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Abstract 

Biochar has received increasing attention in agricultural and environmental fields 

as an integrated solution to agricultural waste recycling, soil amendment, carbon 

sequestration, and greenhouse gas (GHG) reduction. However, obtaining the 

environmental benefits of biochar is limited by an inadequate number of soil 

applications. Currently, the willingness to use biochar in soil management is relatively 

low, which results from the insufficient understanding and promotion of the roles of 

biochar in soil management and climate change mitigation. This review article presents 

biochar applications based on carbon-neutral strategies in agricultural soil systems. The 

primary roles of biochar in soil improvement and remediation are discussed and the 

main soil application methods are introduced. The focus of this article is on biochar-

based soil management strategies for contributing to carbon neutrality. Carbon 

sequestration using biochar is an application-dependent strategy, as the key to obtaining 

this ecological benefit is to store biochar products in soil via effective agricultural 

management. This article offers insights into biochar-based soil management strategies 

and their contribution to carbon neutrality in agricultural soil systems, with 

recommendations for appropriate government involvement in promoting biochar-based 

soil management and for incorporating biochar into the carbon trading market. 

 

Keywords: Biochar; Agricultural soil management; Climate change; Carbon neutrality; 

Carbon sequestration; Greenhouse gases 
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Word count: 6628 words (excluding title, author names and affiliations, keywords, 

highlights, abbreviations, and references). 

 

Highlights 

 The non-CO2 GHGs account for the majority of carbon emission via agricultural 

soil. 

 Incorporating biochar into the global carbon trading market is recommended. 

 Using biochar to help achieve carbon neutrality is an application-dependent 

strategy. 
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Abbreviations 

GHGs Greenhouse gases 

HMs Heavy metals 

IBI International Biochar Initiative 

LCA Life cycle assessment 

SOC Soil organic carbon 

WMO World Meteorological Organization 
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1. Introduction 

Mitigating climate change arising from anthropogenic emissions of greenhouse 

gases (GHGs) is urgently necessary. Since the start of the industrial era, human 

activities such as burning fossil fuels and developing land have sharply increased the 

concentration of atmospheric GHGs. According to the World Meteorological 

Organization (WMO) Greenhouse Gas Bulletin, the average concentrations of 

atmospheric CO2, CH4, and N2O in 2019 reached respectively 410.5±0.2 ppm, 1877±2 

ppb, and 332.0±0.1 ppb, which exceeded the pre-industrial (1750) levels by 48%, 160% 

and 23% [1]. Among these main GHGs, CO2 accounted for 75% of global 

anthropogenic GHG emissions from 2010 to 2019 and  was the greatest contributor to 

global warming. The increase of atmospheric GHG concentrations has caused climate 

changes primarily manifested as global warming, leading to increased glacial ablation 

and rising sea levels, outbreaks of pests and diseases in agricultural production, 

desertification of land, increased atmospheric instability, and more frequent 

occurrences of extreme weather such as floods, droughts, typhoons, high temperatures 

and heatwaves [2, 3]. 

As a result, many policies and measures have been put in place to control or reduce 

GHG emissions and thus mitigate climate changes, and the concept of "carbon 

neutrality" was developed. Carbon neutrality refers to counterbalancing the GHG 

emissions produced by enterprises, groups, or individuals in a certain period of time 

with an equivalent amount of CO2 offset through afforestation, energy conservation, 

emission reduction, and other CO2 mitigation strategies [4]. The ultimate goal of carbon 
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neutrality is to obtain a net-zero carbon footprint. In order to tackle global climate 

change, many countries and enterprises have undertaken specific efforts and have set 

carbon-neutral goals. For example, China has aimed to have a CO2 emission peak 

before 2030 and has promised to be carbon-neutral before 2060 [5]. The proposed 

carbon-neutral goals put forward new requirements for low-carbon development of 

global agriculture and set a higher benchmark for achieving green agriculture. 

Agricultural activities and soils are important sources of global GHG emissions, 

though not the most major source (Fig. 1). Compared with the direct combustion of 

fossil fuel, cultivation and agricultural soils are not evident sources of GHG emissions, 

but improper farming practices, such as excessive application of nitrogenous fertilizers, 

can result in considerable GHG emissions from agricultural soils [6]. Therefore, active 

soil management is needed in order to realize GHG emission reduction. Additionally, 

as the core of the terrestrial ecosystem, soil serves as the largest terrestrial carbon pool 

[7]. The soil carbon pool stores about three times the carbon of the atmospheric pool, 

which makes the soil carbon cycle significant in global climate change strategies [8]. 

Most agricultural soils are depleted of soil organic carbon (SOC) due to long-term 

cultivation activities, and therefore, the agricultural soil carbon pool is far from being 

saturated, providing excellent potential for carbon sequestration [9, 10]. Terrestrial 

ecosystems have usually been considered in global carbon cycle studies in recent years, 

and the results suggest that utilizing agricultural soils as carbon sinks is an important 

mechanism to reduce carbon emissions and mitigate global climate change. 
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Fig.1. GHG emissions by sector and the details in agriculture, forestry, and land use. 

Data were obtained from Our World in Data [11]. 

 

Production and application of biochar provide a feasible solution for utilizing the 

soil carbon sink to reduce carbon emissions and achieve carbon neutrality in 

agricultural activities. According to the precise definition of the International Biochar 

Initiative (IBI), biochar is a solid material obtained from thermochemical conversion of 

biomass in an oxygen-limited environment. Humans have been producing and using 

biochar for thousands of years (Fig. 2). The Amazonian Dark Earth, Terra Preta, is one 

of the many representative examples demonstrating that earlier civilizations applied 

biochar to the soil environment [12]. In the eastern suburb of Changsha in China, bio-

charcoal was used to seal a timber burial structure in Mawangdui Tomb No.1 about 

2000 years ago, and the use of bio-charcoal is considered to be one of the main reasons 

that a female corpse found in the burial structure was so well-preserved [13]. Although 

human concern for climate change goes back to 1856 when Eunice Foote reported that 
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an atmosphere with increased CO2 would cause the Earth's temperature to rise [14], the 

technological concept of applying biochar to soils for climate change mitigation was 

not proposed until 1993 when two classical papers that highlighted the roles of biochar 

in climate change mitigation were published [15, 16]. With the increasing use of the 

term "biochar" in the 21st century, the relationship between soil application of biochar 

and climate change mitigation gradually became clear, and the development of biochar 

is flourishing worldwide. 

 

Fig.2. A brief history of biochar. The timeline was summarized based on ref. [12] (2500 

years ago), ref. [13] (the early Western Han Dynasty), ref. [15, 16] (1993), ref .[17] 

(1999), ref. [18, 19] (2006), and ref. [20] (2019). 

 

Biochar is widely used as a soil amendment, and it can reduce GHG emissions and 

make the soil more fertile at the same time [21]. Additionally, production and 

application of biochar can reduce agricultural waste and can produce clean renewable 
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energy [22, 23]. Through large-scale biochar production and effective agricultural soil 

management, it is possible to achieve more than two goals through a biochar-soil system 

simultaneously. At present, a large amount of agricultural and forestry biomass waste, 

such as rice straw, peanut shells, corn cobs, dry branches, and fallen leaves, are burned 

or discarded in the open, and these disposal methods release considerable CO2 and CH4 

into the atmosphere. Converting biomass waste into biochar can reduce the production 

of GHGs  generated by burning and decomposing biomass waste. The present level of 

GHG emissions can be reduced by an estimated 12% if biochar is produced at the global 

level [24]. 

Mitigating climate change by implementing biochar-based agricultural soil 

management is currently in the early stages of rapid development. Though biochar 

shows tremendous potential, it is necessary to manage biochar-soil systems 

scientifically. Additionally, the key to obtaining the carbon sequestration benefit of 

biochar is to put a plentiful amount of biochar into soils, and this process is mainly 

implemented via biochar-based soil management. Therefore, the contribution of 

biochar to carbon neutrality largely depends on its soil application, including the 

willingness of farmers to use biochar. In a case study in Poland, it was found that only 

27% of the surveyed farmers were familiar with biochar and 43% of the surveyed 

farmers were not willing to adopt biochar in their agricultural practice [25]. These 

results indicate that promoting the understanding and roles of biochar in soil 

management and climate change mitigation is necessary. 

This article presents biochar-based agricultural soil management strategies and 
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how these strategies can help achieve carbon neutrality in agricultural soil systems. The 

objective of this article is to (i) summarize the main strategies and application methods 

of biochar for agricultural soil management; (ii) discuss the potential and mechanisms 

of biochar for carbon neutrality in agricultural soil systems, and (iii) identify future 

research priorities. In contrast to other related articles that focus on the physicochemical 

properties and environmental behaviors of biochar, this paper highlights the 

application-dependent characteristic of using biochar-based soil management strategies 

for contributing to carbon neutrality. This article offers insights into biochar-based soil 

management strategies and their contribution to carbon neutrality in agricultural soil 

systems, and provides guidance for positive publicity and promotion of biochar soil 

applications for facilitating social applicability and acceptance of biochar. 

 

2. Methodology 

Based on the research theme, database retrievals and Internet searches were 

conducted as part of a comprehensive literature search. Preliminary screening was 

performed by searching the online database Web of Science and Google Scholar with 

keywords containing "biochar", "biochar application", "soil", "soil amendment", 

"biochar amendment", "climate change", "carbon sequestration", "greenhouse gas", 

"emission", "CO2", "CH4", "N2O", "carbon neutral", and "carbon neutrality". 

Additional records were identified and collected through Internet searches. Next, 

eligible articles were selected for full-text assessment by reviewing the the title and 

abstract of each article. During the full-text reading, articles with less relevant data or 
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outcomes for the objective were excluded, and the remaining articles were included in 

the subsequent literature review. These articles were then categorized into "soil 

management application", "climate change mitigation", and "others" for further 

analysis and discussion. Representative articles were cited in this article to support our 

viewpoints and statements. 

 

3. Agricultural soil management with biochar 

3.1. Biochar for agricultural soil improvement 

The use of biochar can improve agricultural soil by loosening soil, retaining 

moisture, and preserving fertility (Fig. 3). Due to excessive land utilization and 

inappropriate soil management, many countries and regions face serious soil 

degradation problems such as soil acidification, soil hardening, and soil fertility decline 

[26].The abundant pores of biochar help to improve soil aeration, stabilize soil 

aggregates, and increase the water-holding capacity of soil. It was reported that biochar 

could settle between soil particles without blocking the existing pores, thus increasing 

the overall porosity of the soil-biochar system [27]. Thus, crop growth could be 

enhanced as a result of improved water uptake and root respiration. The most  

beneficial effect of biochar on soil physicochemical properties is in improving the 

water-holding capacity, but this is closely related to the soil texture, and therefore, not 

all biochar treatments will increase soil moisture [28]. Generally, biochar applied to 

droughty, sandy soils or coarse-textured soils has a more significant effect on the 

improvement of water-holding capacity compared to other soils [29-31]. 
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Fig.3. Schematic diagram of using biochar for agricultural soil improvement. 

 

Biochar preserves soil fertility by reducing soil nutrient loss, and the mechanism 

is generally regarded as a combined effect of physicochemical and biological processes 

[32]. The high ion exchange capacity and strong adsorption capacity of biochar for soil 

nutrients decrease nutrient leaching, and the physical retention of dissolved nutrients in 

the soil solution increases with the biochar-induced increase of water-holding capacity 

[33, 34]. The applied biochar may act on the soil microbial community involved in 

nutrient cycling and thus promote nutrient immobilization via biological mechanisms 

[34-36]. Additionally, biochar itself retains a large amount of mineral components from 

the original biomass, such as N, P, K, and Ca, which are effective nutrient supplements 

for improving soil fertility and promoting crop growth [37]. In general, the effect of 

increasing fertility by applying biochar is more significant in relatively infertile soil, 

such as acidic soils and highly leached soils [38]. Using biochar as a soil ameliorant 

can optimize soil fertilization and support the development of new fertilizers, providing 
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effective substitutions for conventional chemical fertilizers. The alkaline nature of 

biochar enables it to act as an acidic soil ameliorant to recover and even increase soil 

productivity. The CaCO3 equivalents and total alkaline cations in biochar are mainly 

responsible for the acid soil improvement [39]. Wu et al. [40] studied the effects of 

biochar on acidic soil properties and found that biochar improved acidic soil properties 

and reduced fruit acidity more than lime treatment. These results support the use of 

biochar to replace lime for improving acidic soils for cultivating calciphobous plants, 

such as tea [41]. In summary, biochar can improve multiple types of degraded soils, and 

targeted measures for biochar-based soil management should be implemented in 

practical applications according to the specific purpose of use. 

 

3.2. Biochar for agricultural soil remediation 

Using biochar to remedy contaminated agricultural soil has been extensively 

studied, with the purpose of recovering soil function and improving agricultural product 

quality (Fig. 4). Pollutants such as heavy metals (HMs) and pesticides readily 

accumulate in the soil via pesticide application, sewage irrigation, and industrial waste 

dumping [42]. These pollutants usually cause soil dysfunction and soil quality 

deterioration. Biochar shows a high adsorption capacity for many HMs (such as Pb, Zn, 

Cd, Cu, and Ni) and pesticides (such as parathion, terbuthylazine, imazamox, atrazine, 

and imidacloprid) as a result of its adsorbent characteristics, i.e., a porous structure and 

multiple functional groups [43-48]. 
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attraction, pore-filling, hydrogen bonding, π-π interactions, partitioning to non-

carbonized fractions, and hydrophobic interactions [53]. Among these recognized 

mechanisms, partitioning to non-carbonized fractions is one mechanism not common 

in other carbonaceous adsorbents. It is difficult to completely carbonize biochars, even 

when the productive pyrolysis process is conducted at relatively high temperatures [54]. 

In describing adsorption for organics, the non-carbonized fractions of biochar are 

usually identified as a partition phase (linear adsorption), while the carbonized fractions 

are represented as a surface adsorption phase (nonlinear adsorption) [55]. These two 

phases of biochar dominate the total adsorption of organic molecules, and the 

partitioning effect is the primary adsorption mechanism of organics by low-temperature 

biochars that contain more non-carbonized fractions [56]. Apart from the properties of 

biochar itself, the hydrophobicity of the organics also affects the relative contributions 

of biochar partitioning and surface adsorption, with the adsorption of less hydrophobic 

organics by biochar mainly occurring via the partitioning mechanism [57]. These 

adsorption characteristics enable biochar to play a role in remediating polluted soils. 

The adsorption effect of biochar can stabilize soil pollutants, reduce their phytotoxicity 

and bioavailability, and thus decrease pollutant uptake by crops and enhance the yield 

and quality of agricultural products. 

 

3.3. Methods and limitations for biochar application to agricultural soil 

In practical applications, proper application methods are essential for using 

biochar to manage agricultural soil (Table 1). For conventional crop fields, biochar is 
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usually applied to the soil by broadcasting over the soil surface and then mixing with 

the soil by manual operation or special machines. The broadcasting procedure is 

normally performed by hand, or by using a spreader or fertilizer broadcaster [58]. After 

broadcasting, the biochar is mixed with the soil by common tillage methods such as 

plowing, harrowing, and hoeing [59]. Additionally, in-furrow application, in which 

biochar is applied to a trench near the crop rhizosphere, is frequently used to add biochar 

fertilizers. This application method allows biochar to be applied to the soil after crop 

planting, and to act directly on crop roots, thus reducing soil disturbance and the amount 

of biochar that is applied [60]. In addition to the direct application to soil, biochar can 

be mixed with other soil amendments, such as compost, manure, and lime, or used as a 

slow-release carrier of other soil amendments [61-65]. These indirect application 

methods are conducive to increasing the tillage efficiency and realizing long-term 

improvement of soil quality and crop yield. 

Wind loss and water erosion are the main problems in the practical use of biochar. 

A field trial of biochar application in Canada showed that an estimated 25% of the 

biochar was blown away during application with a spreader, causing a wind loss of 1.4 

t/ha [66]. To avoid wind loss, applying biochar in windless or wet days is recommended. 

Wetting biochar with a sprayer is also feasible, but biochar that is overly wet may adhere 

to tillage implements during the subsequent turning of the soil [67]. In addition to wind 

loss, rainstorms and slopes may cause biochar loss by water erosion [68, 69]. This 

typically occurs in the form of rain splash, rill erosion, and gully erosion [70]. Therefore, 

biochar applied to sloping fields or rainy areas may also require soil management 
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practices, such as straw mulch, to minimize the water erosion of biochar [71]. 

According to the 3R Principle (reduce, reuse, and recycle), it is recommended that 

biochar is applied to fields in the form of granules (not powder) under moist conditions 

or by incorporating it into other fertilizers and then thoroughly mixing it with the 

rhizosphere soil [72].
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Table 1 

Examples of biochar application to field. 

Type of biochar Application purpose Application method (application amount) Reference 

Sugarcane bagasse biochar Increasing soil fertility and crop yield Broadcasting (5 and 10 t/ha) and furrow 

application (5 and 10 t/ha) 

[60] 

Rice straw biochar Mitigating Cd accumulation in 

greenhouse lettuce production 

Broadcasting (6, 12, and 18 t/ha) and band 

application (5 and 8 t/ha) 

[73] 

Red oak biochar Assessing the cost of biochar 

application and the return on 

investment 

Broadcasting (10, 20, 40, and 60 t/ac) [74] 

Seed screenings biochar Improving soil quality for winter 

wheat growth 

Broadcasting (18 t/ha) [75] 

Peanut shell biochar Improving soil quality for increasing 

rice yield in saline-sodic paddy soil 

Broadcasting (33.75, 67.5, and 101.25 t/ha) [76] 

Wood biochar Improving soil quality for earthworm 

populations 

Broadcasting (5, 7.5, and 10 t/ha) [77] 

Bamboo biochar Improving the quality of forest soil Furrow application (2.22, 4.44, 6.67, 8.89, and 

11.11 t/ha) 

[78] 

Prosopis juliflora biochar Improving soil quality for maize 

growth 

Furrow application (5 and 10 t/ha) and mixing 

with fertilizers (0.05 and 0.1 t/ha) 

[79] 
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4. Biochar-based soil management strategies for carbon neutrality 

As a new approach to mitigate global climate change, the use of biochar-based soil 

management strategies to achieve carbon neutrality has been increasingly adopted in 

agricultural production activities and land utilization management. This will promote 

the development of green global agriculture, as soil management applications are the 

main pathway by which biochar contributes to carbon neutrality (Fig. 5). Biochar 

mainly functions to achieve carbon-neutral goals through two mechanisms: carbon 

sequestration and emission reduction. 

 

Fig.5. Agricultural soil management as the main pathway of biochar to contribute to 

the carbon neutrality. 

 

4.1. Carbon emissions through agricultural soil systems 

Agricultural soil carbon has received wide attention due to its close relationship 

with agricultural activities such as ploughing, irrigation, and fertilization. Carbon input 
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and carbon emission determine the carbon balance of agricultural soil. Carbon input to 

the agricultural soil system mainly comes from crop residues, root exudates, and 

organic fertilizers, while the carbon emission pathway mainly includes soil respiration, 

plant uptake, and carbon eluviation. Soil respiration, including root respiration and 

microbial respiration, is the major pathway of CO2 emissions from the soil system to 

the atmosphere [80]. However, only the non-CO2 sources are included in the statistical 

analysis of agricultural GHG emissions, as the absorption and emission of CO2 can 

reach a natural balance [81]. The main non-CO2 GHGs in the agriculture sector include 

CH4 and N2O, and their agricultural emissions accounted for the largest percentage 

(48%) of global emissions of non-CO2 GHGs in 2015 [82]. Therefore, the carbon 

emission here refers to the emission of CO2 equivalents (CO2e) of CH4 and N2O. As 

presented in Table 2, the non-CO2 GHG emissions from agricultural soil systems 

primarily come from cropland soil management (mainly N2O from nitrogenous 

fertilizer application), rice cultivation (mainly CH4 from anaerobic decomposition of 

organic matter in flooded rice fields), and livestock manure management (both CH4 and 

N2O emissions). The global non-CO2 GHG emissions from these three sources, namely, 

cropland soil management, rice cultivation, and livestock manure management, reached 

1941, 624, and 572 million metric tons of CO2 equivalents (MtCO2e) in 2015, 

respectively. In China, the GHG emissions from cropland soil management, rice 

cultivation, and livestock manure management were respectively 138, 187, and 288 

MtCO2e, which accounted for 16.7%, 22.6%, and 34.7% of the total agricultural GHG 

emissions in 2014 [83]. These CO2e emissions from agricultural soil systems are the 
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carbon emissions that need to be counteracted in the soil management strategies for 

carbon neutrality. However, the soil for agricultural production usually has lower 

organic matter than natural soil due to decreased carbon input (from regular harvest and 

crop residue removal, for example), accelerated organic carbon decomposition (from 

frequent tillage), and severe soil erosion [84]. It is estimated that most cultivated land 

has lost 30%‒75% (30‒40 ton carbon per hectare) of their antecedent organic carbon 

pool, and the current organic carbon content is far below the potential capacity [85]. 

The global topsoil (≤ 1 m) contains 1325 Pg of organic carbon, and croplands have a 

carbon sequestration potential of 0.90‒1.85 Pg carbon per year [86, 87]. Therefore, 

maximizing the agricultural soil carbon pool with active soil management is an 

effective strategy for decreasing carbon emissions from agricultural soil system. 

Table 2 

Global emissions of non-CO2 greenhouse gases (GHGs) in the agriculture sector [82]. 

Source 

categories 

GHG 

type 
Emission pathway 

Emissions 

reached in 

2015 

(MtCO2e) 

Emissions 

projected 

in 2030 

(MtCO2e) 

Cropland soil 

management 
N2O 

Fertilizer consumption, crop 

residues incorporated into 

soils, and manure left on 

pasture 

1941 2206 

Rice 

cultivation 
CH4 

Anaerobic decomposition of 

organic matter in flooded rice 

fields 

624 617 

Livestock 

manure 

managementa 

CH4 

and 

N2O 

Anaerobic decomposition of 

manure (CH4), and 

nitrification and 

denitrification of the organic 

nitrogen content in livestock 

manure and urine (N2O) 

572 632 

a The data of this source category exclude the emissions from the enteric fermentation 

of a normal mammalian digestive process as it is not directly related to the 

agricultural activities in soil management. 
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4.2. Carbon sequestration by biochar 

Carbon sequestration refers to natural or artificial removal of atmospheric CO2 and 

its storage in a stable solid form. Naturally, atmospheric CO2 can be directly absorbed 

by plants via photosynthesis. Part of the absorbed CO2 is released back into the 

atmosphere by respiration, and the rest is sequestered first as plant biomass and then as 

SOC during the decomposition process of the plant biomass. Further decomposition of 

SOC releases the carbon as CO2 into the atmosphere within a short period of time. 

Therefore, the entire process is carbon neutral. Biochar is stable and its high content of 

aromatic carbon that is more difficult to decompose than plant biomass is the basis of 

the carbon sequestration benefits of biochar. The pyrolysis of plant biomass breaks the 

natural carbon cycle and realizes carbon sequestration by biochar storage in soil [88]. 

It is estimated that about 6 GtC/yr of biomass carbon is available for biochar production 

worldwide if 10% of net primary production is used, from which 3 GtC/yr of biochar 

can be produced [89]. Pyrolyzing agricultural biomass waste (mainly crop straw and 

livestock manure) and storing the resulting biochar in soils via agricultural soil 

management have the advantage of recycling solid waste and show great potential for 

carbon sequestration. According to a calculation method based on a life cycle 

assessment (LCA), 585 Mt/yr of crop straw and 610 Mt/yr of livestock manure are 

produced in China, and transforming them into soil biochar can sequester 264 and 172 

MtCO2e/yr, respectively [90]. More representative examples of using biochar for 

carbon sequestration in soils are shown in Table 3. Lefebvre et al. [91] used a modified 
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RothC model to evaluate the carbon sequestration potential of sugarcane residue 

biochar, and their results showed that 50 MtCO2e/yr could be sequestered at a scale of 

the entire state of São Paulo in Brazil. Recently, Yang et al. [92] evaluated the carbon 

sequestration potential of various crop residue biochars through LCA at the country 

level and found that the annual carbon sequestration potential in China could reach 500 

MtCO2e/yr. These results demonstrated high carbon sequestration capacity of biochar 

from crop residues. In order to quantify the carbon sequestration effect precisely, many 

field experiments were conducted. For example, Yang et al. [93] applied corn residue 

biochar to a corn field under drip irrigation with mulching, and the results showed that 

the carbon sequestration increased by 16% in the upper 15-cm soil and CH4 emission 

decreased by 132% after 30 t/ha of the biochar was applied. Additionally, the biochar 

amendment enhanced the corn yield by 7.4% over two years. This example suggests 

that proper application of biochar could contribute to agricultural soil management and 

climate change mitigation simultaneously.
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Table 3 

Representative examples of using biochar for carbon sequestration in soils. 

Type of biochar Assessing method Carbon sequestration potential Reference 

Sugarcane residue biochar Modified RothC model 50 MtCO2e/yr [91] 

Crop residue biochar (grain, bean, tuber, 

oil crop, cotton, sugarcane, and hemp) 

Life cycle analysis 500 MtCO2e/yr [92] 

Corn residue biochar Field experiment With 30 t/ha biochar application, the carbon 

sequestration increased by 16% in the upper 15-cm 

soil. 

[93] 

Crop residues biochar (coconut husk, 

coconut shell, cotton stalk, olive pomace, 

palm shell, rice husk, sugarcane bagasse, 

and wheat straw) 

Proximate analysis of raw 

feedstocks and biochars 

550 MtCO2e/yr (21.3%‒32.5% of the feedstock 

carbon) 

[94] 

Rice hull biochar Field experiment With 1.142 t/ha of biochar and pig manure compost 

(4: 6), the carbon sequestration increased from 1.28 

to 2.94 t/h. 

[95] 

Apple wood biochar Field experiment With 20 t/ha biochar application, the carbon 

sequestration increased by 354.78% in a non-

fertilized plot and by 316.52% in a fertilized plot. 

[96] 

Bamboo leaf biochar Field experiment The total carbon sequestration increased from 3.36 

to 19.70 and 11.86 tCO2e/ha with 5.0 and 15 t/ha 

biochar applications, respectively. 

[97] 
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4.3. Agricultural GHG emission reduction by biochar 

In addition to direct carbon sequestration, biochar can benefit carbon neutrality by 

decreasing the emission of agricultural GHGs. The generation of N2O in agricultural 

soil mainly occurs during the microbial transformation of soil nitrogen, especially 

denitrification and nitrification [98]. Applying biochar fertilizers decreases the use of 

nitrogenous fertilizers and livestock manure in agricultural production, thus decreasing 

the nitrogen input and N2O generation of cropland soil management. Additionally, 

biochar can inhibit denitrification and nitrification processes and reduce the generation 

of N2O. The main mechanisms for this include that the following: (1) biochar decreases 

the substrate and energy sources for denitrification and nitrification reactions by the 

adsorption of soil NH4
+-N and organic matter [99]; (2) biochar increases nitrogen 

fixation by crops and other microorganisms, thus reducing the available nitrogen 

sources for denitrobacteria and nitrobacteria [100]; (3) direct action of biochar alters 

the abundance and composition of community of the azotobacters, denitrobacteria, and 

nitrobacteria [101]; and (4) biochar regulates soil physicochemical properties, such as 

pH, soil aeration, and moisture, indirectly affecting the denitrification and nitrification 

processes [102, 103]. Many studies have demonstrated the effectiveness of biochar for 

N2O emission reduction, while other studies have found that biochar has no effect on 

soil N2O emissions or even increases soil N2O emissions [104-106]. These differences 

may result from the diversity of soil type and environmental conditions, and effective 

N2O emission reduction by biochar is realizable if active soil management is 

implemented [107]. Some representative examples of using biochar to reduce N2O 
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emissions from agricultural soils are shown in Table 4. Fan et al. [108] studied the 

effects of wheat straw biochar and pig manure biochar on N2O emission reduction in 

an anthrosol, and found that both biochars reduced N2O emissions by 12.9%‒20.0% at 

an application amount of 40 t/ha. Their further analysis of the soil bacteria revealed that 

the biochars functioned by weakening the autotrophic nitrification that dominated the 

N2O emissions. Aamer et al. [109] reported that biochar application increased the pH 

of acidic soil and mitigated N2O emissions. In their experiments, the biochar reduced 

N2O emissions by 81% and 235% when applied at 22.4 and 44.8 t/ha, respectively. In 

their mechanism analysis, they attributed the N2O emission reduction to the increase of 

functional gene abundance. These examples suggest the complicated biological 

processes behind the N2O emission reduction by biochar soil application. Global meta-

analysis studies show that biochar amendment can reduce 12.4%‒54% of N2O 

emissions from agricultural soils [110-113]. Based on an estimated 1941 MtCO2e of 

N2O emissions from cropland soil management in 2015 [82], an emission reduction 

amount of 241‒1048 MtCO2e could be realized through bicohar application in soil. 

The generation of CH4 in agricultural soil in paddy fields mainly occurs as part of 

anaerobic decomposition of organic matter, such as root exudates, plant residues, and 

organic manure [114]. Recycling crop straw and livestock manure to produce biochar 

decreases the organic residue input and CH4 generation in the rice cultivation process. 

Additionally, applying biochar affects soil CH4 emissions mainly by interfering with 

the generation, oxidation, and release of CH4. Similar to N2O emission reduction, the 

mechanisms of CH4 emission reduction by biochar application mainly include the 
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following: (1) biochar decreases the activity and abundance of methanogens but 

increases those of methanotrophs [115]; (2) biochar increases the adsorption and 

oxidation of CH4 in soils [116, 117]; and (3) biochar regulates the soil properties such 

as pH, aeration, and moisture, indirectly affecting CH4 generation and release [118, 

119]. Utilizing biochar production and application to replace the conventional practice 

of returning straw to the field plays a significant role in decreasing CH4 emissions from 

rice fields. Scientific soil management is also needed to avoid the unintended 

consequence of an increase, not a decrease, in the amount of CH4 released [120, 121]. 

Wang et al. [115] conducted a four-year study on CH4 emission reduction in a double 

rice cropping system by applying biochar, and the results showed that the annual CH4 

emissions reduced by 20%‒51% following 24 or 48 t/ha biochar application. It was 

further found that biochar application significantly reduced the ratio of 

methanogen/methanotrophs in four years. According to a separate meta-analysis, the 

biochar amendment reduced CH4 emissions from paddy soils by 12% [122]. This is 

equivalent to an emission reduction of 74.9 MtCO2e, based on the estimated CH4 

emissions from rice cultivation [82]. However, a meta-analysis by Jeffery et al. [118] 

showed that biochar application had the potential to both increase and decrease soil CH4 

emissions and that water management was the critical determining factor. This article 

highlighted the importance of soil management conditions during biochar application, 

which is consistent with the previously mentioned active soil management.
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Table 4 

Representative examples of using biochar to reduce GHG emissions from agricultural soils. 

Type of biochar Type of GHG Reducing efficacy Reference 

Wheat straw biochar and pig 

manure biochar 

N2O Both biochars reduced N2O emissions by 12.9%‒20.0% at an application 

rate of 40 t/ha. 

[108] 

Rice straw biochar N2O The biochar reduced N2O emissions by 81% and 235% with 22.4 and 44.8 

t/ha biochar applications, respectively. 

[109] 

Hardwood tree (ash, oak, and 

cherry) biochar 

N2O With 28 t/ha biochar application, N2O emissions were reduced by 91% 

after four days. 

[123] 

Maize straw biochar N2O The biochar reduced N2O emissions by 31.5%‒42.4 % at an application 

rate of 3, 6, or 12 t/ha in the first maize season. 

[124] 

Wheat straw biochar CH4 With 24 and 48 t/ha biochar applications, annual CH4 emissions were 

reduced by 20%‒51%. 

[115] 

Wheat straw biochar CH4 With 48 t/ha biochar application, CH4 emissions were reduced by about 

40%. 

[125] 

Wheat straw biochar CH4 With 7.5 and 15 t/ha biochar applications, CH4 emissions were reduced by 

13.2% and 21.5%, respectively, in the presence of optimal nitrogen 

fertilization. 

[126] 

Rice straw biochar CH4 and N2O With 20 and 40 t/ha biochar applications, the global warming potential of 

CH4 and N2O (CO2e) emissions were reduced by 18.7% and 16.4%, 

respectively, under controlled irrigation over the two rice seasons. 

[127] 
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4.4. Strategy of biochar-based soil management for carbon neutrality 

Under the impact of natural and human activities, agricultural soil systems are not 

only important carbon sinks, but are also non-negligible emission sources of GHGs. 

Agricultural activities are responsible for the main non-CO2 GHG emission sources, 

including CH4 emissions from rice cultivation and N2O emissions from the application 

of nitrogenous fertilizers. Managing agricultural soils with biochar has great potential 

for emission reductions of CH4 and N2O, and for carbon sequestration. Although 

agriculture is not included in the key industries of carbon emissions in many countries, 

GHG emissions from agricultural activities matter. As an important factor of 

agricultural production, agricultural soil (arable land) plays a key role in both carbon 

emissions and carbon sequestration. Increasing the carbon sequestration capacity of 

agricultural soil systems by biochar application can be an effective way to help realize 

carbon neutrality. The basic strategy of biochar-based soil management for carbon 

neutrality is to reduce GHG emissions and increase soil carbon sinks via biochar 

production and application. The rice straw biochar is a typical example (Fig. 6). 

Utilizing rice straw for biochar production reduces CO2 emissions from open burning 

and natural decomposition, and reduces CH4 emissions from the straw that is directly 

returned to the field. The application of rice straw biochar for soil management further 

reduces the generation and release of CH4 and N2O, while significant amounts of carbon 

are stored in biochar. In summary, biochar-based soil management is carbon negative, 

but rational application methods to ensure the effects of emission reduction of non-CO2 

GHGs with biochar during soil management are still not sufficient. 
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5. Stability of biochar in soil 

The long-lasting effects of carbon sequestration and soil management functions of 

biochar is of great significance for its practical use. The stability of biochar refers to its 

capacity to resist biotic and abiotic damage in the environment. Generally, biochar is 

highly stable in soils and can effectively sequester carbon for hundreds or even 

thousands of years. For example, the mean residence time of the stable carbon in rice 

straw biochar in paddy soil was found to be about 617‒2829 years, indicating an 

excellent long-term effect of biochar for carbon sequestration [130]. Due to the high 

content of carbon, the primary consideration of biochar stability is the carbon stability 

or the stable carbon structures in biochar [131]. The carbon components of biochar are 

often described as labile carbon and stable carbon, with the stable carbon content 

generally accounting for 50%‒85% [132]. During the natural mineralization process of 

biochar, the labile aliphatic carbon components are more easily decomposed, while the 

stable aromatic carbon components that account for the majority of biochar slowly 

decompose in later phases of mineralization [133]. Based on a two-pool (labile and 

stable) model fitting, the mean residence time of labile biochar carbon in soil is only 3‒

57 days, while the stable carbon fractions can remain in soil for 90‒1616 years [134]. 

There are two main aspects of the stability mechanisms. First, the highly carbonized 

structure and closely stacked aromatic rings of biochar make it stable enough to resist 

destruction from physical erosion (such as swelling, abrasion, and water impact) and 

chemical decomposition (such as dissolution and oxidization) [135-137]. Thus, biochar 
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with a higher degree of aromatic condensation is typically more stable. Second, organic 

macromolecules in biochar may combine with soil minerals to form agglomerates, that 

protect the biochar from being degraded by physicochemical erosion and soil 

microorganisms [138, 139]. In summary, the excellent stability of biochar supports 

long-lasting carbon sequestration in the soil carbon sink. 

 

6. Considerations of economic and environmental benefits 

Though applying biochar into agricultural soil systems provides multiple 

environmental benefits, it is vital to develop the potential of economic profit 

simultaneously when popularizing biochar-based soil management technologies, 

because, currently, the use of commercial biochar as an independent agricultural input 

is not generally cost-effective [140]. Technological advances have partially reduced the 

production cost and price of biochar, but not to the point where it is profitable for 

farmers [141]. The main economic benefit for farmers is the crop yield increase after 

biochar application. However, many environmental benefits of biochar are unpriced 

positive externalities, and the carbon sequestration and GHG emission reduction 

benefits that are generated after biochar application may be credited to farmers. It is 

recommended that substantial economic profit from the environmental benefits of 

biochar could be obtained via a national carbon trading system, in which the 

government may return the benefits to farmers in the form of financial subsidies and 

incentivize farmers to implement biochar-based soil management [142]. By 

establishing a carbon trading market that includes biochar, the carbon sequestration and 
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GHG emission reduction benefits derived from biochar applications in soils can be 

recognized, and thus the profitability of biochar application increases. A case study of 

wheat production in the state of Washington in the United States shows that applying 

biochar to soil may be profitable if the biochar price is lower than $100.73/t when the 

carbon offset price is $31/tCO2, and farmers may be willing to use biochar in this case 

[143]. 

 

7. Conclusions 

Biochar is an excellent option for both agricultural soil management and climate 

change mitigation. Using biochar for soil management could help to retain moisture 

and preserve soil fertility, thus improving the crop growth and yield. The co-

precipitation effect and partitioning to non-carbonized fractions are respectively 

highlighted mechanisms by which biochar adsorbs HMs and organic pollutants, 

compared to other carbonaceous adsorbents. Broadcasting and furrow application are 

the primary methods for biochar application to agricultural soil, and wind loss and water 

erosion are the main problems in the field application of biochar. Biochar contributes 

to carbon neutrality through carbon sequestration and GHG emission reduction. The 

non-CO2 GHGs, including CH4 and N2O, are the CO2 equivalents that need to be 

neutralized in the agricultural soil system. The key to obtaining the carbon sequestration 

benefit of biochar is to apply biochar to soils through effective biochar-based soil 

management, which makes it an application-dependent strategy. The production of 

biochar can reduce CH4 and N2O from the generation sources, while the application of 
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biochar may inhibit the generation processes of these GHGs in soil. The aromatic 

carbon structure and agglomerates formed with soil particles are the main mechanisms 

underlying the long-term stability of biochar. The combined benefits of soil amendment, 

carbon sequestration, and GHG emission reduction simultaneously provided by biochar 

are the key to achieving a carbon-neutral application. Incorporating biochar into the 

carbon trading market can be a helpful way to facilitate the practice of biochar 

application in soil. 

 

  

Ac
ce
pt
ed
 M
S



36 
 

Acknowledgements 

This work was supported by the National Natural Science Foundation of China 

(U20A20323, 52100180, 51521006, 51909084, 51909085), the China National 

Postdoctoral Program for Innovative Talents (BX20200119), the Project funded by 

China Postdoctoral Science Foundation (2021M690961), and the Hunan Provincial 

Natural Science Foundation of China (2021JJ40087). 

  

Ac
ce
pt
ed
 M
S



37 
 

References 

[1] The State of Greenhouse Gases in the Atmosphere Based on Global Observations 

through 2019. WMO Greenhouse Gas Bulletin (GHG Bulletin). 2020;No. 

16:https://library.wmo.int/doc_num.php?explnum_id=10437. 

[2] Hugonnet R, McNabb R, Berthier E, Menounos B, Nuth C, Girod L, et al. 

Accelerated global glacier mass loss in the early twenty-first century. Nature. 

2021;592:726-31. 

[3] Wang X, Jiang D, Lang X. Future extreme climate changes linked to global warming 

intensity. Science Bulletin. 2017;62:1673-80. 

[4] Vanhala P, Repo A, Liski J. Forest bioenergy at the cost of carbon sequestration? 

Current Opinion in Environmental Sustainability. 2013;5:41-6. 

[5] Mallapaty S. How China could be carbon neutral by mid-century. Nature. 

2020;586:482-3. 

[6] Lokupitiya E, Paustian K. Agricultural Soil Greenhouse Gas Emissions. Journal of 

Environmental Quality. 2006;35:1413-27. 

[7] Scharlemann JPW, Tanner EVJ, Hiederer R, Kapos V. Global soil carbon: 

understanding and managing the largest terrestrial carbon pool. Carbon Management. 

2014;5:81-91. 

[8] Tang H, Liu Y, Li X, Muhammad A, Huang G. Carbon sequestration of cropland 

and paddy soils in China: potential, driving factors, and mechanisms. Greenhouse 

Gases: Science and Technology. 2019;9:872-85. 

[9] Lal R. Sequestering carbon in soils of agro-ecosystems. Food Policy. 2011;36:S33-

Ac
ce
pt
ed
 M
S



38 
 

S9. 

[10] Lal R, Negassa W, Lorenz K. Carbon sequestration in soil. Current Opinion in 

Environmental Sustainability. 2015;15:79-86. 

[11] Ritchie H, Roser M. "CO₂ and Greenhouse Gas Emissions". Published online at 

OurWorldInDataorg. 2020:Retrieved from: 'https://ourworldindata.org/co2-and-other-

greenhouse-gas-emissions' [Online Resource]  

[12] Bezerra J, Turnhout E, Vasquez IM, Rittl TF, Arts B, Kuyper TW. The promises of 

the Amazonian soil: shifts in discourses of Terra Preta and biochar. Journal of 

Environmental Policy & Planning. 2019;21:623-35. 

[13] Chen D, Huang J-F, Chen J-M, You Z-Q, Wang H, Wang X-S, et al. Autopsy and 

Forensic Study on a Rare Human Corpse Preserved Over Two Thousand Years: The 

Mawangdui Ancient Cadaver. Biopreservation and Biobanking. 2019;17:105-12. 

[14] Young LD, Fitz EB. Who are the 3 Per Cent? The Connections Among Climate 

Change Contrarians. British Journal of Political Science. 2021:1-20. 

[15] Seifritz W. Should we store carbon in charcoal? International Journal of Hydrogen 

Energy. 1993;18:405-7. 

[16] Sombroek WG, Nachtergaele FO, Hebel A. Amounts, dynamics and sequestering 

of carbon in tropical and subtropical soils. Ambio. 1993;22:417-26. 

[17] Bapat H, Manahan SE, Larsen DW. An activated carbon product prepared from 

milo (Sorghum vulgare) grain for use in hazardous waste gasification by ChemChar 

cocurrent flow gasification. Chemosphere. 1999;39:23-32. 

[18] Lehmann J, Gaunt J, Rondon M. Bio-char Sequestration in Terrestrial Ecosystems 

Ac
ce
pt
ed
 M
S



39 
 

– A Review. Mitigation and Adaptation Strategies for Global Change. 2006;11:403-27. 

[19] Marris E. Black is the new green. Nature. 2006;442:624-6. 

[20] Chen W. Inaugural editorial: pioneering the innovation and exploring the future 

for biochar technology. Biochar. 2019;1:1-. 

[21] Tan Z, Lin CSK, Ji X, Rainey TJ. Returning biochar to fields: A review. Applied 

Soil Ecology. 2017;116:1-11. 

[22] Lubwama M, Yiga VA, Muhairwe F, Kihedu J. Physical and combustion properties 

of agricultural residue bio-char bio-composite briquettes as sustainable domestic energy 

sources. Renewable Energy. 2020;148:1002-16. 

[23] Song J, Wang Y, Zhang S, Song Y, Xue S, Liu L, et al. Coupling biochar with 

anaerobic digestion in a circular economy perspective: A promising way to promote 

sustainable energy, environment and agriculture development in China. Renewable and 

Sustainable Energy Reviews. 2021;144:110973. 

[24] Woolf D, Amonette JE, Street-Perrott FA, Lehmann J, Joseph S. Sustainable 

biochar to mitigate global climate change. Nature Communications. 2010;1:56. 

[25] Latawiec AE, Królczyk JB, Kuboń M, Szwedziak K, Drosik A, Polańczyk E, et al. 

Willingness to Adopt Biochar in Agriculture: The Producer’s Perspective. 

Sustainability. 2017;9:655. 

[26] Ayub MA, Usman M, Faiz T, Umair M, ul Haq MA, Rizwan M, et al. Restoration 

of Degraded Soil for Sustainable Agriculture. In: Meena RS, editor. Soil Health 

Restoration and Management. Singapore: Springer Singapore; 2020. p. 31-81. 

[27] Alghamdi AG. Biochar as a potential soil additive for improving soil physical 

Ac
ce
pt
ed
 M
S



40 
 

properties—a review. Arabian Journal of Geosciences. 2018;11:766. 

[28] Fu Q, Zhao H, Li H, Li T, Hou R, Liu D, et al. Effects of biochar application during 

different periods on soil structures and water retention in seasonally frozen soil areas. 

Science of The Total Environment. 2019;694:133732. 

[29] Herawati A, Mujiyo, Syamsiyah J, Baldan SK, Arifin I. Application of soil 

amendments as a strategy for water holding capacity in sandy soils. IOP Conference 

Series: Earth and Environmental Science. 2021;724:012014. 

[30] Razzaghi F, Obour PB, Arthur E. Does biochar improve soil water retention? A 

systematic review and meta-analysis. Geoderma. 2020;361:114055. 

[31] Tang X, Zhou M, Fan C, Zeng G, Gong R, Xu Q, et al. Benzyl butyl phthalate 

activates prophage, threatening the stable operation of waste activated sludge anaerobic 

digestion. Science of The Total Environment. 2021;768:144470. 

[32] Laird D, Fleming P, Wang B, Horton R, Karlen D. Biochar impact on nutrient 

leaching from a Midwestern agricultural soil. Geoderma. 2010;158:436-42. 

[33] Xu N, Tan G, Wang H, Gai X. Effect of biochar additions to soil on nitrogen 

leaching, microbial biomass and bacterial community structure. European Journal of 

Soil Biology. 2016;74:1-8. 

[34] Zheng H, Wang Z, Deng X, Herbert S, Xing B. Impacts of adding biochar on 

nitrogen retention and bioavailability in agricultural soil. Geoderma. 2013;206:32-9. 

[35] Anderson CR, Condron LM, Clough TJ, Fiers M, Stewart A, Hill RA, et al. 

Biochar induced soil microbial community change: Implications for biogeochemical 

cycling of carbon, nitrogen and phosphorus. Pedobiologia. 2011;54:309-20. 

Ac
ce
pt
ed
 M
S



41 
 

[36] Pan S-Y, Dong C-D, Su J-F, Wang P-Y, Chen C-W, Chang J-S, et al. The Role of 

Biochar in Regulating the Carbon, Phosphorus, and Nitrogen Cycles Exemplified by 

Soil Systems. Sustainability. 2021;13:5612. 

[37] Prendergast-Miller MT, Duvall M, Sohi SP. Biochar–root interactions are mediated 

by biochar nutrient content and impacts on soil nutrient availability. European Journal 

of Soil Science. 2014;65:173-85. 

[38] Igalavithana AD, Ok YS, Usman ARA, Al-Wabel MI, Oleszczuk P, Lee SS. The 

Effects of Biochar Amendment on Soil Fertility.  Agricultural and Environmental 

Applications of Biochar: Advances and Barriers2016. p. 123-44. 

[39] Berek AK, Hue NV. Characterization of Biochars and Their Use as an Amendment 

to Acid Soils. Soil Science. 2016;181. 

[40] Wu S, Zhang Y, Tan Q, Sun X, Wei W, Hu C. Biochar is superior to lime in 

improving acidic soil properties and fruit quality of Satsuma mandarin. Science of The 

Total Environment. 2020;714:136722. 

[41] Yan P, Shen C, Zou Z, Fu J, Li X, Zhang L, et al. Biochar stimulates tea growth by 

improving nutrients in acidic soil. Scientia Horticulturae. 2021;283:110078. 

[42] Alengebawy A, Abdelkhalek ST, Qureshi SR, Wang M-Q. Heavy Metals and 

Pesticides Toxicity in Agricultural Soil and Plants: Ecological Risks and Human Health 

Implications. Toxics. 2021;9:42. 

[43] Wang H, Xia W, Lu P. Study on adsorption characteristics of biochar on heavy 

metals in soil. Korean Journal of Chemical Engineering. 2017;34:1867-73. 

[44] Uchimiya M, Wartelle LH, Boddu VM. Sorption of triazine and organophosphorus 

Ac
ce
pt
ed
 M
S



42 
 

pesticides on soil and biochar. Journal of Agricultural and Food Chemistry. 

2012;60:2989-97. 

[45] Gámiz B, Velarde P, Spokas KA, Celis R, Cox L. Changes in sorption and 

bioavailability of herbicides in soil amended with fresh and aged biochar. Geoderma. 

2019;337:341-9. 

[46] Mandal A, Singh N, Purakayastha TJ. Characterization of pesticide sorption 

behaviour of slow pyrolysis biochars as low cost adsorbent for atrazine and 

imidacloprid removal. Science of The Total Environment. 2017;577:376-85. 

[47] Deng J, Li X, Liu Y, Zeng G, Liang J, Song B, et al. Alginate-modified biochar 

derived from Ca(II)-impregnated biomass: Excellent anti-interference ability for Pb(II) 

removal. Ecotoxicology and Environmental Safety. 2018;165:211-8. 

[48] Deng J, Li X, Wei X, Liu Y, Liang J, Tang N, et al. Sulfamic acid modified 

hydrochar derived from sawdust for removal of benzotriazole and Cu(II) from aqueous 

solution: Adsorption behavior and mechanism. Bioresource Technology. 

2019;290:121765. 

[49] Yang H, Ye S, Zeng Z, Zeng G, Tan X, Xiao R, et al. Utilization of biochar for 

resource recovery from water: A review. Chemical Engineering Journal. 

2020;397:125502. 

[50] Xu X, Cao X, Zhao L. Comparison of rice husk- and dairy manure-derived 

biochars for simultaneously removing heavy metals from aqueous solutions: Role of 

mineral components in biochars. Chemosphere. 2013;92:955-61. 

[51] Rees F, Simonnot MO, Morel JL. Short-term effects of biochar on soil heavy metal 

Ac
ce
pt
ed
 M
S



43 
 

mobility are controlled by intra-particle diffusion and soil pH increase. European 

Journal of Soil Science. 2014;65:149-61. 

[52] Deng Y, Huang S, Dong C, Meng Z, Wang X. Competitive adsorption behaviour 

and mechanisms of cadmium, nickel and ammonium from aqueous solution by fresh 

and ageing rice straw biochars. Bioresource Technology. 2020;303:122853. 

[53] Yang Y, Ye S, Zhang C, Zeng G, Tan X, Song B, et al. Application of biochar for 

the remediation of polluted sediments. Journal of Hazardous Materials. 

2021;404:124052. 

[54] Devi P, Saroha AK. Effect of pyrolysis temperature on polycyclic aromatic 

hydrocarbons toxicity and sorption behaviour of biochars prepared by pyrolysis of 

paper mill effluent treatment plant sludge. Bioresource Technology. 2015;192:312-20. 

[55] Xiao X, Chen B, Chen Z, Zhu L, Schnoor JL. Insight into Multiple and Multilevel 

Structures of Biochars and Their Potential Environmental Applications: A Critical 

Review. Environmental Science & Technology. 2018;52:5027-47. 

[56] Chen B, Zhou D, Zhu L. Transitional Adsorption and Partition of Nonpolar and 

Polar Aromatic Contaminants by Biochars of Pine Needles with Different Pyrolytic 

Temperatures. Environmental Science & Technology. 2008;42:5137-43. 

[57] Zhao J, Zhou D, Zhang J, Li F, Chu G, Wu M, et al. The contrasting role of minerals 

in biochars in bisphenol A and sulfamethoxazole sorption. Chemosphere. 

2021;264:128490. 

[58] Raul C, Bharti VS, Dar Jaffer Y, Lenka S, Krishna G. Sugarcane bagasse biochar: 

Suitable amendment for inland aquaculture soils. Aquaculture Research. 2021;52:643-

Ac
ce
pt
ed
 M
S



44 
 

54. 

[59] Lusiba S, Odhiambo J, Ogola J. Growth, yield and water use efficiency of chickpea 

(Cicer arietinum): response to biochar and phosphorus fertilizer application. Archives 

of Agronomy and Soil Science. 2018;64:819-33. 

[60] Rahman MA, Jahiruddin M, Kader MA, Islam MR, Solaiman ZM. Sugarcane 

bagasse biochar increases soil carbon sequestration and yields of maize and groundnut 

in charland ecosystem. Archives of Agronomy and Soil Science. 2021:1-14. 

[61] Novak JM, Ippolito JA, Watts DW, Sigua GC, Ducey TF, Johnson MG. Biochar 

compost blends facilitate switchgrass growth in mine soils by reducing Cd and Zn 

bioavailability. Biochar. 2019;1:97-114. 

[62] Liang J, Tang S, Gong J, Zeng G, Tang W, Song B, et al. Responses of enzymatic 

activity and microbial communities to biochar/compost amendment in 

sulfamethoxazole polluted wetland soil. Journal of Hazardous Materials. 

2020;385:121533. 

[63] Romero CM, Li C, Owens J, Ribeiro GO, McAllister TA, Okine E, et al. Nutrient 

cycling and greenhouse gas emissions from soil amended with biochar-manure 

mixtures. Pedosphere. 2021;31:289-302. 

[64] Novak JM, Ippolito JA, Ducey TF, Watts DW, Spokas KA, Trippe KM, et al. 

Remediation of an acidic mine spoil: Miscanthus biochar and lime amendment affects 

metal availability, plant growth, and soil enzyme activity. Chemosphere. 2018;205:709-

18. 

[65] An X, Wu Z, Shi W, Qi H, Zhang L, Xu X, et al. Biochar for simultaneously 

Ac
ce
pt
ed
 M
S



45 
 

enhancing the slow-release performance of fertilizers and minimizing the pollution of 

pesticides. Journal of Hazardous Materials. 2021;407:124865. 

[66] Husk B, Major J. Commercial scale agricultural biochar field trial in Québec, 

Canada over two years: effects of biochar on soil fertility, biology and crop productivity 

and quality. Dynamotive Energy Systems. 2010. 

[67] Krishnakumar S, Kumar SR, Mariappan N, Surendar KK. Biochar-boon to soil 

health and crop production. African Journal of Agricultural Research. 2013;8:4726-39. 

[68] Wang C, Walter MT, Parlange JY. Modeling simple experiments of biochar erosion 

from soil. Journal of Hydrology. 2013;499:140-5. 

[69] Rumpel C, Chaplot V, Planchon O, Bernadou J, Valentin C, Mariotti A. Preferential 

erosion of black carbon on steep slopes with slash and burn agriculture. CATENA. 

2006;65:30-40. 

[70] Bellè SL, Berhe AA, Hagedorn F, Santin C, Schiedung M, van Meerveld I, et al. 

Key drivers of pyrogenic carbon redistribution during a simulated rainfall event. 

Biogeosciences. 2021;18:1105-26. 

[71] Dai C, Liu Y, Wang T, Li Z, Zhou Y. Exploring optimal measures to reduce soil 

erosion and nutrient losses in southern China. Agricultural Water Management. 

2018;210:41-8. 

[72] Guo M. The 3R Principles for Applying Biochar to Improve Soil Health. Soil 

Systems. 2020;4:9. 

[73] Zheng R, Sun G, Li C, Reid BJ, Xie Z, Zhang B, et al. Mitigating cadmium 

accumulation in greenhouse lettuce production using biochar. Environmental Science 

Ac
ce
pt
ed
 M
S



46 
 

and Pollution Research. 2017;24:6532-42. 

[74] Sorensen RB, Lamb MC. Return on investment from biochar application. Crops & 

Soils. 2019;52:36-41. 

[75] Phillips CL, Trippe K, Reardon C, Mellbye B, Griffith SM, Banowetz GM, et al. 

Physical feasibility of biochar production and utilization at a farm-scale: A case-study 

in non-irrigated seed production. Biomass and Bioenergy. 2018;108:244-51. 

[76] Ran C, Gulaqa A, Zhu J, Wang X, Zhang S, Geng Y, et al. Benefits of Biochar for 

Improving Ion Contents, Cell Membrane Permeability, Leaf Water Status and Yield of 

Rice Under Saline–Sodic Paddy Field Condition. Journal of Plant Growth Regulation. 

2020;39:370-7. 

[77] Whalen JK, Benslim H, Elmi AA, Husk BR. Earthworm populations are stable in 

temperate agricultural soils receiving wood-based biochar. Pedosphere. 2021;31:398-

404. 

[78] Song L, Hou L, Zhang Y, Li Z, Wang W, Sun Q. Regular Biochar and Bacteria-

Inoculated Biochar Alter the Composition of the Microbial Community in the Soil of a 

Chinese Fir Plantation. Forests. 2020;11:951. 

[79] Kamau S, Karanja NK, Ayuke FO, Lehmann J. Short-term influence of biochar 

and fertilizer-biochar blends on soil nutrients, fauna and maize growth. Biology and 

Fertility of Soils. 2019;55:661-73. 

[80] Huang N, Wang L, Song X-P, Black TA, Jassal RS, Myneni RB, et al. Spatial and 

temporal variations in global soil respiration and their relationships with climate and 

land cover. Science Advances. 2020;6:eabb8508. 

Ac
ce
pt
ed
 M
S



47 
 

[81] Smith P. MB, H. Ahammad, H. Clark, H. Dong, E.A. Elsiddig, H. Haberl, R. 

Harper, J. House, M. Jafari, O. Masera, C. Mbow, N.H. Ravindranath, C.W. Rice, C. 

Robledo Abad, A. Romanovskaya, F. Sperling, and F. Tubiello. Agriculture, Forestry 

and Other Land Use (AFOLU). In: Edenhofer O, R. Pichs-Madruga, Y. Sokona, E. 

Farahani, S. Kadner, K. Seyboth, A. Adler, I. Baum, S. Brunner, P. Eickemeier, B. 

Kriemann, J. Savolainen, S. Schlömer, C. von Stechow, T. Zwickel and J.C. Minx editor. 

Climate Change 2014: Mitigation of Climate Change Contribution of Working Group 

III to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change. 

Cambridge, United Kingdom and New York, NY, USA: Cambridge University Press; 

2014. 

[82] Global Non-CO2 Greenhouse Gas Emission Projections & Mitigation: 2015-2050. 

Washington, DC 20005: United States Environmental Protection Agency; 2019. 

[83] China MoEaEotPsRo. The Second Biennial Update Report on Climate Change of 

the People's Republic of China. 

2018:http://www.mee.gov.cn/ywgz/ydqhbh/wsqtkz/201907/P02019070176597186657

1.pdf. 

[84] Yan H, Cao M, Liu J, Tao B. Potential and sustainability for carbon sequestration 

with improved soil management in agricultural soils of China. Agriculture, Ecosystems 

& Environment. 2007;121:325-35. 

[85] Lal R, Follett RF, Stewart BA, Kimble JM. Soil carbon sequestration to mitigate 

climate change and advance food security. Soil Science. 2007;172:943-56. 

[86] Köchy M, Hiederer R, Freibauer A. Global distribution of soil organic carbon – 

Ac
ce
pt
ed
 M
S



48 
 

Part 1: Masses and frequency distributions of SOC stocks for the tropics, permafrost 

regions, wetlands, and the world. SOIL. 2015;1:351-65. 

[87] Zomer RJ, Bossio DA, Sommer R, Verchot LV. Global Sequestration Potential of 

Increased Organic Carbon in Cropland Soils. Scientific Reports. 2017;7:15554. 

[88] Lehmann J. A handful of carbon. Nature. 2007;447:143-4. 

[89] Matovic D. Biochar as a viable carbon sequestration option: Global and Canadian 

perspective. Energy. 2011;36:2011-6. 

[90] Feng D, Wang S, Zhang Y, Zhao Y, Sun S, Chang G, et al. Review of Carbon 

Fixation Evaluation and Emission Reduction Effectiveness for Biochar in China. 

Energy & Fuels. 2020;34:10583-606. 

[91] Lefebvre D, Williams A, Meersmans J, Kirk GJD, Sohi S, Goglio P, et al. 

Modelling the potential for soil carbon sequestration using biochar from sugarcane 

residues in Brazil. Scientific Reports. 2020;10:19479. 

[92] Yang Q, Mašek O, Zhao L, Nan H, Yu S, Yin J, et al. Country-level potential of 

carbon sequestration and environmental benefits by utilizing crop residues for biochar 

implementation. Applied Energy. 2021;282:116275. 

[93] Yang W, Feng G, Miles D, Gao L, Jia Y, Li C, et al. Impact of biochar on 

greenhouse gas emissions and soil carbon sequestration in corn grown under drip 

irrigation with mulching. Science of The Total Environment. 2020;729:138752. 

[94] Windeatt JH, Ross AB, Williams PT, Forster PM, Nahil MA, Singh S. 

Characteristics of biochars from crop residues: Potential for carbon sequestration and 

soil amendment. Journal of Environmental Management. 2014;146:189-97. 

Ac
ce
pt
ed
 M
S



49 
 

[95] Shin J, Jang E, Park S, Ravindran B, Chang SW. Agro-environmental impacts, 

carbon sequestration and profit analysis of blended biochar pellet application in the 

paddy soil-water system. Journal of Environmental Management. 2019;244:92-8. 

[96] Han J, Zhang A, Kang Y, Han J, Yang B, Hussain Q, et al. Biochar promotes soil 

organic carbon sequestration and reduces net global warming potential in apple orchard: 

A two-year study in the Loess Plateau of China. Science of The Total Environment. 

2022;803:150035. 

[97] Xu L, Fang H, Deng X, Ying J, Lv W, Shi Y, et al. Biochar application increased 

ecosystem carbon sequestration capacity in a Moso bamboo forest. Forest Ecology and 

Management. 2020;475:118447. 

[98] Liu H, Ding Y, Zhang Q, Liu X, Xu J, Li Y, et al. Heterotrophic nitrification and 

denitrification are the main sources of nitrous oxide in two paddy soils. Plant and Soil. 

2019;445:39-53. 

[99] Song Y, Li Y, Cai Y, Fu S, Luo Y, Wang H, et al. Biochar decreases soil N2O 

emissions in Moso bamboo plantations through decreasing labile N concentrations, N-

cycling enzyme activities and nitrification/denitrification rates. Geoderma. 

2019;348:135-45. 

[100] Güereña DT, Lehmann J, Thies JE, Enders A, Karanja N, Neufeldt H. Partitioning 

the contributions of biochar properties to enhanced biological nitrogen fixation in 

common bean (Phaseolus vulgaris). Biology and Fertility of Soils. 2015;51:479-91. 

[101] Harter J, Krause H-M, Schuettler S, Ruser R, Fromme M, Scholten T, et al. 

Linking N2O emissions from biochar-amended soil to the structure and function of the 

Ac
ce
pt
ed
 M
S



50 
 

N-cycling microbial community. The ISME Journal. 2014;8:660-74. 

[102] Feng Z, Sheng Y, Cai F, Wang W, Zhu L. Separated pathways for biochar to affect 

soil N2O emission under different moisture contents. Science of The Total Environment. 

2018;645:887-94. 

[103] Liu Q, Liu B, Zhang Y, Lin Z, Zhu T, Sun R, et al. Can biochar alleviate soil 

compaction stress on wheat growth and mitigate soil N2O emissions? Soil Biology and 

Biochemistry. 2017;104:8-17. 

[104] Wang J, Chen Z, Xiong Z, Chen C, Xu X, Zhou Q, et al. Effects of biochar 

amendment on greenhouse gas emissions, net ecosystem carbon budget and properties 

of an acidic soil under intensive vegetable production. Soil Use and Management. 

2015;31:375-83. 

[105] Thers H, Abalos D, Dörsch P, Elsgaard L. Nitrous oxide emissions from oilseed 

rape cultivation were unaffected by flash pyrolysis biochar of different type, rate and 

field ageing. Science of The Total Environment. 2020;724:138140. 

[106] Sánchez-García M, Roig A, Sánchez-Monedero MA, Cayuela ML. Biochar 

increases soil N2O emissions produced by nitrification-mediated pathways. Frontiers 

in Environmental Science. 2014;2. 

[107] Feng Z, Zhu L. Impact of biochar on soil N2O emissions under different biochar-

carbon/fertilizer-nitrogen ratios at a constant moisture condition on a silt loam soil. 

Science of The Total Environment. 2017;584-585:776-82. 

[108] Fan C, Duan P, Zhang X, Shen H, Chen M, Xiong Z. Mechanisms underlying the 

mitigation of both N2O and NO emissions with field-aged biochar in an Anthrosol. 

Ac
ce
pt
ed
 M
S



51 
 

Geoderma. 2020;364:114178. 

[109] Aamer M, Shaaban M, Hassan MU, Guoqin H, Ying L, Hai Ying T, et al. Biochar 

mitigates the N2O emissions from acidic soil by increasing the nosZ and nirK gene 

abundance and soil pH. Journal of Environmental Management. 2020;255:109891. 

[110] Verhoeven E, Pereira E, Decock C, Suddick E, Angst T, Six J. Toward a Better 

Assessment of Biochar–Nitrous Oxide Mitigation Potential at the Field Scale. Journal 

of Environmental Quality. 2017;46:237-46. 

[111] Cayuela ML, Jeffery S, van Zwieten L. The molar H:Corg ratio of biochar is a 

key factor in mitigating N2O emissions from soil. Agriculture, Ecosystems & 

Environment. 2015;202:135-8. 

[112] Borchard N, Schirrmann M, Cayuela ML, Kammann C, Wrage-Mönnig N, 

Estavillo JM, et al. Biochar, soil and land-use interactions that reduce nitrate leaching 

and N2O emissions: A meta-analysis. Science of The Total Environment. 

2019;651:2354-64. 

[113] Cayuela ML, van Zwieten L, Singh BP, Jeffery S, Roig A, Sánchez-Monedero 

MA. Biochar's role in mitigating soil nitrous oxide emissions: A review and meta-

analysis. Agriculture, Ecosystems & Environment. 2014;191:5-16. 

[114] Malyan SK, Bhatia A, Kumar A, Gupta DK, Singh R, Kumar SS, et al. Methane 

production, oxidation and mitigation: A mechanistic understanding and comprehensive 

evaluation of influencing factors. Science of The Total Environment. 2016;572:874-96. 

[115] Wang C, Shen J, Liu J, Qin H, Yuan Q, Fan F, et al. Microbial mechanisms in the 

reduction of CH4 emission from double rice cropping system amended by biochar: A 

Ac
ce
pt
ed
 M
S



52 
 

four-year study. Soil Biology and Biochemistry. 2019;135:251-63. 

[116] Chiu CF, Huang ZD. Microbial Methane Oxidation and Gas Adsorption 

Capacities of Biochar-Modified Soils. International Journal of Geosynthetics and 

Ground Engineering. 2020;6:24. 

[117] Zhang X, Xia J, Pu J, Cai C, Tyson GW, Yuan Z, et al. Biochar-Mediated 

Anaerobic Oxidation of Methane. Environmental Science & Technology. 

2019;53:6660-8. 

[118] Jeffery S, Verheijen FGA, Kammann C, Abalos D. Biochar effects on methane 

emissions from soils: A meta-analysis. Soil Biology and Biochemistry. 2016;101:251-

8. 

[119] Chen D, Wang C, Shen J, Li Y, Wu J. Response of CH4 emissions to straw and 

biochar applications in double-rice cropping systems: Insights from observations and 

modeling. Environmental Pollution. 2018;235:95-103. 

[120] Ribas A, Mattana S, Llurba R, Debouk H, Sebastià MT, Domene X. Biochar 

application and summer temperatures reduce N2O and enhance CH4 emissions in a 

Mediterranean agroecosystem: Role of biologically-induced anoxic microsites. Science 

of The Total Environment. 2019;685:1075-86. 

[121] Qi L, Pokharel P, Chang SX, Zhou P, Niu H, He X, et al. Biochar application 

increased methane emission, soil carbon storage and net ecosystem carbon budget in a 

2-year vegetable–rice rotation. Agriculture, Ecosystems & Environment. 

2020;292:106831. 

[122] Ji C, Jin Y, Li C, Chen J, Kong D, Yu K, et al. Variation in Soil Methane Release 

Ac
ce
pt
ed
 M
S



53 
 

or Uptake Responses to Biochar Amendment: A Separate Meta-analysis. Ecosystems. 

2018;21:1692-705. 

[123] Case SDC, McNamara NP, Reay DS, Stott AW, Grant HK, Whitaker J. Biochar 

suppresses N2O emissions while maintaining N availability in a sandy loam soil. Soil 

Biology and Biochemistry. 2015;81:178-85. 

[124] Liao X, Niu Y, Liu D, Chen Z, He T, Luo J, et al. Four-year continuous residual 

effects of biochar application to a sandy loam soil on crop yield and N2O and NO 

emissions under maize-wheat rotation. Agriculture, Ecosystems & Environment. 

2020;302:107109. 

[125] Liu J, Shen J, Li Y, Su Y, Ge T, Jones DL, et al. Effects of biochar amendment on 

the net greenhouse gas emission and greenhouse gas intensity in a Chinese double rice 

cropping system. European Journal of Soil Biology. 2014;65:30-9. 

[126] He T, Yuan J, Luo J, Lindsey S, Xiang J, Lin Y, et al. Combined application of 

biochar with urease and nitrification inhibitors have synergistic effects on mitigating 

CH4 emissions in rice field: A three-year study. Science of The Total Environment. 

2020;743:140500. 

[127] Yang s, Xiao Yn, Sun X, Ding J, Jiang Z, Xu J. Biochar improved rice yield and 

mitigated CH4 and N2O emissions from paddy field under controlled irrigation in the 

Taihu Lake Region of China. Atmospheric Environment. 2019;200:69-77. 

[128] Leppäkoski L, Marttila MP, Uusitalo V, Levänen J, Halonen V, Mikkilä MH. 

Assessing the Carbon Footprint of Biochar from Willow Grown on Marginal Lands in 

Finland. Sustainability. 2021;13:10097. 

Ac
ce
pt
ed
 M
S



54 
 

[129] Ong SH, Tan RR, Andiappan V. Optimisation of biochar-based supply chains for 

negative emissions and resource savings in carbon management networks. Clean 

Technologies and Environmental Policy. 2021;23:621-38. 

[130] Wu M, Han X, Zhong T, Yuan M, Wu W. Soil organic carbon content affects the 

stability of biochar in paddy soil. Agriculture, Ecosystems & Environment. 

2016;223:59-66. 

[131] Leng L, Huang H, Li H, Li J, Zhou W. Biochar stability assessment methods: A 

review. Science of The Total Environment. 2019;647:210-22. 

[132] Hammond J, Shackley S, Sohi S, Brownsort P. Prospective life cycle carbon 

abatement for pyrolysis biochar systems in the UK. Energy Policy. 2011;39:2646-55. 

[133] Kuzyakov Y, Bogomolova I, Glaser B. Biochar stability in soil: Decomposition 

during eight years and transformation as assessed by compound-specific 14C analysis. 

Soil Biology and Biochemistry. 2014;70:229-36. 

[134] Singh BP, Cowie AL, Smernik RJ. Biochar Carbon Stability in a Clayey Soil As 

a Function of Feedstock and Pyrolysis Temperature. Environmental Science & 

Technology. 2012;46:11770-8. 

[135] Spokas KA, Novak JM, Masiello CA, Johnson MG, Colosky EC, Ippolito JA, et 

al. Physical Disintegration of Biochar: An Overlooked Process. Environmental Science 

& Technology Letters. 2014;1:326-32. 

[136] Fu H, Liu H, Mao J, Chu W, Li Q, Alvarez PJJ, et al. Photochemistry of Dissolved 

Black Carbon Released from Biochar: Reactive Oxygen Species Generation and 

Phototransformation. Environmental Science & Technology. 2016;50:1218-26. 

Ac
ce
pt
ed
 M
S



55 
 

[137] Liu Z, Demisie W, Zhang M. Simulated degradation of biochar and its potential 

environmental implications. Environmental Pollution. 2013;179:146-52. 

[138] Yang F, Zhao L, Gao B, Xu X, Cao X. The Interfacial Behavior between Biochar 

and Soil Minerals and Its Effect on Biochar Stability. Environmental Science & 

Technology. 2016;50:2264-71. 

[139] Zhang Q, Du Z, Lou Y, He X. A one-year short-term biochar application improved 

carbon accumulation in large macroaggregate fractions. CATENA. 2015;127:26-31. 

[140] Clare A, Barnes A, McDonagh J, Shackley S. From rhetoric to reality: farmer 

perspectives on the economic potential of biochar in China. International Journal of 

Agricultural Sustainability. 2014;12:440-58. 

[141] Vochozka M, Maroušková A, Váchal J, Straková J. Biochar pricing hampers 

biochar farming. Clean Technologies and Environmental Policy. 2016;18:1225-31. 

[142] Meng J, He T, Sanganyado E, Lan Y, Zhang W, Han X, et al. Development of the 

straw biochar returning concept in China. Biochar. 2019;1:139-49. 

[143] Galinato SP, Yoder JK, Granatstein D. The economic value of biochar in crop 

production and carbon sequestration. Energy Policy. 2011;39:6344-50. Ac
ce
pt
ed
 M
S




