvesting, trucking, and storing the biomass feedstock and 

the costs of pyrolysis, transportation, and biochar application. According to the study, the net 

profitability of generating biochar might be enhanced with more affordable inputs and a viable 

process [156].  

8. Environmental Impact of Biochar 

Several studies are available for the positive application of biochar, such as removing 

harmful pollutants from agricultural lands [29], soil remediation [147], natural adsorbent [157], 

material waste management, and climate change mitigation. In the study of Yang et al., 920 kg 

of CO2e (CO2-equivalent) is sequestered by biochar soil storage and biofuel use by converting 
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1 tonne of crop residues into biochar. Biochar decreases annual national carbon emissions by 

about 4.5 percent [158]. Unfortunately, for each of the listed benefits above, a counterargument 

or drawback has been found for biochar, such as the production of toxicants [159], increased 

dust emission [160] facility to pollution migration [161,162], and production of polycyclic 

aromatic hydrocarbons (PAHs) [163,164]. The presence of hazardous organic chemicals 

increased due to biochar production processes, leading to significant health risks [51,165]. 

Heavy metals, volatile organic compounds (VOCs), dioxins, and furans are some native 

toxicants that can be created during biochar formation. Pollutants are normally found in 

biomass feedstock [166]. Slow pyrolysis with a long retention period yielded lower PAH yields 

than fast pyrolysis with a shorter retention period [66]. According to Li et al., dust emission 

increased with increasing biochar addition rate during mechanical cleaning [167]. 

Furthermore, the type of biochar microparticle associated with PM10 was a major 

source of concern for human health [159]. Carbon black, a substance related to biochar, has 

been observed to exhibit increased cytotoxicity in mice and human cells as the size of the 

material decreases [168]. Biochar acts as a sink for a variety of contaminants in the soil. Biochar 

has also been found to be an excellent agent for immobilizing organic contaminants due to its 

high aromaticity, large surface area, and microporosity [169,170]. Together, these studies 

indicate that biochar has both a positive and negative impact on the environment, as shown in 

Figure 6.  

To minimize the negative impact of biochar-induced dust emissions and their risks 

[159,171]. It is suggested that to reduce dust emission, biochar application should be avoided 

on windy days, and applying biochar with high water content. In addition, Major outlines 

different biochar production processes and suggests integrating biochar replenishment with 

other on-farm operations to save resources and reduce dust emissions [172].  

 
Figure 6. Environmental impact of biochar. 

9. Conclusions 

Biochar is carbon-rich material obtained by the thermal decomposition of organic 

material in the absence of air. Biochar can provide a good solution to agricultural issues such 

as cropland deterioration due to acidity, salinity, and nutrient shortages. Adding biochar to the 

soil significantly reduces nutrient leaching and increases yields and nutrient use efficiency. 

However, the agricultural advantages of biochar are solely dependent on using specific biochar 

at the optimal field application rate under suitable soil types and parameters. It has been 

recommended that co-composting biochar made from various alternative feedstocks can be 
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used to improve soil health, rehabilitate land resources, and reduce carbon output related to 

agriculture. Biochar can replace soil as a growing medium to meet the ever-increasing food 

demand and generate additional income by improving crop productivity and providing other 

revenue opportunities, leading to economic and agricultural benefits. 

References  

1. Rathore, N. S.; Pawar, A.; Panwar, N. L. Kinetic Analysis and Thermal Degradation Study on Wheat Straw 

and Its Biochar from Vacuum Pyrolysis under Non-Isothermal Condition. Biomass Convers Biorefinery 2021, 

https://doi.org/10.1007/s13399-021-01360-w.  

2. Aktar, W.; Sengupta, D.; Chowdhury, A. Impact of Pesticides Use in Agriculture : Their Benefits and 

Hazards. 2009, 2, 1–12, https://doi.org/10.2478/v10102-009-0001-7.  

3. Kocsis, T.; Ringer, M.; Biró, B. Characteristics and Applications of Biochar in Soil–Plant Systems: A Short 

Review of Benefits and Potential Drawbacks. Appl Sci 2022, 12, https://doi.org/10.3390/app12084051.  

4. Tripathi, S.; Srivastava, P.; Devi, R. S. Influence of Synthetic Fertilizers and Pesticides on Soil Health and 

Soil Microbiology; LTD, 2020, 25-54, https://doi.org/10.1016/B978-0-08-103017-2.00002-7.  

5. Mahmood, I.; Imadi, S. R.; Shazadi, K.; Gul, A.; Hakeem, K. R. Effects of Pesticides on Environment. 2016, 

1, 253–269, https://doi.org/10.1007/978-3-319-27455-3.  

6. Gabhane, J. W.; Bhange, V. P.; Patil, P. D.; Bankar, S. T.; Kumar, S. Recent Trends in Biochar Production 

Methods and Its Application as a Soil Health Conditioner: A Review. SN Applied Sciences. Springer Nature 

July 2020, https://doi.org/10.1007/s42452-020-3121-5.  

7. Johannes Lehmann, S. J. Biochar for Environmental Management: Science and Technology; 2009. 

8. Pulcher, R.; Balugani, E.; Ventura, M.; Greggio, N.; Marazza, D. Inclusion of Biochar in a C Dynamics 

Model Based on Observations from an 8-Year Field Experiment. Soil 2022, 8 , 199–211, 

https://doi.org/10.5194/soil-8-199-2022.  

9. Panwar, N. L.; Gajera, B.; Jain, S.; Salvi, B. L. Thermogravimetric Studies on Co-Pyrolysis of Raw/Torrefied 

Biomass and Coal Blends. Waste Manag Res 2020, 38 , https://doi.org/10.1177/0734242X19896624.  

10. Rathore, N. S.; Panwar, N. L.; Chiplunkar, V. Y. Industrial Application of Biomass Based Gasification 

System. 2008, 5, 406–409.  

11. Qambrani, N. A.; Rahman, M. M.; Won, S.; Shim, S.; Ra, C. Biochar Properties and Eco-Friendly 

Applications for Climate Change Mitigation, Waste Management, and Wastewater Treatment: A Review. 

Renew Sustain Energy Rev 2017, 79, 255–273, https://doi.org/10.1016/j.rser.2017.05.057.  

12. Leng, L.; Xiong, Q.; Yang, L.; Li, H.; Zhou, Y.; Zhang, W.; Jiang, S.; Li, H.; Huang, H. Science of the Total 

Environment An Overview on Engineering the Surface Area and Porosity of Biochar. Sci Total Environ 2021, 

763, 144204, https://doi.org/10.1016/j.scitotenv.2020.144204.  

13. Rathore, N. S.; Panwar, N. L. Biomass Production and Efficient Utilization for Energy Generation, 1st ed.; 

CRC Press: London, 2021.  

14. Sri Shalini, S.; Palanivelu, K.; Ramachandran, A.; Raghavan, V. Biochar from Biomass Waste as a 

Renewable Carbon Material for Climate Change Mitigation in Reducing Greenhouse Gas Emissions—a 

Review. Biomass Convers Biorefinery 2020, 280, https://doi.org/10.1007/s13399-020-00604-5.  

15. Agegnehu, G.; Srivastava, A. K.; Bird, M. I. The Role of Biochar and Biochar-Compost in Improving Soil 

Quality and Crop Performance: A Review. Appl Soil Ecol 2017, 119, 156–170, 

https://doi.org/10.1016/j.apsoil.2017.06.008.  

16. Singh, H.; Northup, B. K.; Rice, C. W.; Prasad, P. V. V. Biochar Applications Influence Soil Physical and 

Chemical Properties, Microbial Diversity, and Crop Productivity: A Meta-Analysis. Biochar 2022, 4, 1–17, 

https://doi.org/10.1007/s42773-022-00138-1.  

17. Głąb, T.; Palmowska, J.; Zaleski, T.; Gondek, K. Effect of Biochar Application on Soil Hydrological 

Properties and Physical Quality of Sandy Soil. Geoderma 2016, 281, 11–20, 

https://doi.org/10.1016/j.geoderma.2016.06.028.  

18. Wang, W.; Wang, Z.; Yang, K.; Wang, P.; Wang, H.; Guo, L.; Zhu, S.; Zhu, Y.; He, X. Biochar Application 

Alleviated Negative Plant-Soil Feedback by Modifying Soil Microbiome. Front Microbiol 2020, 11, 1–16, 

https://doi.org/10.3389/fmicb.2020.00799.  

19. Berihun, T.; Tolosa, S.; Tadele, M.; Kebede, F. Effect of Biochar Application on Growth of Garden Pea ( 

Pisum Sativum L .) in Acidic Soils of Bule Woreda Gedeo Zone Southern Ethiopia. 2017, 2017, 

https://doi.org/10.1155/2017/6827323.  

20. Liu, Y.; Lonappan, L.; Brar, S. K.; Yang, S. Impact of Biochar Amendment in Agricultural Soils on the 

Sorption, Desorption, and Degradation of Pesticides: A Review. Sci Total Environ 2018, 645, 60–70, 

https://doi.org/10.1016/j.scitotenv.2018.07.099.  

21. Srivani, P.; Yamuna Devi, C.; Manjula, H. A Controlled Environment Agriculture with Hydroponics: 

Variants, Parameters, Methodologies and Challenges for Smart Farming. 2019 15th Int Conf Inf Process 

Internet Things, ICINPRO 2019 - Proc 2019, https://doi.org/10.1109/ICInPro47689.2019.9092043.  

22. Ali, N.; Chaudhary, B. L.; Panwar, N. L. The Fungal Pre-Treatment of Maize Cob Heart and Water Hyacinth 

https://doi.org/10.33263/BRIAC135.429
https://biointerfaceresearch.com/
https://doi.org/10.1007/s13399-021-01360-w
https://doi.org/10.2478/v10102-009-0001-7
https://doi.org/10.3390/app12084051
https://doi.org/10.1016/B978-0-08-103017-2.00002-7
https://doi.org/10.1007/978-3-319-27455-3
https://doi.org/10.1007/s42452-020-3121-5
https://doi.org/10.5194/soil-8-199-2022
https://doi.org/10.1177/0734242X19896624
https://doi.org/10.1016/j.rser.2017.05.057
https://doi.org/10.1016/j.scitotenv.2020.144204
https://doi.org/10.1007/s13399-020-00604-5
https://doi.org/10.1016/j.apsoil.2017.06.008
https://doi.org/10.1007/s42773-022-00138-1
https://doi.org/10.1016/j.geoderma.2016.06.028
https://doi.org/10.3389/fmicb.2020.00799
https://doi.org/10.1155/2017/6827323
https://doi.org/10.1016/j.scitotenv.2018.07.099
https://doi.org/10.1109/ICInPro47689.2019.9092043


https://doi.org/10.33263/BRIAC135.429  

https://biointerfaceresearch.com/ 14 of 21 

 

for Enhanced Biomethanation. Int J Green Energy 2014, 11 ,40-49,  

https://doi.org/10.1080/15435075.2012.740707.  

23. Winter 2020. Soilless Agriculture: Can Soil-Less Cultivation Help Feed the World? World Wildlife Magazine. 

2020, https://www.worldwildlife.org/magazine/issues/winter-2020/articles/soilless-agriculture-can-soil-less-

cultivation-help-feed-the-

world#:~:text=A%20recent%20WWF%20report%20found,and%20uses%20significantly%20less%20land..  

24. Pawar, A.; Panwar, N. L. Analysis of Biochar from Carbonisation of Wheat Straw Using Continuous Auger 

Reactor. Int J Environ Sustain Dev 2022, 21 , 218–225, 

https://doi.org/https://doi.org/10.1504/IJESD.2022.119390.  

25. Wallach, R. Soiless Culture; 2008, https://www.elsevier.com/books/soilless-culture-theory-and-

practice/raviv/978-0-444-52975-6.  

26. Kaudal, B. B.; Chen, D.; Madhavan, D. B.; Downie, A.; Weatherley, A. An Examination of Physical and 

Chemical Properties of Urban Biochar for Use as Growing Media Substrate. Biomass and Bioenergy 2016, 

84, 49–58, https://doi.org/10.1016/j.biombioe.2015.11.012.  

27. Rasse, D. P.; Weldon, S.; Joner, E. J.; Joseph, S.; Kammann, C. I.; Liu, X.; O'Toole, A.; Pan, G.; Kocatürk-

Schumacher, N. P. Enhancing Plant N Uptake with Biochar-Based Fertilizers: Limitation of Sorption and 

Prospects. Plant Soil 2022, 213–236, https://doi.org/10.1007/s11104-022-05365-w.  

28. Dunlop, S. J.; Arbestain, M. C.; Bishop, P. A.; Wargent, J. J. Closing the Loop: Use of Biochar Produced 

from Tomato Crop Green Waste as a Substrate for Soilless, Hydroponic Tomato Production. HortScience 

2015, 50, 1572–1581, https://doi.org/10.21273/hortsci.50.10.1572.  

29. Guo, M.; Song, W.; Tian, J. Biochar-Facilitated Soil Remediation : Mechanisms and Efficacy Variations. 

2020, 8, https://doi.org/10.3389/fenvs.2020.521512.  

30. Wu, S.; He, H.; Inthapanya, X.; Yang, C. Role of Biochar on Composting of Organic Wastes and Remediation 

of Contaminated Soils — a Review. 2017, https://doi.org/10.1007/s11356-017-9168-1.  

31. Olszewski, M.; Kempegowda, R. S.; Skreiberg, Ø.; Wang, L.; Løva, T. Techno-Economics of Biocarbon 

Production Processes under Norwegian Conditions. 2017, https://doi.org/10.1021/acs.energyfuels.6b03441.  

32. Glaser, B. Prehistorically Modified Soils of Central Amazonia: A Model for Sustainable Agriculture in the 

Twenty-First Century. Philos Trans R Soc B Biol Sci 2007, 362, 187–196, 

https://doi.org/10.1098/rstb.2006.1978.  

33. Mekuria, W.; Sengtaheuanghoung, O.; Hoanh, C. T.; Noble, A. Economic Contribution and the Potential Use 

of Wood Charcoal for Soil Restoration: A Case Study of Village-Based Charcoal Production in Central Laos. 

Int J Sustain Dev World Ecol 2012, 19, 415–425, https://doi.org/10.1080/13504509.2012.686070.  

34. Martinsen, V.; Mulder, J.; Shitumbanuma, V.; Sparrevik, M.; Børresen, T.; Cornelissen, G. Farmer-Led 

Maize Biochar Trials: Effect on Crop Yield and Soil Nutrients under Conservation Farming. J Plant Nutr 

Soil Sci 2014, 177, 681–695, https://doi.org/10.1002/jpln.201300590.  

35. Plaza, D.; Artigas, J.; Ábrego, J.; Gonzalo, A.; Sánchez, J. L.; Dro, A. D.; Richardson, Y. Design and 

Operation of a Small-Scale Carbonization Kiln for Cashew Nutshell Valorization in Burkina Faso. Energy 

Sustain Dev 2019, 53, 71–80, https://doi.org/10.1016/j.esd.2019.10.005.  

36. Promdee, K.; Chanvidhwatanakit, J.; Satitkune, S.; Boonmee, C.; Kawichai, T.; Jarernprasert, S.; Vitidsant, 

T. Characterization of Carbon Materials and Differences from Activated Carbon Particle (ACP) and Coal 

Briquettes Product (CBP) Derived from Coconut Shell via Rotary Kiln. Renew Sustain Energy Rev 2017, 75, 

1175–1186, https://doi.org/10.1016/j.rser.2016.11.099.  

37. Ighalo, J. O.; Adeniyi, A. G. Biomass to Biochar Conversion for Agricultural and Environmental Applications 

in Nigeria: Challenges, Peculiarities and Prospects. Mater Int 2020, 2, 111–116, 

https://doi.org/10.33263/materials22.111116.  

38. Chandrasekaran, A.; Subbiah, S.; Ramachandran, S.; Narayanasamy, S.; Bartocci, P.; Fantozzi, F. Natural 

Draft-Improved Carbonization Retort System for Biocarbon Production from Prosopis Juliflora Biomass. 

Energy and Fuels 2019, 33, 11113–11124, https://doi.org/10.1021/acs.energyfuels.9b02639.  

39. Adeniyi, A. G.; Ighalo, J. O.; Onifade, D. V. Production of Biochar from Elephant Grass (Pernisetum 

Purpureum) Using an Updraft Biomass Gasifier with Retort Heating. Biofuels 2019, 0 , 1–8, 

https://doi.org/10.1080/17597269.2019.1613751.  

40. Sparrevik, M.; Cornelissen, G.; Sparrevik, M.; Adam, C.; Martinsen, V.; Cornelissen, G.; Cornelissen, G. 

Emissions of Gases and Particles from Charcoal/Biochar Production in Rural Areas Using Medium-Sized 

Traditional and Improved “Retort” Kilns. Biomass and Bioenergy 2015, 72, 65–73, 

https://doi.org/10.1016/j.biombioe.2014.11.016.  

41. Kammen, D. M.; Lew, D. J. Renewable and Appropriate Energy Laboratory Report Review of Technologies 

for the Production and Use of Charcoal. Renew Appropr Energy Lab Rep 2005, 1–19,. 

42. Sundberg, C.; Karltun, E.; Gitau, J. K.; Kätterer, T.; Kimutai, G. M.; Mahmoud, Y.; Njenga, M.; Nyberg, G.; 

Roing de Nowina, K.; Roobroeck, D.; Sieber, P. Biochar from Cookstoves Reduces Greenhouse Gas 

Emissions from Smallholder Farms in Africa. Mitig Adapt Strateg Glob Chang 2020, 25 (6), 953–967, 

https://doi.org/10.1007/s11027-020-09920-7.  

43. Rahman, M. S.; Haque, M. E.; Noman, M. R. A. F. An Overview of Biochar Production and Biochar 

Producing Stoves in Bangladesh. Int J Sci Manag Stud 2020, 14–31, 

https://doi.org/10.33263/BRIAC135.429
https://biointerfaceresearch.com/
https://doi.org/10.1080/15435075.2012.740707
https://www.worldwildlife.org/magazine/issues/winter-2020/articles/soilless-agriculture-can-soil-less-cultivation-help-feed-the-world#:~:text=A%20recent%20WWF%20report%20found,and%20uses%20significantly%20less%20land
https://www.worldwildlife.org/magazine/issues/winter-2020/articles/soilless-agriculture-can-soil-less-cultivation-help-feed-the-world#:~:text=A%20recent%20WWF%20report%20found,and%20uses%20significantly%20less%20land
https://www.worldwildlife.org/magazine/issues/winter-2020/articles/soilless-agriculture-can-soil-less-cultivation-help-feed-the-world#:~:text=A%20recent%20WWF%20report%20found,and%20uses%20significantly%20less%20land
https://doi.org/https:/doi.org/10.1504/IJESD.2022.119390
https://www.elsevier.com/books/soilless-culture-theory-and-practice/raviv/978-0-444-52975-6
https://www.elsevier.com/books/soilless-culture-theory-and-practice/raviv/978-0-444-52975-6
https://doi.org/10.1016/j.biombioe.2015.11.012
https://doi.org/10.1007/s11104-022-05365-w
https://doi.org/10.21273/hortsci.50.10.1572
https://doi.org/10.3389/fenvs.2020.521512
https://doi.org/10.1007/s11356-017-9168-1
https://doi.org/10.1021/acs.energyfuels.6b03441
https://doi.org/10.1098/rstb.2006.1978
https://doi.org/10.1080/13504509.2012.686070
https://doi.org/10.1002/jpln.201300590
https://doi.org/10.1016/j.esd.2019.10.005
https://doi.org/10.1016/j.rser.2016.11.099
https://doi.org/10.33263/materials22.111116
https://doi.org/10.1021/acs.energyfuels.9b02639
https://doi.org/10.1080/17597269.2019.1613751
https://doi.org/10.1016/j.biombioe.2014.11.016
https://doi.org/10.1007/s11027-020-09920-7


https://doi.org/10.33263/BRIAC135.429  

https://biointerfaceresearch.com/ 15 of 21 

 

https://doi.org/10.51386/25815946/ijsms-v3i1p103.  

44. Yang, X.; Zhang, S.; Ju, M. Applied Sciences Preparation and Modification of Biochar Materials and Their 

Application in Soil Remediation. 2019, 9, 1365, https://doi.org/10.3390/app9071365.  

45. Ahmed, A.; Abu, M. S.; Sukri, R. S.; Hussain, M.; Farooq, A.; Moogi, S.; Park, Y. Sawdust Pyrolysis from 

the Furniture Industry in an Auger Pyrolysis Reactor System for Biochar and Bio-Oil Production. Energy 

Convers Manag 2020, 226, 113502, https://doi.org/10.1016/j.enconman.2020.113502.  

46. Cantrell, K. B.; Hunt, P. G.; Uchimiya, M.; Novak, J. M.; Ro, K. S. Impact of Pyrolysis Temperature and 

Manure Source on Physicochemical Characteristics of Biochar. Bioresour Technol 2012, 107, 419–428, 

https://doi.org/10.1016/j.biortech.2011.11.084.  

47. Nunoura, T.; Wade, S. R.; Bourke, J. P.; Antal, M. J. Studies of the Flash Carbonization Process. 1. 

Propagation of the Flaming Pyrolysis Reaction and Performance of a Catalytic Afterburner. Ind Eng Chem 

Res 2006, 45, 585–599, https://doi.org/10.1021/ie050854y.  

48. Klinghoffer, N. B.; Castaldi, M. J.; Nzihou, A. Influence of Char Composition and Inorganics on Catalytic 

Activity of Char from Biomass Gasification. Fuel 2015, 157, 37–47, 

https://doi.org/10.1016/j.fuel.2015.04.036.  

49. Bergman, P. C. a; Boersma,  a R.; Zwart, R. W. R.; Kiel, J. H. a. Torrefaction for Biomass Co-Firing in 

Existing Coal-Fired Power Stations. Energy Res Cent Netherlands ECN ECNC05013 2005, 71, . 
https://www.researchgate.net/publication/204978559_Torrefaction_for_Biomass_Co-

Firing_in_Existing_Coal-Fired_Power_Stations.  

50. Panwar, N. L.; Pawar, A.; Salvi, B. L. Comprehensive Review on Production and Utilization of Biochar. SN 

Appl Sci 2019, 1, 1–19, https://doi.org/10.1007/s42452-019-0172-6.  

51. Das, S. K.; Ghosh, G. K.; Avasthe, R. Application of Biochar in Agriculture and Environment, and Its Safety 

Issues. Biomass Convers Biorefinery 2020, https://doi.org/10.1007/s13399-020-01013-4.  

52. Shaaban, M.; Van Zwieten, L.; Bashir, S.; Younas, A.; Núñez-Delgado, A.; Chhajro, M. A.; Kubar, K. A.; 

Ali, U.; Rana, M. S.; Mehmood, M. A.; Hu, R. A Concise Review of Biochar Application to Agricultural 

Soils to Improve Soil Conditions and Fight Pollution. J Environ Manage 2018, 228, 429–440, 

https://doi.org/10.1016/j.jenvman.2018.09.006.  

53. Kalus, K.; Koziel, J. A.; Opaliński, S. A Review of Biochar Properties and Their Utilization in Crop 

Agriculture and Livestock Production. Appl Sci 2019, 9, https://doi.org/10.3390/app9173494.  

54. Werner, S.; Akoto-Danso, E. K.; Manka'abusi, D.; Steiner, C.; Haering, V.; Nyarko, G.; Buerkert, A.; 

Marschner, B. Nutrient Balances with Wastewater Irrigation and Biochar Application in Urban Agriculture 

of Northern Ghana. Nutr Cycl Agroecosystems 2019, 115, 249–262, https://doi.org/10.1007/s10705-019-

09989-w.  

55. Singh, C.; Tiwari, S.; Gupta, V. K.; Singh, J. S. The Effect of Rice Husk Biochar on Soil Nutrient Status, 

Microbial Biomass and Paddy Productivity of Nutrient Poor Agriculture Soils. Catena 2018, 171, 485–493, 

https://doi.org/10.1016/j.catena.2018.07.042.  

56. Semida, W. M.; Beheiry, H. R.; Sétamou, M.; Simpson, C. R.; Abd El-Mageed, T. A.; Rady, M. M.; Nelson, 

S. D. Biochar Implications for Sustainable Agriculture and Environment: A Review. South African J Bot 

2019, 127, 333–347, https://doi.org/10.1016/j.sajb.2019.11.015.  

57. Kavitha, B.; Reddy, P. V. L.; Kim, B.; Lee, S. S.; Pandey, S. K.; Kim, K. H. Benefits and Limitations of 

Biochar Amendment in Agricultural Soils: A Review. J Environ Manage 2018, 227, 146–154, 

https://doi.org/10.1016/j.jenvman.2018.08.082.  

58. Ashiq, W.; Nadeem, M.; Ali, W.; Zaeem, M.; Wu, J.; Galagedara, L.; Thomas, R.; Kavanagh, V.; Cheema, 

M. Biochar Amendment Mitigates Greenhouse Gases Emission and Global Warming Potential in Dairy 

Manure Based Silage Corn in Boreal Climate. Environ Pollut 2020, 114869, 

https://doi.org/10.1016/j.envpol.2020.114869.  

59. Tanure, M. M. C.; da Costa, L. M.; Huiz, H. A.; Fernandes, R. B. A.; Cecon, P. R.; Pereira Junior, J. D.; da 

Luz, J. M. R. Soil Water Retention, Physiological Characteristics, and Growth of Maize Plants in Response 

to Biochar Application to Soil. Soil Tillage Res 2019, 192, 164–173, 

https://doi.org/10.1016/j.still.2019.05.007.  

60. Liu, X.; Mao, P.; Li, L.; Ma, J. Impact of Biochar Application on Yield-Scaled Greenhouse Gas Intensity: A 

Meta-Analysis. Sci Total Environ 2019, 656, 969–976, https://doi.org/10.1016/j.scitotenv.2018.11.396.  

61. Lehmann, J.; Pereira, J.; Steiner, C.; Nehls, T.; Zech, W.; Glaser, B. Nutrient Availability and Leaching in an 

Archaeological Anthrosol and a Ferralsol of the Central Amazon Basin : Fertilizer , Manure and Charcoal 

Amendments. 2003, 343–357,. https://link.springer.com/article/10.1023/A:1022833116184.  

62. Kannan, P.; Paramasivan, M.; Marimuthu, S.; Swaminathan, C.; Bose, J. Agriculture , Ecosystems and 

Environment Applying Both Biochar and Phosphobacteria Enhances Vigna Mungo L . Growth and Yield in 

Acid Soils by Increasing Soil PH , Moisture Content , Microbial Growth and P . Agric Ecosyst Environ 2021, 

308, 107258, https://doi.org/10.1016/j.agee.2020.107258.  

63. Mohawesh, O.; Albalasmeh, A.; Gharaibeh, M.; Deb, S.; Simpson, C.; Singh, S.; Al, B.; Ali, S.; Hanandeh, 

E. Potential Use of Biochar as an Amendment to Improve Soil Fertility and Tomato and Bell Pepper Growth 

Performance Under Arid Conditions. J Soil Sci Plant Nutr 2021, https://doi.org/10.1007/s42729-021-00580-

3.  

https://doi.org/10.33263/BRIAC135.429
https://biointerfaceresearch.com/
https://doi.org/10.51386/25815946/ijsms-v3i1p103
https://doi.org/10.3390/app9071365
https://doi.org/10.1016/j.enconman.2020.113502
https://doi.org/10.1016/j.biortech.2011.11.084
https://doi.org/10.1021/ie050854y
https://doi.org/10.1016/j.fuel.2015.04.036
https://www.researchgate.net/publication/204978559_Torrefaction_for_Biomass_Co-Firing_in_Existing_Coal-Fired_Power_Stations
https://www.researchgate.net/publication/204978559_Torrefaction_for_Biomass_Co-Firing_in_Existing_Coal-Fired_Power_Stations
https://doi.org/10.1007/s42452-019-0172-6
https://doi.org/10.1007/s13399-020-01013-4
https://doi.org/10.1016/j.jenvman.2018.09.006
https://doi.org/10.3390/app9173494
https://doi.org/10.1007/s10705-019-09989-w
https://doi.org/10.1007/s10705-019-09989-w
https://doi.org/10.1016/j.catena.2018.07.042
https://doi.org/10.1016/j.sajb.2019.11.015
https://doi.org/10.1016/j.jenvman.2018.08.082
https://doi.org/10.1016/j.envpol.2020.114869
https://doi.org/10.1016/j.still.2019.05.007
https://doi.org/10.1016/j.scitotenv.2018.11.396
https://link.springer.com/article/10.1023/A:1022833116184
https://doi.org/10.1016/j.agee.2020.107258
https://doi.org/10.1007/s42729-021-00580-3
https://doi.org/10.1007/s42729-021-00580-3


https://doi.org/10.33263/BRIAC135.429  

https://biointerfaceresearch.com/ 16 of 21 

 

64. Lucchini, P.; Quilliam, R. S.; DeLuca, T. H.; Vamerali, T.; Jones, D. L. Does Biochar Application Alter 

Heavy Metal Dynamics in Agricultural Soilα. Agric Ecosyst Environ 2014, 184, 149–157, 

https://doi.org/10.1016/j.agee.2013.11.018.  

65. He, L.; Huang, D.; Zhang, Q.; Zhu, H.; Xu, C.; Li, B. Ecotoxicology and Environmental Safety Meta-Analysis 

of the Effects of Liming on Soil PH and Cadmium Accumulation in Crops. 2021, 223, 

https://doi.org/10.1016/j.ecoenv.2021.112621.  

66. Tan, X. fei; Liu, S. bo; Liu, Y. guo; Gu, Y. ling; Zeng, G. ming; Hu, X. jiang; Wang, X.; Liu, S. heng; Jiang, 

L. hua. Biochar as Potential Sustainable Precursors for Activated Carbon Production: Multiple Applications 

in Environmental Protection and Energy Storage. Bioresour Technol 2017, 227, 359–372, 

https://doi.org/10.1016/j.biortech.2016.12.083.  

67. Palansooriya, K. N.; Ok, Y. S.; Awad, Y. M.; Lee, S. S.; Sung, J. K.; Koutsospyros, A.; Moon, D. H. Impacts 

of Biochar Application on Upland Agriculture: A Review. J Environ Manage 2019, 234, 52–64, 

https://doi.org/10.1016/j.jenvman.2018.12.085.  

68. Ulusal, A.; Apayd, E. Opportunity for Sustainable Biomass Valorization to Produce Biochar for Improving 

Soil Characteristics. 2020,. https://link.springer.com/article/10.1007/s13399-020-00923-7.  

69. Zhang, Y.; Wang, J.; Feng, Y. Catena The Effects of Biochar Addition on Soil Physicochemical Properties : 

A Review. Catena 2021, 202 , 105284, https://doi.org/10.1016/j.catena.2021.105284.  

70. Ge, X.; Cao, Y.; Zhou, B.; Wang, X.; Yang, Z.; Li, M. Biochar Addition Increases Subsurface Soil Microbial 

Biomass but Has Limited Effects on Soil CO 2 Emissions in Subtropical Moso Bamboo Plantations. Appl 

Soil Ecol 2019, 1–11, https://doi.org/10.1016/j.apsoil.2019.04.021.  

71. James Wong, F.; Chen, X.; Deng, W.; Chai, Y.; Wang, C.; Ng, W. E Ff Ects of Biochar on Bacterial 

Communities in a Newly Established Land Fi Ll Cover Topsoil. 2019, 236, 667–673, 

https://doi.org/10.1016/j.jenvman.2019.02.010.  

72. Mierzwa-Hersztek, M.; Gondek, K.; Klimkowicz-Pawlas, A.; Chmiel, M. J.; Dziedzic, K.; Taras, H. 

Assessment of Soil Quality after Biochar Application Based on Enzymatic Activity and Microbial 

Composition. Int Agrophysics 2019, 33, 331–336, https://doi.org/10.31545/intagr/110807.  

73. Kelly, C. N.; Peltz, C. D.; Stanton, M.; Rutherford, D. W.; Rostad, C. E. Biochar Application to Hardrock 

Mine Tailings: Soil Quality, Microbial Activity, and Toxic Element Sorption. Appl Geochemistry 2014, 43, 

35–48, https://doi.org/10.1016/j.apgeochem.2014.02.003.  

74. Huang, M.; Fan, L.; Chen, J.; Jiang, L.; Zou, Y. Continuous Applications of Biochar to Rice: Effects on 

Nitrogen Uptake and Utilization. Sci Rep 2018, 8 , 1–9, https://doi.org/10.1038/s41598-018-29877-7.  

75. Chen, C.; Wang, R.; Shang, J.; Liu, K.; Irshad, M. K.; Hu, K.; Arthur, E. Effect of Biochar Application on 

Hydraulic Properties of Sandy Soil under Dry and Wet Conditions. Vadose Zo J 2018, 17 , 180101, 

https://doi.org/10.2136/vzj2018.05.0101.  

76. Shetty, R.; Prakash, N. B. Effect of Different Biochars on Acid Soil and Growth Parameters of Rice Plants 

under Aluminium Toxicity. Sci Rep 2020, No. 0123456789, 1–10, https://doi.org/10.1038/s41598-020-

69262-x.  

77. Luo, C.; Yang, J.; Chen, W.; Han, F. Geoderma E Ff Ect of Biochar on Soil Properties on the Loess Plateau : 

Results from Fi Eld Experiments. 2020, 369 , 114323,  https://doi.org/10.1016/j.geoderma.2020.114323.  

78. Safaei Khorram, M.; Zhang, G.; Fatemi, A.; Kiefer, R.; Maddah, K.; Baqar, M.; Zakaria, M. P.; Li, G. Impact 

of Biochar and Compost Amendment on Soil Quality, Growth and Yield of a Replanted Apple Orchard in a 

4-Year Field Study. J Sci Food Agric 2019, 99 , 1862–1869, https://doi.org/10.1002/jsfa.9380.  

79. Luo, S.; Wang, S.; Tian, L.; Li, S.; Li, X.; Shen, Y.; Tian, C. Long-Term Biochar Application in Fl Uences 

Soil Microbial Community and Its Potential Roles in Semiarid Farmland. Appl Soil Ecol 2017, 117–118, 10–

15, https://doi.org/10.1016/j.apsoil.2017.04.024.  

80. Tokov, L.; Igaz, D.; Aydin, E. Agronomy E Ff Ect of Biochar Application and Re-Application on Soil Bulk 

Density , Porosity , Saturated Hydraulic Conductivity , Water Content and Soil Water Availability in a Silty 

Loam Haplic Luvisol. 2020, 10, 1005,. https://doi.org/10.3390/agronomy10071005.  

81. Li, Z.; Unzué-belmonte, D.; Cornelis, J.; Linden, C. Vander; Struyf, E.; Ronsse, F.; Delvaux, B. Effects of 

Phytolithic Rice-Straw Biochar , Soil Buffering Capacity and PH on Silicon Bioavailability. 2019,. 
https://link.springer.com/article/10.1007/s11104-019-04013-0.  

82. Hseu, Z.; Jien, S.; Chien, W.; Liou, R. Impacts of Biochar on Physical Properties and Erosion Potential of a 

Mudstone Slopeland Soil. 2014, 2014, 24–26,. https://www.hindawi.com/journals/tswj/2014/602197/.  

83. Ferraro, G.; Pecori, G.; Rosi, L.; Bettucci, L.; Fratini, E.; Rizzo, A. M.; Chiaramonti, D. Biochar from Lab-

Scale Pyrolysis : Influence of Feedstock and Operational Temperature. 2021,. 
https://link.springer.com/article/10.1007/s13399-021-01303-5.  

84. Liu, Y.; Lu, H.; Yang, S.; Wang, Y. Impacts of Biochar Addition on Rice Yield and Soil Properties in a Cold 

Waterlogged Paddy for Two Crop Seasons. F Crop Res 2016, 191, 161–167, 

https://doi.org/10.1016/j.fcr.2016.03.003.  

85. Wang, J.; Pan, X.; Liu, Y.; Zhang, X.; Xiong, Z. Effects of Biochar Amendment in Two Soils on Greenhouse 

Gas Emissions and Crop Production. Plant Soil 2012, 360 , 287–298, https://doi.org/10.1007/s11104-012-

1250-3.  

86. Arif, M.; Ali, K.; Jan, M. T.; Shah, Z.; Jones, D. L.; Quilliam, R. S. Integration of Biochar with Animal 

https://doi.org/10.33263/BRIAC135.429
https://biointerfaceresearch.com/
https://doi.org/10.1016/j.agee.2013.11.018
https://doi.org/10.1016/j.ecoenv.2021.112621
https://doi.org/10.1016/j.biortech.2016.12.083
https://doi.org/10.1016/j.jenvman.2018.12.085
https://link.springer.com/article/10.1007/s13399-020-00923-7
https://doi.org/10.1016/j.catena.2021.105284
https://doi.org/10.1016/j.apsoil.2019.04.021
https://doi.org/10.1016/j.jenvman.2019.02.010
https://doi.org/10.31545/intagr/110807
https://doi.org/10.1016/j.apgeochem.2014.02.003
https://doi.org/10.1038/s41598-018-29877-7
https://doi.org/10.2136/vzj2018.05.0101
https://doi.org/10.1038/s41598-020-69262-x
https://doi.org/10.1038/s41598-020-69262-x
https://doi.org/10.1016/j.geoderma.2020.114323
https://doi.org/10.1002/jsfa.9380
https://doi.org/10.1016/j.apsoil.2017.04.024
https://doi.org/10.3390/agronomy10071005
https://link.springer.com/article/10.1007/s11104-019-04013-0
https://www.hindawi.com/journals/tswj/2014/602197/
https://link.springer.com/article/10.1007/s13399-021-01303-5
https://doi.org/10.1016/j.fcr.2016.03.003
https://doi.org/10.1007/s11104-012-1250-3
https://doi.org/10.1007/s11104-012-1250-3


https://doi.org/10.33263/BRIAC135.429  

https://biointerfaceresearch.com/ 17 of 21 

 

Manure and Nitrogen for Improving Maize Yields and Soil Properties in Calcareous Semi-Arid 

Agroecosystems. F Crop Res 2016, 195, 28–35, https://doi.org/10.1016/j.fcr.2016.05.011.  

87. Baronti, S.; Alberti, G.; Vedove, G. D.; di Gennaro, F.; Fellet, G.; Genesio, L.; Miglietta, F.; Peressotti, A.; 

Vaccari, F. P. The Biochar Option to Improve Plant Yields: First Results from Some Field and Pot 

Experiments in Italy. Ital J Agron 2010, 5, 3–11, https://doi.org/10.4081/ija.2010.3.  

88. Lin, X. W.; Xie, Z. B.; Zheng, J. Y.; Liu, Q.; Bei, Q. C.; Zhu, J. G. Effects of Biochar Application on 

Greenhouse Gas Emissions, Carbon Sequestration and Crop Growth in Coastal Saline Soil. Eur J Soil Sci 

2015, 66, 329–338, https://doi.org/10.1111/ejss.12225.  

89. Bhattacharjya, S.; Chandra, R.; Pareek, N.; Raverkar, K. P. Biochar and Crop Residue Application to Soil: 

Effect on Soil Biochemical Properties, Nutrient Availability and Yield of Rice (Oryza Sativa L.) and Wheat 

(Triticum Aestivum L.). Arch Agron Soil Sci 2016, 62, 1095–1108, 

https://doi.org/10.1080/03650340.2015.1118760.  

90. Yang, Y.; Ma, S.; Zhao, Y.; Jing, M.; Xu, Y.; Chen, J. A Field Experiment on Enhancement of Crop Yield 

by Rice Straw and Corn Stalk-Derived Biochar in Northern China. Sustain 2015, 7, 13713–13725, 

https://doi.org/10.3390/su71013713.  

91. Rondon, M. A.; Lehmann, J.; Ramírez, J.; Hurtado, M. Biological Nitrogen Fixation by Common Beans 

(Phaseolus Vulgaris L.) Increases with Bio-Char Additions. Biol Fertil Soils 2007, 43, 699–708, 

https://doi.org/10.1007/s00374-006-0152-z.  

92. Usman, A. R. A.; Al-Wabel, M. I.; Ok, Y. S.; Al-Harbi, A.; Wahb-Allah, M.; El-Naggar, A. H.; Ahmad, M.; 

Al-Faraj, A.; Al-Omran, A. Conocarpus Biochar Induces Changes in Soil Nutrient Availability and Tomato 

Growth Under Saline Irrigation. Pedosphere 2016, 26 , 27–38, https://doi.org/10.1016/S1002-

0160(15)60019-4.  

93. Vaccari, F. P.; Baronti, S.; Lugato, E.; Genesio, L.; Castaldi, S.; Fornasier, F.; Miglietta, F. Biochar as a 

Strategy to Sequester Carbon and Increase Yield in Durum Wheat. Eur J Agron 2011, 34, 231–238, 

https://doi.org/10.1016/j.eja.2011.01.006.  

94. Schmidt, H. P.; Kammann, C.; Niggli, C.; Evangelou, M. W. H.; Mackie, K. A.; Abiven, S. Biochar and 

Biochar-Compost as Soil Amendments to a Vineyard Soil: Influences on Plant Growth, Nutrient Uptake, 

Plant Health and Grape Quality. Agric Ecosyst Environ 2014, 191, 117–123, 

https://doi.org/10.1016/j.agee.2014.04.001.  

95. Adekiya, A. O.; Agbede, T. M.; Olayanju, A.; Ejue, W. S.; Adekanye, T. A.; Adenusi, T. T.; Ayeni, J. F. 

Effect of Biochar on Soil Properties, Soil Loss, and Cocoyam Yield on a Tropical Sandy Loam Alfisol. Sci 

World J 2020, 2020, https://doi.org/10.1155/2020/9391630.  

96. Butnan, S.; Deenik, J. L.; Toomsan, B.; Antal, M. J.; Vityakon, P. Biochar Characteristics and Application 

Rates Affecting Corn Growth and Properties of Soils Contrasting in Texture and Mineralogy. Geoderma 

2015, 237, 105–116, https://doi.org/10.1016/j.geoderma.2014.08.010.  

97. Bass, A. M.; Bird, M. I.; Kay, G.; Muirhead, B. Soil Properties, Greenhouse Gas Emissions and Crop Yield 

under Compost, Biochar and Co-Composted Biochar in Two Tropical Agronomic Systems. Sci Total Environ 

2016, 550, 459–470, https://doi.org/10.1016/j.scitotenv.2016.01.143.  

98. Jones, D. L.; Rousk, J.; Edwards-Jones, G.; DeLuca, T. H.; Murphy, D. V. Biochar-Mediated Changes in Soil 

Quality and Plant Growth in a Three Year Field Trial. Soil Biol Biochem 2012, 45, 113–124, 

https://doi.org/10.1016/j.soilbio.2011.10.012.  

99. Uzoma, K. C.; Inoue, M.; Andry, H.; Fujimaki, H.; Zahoor, A.; Nishihara, E. Effect of Cow Manure Biochar 

on Maize Productivity under Sandy Soil Condition. Soil Use Manag 2011, 27, 205–212, 

https://doi.org/10.1111/j.1475-2743.2011.00340.x.  

100. Gunes, A.; Inal, A.; Taskin, M. B.; Sahin, O.; Kaya, E. C.; Atakol, A. Effect of Phosphorus-Enriched Biochar 

and Poultry Manure on Growth and Mineral Composition of Lettuce (Lactuca Sativa L. Cv.) Grown in 

Alkaline Soil. Soil Use Manag 2014, 30 , 182–188, https://doi.org/10.1111/sum.12114.  

101. Azeem, M.; Hayat, R.; Hussain, Q.; Ahmed, M.; Pan, G.; Ibrahim Tahir, M.; Imran, M.; Irfan, M.; Mehmood-

ul-Hassan. Biochar Improves Soil Quality and N2-Fixation and Reduces Net Ecosystem CO2 Exchange in a 

Dryland Legume-Cereal Cropping System. Soil Tillage Res 2019, 186, 172–182, 

https://doi.org/10.1016/j.still.2018.10.007.  

102. Jeffery, S.; Verheijen, F. G. A.; van der Velde, M.; Bastos, A. C. A Quantitative Review of the Effects of 

Biochar Application to Soils on Crop Productivity Using Meta-Analysis. Agric Ecosyst Environ 2011, 144, 

175–187, https://doi.org/10.1016/j.agee.2011.08.015.  

103. Subedi, R.; Bertora, C.; Zavattaro, L.; Grignani, C. Crop Response to Soils Amended with Biochar: Expected 

Benefits and Unintended Risks. Ital J Agron 2017, 12 , 161–173, https://doi.org/10.4081/ija.2017.794.  

104. de la Rosa, J. M.; Paneque, M.; Miller, A. Z.; Knicker, H. Relating Physical and Chemical Properties of Four 

Different Biochars and Their Application Rate to Biomass Production of Lolium Perenne on a Calcic 

Cambisol during a Pot Experiment of 79 Days. Sci Total Environ 2014, 499 , 175–184, 

https://doi.org/10.1016/j.scitotenv.2014.08.025.  

105. Laghari, M.; Mirjat, M. S.; Hu, Z.; Fazal, S.; Xiao, B.; Hu, M.; Chen, Z.; Guo, D. Effects of Biochar 

Application Rate on Sandy Desert Soil Properties and Sorghum Growth. Catena 2015, 135, 313–320, 

https://doi.org/10.1016/j.catena.2015.08.013.  

https://doi.org/10.33263/BRIAC135.429
https://biointerfaceresearch.com/
https://doi.org/10.1016/j.fcr.2016.05.011
https://doi.org/10.4081/ija.2010.3
https://doi.org/10.1111/ejss.12225
https://doi.org/10.1080/03650340.2015.1118760
https://doi.org/10.3390/su71013713
https://doi.org/10.1007/s00374-006-0152-z
https://doi.org/10.1016/S1002-0160(15)60019-4
https://doi.org/10.1016/S1002-0160(15)60019-4
https://doi.org/10.1016/j.eja.2011.01.006
https://doi.org/10.1016/j.agee.2014.04.001
https://doi.org/10.1155/2020/9391630
https://doi.org/10.1016/j.geoderma.2014.08.010
https://doi.org/10.1016/j.scitotenv.2016.01.143
https://doi.org/10.1016/j.soilbio.2011.10.012
https://doi.org/10.1111/j.1475-2743.2011.00340.x
https://doi.org/10.1111/sum.12114
https://doi.org/10.1016/j.still.2018.10.007
https://doi.org/10.1016/j.agee.2011.08.015
https://doi.org/10.4081/ija.2017.794
https://doi.org/10.1016/j.scitotenv.2014.08.025
https://doi.org/10.1016/j.catena.2015.08.013


https://doi.org/10.33263/BRIAC135.429  

https://biointerfaceresearch.com/ 18 of 21 

 

106. O'toole, A.; Moni, C.; Weldon, S.; Schols, A.; Carnol, M.; Bosman, B.; Rasse, D. P. Miscanthus Biochar Had 

Limited Effects on Soil Physical Properties, Microbial Biomass, and Grain Yield in a Four-Year Field 

Experiment in Norway. Agric 2018, 8, https://doi.org/10.3390/agriculture8110171.  

107. Sänger, A.; Reibe, K.; Mumme, J.; Kaupenjohann, M.; Ellmer, F.; Roß, C. L.; Meyer-Aurich, A. Biochar 

Application to Sandy Soil: Effects of Different Biochars and N Fertilization on Crop Yields in a 3-Year Field 

Experiment. Arch Agron Soil Sci 2017, 63, 213–229, https://doi.org/10.1080/03650340.2016.1223289.  

108. Nguyen, D. H.; Scheer, C.; Rowlings, D. W.; Grace, P. R. Rice Husk Biochar and Crop Residue Amendment 

in Subtropical Cropping Soils: Effect on Biomass Production, Nitrogen Use Efficiency and Greenhouse Gas 

Emissions. Biol Fertil Soils 2016, 52, 261–270, https://doi.org/10.1007/s00374-015-1074-4.  

109. Nielsen, S.; Minchin, T.; Kimber, S.; van Zwieten, L.; Gilbert, J.; Munroe, P.; Joseph, S.; Thomas, T. 

Comparative Analysis of the Microbial Communities in Agricultural Soil Amended with Enhanced Biochars 

or Traditional Fertilisers. Agric Ecosyst Environ 2014, 191, 73–82, 

https://doi.org/10.1016/j.agee.2014.04.006.  

110. Suddick, E. C.; Six, J. An Estimation of Annual Nitrous Oxide Emissions and Soil Quality Following the 

Amendment of High Temperature Walnut Shell Biochar and Compost to a Small Scale Vegetable Crop 

Rotation. Sci Total Environ 2013, 465, 298–307, https://doi.org/10.1 016/j.scitotenv.2013.01.094.  

111. Genesio, L.; Miglietta, F.; Baronti, S.; Vaccari, F. P. Biochar Increases Vineyard Productivity without 

Affecting Grape Quality: Results from a Four Years Field Experiment in Tuscany. Agric Ecosyst Environ 

2015, 201, 20–25, https://doi.org/10.1016/j.agee.2014.11.021.  

112. Schmidt, H.; Pandit, B.; Martinsen, V.; Cornelissen, G.; Conte, P.; Kammann, C. Fourfold Increase in 

Pumpkin Yield in Response to Low-Dosage Root Zone Application of Urine-Enhanced Biochar to a Fertile 

Tropical Soil. Agriculture 2015, 5, 723–741, https://doi.org/10.3390/agriculture5030723.  

113. Cornelissen, G.; Martinsen, V.; Shitumbanuma, V.; Alling, V.; Breedveld, G.; Rutherford, D.; Sparrevik, M.; 

Hale, S.; Obia, A.; Mulder, J. Biochar Effect on Maize Yield and Soil Characteristics in Five Conservation 

Farming Sites in Zambia. Agronomy 2013, 3, 256–274, https://doi.org/10.3390/agronomy3020256.  

114. Oram, N. J.; Van de Voorde, T. F. J.; Ouwehand, G. J.; Bezemer, T. M.; Mommer, L.; Jeffery, S.; Groenigen, 

J. W. Van. Soil Amendment with Biochar Increases the Competitive Ability of Legumes via Increased 

Potassium Availability. Agric Ecosyst Environ 2014, 191, 92–98, https://doi.org/10.1016/j.agee.2014.03.031.  

115. Reganold, J. P.; Wachter, J. M. Organic Agriculture in the Twenty-First Century. Nat plants 2016, 2, 15221, 

https://doi.org/10.1038/nplants.2015.221.  

116. Gashgari, R.; Alharbi, K.; Mughrbil, K.; Jan, A.; Glolam, A. Comparison between Growing Plants in 

Hydroponic System and Soil Based System. Proc World Congr Mech Chem Mater Eng 2018, 

https://doi.org/10.11159/icmie18.131.  

117. Barbosa, G. L.; Almeida Gadelha, F. D.; Kublik, N.; Proctor, A.; Reichelm, L.; Weissinger, E.; Wohlleb, G. 

M.; Halden, R. U. Comparison of Land, Water, and Energy Requirements of Lettuce Grown Using 

Hydroponic vs. Conventional Agricultural Methods. Int J Environ Res Public Health 2015, 12, 6879–6891, 

https://doi.org/10.3390/ijerph120606879.  

118. Sharma, N.; Acharya, S.; Kumar, K.; Singh, N.; Chaurasia, O. P. Hydroponics as an Advanced Technique for 

Vegetable Production: An Overview. J Soil Water Conserv 2018, 17, 364, https://doi.org/10.5958/2455-

7145.2018.00056.5.  

119. Tian, Y.; Sun, X.; Li, S.; Wang, H.; Wang, L.; Cao, J.; Zhang, L. Biochar Made from Green Waste as Peat 

Substitute in Growth Media for Calathea Rotundifola Cv. Fasciata. Sci Hortic (Amsterdam) 2012, 143, 15–

18, https://doi.org/10.1016/j.scienta.2012.05.018.  

120. Barrett, G. E.; Alexander, P. D.; Robinson, J. S.; Bragg, N. C. Achieving Environmentally Sustainable 

Growing Media for Soilless Plant Cultivation Systems – A Review. Sci Hortic 2016, 212, 220–234, 

https://doi.org/10.1016/j.scienta.2016.09.030.  

121. Bilderback, T. E.; Warren, S. L.; Owen, J. S.; Albano, J. P. Healthy Substrates Need Physicals Too! 

Horttechnology 2005, 15, 747–751, https://doi.org/10.21273/horttech.15.4.0747.  

122. Sanjuan-Delmás, D.; Josa, A.; Muñoz, P.; Gassó, S.; Rieradevall, J.; Gabarrell, X. Applying Nutrient 

Dynamics to Adjust the Nutrient-Water Balance in Hydroponic Crops. A Case Study with Open Hydroponic 

Tomato Crops from Barcelona. Sci Hortic (Amsterdam) 2020, 261 , 108908, 

https://doi.org/10.1016/j.scienta.2019.108908.  

123. Hashida, S. nosuke; Johkan, M.; Kitazaki, K.; Shoji, K.; Goto, F.; Yoshihara, T. Management of Nitrogen 

Fertilizer Application, Rather than Functional Gene Abundance, Governs Nitrous Oxide Fluxes in 

Hydroponics with Rockwool. Plant Soil 2014, 374 , 715–725, https://doi.org/10.1007/s11104-013-1917-4.  

124. United States Environmental Protection Agency Office of Solid Waste. Characterization of MunicipalSolid 

Waste in the United States: 1994 Update. US Environ Prot Agency, Solid Waste andEmergency Response 

1994,. https://www.osti.gov/biblio/6552039.  

125. Dalias, P.; Prasad, M.; Mumme, J.; Kern, J.; Stylianou, M.; Christou, A. Low-Cost Post-Treatments Improve 

the Efficacy of Hydrochar as Peat Replacement in Growing Media. J Environ Chem Eng 2018, 6, 6647–6652, 

https://doi.org/10.1016/j.jece.2018.10.042.  

126. Headlee, W. L.; Brewer, C. E.; Hall, R. B. Biochar as a Substitute for Vermiculite in Potting Mix for Hybrid 

Poplar. Bioenergy Res 2014, 7 , 120–131, https://doi.org/10.1007/s12155-013-9355-y.  

https://doi.org/10.33263/BRIAC135.429
https://biointerfaceresearch.com/
https://doi.org/10.3390/agriculture8110171
https://doi.org/10.1080/03650340.2016.1223289
https://doi.org/10.1007/s00374-015-1074-4
https://doi.org/10.1016/j.agee.2014.04.006
https://doi.org/10.1016/j.scitotenv.2013.01.094
https://doi.org/10.1016/j.agee.2014.11.021
https://doi.org/10.3390/agriculture5030723
https://doi.org/10.3390/agronomy3020256
https://doi.org/10.1016/j.agee.2014.03.031
https://doi.org/10.1038/nplants.2015.221
https://doi.org/10.11159/icmie18.131
https://doi.org/10.3390/ijerph120606879
https://doi.org/10.5958/2455-7145.2018.00056.5
https://doi.org/10.5958/2455-7145.2018.00056.5
https://doi.org/10.1016/j.scienta.2012.05.018
https://doi.org/10.1016/j.scienta.2016.09.030
https://doi.org/10.21273/horttech.15.4.0747
https://doi.org/10.1016/j.scienta.2019.108908
https://doi.org/10.1007/s11104-013-1917-4
https://www.osti.gov/biblio/6552039
https://doi.org/10.1016/j.jece.2018.10.042
https://doi.org/10.1007/s12155-013-9355-y


https://doi.org/10.33263/BRIAC135.429  

https://biointerfaceresearch.com/ 19 of 21 

 

127. Zwart, D. C.; Kim, S. H. Biochar Amendment Increases Resistance to Stem Lesions Caused by Phytophthora 

Spp. in Tree Seedlings. HortScience 2012, 47, 1736–1740, https://doi.org/10.21273/hortsci.47.12.1736.  

128. Haraz, M. T.; Bowtell, L.; Al-juboori, R. A. Biochar Effects on Nutrients Retention and Release of 

Hydroponics Growth Media. 2020, 12, 1–13, https://eprints.usq.edu.au/41398/  

129. Awad, Y. M.; Lee, S. E.; Ahmed, M. B. M.; Vu, N. T.; Farooq, M.; Kim, I. S.; Kim, H. S.; Vithanage, M.; 

Usman, A. R. A.; Al-Wabel, M.; Meers, E.; Kwon, E. E.; Ok, Y. S. Biochar, a Potential Hydroponic Growth 

Substrate, Enhances the Nutritional Status and Growth of Leafy Vegetables. J Clean Prod 2017, 156, 581–

588, https://doi.org/10.1016/j.jclepro.2017.04.070.  

130. Karakaş, C.; Özçimen, D.; İnan, B. Potential Use of Olive Stone Biochar as a Hydroponic Growing Medium. 

J Anal Appl Pyrolysis 2017, 125, 17–23, https://doi.org/10.1016/j.jaap.2017.05.005.  

131. Altland, J. E.; Locke, J. C. Biochar Affects Macronutrient Leaching from a Soilless Substrate. HortScience 

2012, 47, 1136–1140, https://doi.org/10.21273/hortsci.47.8.1136.  

132. Huang, L.; Gu, M. Effects of Biochar on Container Substrate Properties and Growth of Plants—a Review. 

Horticulturae 2019, 5, 1–25, https://doi.org/10.3390/horticulturae5010014.  

133. Méndez, A.; Paz-Ferreiro, J.; Gil, E.; Gascó, G. The Effect of Paper Sludge and Biochar Addition on Brown 

Peat and Coir Based Growing Media Properties. Sci Hortic (Amsterdam) 2015, 193, 225–230, 

https://doi.org/10.1016/j.scienta.2015.07.032.  

134. Dubchak, S.; Ogar, A.; Mietelski, J. W.; Turnau, K. Influence of Silver and Titanium Nanoparticles on 

Arbuscular Mycorrhiza Colonization and Accumulation of Radiocaesium in Helianthus Annuus. Spanish J 

Agric Res 2010, 8, 103–108, https://doi.org/10.5424/sjar/201008s1-1228.  

135. Su, M. H.; Azwar, E.; Yang, Y. F.; Sonne, C.; Yek, P. N. Y.; Liew, R. K.; Cheng, C. K.; Show, P. L.; Lam, 

S. S. Simultaneous Removal of Toxic Ammonia and Lettuce Cultivation in Aquaponic System Using 

Microwave Pyrolysis Biochar. J Hazard Mater 2020, 396, 122610, 

https://doi.org/10.1016/j.jhazmat.2020.122610.  

136. López-cano, I.; Roig, A.; Cayuela, M. L.; Alburquerque, J. A.; Sánchez-monedero, M. A. Biochar Improves 

N Cycling during Composting of Olive Mill Wastes and Sheep Manure. 2016, 49, 553-559,  

https://doi.org/10.1016/j.wasman.2015.12.031.  

137. Akdeniz, N. A Systematic Review of Biochar Use in Animal Waste Composting. Waste Manag 2019, 88, 

291–300, https://doi.org/10.1016/j.wasman.2019.03.054.  

138. Chowdhury, A.; Neergaard, A. De; Jensen, L. S. Chemosphere Potential of Aeration Flow Rate and Bio-Char 

Addition to Reduce Greenhouse Gas and Ammonia Emissions during Manure Composting. Chemosphere 

2014, 97, 16–25, https://doi.org/10.1016/j.chemosphere.2013.10.030.  

139. Tong, B.; Wang, X.; Wang, S.; Ma, L.; Ma, W. Bioresource Technology Transformation of Nitrogen and 

Carbon during Composting of Manure Litter with Di Ff Erent Methods. Bioresour Technol 2019, 293, 

122046, https://doi.org/10.1016/j.biortech.2019.122046.  

140. Wu, H.; Lai, C.; Zeng, G.; Liang, J.; Chen, J.; Xu, J.; Dai, J.; Li, X.; Liu, J.; Chen, M.; Lu, L.; Hu, L.; Wan, 

J. Critical Reviews in Biotechnology The Interactions of Composting and Biochar and Their Implications for 

Soil Amendment and Pollution Remediation : A Review. Crit Rev Biotechnol 2016, 0 , 000, 

https://doi.org/10.1080/07388551.2016.1232696.  

141. El-naggar, A.; El-naggar, A. H.; Shaheen, S. M.; Sarkar, B.; Chang, S. X.; Tsang, D. C. W.; Rinklebe, J.; Sik, 

Y. Biochar Composition-Dependent Impacts on Soil Nutrient Release , Carbon Mineralization , and Potential 

Environmental Risk : A Review. J Environ Manage 2019, 241, 458-467,, 

https://doi.org/10.1016/j.jenvman.2019.02.044.  

142. Zhang, L.; Sun, X. Influence of Bulking Agents on Physical , Chemical , and Microbiological Properties 

during the Two-Stage Composting of Green Waste. WASTE Manag 2015, 48, 115-126, 

https://doi.org/10.1016/j.wasman.2015.11.032.  

143. Awasthi, M. K.; Duan, Y.; Awasthi, S. K.; Liu, T.; Zhang, Z. Influence of Bamboo Biochar on Mitigating 

Greenhouse Gas Emissions and Nitrogen Loss during Poultry Manure Composting. Bioresour Technol 2020, 

303, 122952, https://doi.org/10.1016/j.biortech.2020.122952.  

144. Fertiplus, P.; Vandecasteele, B.; Hose, T. D.; Guadalupe, L.; Mart, C.; Kuikman, P. J.; Sinicco, T.; Mondini, 

C. Agronomic Evaluation of Biochar , Compost and Biochar-Blended Compost across Di Ff Erent Cropping 

Systems : Perspective from the European. 2019, 9, 225,  https://www.mdpi.com/2073-4395/9/5/225.  

145. Thu, T.; Henry-des-tureaux, T.; Rumpel, C.; Janeau, J.; Jouquet, P. Science of the Total Environment Impact 

of Compost, Vermicompost and Biochar on Soil Fertility , Maize Yield and Soil Erosion in Northern 

Vietnam : A Three Year Mesocosm Experiment. Sci Total Environ 2015, 514, 147–154, 

https://doi.org/10.1016/j.scitotenv.2015.02.005.  

146. Agegnehu, G.; Bass, A. M.; Nelson, P. N.; Bird, M. I. Science of the Total Environment Bene Fi Ts of 

Biochar, Compost and Biochar – Compost for Soil Quality , Maize Yield and Greenhouse Gas Emissions in 

a Tropical Agricultural Soil. Sci Total Environ 2016, 543, 295–306, 

https://doi.org/10.1016/j.scitotenv.2015.11.054.  

147. Oni, B. A.; Oziegbe, O.; Olawole, O. O. Significance of Biochar Application to the Environment and 

Economy. Ann Agric Sci 2019, 64 , 222–236, https://doi.org/10.1016/j.aoas.2019.12.006.  

148. Kroeger, J. E.; Pourhashem, G.; Medlock, K. B.; Masiello, C. A. Water Cost Savings from Soil Biochar 

https://doi.org/10.33263/BRIAC135.429
https://biointerfaceresearch.com/
https://doi.org/10.21273/hortsci.47.12.1736
https://eprints.usq.edu.au/41398/
https://doi.org/10.1016/j.jclepro.2017.04.070
https://doi.org/10.1016/j.jaap.2017.05.005
https://doi.org/10.21273/hortsci.47.8.1136
https://doi.org/10.3390/horticulturae5010014
https://doi.org/10.1016/j.scienta.2015.07.032
https://doi.org/10.5424/sjar/201008s1-1228
https://doi.org/10.1016/j.jhazmat.2020.122610
https://doi.org/10.1016/j.wasman.2015.12.031
https://doi.org/10.1016/j.wasman.2019.03.054
https://doi.org/10.1016/j.chemosphere.2013.10.030
https://doi.org/10.1016/j.biortech.2019.122046
https://doi.org/10.1080/07388551.2016.1232696
https://doi.org/10.1016/j.jenvman.2019.02.044
https://doi.org/10.1016/j.wasman.2015.11.032
https://doi.org/10.1016/j.biortech.2020.122952
https://www.mdpi.com/2073-4395/9/5/225
https://doi.org/10.1016/j.scitotenv.2015.02.005
https://doi.org/10.1016/j.scitotenv.2015.11.054
https://doi.org/10.1016/j.aoas.2019.12.006


https://doi.org/10.33263/BRIAC135.429  

https://biointerfaceresearch.com/ 20 of 21 

 

Amendment: A Spatial Analysis. GCB Bioenergy. 2021, 133–142 https://doi.org/10.1111/gcbb.12765.  

149. Zheng, J.; Han, J.; Liu, Z.; Xia, W.; Zhang, X.; Li, L.; Liu, X.; Bian, R.; Cheng, K.; Zheng, J.; Pan, G. Biochar 

Compound Fertilizer Increases Nitrogen Productivity and Economic Benefits but Decreases Carbon Emission 

of Maize Production. Agric Ecosyst Environ 2017, 241, 70–78, https://doi.org/10.1016/j.agee.2017.02.034.  

150. Aller, D. M.; Archontoulis, S. V.; Zhang, W.; Sawadgo, W.; Laird, D. A.; Moore, K. Long Term Biochar 

Effects on Corn Yield, Soil Quality and Profitability in the US Midwest. F Crop Res 2018, 227, 30–40, 

https://doi.org/10.1016/j.fcr.2018.07.012.  

151. Palma, M. A.; Richardson, J. W.; Roberson, B. E.; Ribera, L. A.; Outlaw, J.; Munster, C. Economic Feasibility 

of a Mobile Fast Pyrolysis System for Sustainable Bio-Crude Oil Production. Int Food Agribus Manag Rev 

2011, 14 , 1–16,. https://ideas.repec.org/a/ags/ifaamr/114636.html.  

152. Homagain, K.; Shahi, C.; Luckai, N.; Sharma, M. Life Cycle Cost and Economic Assessment of Biochar-

Based Bioenergy Production and Biochar Land Application in Northwestern Ontario, Canada. For Ecosyst 

2016, 3, 1–10, https://doi.org/10.1186/s40663-016-0081-8.  

153. Dickinson, D.; Balduccio, L.; Buysse, J.; Ronsse, F.; van Huylenbroeck, G.; Prins, W. Cost-Benefit Analysis 

of Using Biochar to Improve Cereals Agriculture. GCB Bioenergy 2015, 7, 850–864, 

https://doi.org/10.1111/gcbb.12180.  

154. Mohammadi, A.; Cowie, A. L.; Cacho, O.; Kristiansen, P.; Anh Mai, T. L.; Joseph, S. Biochar Addition in 

Rice Farming Systems: Economic and Energy Benefits. Energy 2017, 140, 415–425, 

https://doi.org/10.1016/j.energy.2017.08.116.  

155. Keske, C.; Godfrey, T.; Hoag, D. L. K.; Abedin, J. Economic Feasibility of Biochar and Agriculture 

Coproduction from Canadian Black Spruce Forest. Food Energy Secur 2020, 9, 1–11, 

https://doi.org/10.1002/fes3.188.  

156. Bugge, M. M.; Hansen, T.; Klitkou, A. What Is the Bioeconomy? A Review of the Literature. Sustain 2016, 

8, https://doi.org/10.3390/su8070691.  

157. Srivatsav, P.; Bhargav, B. S.; Shanmugasundaram, V. Biochar as an Eco-Friendly and Economical Adsorbent 

for the Removal of Colorants ( Dyes ) from Aqueous Environment : A Review. 2020, 1–27,. 
https://doi.org/10.3390/w12123561.  

158. Yang, Q.; Mašek, O.; Zhao, L.; Nan, H.; Yu, S.; Yin, J.; Li, Z.; Cao, X. Country-Level Potential of Carbon 

Sequestration and Environmental Benefits by Utilizing Crop Residues for Biochar Implementation. Appl 

Energy 2021, 282, 116275, https://doi.org/10.1016/J.APENERGY.2020.116275.  

159. Sigmund, G.; Huber, D.; Bucheli, T. D.; Borth, N.; Guebitz, G. M.; Hofmann, T. Cytotoxicity of Biochar - a 

Workplace Safety Concern ? Cytotoxicity of Biochar - a Workplace Safety Concern ? 2017, 

https://doi.org/10.1021/acs.estlett.7b00267.  

160. Gelardi, D. L.; Li, C.; Parikh, S. J. Science of the Total Environment An Emerging Environmental Concern : 

Biochar-Induced Dust Emissions and Their Potentially Toxic Properties. Sci Total Environ 2019, 678, 813–

820, https://doi.org/10.1016/j.scitotenv.2019.05.007.  

161. Ravi, S.; Sharratt, B. S.; Li, J.; Olshevski, S.; Meng, Z. Particulate Matter Emissions from Biochar-Amended 

Soils as a Potential Tradeoff to the Negative Emission Potential. Nat Publ Gr 2016, 1–7, 

https://doi.org/10.1038/srep35984.  

162. Id, O.; Ravi, S.; Li, J.; Meng, Z.; Zhang, J.; Mohanty, S.; Science, E.; Science, D.; Resources, N.; Engineering, 

E.; Angeles, L.; Points, K. Generation, Resuspension, and Transport of Particulate Matter from Biochar- 

Amended Soils: A Potential Health Risk. 2020, 0–2, https://doi.org/10.1029/2020GH000311.  

163. Bao, H.; Wang, J.; Zhang, H.; Li, J.; Li, H.; Wu, F. Of. J Hazard Mater 2019, 385, 121595, 

https://doi.org/10.1016/j.jhazmat.2019.121595.  

164. Ku, M.; Oleszczuk, P.; Kraska, P.; Andruszczak, S. Chemosphere Persistence of Polycyclic Aromatic 

Hydrocarbons ( PAHs ) in Biochar-Amended Soil Marcin Ku. 2016, 146, 272–279, 

https://doi.org/10.1016/j.chemosphere.2015.12.010.  

165. Ndirangu, S. M.; Liu, Y.; Xu, K.; Song, S. Risk Evaluation of Pyrolyzed Biochar from Multiple Wastes. J 

Chem 2019, 2019, https://doi.org/10.1155/2019/4506314.  

166. Shackley, S.; Carter, S.; Knowles, T.; Middelink, E.; Haefele, S.; Sohi, S.; Cross, A.; Haszeldine, S. 

Sustainable Gasification – Biochar Systems ? A Case-Study of Rice-Husk Gasification in Cambodia , Part I : 

Context , Chemical Properties , Environmental and Health and Safety Issues. Energy Policy 2011, 1–10, 

https://doi.org/10.1016/j.enpol.2011.11.026.  

167. Li, C.; Bair, D. A.; Parikh, S. J. Science of the Total Environment Estimating Potential Dust Emissions from 

Biochar Amended Soils under Simulated Tillage. Sci Total Environ 2018, 625, 1093–1101, 

https://doi.org/10.1016/j.scitotenv.2017.12.249.  

168. Sahu, D.; Kannan, G. M.; Vijayaraghavan, R. Carbon Black Particle Exhibits Size Dependent Toxicity in 

Human Monocytes. 2014, 2014,. https://doi.org/10.1155/2014/827019.  

169. Bair, D. A.; Mukome, F. N. D.; Popova, I. E.; Ogunyoku, T. A.; Jefferson, A.; Wang, D.; Hafner, S. C.; 

Young, T. M.; Parikh, S. J. Sorption of Pharmaceuticals, Heavy Metals, and Herbicides to Biochar in the 

Presence of Biosolids. 2016, 2006, 1998–2006, https://doi.org/10.2134/jeq2016.03.0106.  

170. Liu, X.; Zhang, A.; Ji, C.; Joseph, S.; Bian, R.; Li, L.; Pan, G.; Paz-Ferreiro, J. Biochar's Effect on Crop 

Productivity and the Dependence on Experimental Conditions-a Meta-Analysis of Literature Data. Plant Soil 

https://doi.org/10.33263/BRIAC135.429
https://biointerfaceresearch.com/
https://doi.org/10.1111/gcbb.12765
https://doi.org/10.1016/j.agee.2017.02.034
https://doi.org/10.1016/j.fcr.2018.07.012
https://ideas.repec.org/a/ags/ifaamr/114636.html
https://doi.org/10.1186/s40663-016-0081-8
https://doi.org/10.1111/gcbb.12180
https://doi.org/10.1016/j.energy.2017.08.116
https://doi.org/10.1002/fes3.188
https://doi.org/10.3390/su8070691
https://doi.org/10.3390/w12123561
https://doi.org/10.1016/J.APENERGY.2020.116275
https://doi.org/10.1021/acs.estlett.7b00267
https://doi.org/10.1016/j.scitotenv.2019.05.007
https://doi.org/10.1038/srep35984
https://doi.org/10.1029/2020GH000311
https://doi.org/10.1016/j.jhazmat.2019.121595
https://doi.org/10.1016/j.chemosphere.2015.12.010
https://doi.org/10.1155/2019/4506314
https://doi.org/10.1016/j.enpol.2011.11.026
https://doi.org/10.1016/j.scitotenv.2017.12.249
https://doi.org/10.1155/2014/827019
https://doi.org/10.2134/jeq2016.03.0106


https://doi.org/10.33263/BRIAC135.429  

https://biointerfaceresearch.com/ 21 of 21 

 

2013, 373, 583–594, https://doi.org/10.1007/s11104-013-1806-x.  

171. Silva, F. C.; Borrego, C.; Keizer, J. J.; Amorim, J. H.; Verheijen, F. G. A. Effects of Moisture Content on 

Wind Erosion Thresholds of Biochar. Atmos Environ 2015, https://doi.org/10.1016/j.atmosenv.2015.10.070.  

172. Major, J. Guidelines on Practical Aspects of Biochar Application to Field Soil in Various Soil Management 

Systems. Int Biochar Initiat 2010, 1–23.  

https://doi.org/10.33263/BRIAC135.429
https://biointerfaceresearch.com/
https://doi.org/10.1007/s11104-013-1806-x
https://doi.org/10.1016/j.atmosenv.2015.10.070

