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Abstract

:

The global exponential rise in greenhouse gas (GHG) emissions over the last few decades has triggered an urgent need to contextualize low-cost and evergreen technologies for restraining GHG production and enhancing soil carbon sink. GHGs can be mitigated via incorporating biochar into soil matrix to sequestrate the mineralized carbon in a stable form upon organic matter decomposition in soil. However, the efficiency of using biochar to offset GHG emissions from soil and terrestrial ecosystems is still debatable. Moreover, in the literature, biochar shows high functionality in restraining GHG emissions in short-term laboratory studies, but it shows minimal or negative impacts in field-scale experiments, leading to conflicting results. This paper synthesizes information on the ability of biochar to mitigate carbon dioxide (CO2), nitrous oxide (N2O), and methane (CH4) emissions from soil and organic biomass, with an emphasis on cropland soils. The feedstock type, pyrolysis temperature, and application rate factors showed significant effects on controlling the effectiveness of biochar in restraining GHG emissions. Our study demonstrates that biochar, taken as a whole, can be seen as a powerful and easy-to-use tool for halting the rising tide of greenhouse gas emissions. Nonetheless, future research should focus on (i) identifying other indirect factors related to soil physicochemical characters (such as soil pH/EH and CaCO3 contents) that may control the functionality of biochar, (ii) fabricating aged biochars with low carbon and nitrogen footprints, and (iii) functionalizing biologically activated biochars to suppress CO2, CH4, and N2O emissions. Overall, our paradoxical findings highlight the urgent need to functionalize modern biochars with a high capacity to abate GHG emissions via locking up their release from soil into the carbonaceous lattice of biochar.
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1. Introduction


The exponential increase in greenhouse gas (GHG) emissions following anthropogenic activities in the last few decades has caused a pronounced rise in climatic changes with consequent environmental crises in global warming, drought, salinity, biodiversity, and diseases [1]. Human agricultural practices account for about 13.5% of global GHG emissions, including 80.4 petagrams of CO2 per year (11 times the current rate of fossil fuel combustion), and about 63% of the world’s non–CO2 GHG emissions, including 84% of global N2O and 54% of global CH4 emissions [2]. Other indirect emissions, such as those from machinery and transportation, are also produced by common agricultural practices. The greenhouse effect, which raises the earth’s temperature, is caused when the produced GHGs trap infrared (IR) radiation that is emitted from the earth’s surface [3]. It was reported that seven countries (China, USA, India, Australia, Brazil, Canada, and Chile) contribute to producing more than 50% of the world’s total soil emissions, and about 49% of the agricultural–related emissions [4]. Since irrigated agriculture is the dominant cultivation system in arid and semi-arid regions, large amounts of GHGs are emitted due to different agricultural practices including manure application, rice cultivation, enteric fermentation, burning crop residues, manure storage in the open air, and using energy for operating irrigated pumps [5]. Egypt’s GHG emissions (as an example for arid countries) increased rapidly to more than 133% between 1990 and 2012, with a total emission of around 318 million tonnes eq. CO2 [6].



Although agriculture led to substantial increases in GHGs, some agricultural practices could have significant impacts on reducing these emissions. Agriculture can make considerable contributions to mitigating GHG emissions in the atmosphere by (i) increasing soil organic carbon sinks, (ii) reducing the carbon and nitrogen footprint of soil organic amendments, (iii) recycling crop residues into value-added products instead of burning, and (iv) reducing GHG emissions generated during organic matter decomposition [7,8,9]. Pyrolysis has received attention recently as an effective method of treating organic waste and agricultural byproducts. Thermal processing of agricultural crop residues lowers waste volume and transportation costs while producing value-added products. Biochar has become a focal point of multidisciplinary study over the last decade as a solution to various worldwide challenges due to its high functionality, non-sophisticated processing, and renewability potential. Biochar is a charcoal-like substance made from pyrolyzed biomass intended for utilization as a soil improver. It has been credited with multiple benefits, including its abilities to improve the fertility and water-holding capacity of soil, protect water quality, capture greenhouse gases, generate carbon neutral energy, and increase agricultural output, as well as its contributions to carbon sequestration and the removal of pathogens [10,11,12,13]. The appropriate pyrolysis technology for biochar production should be considered based on the targeted field of application. Slow pyrolysis is the most common technique for biochar production, with a pyrolysis temperature ranging between 300 and 700 °C at a long residence time (300 to 7200 s) and low heating rate (0.1 to 1 °C/s) [14]. Fast pyrolysis is operated at high pyrolysis temperature within the range of 500–1200 °C at a high heating rate (10–200 °C/s) [15]. Flash pyrolysis, however, features a higher pyrolysis temperature (>900 °C) and heating rate (>1000 °C/s) [16]. Vacuum pyrolysis is another technique, in which biomass is converted under sub-atmospheric pressure (pyrolysis temperature, heating rate, and pressure are within the ranges of 300–700 °C, 0.1–1 °C/s, and 0.01–0.20 MPa, respectively) [17]. Hydro-pyrolysis is another technology, which involves using a high-pressure hydrogen atmospheric condition inside the pyrolysis reactor (pyrolysis temperature = 350–600 °C, heating rate = 10–300 °C/s, pressure = 10–17 MPa, and residence time > 60 s) [18]. Unlike other pyrolysis techniques, the heating energy in microwave pyrolysis penetrates the carbonaceous biomass and causes a vibration in their internal molecules [19].



The high functionality of biochar, including its physical properties (porosity, large surface area, and high water-holding capacity) as well as its chemical properties (abundance of oxygen-containing functional groups, surface charge, and pH-modulating effect), suggests its potential utilization in reducing GHG emissions [20]. However, a great deal of uncertainty remains surrounding the competitiveness of biochar with traditional soil amendments (e.g., compost and farmyard manures) given its low nutrient content and high pH value [21]. Additionally, the efficacy of pristine biochar for restraining GHG emissions under field-scale applications is still questionable. The wide range of variation between biochars depends upon the multiplicity of factors that underlie thermochemical conversion of organic biomass [22,23,24]. The novelty of this review relies on assessing the key factors that might impede the functionality of biochar in restraining GHG emissions. In addition, this review highlights the urgent need to develop fit-for-purpose forms of functionalized biochars tailored to improving soil carbon sink and restraining GHG emissions from soil matrix.



Several key factors control the properties of biochar and its effectiveness in reducing GHG emissions, including (i) feedstock type (e.g., agricultural wastes, sludge and manures, algal biomass, and crustacean shell wastes), (ii) pyrolysis type (slow/fast pyrolysis, flash pyrolysis, microwave pyrolysis, vacuum pyrolysis, and hydro-pyrolysis), (iii) thermal processing protocol (e.g., heating rate, pressure and carries gas, residence time, and reactor design), and (iv) soil application rates and methods (e.g., broadcasting, in-furrow, or mixture with soil amendments) [25]. Consequently, biochar functionalization has emerged as a new trend, providing a roadmap for enhancing the competitiveness of biochar and its sustainable soil application for reducing GHG emissions.



In this review, we aimed to (i) summarize the recent research undertaken to remove CO2, N2O, and CH4 emissions from soil and terrestrial ecosystems; (ii) review the anomalies and similarities among several investigations of factors affecting the efficiency of biochar in restraining GHG emissions; (iii) examine research done to lessen greenhouse gas emissions from the composting process; and (iv) highlight recent attempts undertaken to functionalize modern biochars with high capacity to achieve neutrality of carbon/nitrogen and net zero emissions. This review will help the academic/research community, as well as decision-making entities and environmental agencies, in establishing a decision-making framework for the large-scale application of biochar to mitigate GHG emissions. Overall, this review synthesizes data from different dimensions of biochar utilization for achieving carbon neutrality and reducing GHG emissions from agricultural ecosystems.




2. Bibliographic Data Collection


Books, book chapters, research articles, review articles, and proceedings were all scoured for this review. All selected sources were written in English and published within the last decade (2010 onwards). All of these articles came straight from reputable sources (e.g., Scopus, Web of Science, ProQuest, EBSCO, and JSTOR). Figure 1 shows a sample of the growing body of literature in the Scopus database on the topic of using biochar to mitigate agricultural GHG emissions. In our review, the International Biochar Initiative (IBI), the United States Department of Agriculture (USDA), and the European Environment Agency all contributed to the credibility of our review by providing official reports, statistics, and proceedings. Use of Get-Data Graph Digitizer (ver. 2.22, Russian Federation) allowed us to convert the data visualizations into corresponding numerical values. In this review, biochar + carbon dioxide emissions, biochar + nitrogen oxide emissions, biochar + chlorofluorocarbon emissions, biochar + soil + carbon dioxide emissions, biochar + soil + nitrogen oxide emissions, and biochar + soil + chlorofluorocarbon emissions were the initial search keywords. In addition, a number of meta-analyses were reported from a variety of published articles to establish a solid assessment of the current state of the potential use of biochar for limiting GHG emissions and the prospects for this direction.




3. Effect of Biochar Application on Reducing GHG Emissions from Soil and Terrestrial Ecosystems


The research on biochar has attained significant momentum over the last decade. However, research related to field-scale applications has rarely been approached, highlighting the need for systematic efforts to fabricate end-use-appropriate biochars. The efficiency of biochar in reducing GHG emissions as compared with other soil amendments is summarized in Table 1. Endowed with unique functionality, biochar has been introduced as a promising adsorbent able to abate GHG emissions. Attempts have been undertaken to deploy biochar and its derivatives for mitigating CO2, N2O, and CH4 emissions (Table 2). A comprehensive discussion of the mechanisms involved in CO2, N2O, and CH4 emissions by biochar is provided below based on recent published results.



3.1. Effect of Biochar Application on Reducing CO2 Emissions


Biochar exhibits a high potential for soil carbon sequestration given its high and resistant carbon content (particularly when its oxygen:carbon ratio is less than 0.2), prevalence of aromatic structures, and abundance of active functional groups, which improves its recalcitrant nature against decomposition in soil [33]. The carbon footprint of biochar ranges between 0.04 tCO2eq (net emissions) and 1.67 tCO2eq per t of biomass (net reduction) based on the feedstock type, system boundaries, and modalities of life cycle assessment studies [34]. Upon its soil application, biochar tends to change soil physical characteristics (e.g., water-holding capacity and bulk density) given its low skeletal density and higher surface area compared with particles of soil matrix [35,36]. The key role of biochar in modulating the pore structure parameters of soil (porosity, pore size distribution, connectivity, anisotropy, and fractal dimension) was a significant mechanism involved in restraining CO2 emissions [37]. According to literature data, the overall average ability of biochar to reduce CO2 emissions is −0.43%. This poor efficiency highlights the critical need to functionalize contemporary biochars with greater sorption capacity (Figure 2).
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Table 2. Effect of biochar application on mitigating GHG emissions under field conditions.






Table 2. Effect of biochar application on mitigating GHG emissions under field conditions.





	
Country

	
Soil Properties

	
Biochar Feedstock

	
Pyrolysis temp. (°C)

	
Application Rate (Mg ha−1)

	
Cultivated

Crop

	
Years of Study

	
Yield (%) Compared with Control

	
GHG emissions Rate (%) Compared with Control

	
Reference




	
Texture

	
pH

	
EC

ds m−1

	
OC

g kg−1

	
CO2

	
N2O

	
CH4






	
Australia

	
Clay loam

	
4.6

	
-

	
4.5

	
Cattle feedlot waste

	
550

	
10.0

	
Ryegrass

	
3

	
-

	
0.27

	
−13.67

	
-

	
[38]




	
China

	
loam

	
-

	
-

	
-

	
Wheat

	
550

	
20

	
Corn-wheat

	
2

	
-

	
0.13

	
20.79

	
-

	
[26]




	
40

	
-

	
−5.40

	
31.54

	
-




	
USA

	
Silt loam

	
7.7

	
0.4

	
18

	
Wood

	
500

	
22.4

	
Corn

Silage

	
1

	
28.1

	
6.25

	
25.67

	
13.61

	
[39]




	
2

	
32.37




	
3

	
41.62




	
China

	
-

	
-

	
-

	
-

	
Wheat straw

	
450

	
20.0

	
Corn

	
1

	
-

	
−4.17

	
34.34

	
-

	
[40]




	
40.0

	
2

	
−7.99

	
33.62

	
-




	
Japan

	
-

	
8.45

	
-

	
6.3

	
Bamboo

	
700–800

	
20.0

	
Kabocha squash

	
1

	
-

	
−346.4

	
−42.85

	
-

	
[41]




	
Bok choy

	
1

	
−173.68

	
−347.0

	
−29.50

	
-




	
-

	
8.30

	
-

	
14.1

	
Kabocha squash

	
1

	
3.76

	
−108.45

	
−163.59

	
-




	
Bok choy

	
1

	
−38.02

	
−146.83

	
−0.56

	
-




	
Australia

	
Loamy sand

	
7.1

	
0.11

	
2.6

	
Wood

	
500

	
10.0

	
Grass

	
2

	
-

	
6.25

	
19.50

	
-

	
[42]




	
20.0

	
-

	
−9.38

	
1.58

	
-




	
Sandy loam

	
6.4

	
0.04

	
1.8

	
10.0

	
-

	
−18.24

	
9.18

	
-




	
20.0

	
-

	
17.57

	
19.77

	
40.00




	
China

	
-

	
6.04

	
-

	
20.1

	
Wheat straw

	
350–550

	
10

	
Rice

	
1

	
10.0

	
−1.05

	
7.14

	
−14.00

	
[43]




	
20

	
25.1

	
15.81

	
30.71

	
−11.33




	
40

	
26.3

	
23.91

	
48.57

	
−30.67




	
China

	
-

	
8.1

	
-

	
49.6

	
Corn straw

	
550

	
26.0

	
Cabbage + carrot

	
1

	
-

	
−20.12

	
11.19

	
-

	
[44]




	
64.0

	
-

	
−59.98

	
−18.33

	
-




	
128.0

	
-

	
−87.21

	
5.48

	
-




	
Germany

	
-

	
7.1

	
-

	
-

	
Beech

wood

	
400

	
60.0

	
Corn

	
3

	
-

	
42.86

	
62.96

	
-

	
[45]




	
USA

	
Clay loam

	
6.1

	
0.17

	
20.1

	
Pinewood

	
-

	
10.0

	
Corn + soybean

	
1

	
-

	
−13.04

	
20.72

	
-

	
[46]




	
2

	
-

	
9.16

	
7.58

	
20.76




	
3

	
-

	
1.33

	
32.41

	
-




	
Corn stover

	
-

	
10.0

	
Corn + soybean

	
1

	
-

	
−6.60

	
19.55

	
-




	
2

	
-

	
11.90

	
9.41

	
20.13




	
3

	
-

	
−13.65

	
11.11

	
-




	
Switchgrass

	
-

	
10.0

	
Corn + soybean

	
1

	
-

	
−19.90

	
15.67

	
-




	
2

	
-

	
5.64

	
5.84

	
2.39




	
3

	
-

	
−17.94

	
28.93

	
-




	
South korea

	
Silt loam

	
5.18

	
0.50

	
17.8

	
South korea

	
Barley straw

	
400

	
Chinese cabbage

	
1

	
-

	
-

	
60.60

	
-

	
[47]




	
China

	
Sandy loam

	
6.5

	
-

	
18.1

	
China

	
Rice

Straw

	
600

	
Rice

	
Early paddy

	
5.7

	
9.87

	
15.75

	
−7.37

	
[28]




	
Late paddy

	
3.6

	
25.36

	
43.60

	
15.07




	
China

	
-

	
7.4

	
-

	
12.7

	
Rice straw

	
600

	
20.0

	
Rice

	
1

	
9.4

	
-

	
−65.46

	
29.67

	
[48]




	
15.9

	
-

	
11.64

	
6.35




	
40.0

	
2

	
24.0

	
-

	
58.01

	
29.87




	
36.3

	
-

	
43.12

	
15.58




	
China

	
Sandy

loam

	
8.5

	
0.32

	
14.5

	
Corn straw

	
400

	
15.0

	
Corn

	
1

	
6.29

	
24.66

	
71.13

	
-

	
[49]




	
30.0

	
7.34

	
17.57

	
-

	
-




	
45.0

	
1.77

	
22.13

	
-

	
-




	
15.0

	
2

	
1.45

	
19.27

	
43.71

	
-




	
30.0

	
7.57

	
25.85

	
46.69

	
-




	
45.0

	
3.15

	
40.60

	
38.74

	
-




	
Canada

	
silty clay loam

	
5.6

	
-

	
60.9

	
Wheat straw

	
450

	
20

	
Barley

	
1

	
20.37

	
6.22

	
33.18

	
-

	
[50]




	
2

	
3.56

	
34.32

	
-




	
China

	
-

	
4.5

	
-

	
21.4

	
-

	
-

	
20.0

	
Tea

	
1

	
0.0

	
-

	
14.36

	
-

	
[51]




	
2

	
0.0

	
-

	
7.10

	
-









In temperate forests, proper management strategies (including biochar application) should be undertaken since about 70% of the global carbon fluxes are generated from respiration [52]. This modulating effect on the respiration of temperate forests might maximize the carbon pool of the soil matrix. In this regard, bamboo leaf biochar application at rates of 5 and 10 Mg ha−1 increased carbon stock in moso bamboo forest by about 486 and 253%, respectively [53]. In the same regard, Ge et al. [54] recommended the combined application of biochar and nitrogen fertilizers for maintaining soil fertility and reducing CO2 emissions from moso bamboo forest. The recalcitrant nature of biochar, its high water holding capacity, and its high potential to form soil aggregates with labile organic components may support its impact on maximizing soil carbon sequestration [53]. It is suggested that the safeguard effect of biochar against CO2 emissions is associated with the predominance of soil bacterial species dealing with the tricarboxylic acid cycle [55]. Moreover, the key role of biochar in stimulating soil catalase, sucrose, urease, and β–glucosidase activities might support the protective effect of biochar against CO2 emission from soil [56]. The stimulation of CO2-fixing bacteria (e.g., Chloroflexi) following soil addition of biochar was also reported as a mechanism responsible for reducing CO2 emissions [57].



On the other hand, cultivated land has almost lost 30–75% of its antecedent organic carbon pool as a result of soil respiration [58]. Therefore, effective soil management is highly recommended to maintain its soil carbon pool and offset the CO2 emissions from cultivated land. To sustain the soil carbon pool in soil, organic additives application (e.g., farmyard manures) has been widely used as a common technique to sustain the productivity of soil. However, the high mineralization rate of organic carbon in soil (particularly under arid conditions) increases the potential of high CO2 emissions from soil. Therefore, scientists recommend the application of organic manure in its pyrolyzed form given its carbon-negative nature. For instance, pig manure biochar application to sandy loam soil (northeast Toledo, Spain) decreased carbon mineralization compared to the original pig manure form [59]. In Zheng et al.’s work, biochar application over four years in sandy loam soil located in a semi-arid region (Henan Province, China) led to an increase in soil organic carbon (up to 22.1%), as well as the recalcitrant organic carbon fraction (up to 32.3%) [60]. Moreover, biochar application altered the bacterial community structure by motivating the abundance of Chloroflexi phylum (a bacterial community with low carbon mineralization and high carbon fixation potential).



In addition, biochar application was effective in reducing CO2 emissions from saline soils in arid regions. Specifically, 400 °C corn stalks biochar application to coastal saline soil increased grain yield by about 28% without a significant effect on GHGs (CO2, CH4, and N2O); however, the raw corn stalks increased N2O emission by 18% [61]. Conversely, other reports point to a neutral or stimulating effect of biochar in increasing CO2 emission. For instance, the contribution of biochar additives (Conocarpus erectus L. at 400 °C) in mitigating CO2 emissions from sandy–calcareous soil in Saudi Arabia was negligible relative to the original biomass form [62]. The stimulating effect of biochar application increasing CO2 emissions could be due to the enhancement of dissolved organic carbon content, as well as the enrichement of Proteobacteria (copiotrophic bacteria) and inhibition of Acidobacteriota (oligotrophic bacteria) [63]. Besides, the role of biochar in reducing soil bulk density might provide a hospitable environment for microorganism respiration [56].




3.2. Effect of Biochar Application on Reducing N2O Emissions


Nitrous oxide (N2O) is an atmospheric GHG derived mainly from agricultural practices (60%) that has greater global warming potential (300 folds) relative to CO2 [64]. Scientists have noted a steady increase of N2O emissions of about 12% over the last 75 years (290 vs. 330 ppbv) [65]. Due to the progressive transition toward intensive agriculture, the excessive utilization of mineral fertilizers has led to the increase of N2O emissions by about 80% over the past century [66]. It is estimated that nearly 70% of global N2O emissions are generated from soil nitrogen transformation processes, which are associated with synthetic nitrogen inputs and soil tillage, including nitrification (conversion of NH4 to NO3−) and denitrification (conversion of NO3− to N2) [67]. Interestingly, compost has been recognized as an important source for generating both of CO2 and N2O. The high CO2 and N2O footprints of compost and other organic fertilizers cause substantial losses from the inherent carbon (0.1–10%) and nitrogen (2.0–3.0%) [68]. For example, livestock manure compost is produced annually by about 1.2 × 106 metric tons of N2O [69].



Biochar has been suggested as a non-sophisticated solution for maximizing the stability of organic fertilizers and reducing N2O emissions given its high porosity and high number of active functional groups. Data extracted from the literature point to a relatively low efficiency of biochar (24.64%) in mitigating N2O emissions (Figure 3).



Authors have introduced numerous mechanisms that are responsible for alleviating N2O emissions. Song et al. suggested that biochar reduced N2O emissions directly by reducing the gross nitrification/denitrification rates of soil, and indirectly by reducing the content of soil-available N (ammonium, nitrate, and soluble organic nitrogen) and the activities of urease and protease [70]. Ji et al. [71] demonstrated that the application of biochar as a soil amendment was responsible for minimizing fungal abundance, thereby reducing N2O emissions by about 28%. The promotion of nitrifying bacteria and the inhibition of denitrifying bacteria by biochar application were also highlighted as mechanisms responsible for mitigating N2O emissions [72]. In addition, the inhibitory effect of biochar on bacterial-related nitrification/denitrification and N-cycle bacterial genes was further recorded in the rhizospheric layer of soil [73]. Another investigation pointed to the modulating effect of soil bulk density, nitrate reductase, nitrite reductase, and hydroxylamine reductase activities related to the denitrification process [74].



The ability of biochar to suppress N2O emissions has a long-lasting effect, even seven years following its soil application [75]. In a 15N-tracer incubation experiment, the protective effect of raw wood biochar (600 °C) on an alkaline soil (pH = 8.57) was due to the inhibition of the mineralization rate (gross autotrophic/heterotrophic nitrification and mineralization) and increasing the gross immobilization rates in soil [76]. The ability of biochar to modulate soil properties (e.g., aeration, pH/EH, and organic carbon) has a subsequent effect on regulating soil nitrogen transformations and reducing N2O emissions [77].



Biochar soil application along with mineral nitrogen fertilizers might have a protective effect in reducing cumulative N2O emissions. In a microplot experiment, biochar application (12 Mg ha−1 of maize straw @ 450 °C) with 15N-labeled urea to sandy loam soil for three years maintained the retention of mineral nitrogen in the rhizosphere through reducing N2O emissions and NO3− leaching [78]. Moreover, the combined application of biochar with nitrification inhibitors shows a high potential to reduce N2O emissions. In this regard, the application of manure biochar and nitrification inhibitor (nitrapyrin) reduced N2O emissions from urea by about 45.2% in a 60-day laboratory incubation experiment [79].



In contrast, other reports have suggested an adverse effect of biochar on increasing N2O emissions. For example, application of peanut shell biochar (pyrolyzed at 550 °C) along with nitrogen fertilizers to a grazing grassland (sandy loam in texture) in Queensland, Australia, increased N2O emissions compared to the unamended treatment (without biochar). This is mainly due to the increment of soil pH, which caused an abundance of narG, nirS, and AOB genes in the soil [80]. In this regard, the volatile matter of biochar has a key role in controlling the capacity of biochar for reducing N2O emissions since volatile matter content acts as a decomposable source of organic carbon for the denitrifying organisms [81]. Fresh biochar application was also responsible for increasing N2O emissions given the stimulation of the AOB-amoA gene abundance through autotrophic nitrification and denitrification [82].




3.3. Effect of Biochar Application on Reducing CH4 Emissions from Rice Basins


Rice is the second largest cereal crop grown worldwide, representing the staple diet of two-thirds of the human population. A large amount (about 95%) of the world’s rice yield is produced in developing countries, since it is considered an important source of employment and high income in rural areas. Among all agricultural ecosystems, paddy rice basins are one of the major sources of CH4 emissions. The annual CH4 emissions from paddy rice basins range between 31 and 112 Tg per year, which contributes about 5–19% of total greenhouse gas emissions [83]. Due to intensive wet rice farming all over the world, a tremendous increase in CH4 emissions have been recorded by about 1.2 Tg/decade between 1961 and 2016 [84]. CH4 is generated during the decomposition of organic matter by the aid of methanogenic archaea (methanogens) [85]. Although the contribution of CH4 to total GHG emissions is not significant, it has a 25-fold higher global warming potential than CO2 [86]. In addition, under waterlogging paddy ecosystems, the denitrification process is always very active and tends to convert nitrate to nitrous oxide [87].



The contribution of biochar to the reduction of CH4 emissions has been highlighted in the literature. Analysis of recent literature showed moderate removal efficiency (40.49%) of CH4 by biochar application to rice basins (Figure 3). The motivating effect of biochar application on activities of Acetyl-CoA synthase and β-glucosidase involved in carbon fixation reduced coenzyme activities related to methanogens [88]. Sriphirom et al. illustrated that 500 °C Rhizophora apiculata biochar application up to 4% led to a reduction in CH4 emissions (9–21%) due to the abundance of electron donors (organic acids) and acceptors (NO3−, SO42−, and Fe3+), which accelerate redumethanogenesis reduction [89]. The beneficial effect of biochar in improving soil aeration and the readiness of O2 supplies may inhibit methanogenesis [90]. In Wang et al.’s study, application of straw-derived biochar at 24 and 48 Mg ha−1 mitigated CH4 emissions by 20–51% through inhibiting the abundances of some methanogen populations (e.g., Methanosaeta and Methanoregula) [84]. Further study demonstrated that amending paddy soil with 550 °C biochar derived from Rosa anemoniflora branches inhibited the emission of CH4 by motivating an abundance of mcrA and a high ratio of pmoA/mcrA [91]. The large surface area of biochar might also favor the electron transfer between bacteria and Fe minerals, thereby motivating the domination of Fe-reducing bacteria that discourage methanogens and inhibit CH4 emissions [92]. The porous nature of biochar might promote CH4 oxidation after adsorption into the abundant pores [93]. The biochar aging process might also facilitate the interaction with soil organic matter, Fe/Al oxides, and silicon, thereby forming coating layers on the internal and external surfaces of biochar [94].



The long-lasting effect of biochar application showed a high effectiveness for reducing CH4 emissions. In the study of Nan et al., biochar derived from rice straw reduced the emissions of CH4 over three successive years by about 43, 31, and 30%, and increased rice productivity by 8.0%, 1.6%, and 7.3%, respectively [95]. This long–term retardation of CH4 emissions highlights the safeguarding effect of biochar as a stable and suitable microenvironment for carbon sequestration in rice basins. According to Wang et al., biochar application (24–48 Mg ha−1) into rice paddies inhibited CH4 emissions by 20–51% over four years of rice cropping due to the aerating effect of biochar, which enhanced the abundance of methanotrophic bacteria and decreased the abundance ratio of methanogens to methanotrophs [96].



In contrast, some reports have pointed to an increment of cumulative CH4 emissions due to the abundance of methanogenic and methanotrophic genes in soil following biochar application [97]. The safeguarding effect of biochar against CH4 emissions depends upon the pyrolysis technique and its temperature. Biochar showed higher efficacy for methane oxidation as compared with hydrochar, with higher pyrolysis temperature being superior. According to Liu et al., hydrochar application suppressed the growth of Bacillus, Methylocystis, and Methylobacter; however, biochar motivated an abundance of methane-oxidizing bacteria (methanotrophs) such as Methylobacter and Methylocystis [98].





4. Factors Affecting the Efficiency of Biochar in Mitigating GHG Emissions


4.1. Effect of Feedstock Type


The efficiency of biochar in reducing GHGs from soil depends mainly upon the inherent components of the feedstock. From recent published data (147 observations comprising 34 investigations), it is found that the average values of biochar efficiency in mitigating GHGs were 9.81, 6.68, and 20.37% with feedstocks of agricultural residuals, woody materials, and manures, respectively (Figure 4).



In other global meta-analyses, the magnitudes of N2O reduction index of biochars were feedstock-dependent: bamboo (31.9%) > field crop straw (27.1%) > manures (27.0%) > hardwood (18.1%) > field crop husks (0.47%) [99]. Contradictory results, however, were reported by other investigations since the high nitrogen content in manure-derived biochars favors its higher N2O emission footprint relative to other woody/herbaceous-derived biochars [100]. Another study showed that plant-derived biochars showed higher values of aromatic carbon with high stability and resistance against microbial decay than other manure-derived biochars [101]. In a further study, there were no significant differences between manure and sawdust biochar (2.4 kg m−2) for inhibiting emissions of N2O and CH4 from soil [102]. It was also noticed that soils amended with biochars with a small C:N ratio exhibited higher CO2 efflux than those amended with other biochars with a large C:N ratio [103].




4.2. Effect of Pyrolysis Temperature


Pyrolysis temperature plays a pivotal role in regulating GHG emissions following biochar soil application. The slow pyrolysis technique involves using low temperature, low heating rates, and high residence times to generate a high yield of high-quality biochar [104]. However, other pyrolysis types (fast and flash pyrolysis) generate low biochar yield with low surface functionality [105]. Specifically, the low rate of heating (24 °C min−1) can form biochars with high aromaticity relative to the heating rate (62 °C min−1) [106]. In terms of biochar stability, a higher mineralization rate was noticed with biochars produced under shorter residence time of pyrolysis compared to slow-pyrolyzed biochars, which exhibit less mobile organic matter and high resistance against microbial degradation [107]. The carrier gas (e.g., N2, CO2, or Ar) pointedly impact the yield, active functional groups, and volatile organic carbon content of biochar [108]. Moreover, the reactor design significantly affects the physicochemical properties of biochar. In this regard, a microwave pyrolysis reactor produces highly stable biochar relative to fixed/fluidized bed, rotating cone, screw feeder/auger, and vacuum pyrolizers [109]



Data extracted from recent literature illustrated that pyrolysis temperature was crucial for the performance of biochar in mitigating GHG emissions (Figure 5). Average values of inhibition efficiency of biochar-amended soils relative to the unamended ones are–60.71, 2.82, 25.42, and 7.86% with pyrolysis temperatures of 300–399, 400–499, 500–599, and 600–699 °C, respectively. Therefore, the utilization of low-pyrolyzed biochar in mitigating GHG emissions is not recommended given its high carbon footprint.



Based on a global meta-analysis, biochars produced at higher pyrolysis temperatures (>500 °C) exhibited higher potentials in reducing GHG emissions due to: (i) higher values of specific surface area, ash content, and polycondensed moieties; (ii) lower values of dissolved organic carbon, aliphatic compounds, and total surface charge; and (iii) suppressing the activity of soil microorganisms [110]. To summarize, low pyrolysis temperatures generate biochars with high volatile matter contents, low aromaticity, and high O:C ratio that are less stable than those generated at high pyrolysis temperatures [111,112]. In the study of Yang et al., 300 °C maize straw biochar increased CO2 emissions over the control treatment by about 46% owing to the increment of dissolved organic matter following the stimulation of copiotrophic bacteria (Proteobacteria) and the inhibition of oligotrophic bacteria (Acidobacteriota) [84]. In their study, they also reported that increasing pyrolysis temperature up to 450 and 600 °C reduced CO2 emissions by about 10.5 and 14.0%, respectively, due to a subsequent decline in dissolved organic matter following biochar application. In Spain, biochar application (pig manure at 300 °C) to sandy loam soil resulted in a positive impact on dehydrogenase enzyme activity; however, the pyrolysis temperature of 500 °C did not show positive impacts on the activities of soil enzymes [59]. This modulating effect of biochar on soil enzymes was significantly correlated with CO2 emissions by soil. According to Al-Rabaiai et al., high amounts of water-soluble organic compounds in biochars derived at low pyrolysis temperature might have a priming effect on stimulating microbial activities and soil respiration [85]. In contrast, spent-mushroom-substrate-derived biochar applied to moso bamboo forest soil at the rate of 50 g kg−1 caused a considerable increase in CO2 emissions by about 73, 43, and 16.6% with pyrolysis temperatures of 300, 450, and 600 °C, respectively [113].



Likewise, the performance of biochar in mitigating N2O emissions declined sharply at low pyrolysis temperatures owing to the smaller surface area and the low aromaticity of the produced biochar [114]. In addition, the extremely high pyrolysis temperature (900 °C) led to an increase in N2O emissions from soil amended with walnut shell biochar due to favoring the denitrification process [115]. It was also reported that a high pyrolysis temperature of biochar (700–900 °C) can increase the cumulative emission of CH4 fluxes, given the formation of biochars with highly condensed aromatic graphite structures, motivating electronic transfer ability of methanogens and the inherent salts in biochar additives [116,117]. In an incubation experiment, CH4 generation from a paddy soil following straw biochar application was ranked as follows: biochar at 300 °C > biochar at 500 °C > biochar at 700 °C [118].




4.3. Effect of Application Rate


Restraining GHG emissions by biochar is an application-dependent strategy. Biochar often applied through broadcasting and mixing with soil matrix by tillage methods [58]. However, this application method is responsible for wind loss of biochar by about 25% of the applied amount [119]. In addition, biochar is frequently applied to a trench as furrow application after crop planting with a lower amount of application and minimal soil disturbance [120]. On the other hand, biochar could be indirectly applied to the soil by mixing with several soil amendments (e.g., lime, compost, and manure) [121,122].



A subsequent initial flush of CO2 is emitted from soil following biochar application, which declines sharply with the recalcitrant aged biochar [123]. The inhibitory effect of biochar application to CO2 emissions can be associated with the sorption of rhizodeposits and enzymes onto biochar, which lead to a reduction in carbon-degrading microbial activity in soil [124]. Numerous attempts have been made to specify the optimum rate of biochar soil application; however, a great deal of uncertainty remains surrounding the appropriate rate for each soil type. The extracted data from 31 investigations comprising 146 individual observations illustrate the average removal efficiency values of GHGs from biochar-amended soils relative to the unamended ones. Biochar efficiency in reducing GHG emissions was, on average, 15.91, 6.13, −2.13, and −4.45% with application rates of 1–10, 11–20, 21–40, and >40 Mg ha−1 (Figure 6). According to the obtained results, there seems to be a consensus that the low rate of biochar (up to 10 Mg ha−1) is more preferable to achieve net carbon neutrality. However, a high application rate of biochar might increase the cumulative GHG emissions.



Former studies have monitored the effect of the biochar application rate on the efficacy of regulating GHG emissions. Under upland rice production, the highest application rate of 350 °C rice-husk-derived biochar (25 Mg ha−1) showed the highest CO2 emissions (3.06 CO2–C g/m2) relative to the one-fifth application rate (2.78 CO2–C g/m2) [125]. Similarly, a low level of biochar (5 Mg ha−1 of 500 °C bamboo branches) could be more effective than the high application dosage (20 Mg ha−1) in reducing CO2 emissions and improving soil carbon sequestration in forest soils [126]. Another investigation revealed that increasing the application rate of bamboo leaf biochar did not show substantial alterations in CO2 emission [127].



As mentioned earlier, the optimum application rate of biochar might change according to the soil type. For instance, soil biochar application (20 Mg ha−1 650 °C) to deciduous mixed forest led to a substantial decline in CO2 emissions; however, this emission rate was not significantly changed in a long-term fertilized apple orchard [128]. Other reports suggested raising the application rate of biochar to offset the cumulative GHG emissions. In the study of Shen et al., increasing the application rate of 450 °C maize straw biochar from 10 up to 30 Mg ha−1 was associated with a progressive reduction in cumulative CO2 emissions (from 3.9 to 11.8%) due to the sorption of labile carbon onto internal and external surfaces of biochar, thus suppressing the rate of soil respiration [129].



The application rate also affects the performance of biochar in regulating GHG emissions from different soil layers. For instance, cumulative N2O emissions from the topsoil (0–5 cm) following the application of pruning waste biochar (@ 600 °C) at rates of 2 and 10% declined N2O emissions by 12.5% and 26.3%, respectively. However, the safeguard effect of pruning waste biochar in reducing N2O emissions from a soil layer of 0–10 and the rhizospheric layer was only observed with the rate of 10% (15.1 and 13.8%, respectively) [130]. Biochar application as film-mulching has recently been investigated on cropping systems grown under drip irrigation. In view of that, corn-residue-derived biochar (produced under pyrolysis at 400–500 °C) was applied as a film mulch to drip-irrigated corn grown in sandy loam soil in Inner Mongolia, China. Results showed that increasing the application rate from 15 up to 45 Mg ha−1 as a film mulch system was associated with significant reductions in GHGs over two growing seasons: CO2 (19 –33%), CH4 (124–132%), and N2O (55–79%) [49].





5. Effect of Biochar on Reducing GHG Emissions during Composting


Composting is a process in which organic wastes are transformed via complicated biochemical reactions into recalcitrant organic products (humic substances in particular) that can serve as fertilizers to sustain soil fertility and productivity [131]. However, the composting process is responsible for emitting substantial amounts of GHGs that raised concerns from ecological point of view. In particular, CH4 accounts for about 6% of the total carbon loss during the composting process, and the emission of N2O accounts for approximately 3.8% of the total nitrogen losses [132]. Furthermore, the release of ammonia (NH3) during composting not only harms the ecosphere but also declines the agricultural revenues from compost additives. Related research investigations revealed that animal husbandry is the main source of agricultural non-CO2 emissions, accounting for about 37 and 65% of CH4 and N2O, respectively (12% of the anthropogenic GHG emissions globally) [133]. The emission of GHGs is more pronounced in the initial phase of the composting process (the thermophilic phase), in which the temperature reaches about 70 °C; however, this emission declines dramatically in the ultimate maturation phase (the mesophilic phase), when the temperature drops to 40–50 °C [134].



The applicability of biochar additives to reducing GHG emissions during composting is illustrated in Table 3. The high functionality of biochar has attracted research attention for utilization as a supplemental additive during the composting process to accelerate the startup of decomposition, shorten the period of composting, and reduce the amounts of GHG emissions [135]. Furthermore, biochar might reduce the mobility of water-soluble organic substances and avoid their losses during the composting process [136]. In view of this, biochar application during composting might inhibit the abundance of the nirK gene in denitrifying bacteria, which causes a significant reduction of N2O emissions during composting [137]. In the study of Guo et al., bamboo charcoal application during composting led to minimizing NH3 emissions following the active nitrification by Nitromonas [138]. In another study to evaluate the effect of 5% biochar application during pig manure composting, it was reported that biochar could shorten the composting period and reduce emissions of CO2, CH4, N2O, and NH3 by about 35.9, 15.4, 19.9, and 18.8%, respectively [139]. However, in another study, chicken manure biochar application (up to 10%) during chicken manure composting declined the release of GHGs: N2O (19.0–27.4%), CH4 (9.3–55.9%), and NH3 (24.2–56.9%) [132]. Likewise, the co-application of bamboo biochar with poultry manure during composting (up to 10% w:w) reduced CO2 and NH3 losses by about 542–149% and 48–11%, respectively [140].



The composting of sewage sludge is a green technology for reducing the negative impacts associated with its ecological hazards [141]. However, a great deal of uncertainty arises surrounding its high GHG footprint [142]. To address this environmental constraint, Awasthi et al. [143] added rice straw biochar at a high rate (8–18%) during sewage sludge composting and recorded remarkable declines in GHG emissions: CH4 (93–95%), NH3 (58–65%), and N2O (95–97%). In yet another investigation, bamboo biochar application along with bacterial agents during sewage sludge composting mitigated CH4 and N2O emissions (45.7% and 3.7%, respectively) due to the beneficial effect of biochar on filling the space between compost particles, thereby minimizing the potential heat losses and motivating microbial activity and consequent heat production [144]. Vermicomposting is a benign and modern eco-friendly technique for addressing the vast accumulation of organic wastes, although the incorporation of earthworms in these organic fertilizers showed higher emissions of N2O relative to other traditional composts [145]. According to Wu et al., the incorporation of 500 °C rice straw biochar with vermicompost significantly reduced cumulative N2O emissions (~19%) [146].



The application of biochar as a ruminant diet showed a significant impact on improving the digestion performance of animals, reducing enteric CH4 and increasing the value of post-excretion biochar–manure mixture. In a recent study, the effect of pine-based biochar application on cattle diet increased stockpile/compost aromaticity with a high content of more humic-like organic matter precursors [147].
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Table 3. Effect of biochar application on mitigating GHG emissions during composting.
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Feedstock

	
Biochar Characteristics

	
Composting Materials

	
Compost Characteristics

	
GHG Emissions Reduction Effect

(% Compared with Control)

	
References




	
Pyrolysis Temperature (°C)

	
Biochar Application

(% w/w)

	
Particle Size (mm)

	
Bulk Density

(g cm−3)

	
C/N Ratio

	
CO2

	
CH4

	
N2O

	
NH3






	
Hardwood+ softwood

	
500–700

	
27.4

	
≤16

	
Hen manure + barley straw

	
0.49

	
17.4–13.7

	
21.5–22.9

	
77.9–83.6

	
35.3–43.0

	
35.3–43.0

	
[148]




	
Woody material

	
-

	
4

	
-

	
Sewage sludge + woodchips

	
-

	
22–25

	
-

	
-

	
-

	
8.5–9.2

	
[149]




	
Holm oak

	
650

	
10

	
-

	
Green waste + municipal solid waste

	
-

	
27.5–16.2

	
52.9

	
95.1

	
14.2

	
-

	
[150]




	
Green waste + poultry litter

	
550

	
10

	
-

	
Poultry litter + sugarcane straw

	
-

	
-

	
-

	
77.8–83.3

	
68.2–74.9

	
54.9 −60.2

	
[151]




	
Wheat straw

	
500–600

	
2–18

	
2–5

	
Sewage sludge + wheat straw

	
0.50

	
25.0

	
-

	
92.8–95.3

	
95.1–97.3

	
58.0–65.2

	
[143]




	
Bamboo

	
-

	
5

	
2–3

	
Pig manure + sawdust

	
0.50

	
-

	
-

	
54.4

	
36.1

	
12.4

	
[152]




	
Chicken manure + wheat straw

	
550–600

	
2–10

	
-

	
Chicken manure

	
0.50

	
16.8–14.2

	
-

	
24.4–63.4

	
6.8–16.9

	
22.9–50.5

	
[132]




	
Bamboo

	
-

	
2–10

	
-

	
Poultry manure + wheat straw

	
0.50

	
24.3–18.9

	
5.5–72.6

	
12.5–72.9

	
12.4–81.6

	
19.0–77.4

	
[140]




	
Cornstalk

	
450–500

	
10.0

	
≤2.0

	
Hen manure, sawdust

	
0.42

	
-

	
-

	
-

	
-

	
12.4

	
[153]




	
Waste wood pellets

	
520

	
10

	
-

	
Chicken mortalities

	
-

	
20.3

	
-

	
-

	
-

	
40.0

	
[154]




	
15

	
20.0

	
-

	
-

	
-

	
56.8










6. Designer/Functionalized Biochar for Efficient Retardation of GHG Emissions from Soil and Terrestrial Ecosystems


The scientific community is interested in maximizing the functionality of biochar so that it can be tailored to a variety of agro-environmental applications [11,12,13,155]. In a meta-analysis study, acidic oxidation was the most efficient method for enhancing the physicochemical properties of biochar (specific surface area, micro-pores, oxygen-containing functional groups, and cation exchange capacity) relative to other oxidation methods (physical, alkaline, metal oxide, and natural oxidation methods) [156]. Recently, designer biochar functionalization (specialization) has attracted increasing attention in recent research to lessen GHG emissions from agricultural ecosystems. Several reports highlighted the activation of pristine biochar (raw biochar) via physical and chemical modification methods to improve the functionality of biochar (increase its surface area and porous structure) for the sorption of GHGs. However, most of these reports are still under lab-scale experimentations. In addition, most of these reports are focused on capturing CO2 emissions. Data extracted from published reports (97 values) showed that the average values of CO2 sorption with pristine, physically activated, and chemically activated biochars were 37.8, 56.5, and 59.4 mg g−1, respectively (Figure 7).



A wide range of researchers have highlighted physical modification as the preferable activation method to maximize the functionality of biochar relative to chemical modifications methods [157,158]. Proponents of physical modification point to the high risk of deteriorating the carbonaceous lattice following chemical modifications and the potential to block the pore structures of the biochar matrix, which might reduce gases sorptivity [159]. Steam and high-temperature gas activation have been attempted to improve the porosity of biochar; however, the NH3 activation not only improved the pore structure of activated biochar, but also introduced active functional groups onto the carbonaceous lattice [160]. Physical treatment with NH3 can also increase the alkaline nature of biochar and the base–acid interaction between CO2 and the originated nitrogen-containing functional groups [161]. Furthermore, NH3 treatment grafted pyrrolic–N groups onto the biochar matrix, which facilitated the H–bonding interaction between CO2 molecules, and the proton of pyrrolic–N [162].



Opponents of physical activation methods, however, point toward the higher energy consumption, longer activation time, and higher activation temperature. Several chemical activation methods have been reviewed for the functionalization of biochar for capturing GHGs. Among them, alkali and acid-modified biochars have shown high sorptivity with low cost and simple processing. Alkali treatment of wood pellet biochar maximized the capture capacity of CO2 by about five folds relative to untreated biochar (50.73 vs. 10.45 mg g−1) due to improving surface area, porosity, and abundance of active functional groups on the biochar matrix [163]. High CO2 capture (160 mg g−1) was further recorded by 350 °C pine cone biochar activated with KOH [164]. In yet another study, high capacities of CO2 retardation (136.7–182.0 mg g−1) were recorded by KOH-activated biochars derived from pine sawdust and sewage sludge mixture as compared with plain biochar (35.5–42.9 mg g−1) given the formation of tunable porous features in biochar matrix [165].



In their studies on rice plant, Shin and coworkers [166] reported that activated biochar (alkali-treated rice hull pellets)-doped mineral fertilizer (40% N) reduced cumulative CO2 and N2O emissions by about 10 and 0.003 kg ha−1, respectively, compared to the control treatment, with a negligible effect on the emission of CH4. In another experiment, 700 °C rice husk biochar was acid modified with H3PO4 and further combined with nano-zero-valent iron (nZVI) to enhance its sorption capacity for GHGs. The functionalized biochar form reduced CO2 and N2O emissions; however, CH4 emission showed a noticeable increase [167].



The doping of heteroatoms (e.g., Mg, N, S, and Ni) into the carbonaceous lattice of biochar exhibited promising values for capturing GHGs due to the electron-withdrawal effect. In view of this, Mg-doped rice straw biochar application (at 9%) to a dryland soil in Hunan Province, China, showed a minimal effect on CH4 emission but reduced cumulative emissions of CO2 (9%) and N2O (32%) as compared to the control treatment [168]. Nitrogen-doped biochar (mixture of rice straw and waste wood pyrolyzed at 600 °C and applied at 0–8 Mg ha−1) was further studied in rice cropping soils under a short-term study [169]. Compared with the control treatment, nitrogen-doped biochar application increased CO2 emissions and reduced emissions of CH4 with the application rate of 8 Mg ha−1.



Iron species receive high attention for biochar specialization in several agro-environmental applications. As a result of its effect on denitrification functional genes (nirk, narG, nirS, and nosZ), methanogenesis (mcrA), and methanotrophs (pmoA), modified biochar (derived from reed, walnut, saw dust, and sludge) supported by nano-zero-valent iron (nZVI) was able to reduce N2O, CO2, and CH4 emissions [170]. Biochar (600 °C Camellia oleifera fruit shell) modified with Fe(NO3)3/KOH showed a high efficacy in N2O retardation with an increment of about 8.6% over pristine biochar [171]. Developing enriched biochar derivatives with higher functionality (organo-mineral complexes, surface area, exchanging capacity of ions and dissolved organic carbons) has been proposed to enhance the sequestration of GHGs. The carbon footprint of either conventional rice straw biochar or enriched biochar with lime, clay, ash, and manure was compared under paddy field conditions [172]. They indicated that the difference in the carbon footprint between biochar types is mainly associated with variations in CH4 emissions among plain and functionalized biochars.




7. Conclusions and Future Prospects


In recent years, lowering the rise in emissions of greenhouse gases has become one of the issues that requires global attention. In this work, we performed a review of the recent literature on biochar, as a tool to lessen the impact of emissions and mitigate their negative consequences. Overall, this review assesses the different methods of biochar production and their effectiveness. This review primarily summarizes the biochemical processes occurring in the charosphere. In addition, recent developments in our understanding of how to activate biochar for maximum effectiveness in achieving carbon neutrality goals are covered. To conclude:




	-

	
Biochar and its derivatives have been shown to reduce emissions of CO2, N2O, and CH4 from soil and organic manures. Recent field-scale studies have found that biochar has the potential to reduce emissions of CO2, N2O, and CH4 on the order of −0.430, 24.681, and 40.486%, respectively.




	-

	
While biochar showed promising results in reducing greenhouse gas emissions when tested in controlled laboratory settings, studies conducted on a larger scale have shown either no effect or even a negative one on efforts to lower GHG emissions.




	-

	
Notably, biochar’s effectiveness in cutting greenhouse gas emissions is proportional to its application rate, pyrolysis temperature, and the type of feedstock used to make it.




	-

	
To produce effective amendments with a high capacity for restraining GHG production and enhancing soil carbon sink, it is recommended that manure-derived biochars be pyrolyzed between 500 and 600 °C, and applied at a rate of less than 10 Mg ha−1.




	-

	
Overall, biochar can be seen as a highly effective and relatively simple tool for reversing the upward trend in greenhouse gas emissions.




	-

	
Since carbon and nitrogen transformation processes are microbially dependent, future research should be directed toward (i) investigating other indirect factors related to soil physicochemical characters (such as soil pH/Eh, colloidal and CaCO3 contents) that may control the functionality of biochar, (ii) fabricating aged biochars with low carbon and nitrogen footprints, and (iii) functionalizing biologically activated biochars to suppress CO2, CH4, and N2O emissions.













Author Contributions


Conceptualization, A.M. and M.M.M.; methodology, A.M. and E.S.; software, A.E.-G. and M.E.A.; validation, A.M., M.M.M. and A.M.E.K.; formal analysis, A.M. and E.S.; investigation, A.M. and M.M.M.; resources, M.E.A. and A.M.E.K.; data curation, A.M. and E.S.; writing—original draft preparation, A.M., M.M.M. and E.S.; writing—review and editing, A.M., M.E.A. and A.M.E.K.; visualization, A.E.-G. and E.S.; supervision, A.M. and A.E.-G.; project administration, A.M. and A.M.E.K.; funding acquisition, A.M.E.K. and M.E.A. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


We choose to exclude this statement because our study did not involve humans or animals.




Informed Consent Statement


We choose to exclude this statement because our study did not involve humans or animals.




Data Availability Statement


Not applicable.




Acknowledgments


The authors would like to acknowledge Mansoura University for supporting the publication fees of this manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Thakur, I.S.; Kumar, M.; Varjani, S.J.; Wu, Y.; Gnansounou, E.; Ravindran, S. Sequestration and utilization of carbon dioxide by chemical and biological methods for biofuels and biomaterials by chemoautotrophs: Opportunities and challenges. Bioresour. Technol. 2018, 256, 478–490. [Google Scholar] [CrossRef] [PubMed]

	



Chen, M.; Cui, Y.; Jiang, S.; Forsell, N. Toward carbon neutrality before 2060: Trajectory and technical mitigation potential of non-CO2 greenhouse gas emissions from Chinese agriculture. J. Clean. Prod. 2022, 368, 133186. [Google Scholar] [CrossRef]

	



IPCC. Climate Change 2013: The Physical Science Basis. Contribution of Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change; Cambridge University Press: Cambridge, UK, 2013; p. 1535. [Google Scholar]

	



Maraseni, T.N.; Qu, J. An international comparison of agricultural nitrous oxide emissions. J. Clean. Prod. 2016, 135, 1256–1266. [Google Scholar] [CrossRef]

	



Filho, W.L.; Setti, A.F.F.; Azeiteiro, U.M.; Lokupitiya, E.; Donkor, F.K.; Etim, N.N.; Matandirotya, N.; Olooto, F.M.; Sharifi, A.; Nagy, G.J.; et al. An overview of the interactions between food production and climate change. Sci. Total Environ. 2022, 838, 156438. [Google Scholar] [CrossRef] [PubMed]

	



Moussa, R.R. Reducing carbon emissions in Egyptian roads through improving the streets quality. Environ. Dev. Sustain. 2022, 1–22. [Google Scholar] [CrossRef]

	



Alshaal, T.; El-Ramady, H.; Al-Saeedi, A.H.; Shalaby, T.; Elsakhawy, T.; Omara, A.E.D.; Gad, A.; Hamad, E.; El-Ghamry, A.; Mosa, A. The rhizosphere and plant nutrition under climate change. In Essential Plant Nutrients; Springer: Berlin/Heidelberg, Germany, 2017; pp. 275–308. [Google Scholar]

	



Mosa, A.; Taha, A.A.; Elsaeid, M. In-situ and ex-situ remediation of potentially toxic elements by humic acid extracted from different feedstocks: Experimental observations on a contaminated soil subjected to long-term irrigation with sewage effluents. Environ. Technol. Innov. 2021, 23, 101599. [Google Scholar] [CrossRef]

	



Frank, S.; Havlík, P.; Soussana, J.-F.; Levesque, A.; Valin, H.; Wollenberg, E.; Kleinwechter, U.; Fricko, O.; Gusti, M.; Herrero, M. Reducing greenhouse gas emissions in agriculture without compromising food security? Environ. Res. Lett. 2017, 12, 105004. [Google Scholar] [CrossRef]

	



Laird, D.A.; Brown, R.C.; Amonette, J.E.; Lehmann, J. Review of the pyrolysis platform for coproducing bio-oil and biochar. Biofuels Bioprod. Biorefining 2009, 3, 547–562. [Google Scholar] [CrossRef]

	



El-Naggar, A.; Mosa, A.; Ahmed, N.; Niazi, N.K.; Yousaf, B.; Sarkar, B.; Rinklebe, J.; Cai, Y.; Chang, S.X. Modified and pristine biochars for remediation of chromium contamination in soil and aquatic systems. Chemosphere 2022, 303, 134942. [Google Scholar] [CrossRef]

	



Shaheen, S.M.; Mosa, A.; El-Naggar, A.; Faysal Hossain, M.; Abdelrahman, H.; Khan Niazi, N.; Shahid, M.; Zhang, T.; Tsang, Y.F.; Trakal, L.; et al. Manganese oxide-modified biochar: Production, characterization and applications for the removal of pollutants from aqueous environments—A review. Bioresour. Technol. 2022, 346, 126581. [Google Scholar] [CrossRef]

	



El-Naggar, A.; Mosa, A.; Amin, A.E.-E.; Yang, X.; Yousaf, B.; El-Naggar, A.H.; Cai, Y.; Chang, S.X. Chapter 18—Biochar for remediation of alkaline soils contaminated with toxic elements. In Biochar in Agriculture for Achieving Sustainable Development Goals; Tsang, D.C.W., Ok, Y.S., Eds.; Academic Press: Cambridge, MA, USA, 2022; pp. 223–240. [Google Scholar] [CrossRef]

	



Tsang, D.C.W.; Ok, Y.S. Biochar in Agriculture for Achieving Sustainable Development Goals; Elsevier: Amsterdam, The Netherlands, 2022. [Google Scholar]

	



Danesh, P.; Niaparast, P.; Ghorbannezhad, P.; Ali, I. Biochar Production: Recent Developments, Applications, and Challenges. Fuel 2022. [Google Scholar] [CrossRef]

	



Li, Y.; Gupta, R.; Zhang, Q.; You, S. Review of biochar production via crop residue pyrolysis: Development and perspectives. Bioresour. Technol. 2023, 369, 128423. [Google Scholar] [CrossRef] [PubMed]

	



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 Appl. Sci. 2020, 2, 1–21. [Google Scholar] [CrossRef]

	



Oh, S.; Lee, J.; Lam, S.S.; Kwon, E.E.; Ha, J.-M.; Tsang, D.C.W.; Ok, Y.S.; Chen, W.-H.; Park, Y.-K. Fast hydropyrolysis of biomass Conversion: A comparative review. Bioresour. Technol. 2021, 342, 126067. [Google Scholar] [CrossRef] [PubMed]

	



Ethaib, S.; Omar, R.; Kamal, S.M.M.; Awang Biak, D.R.; Zubaidi, S.L. Microwave-assisted pyrolysis of biomass waste: A mini review. Processes 2020, 8, 1190. [Google Scholar] [CrossRef]

	



Wang, L.; Ok, Y.S.; Tsang, D.C.W.; Alessi, D.S.; Rinklebe, J.; Mašek, O.; Bolan, N.S.; Hou, D. Biochar composites: Emerging trends, field successes and sustainability implications. Soil Use Manag. 2022, 38, 14–38. [Google Scholar] [CrossRef]

	



Shaheen, S.M.; Mosa, A.; Jeyasundar, A.; Soundari, P.G.; Hassan, N.E.E.; Yang, X.; Antoniadis, V.; Li, R.; Wang, J.; Zhang, T. Pros and Cons of Biochar to Soil Potentially Toxic Element Mobilization and Phytoavailability: Environmental Implications. Earth Syst. Environ. 2022, 1–25. [Google Scholar] [CrossRef]

	



Mosa, A.; El-Ghamry, A.; Tolba, M. Functionalized biochar derived from heavy metal rich feedstock: Phosphate recovery and reusing the exhausted biochar as an enriched soil amendment. Chemosphere 2018, 198, 351–363. [Google Scholar] [CrossRef]

	



Zou, R.; Qian, M.; Wang, C.; Mateo, W.; Wang, Y.; Dai, L.; Lin, X.; Zhao, Y.; Huo, E.; Wang, L. Biochar: From by-products of agro-industrial lignocellulosic waste to tailored carbon-based catalysts for biomass thermochemical conversions. Chem. Eng. J. 2022, 441, 135972. [Google Scholar] [CrossRef]

	



Lin, J.-C.; Mariuzza, D.; Volpe, M.; Fiori, L.; Ceylan, S.; Goldfarb, J.L. Integrated thermochemical conversion process for valorizing mixed agricultural and dairy waste to nutrient-enriched biochars and biofuels. Bioresour. Technol. 2021, 328, 124765. [Google Scholar] [CrossRef]

	



Abhishek, K.; Srivastava, A.; Vimal, V.; Gupta, A.K.; Bhujbal, S.K.; Biswas, J.K.; Singh, L.; Ghosh, P.; Pandey, A.; Sharma, P. Biochar application for greenhouse gas mitigation, contaminants immobilization and soil fertility enhancement: A state-of-the-art review. Sci. Total Environ. 2022, 853, 158562. [Google Scholar] [CrossRef] [PubMed]

	



Liu, W.-J.; Zeng, F.-X.; Jiang, H.; Zhang, X.-S. Preparation of high adsorption capacity bio-chars from waste biomass. Bioresour. Technol. 2011, 102, 8247–8252. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X.; Qian, H.; Hua, K.; Chen, H.; Deng, A.; Song, Z.; Zhang, J.; Raheem, A.; Danso, F.; Wang, D. Organic amendments increase crop yield while mitigating greenhouse gas emissions from the perspective of carbon fees in a soybean-wheat system. Agric. Ecosyst. Environ. 2022, 325, 107736. [Google Scholar] [CrossRef]

	



Wang, C.; Wang, W.; Sardans, J.; Singla, A.; Zeng, C.; Lai, D.Y.F.; Peñuelas, J. Effects of steel slag and biochar amendments on CO2, CH4, and N2O flux, and rice productivity in a subtropical Chinese paddy field. Environ. Geochem. Health 2019, 41, 1419–1431. [Google Scholar] [CrossRef]

	



Malyan, S.K.; Bhatia, A.; Tomer, R.; Harit, R.C.; Jain, N.; Bhowmik, A.; Kaushik, R. Mitigation of yield-scaled greenhouse gas emissions from irrigated rice through Azolla, Blue-green algae, and plant growth–promoting bacteria. Environ. Sci. Pollut. Res. 2021, 28, 51425–51439. [Google Scholar] [CrossRef]

	



Sun, L.; Ma, Y.; Liu, Y.; Li, J.; Deng, J.; Rao, X.; Zhang, Y. The combined effects of nitrogen fertilizer, humic acid, and gypsum on yield-scaled greenhouse gas emissions from a coastal saline rice field. Environ. Sci. Pollut. Res. 2019, 26, 19502–19511. [Google Scholar] [CrossRef]

	



Guo, Y.; Ma, Z.; Ren, B.; Zhao, B.; Liu, P.; Zhang, J. Effects of Humic Acid Added to Controlled-Release Fertilizer on Summer Maize Yield, Nitrogen Use Efficiency and Greenhouse Gas Emission. Agriculture 2022, 12, 448. [Google Scholar] [CrossRef]

	



De Rosa, D.; Rowlings, D.W.; Biala, J.; Scheer, C.; Basso, B.; Grace, P.R. N2O and CO2 emissions following repeated application of organic and mineral N fertiliser from a vegetable crop rotation. Sci. Total Environ. 2018, 637, 813–824. [Google Scholar] [CrossRef]

	



Sohi, S.P.; Krull, E.; Lopez-Capel, E.; Bol, R. A review of biochar and its use and function in soil. Adv. Agron. 2010, 105, 47–82. [Google Scholar]

	



Leppäkoski, L.; Marttila, M.P.; Uusitalo, V.; Levänen, J.; Halonen, V.; Mikkilä, M.H. Assessing the carbon footprint of biochar from willow grown on marginal lands in Finland. Sustainability 2021, 13, 10097. [Google Scholar] [CrossRef]

	



Brewer, C.E.; Chuang, V.J.; Masiello, C.A.; Gonnermann, H.; Gao, X.; Dugan, B.; Driver, L.E.; Panzacchi, P.; Zygourakis, K.; Davies, C.A. New approaches to measuring biochar density and porosity. Biomass Bioenergy 2014, 66, 176–185. [Google Scholar] [CrossRef]

	



Lim, T.J.; Spokas, K.A.; Feyereisen, G.; Novak, J.M. Predicting the impact of biochar additions on soil hydraulic properties. Chemosphere 2016, 142, 136–144. [Google Scholar] [CrossRef]

	



Fan, R.; Zhang, B.; Li, J.; Zhang, Z.; Liang, A. Straw-derived biochar mitigates CO2 emission through changes in soil pore structure in a wheat-rice rotation system. Chemosphere 2020, 243, 125329. [Google Scholar] [CrossRef] [PubMed]

	



Scheer, C.; Grace, P.R.; Rowlings, D.W.; Kimber, S.; van Zwieten, L. Effect of biochar amendment on the soil-atmosphere exchange of greenhouse gases from an intensive subtropical pasture in northern New South Wales, Australia. Plant Soil 2011, 345, 47–58. [Google Scholar] [CrossRef]

	



Lentz, R.D.; Ippolito, J.A.; Spokas, K.A. Biochar and manure effects on net nitrogen mineralization and greenhouse gas emissions from calcareous soil under corn. Soil Sci. Soc. Am. J. 2014, 78, 1641–1655. [Google Scholar] [CrossRef]

	



Zheng, M.; Chen, H.; Li, D.; Zhu, X.; Zhang, W.; Fu, S.; Mo, J. Biological nitrogen fixation and its response to nitrogen input in two mature tropical plantations with and without legume trees. Biol. Fertil. Soils 2016, 52, 665–674. [Google Scholar] [CrossRef]

	



Watanabe, A.; Ikeya, K.; Kanazaki, N.; Makabe, S.; Sugiura, Y.; Shibata, A. Five crop seasons’ records of greenhouse gas fluxes from upland fields with repetitive applications of biochar and cattle manure. J. Environ. Manag. 2014, 144, 168–175. [Google Scholar] [CrossRef]

	



Keith, A.; Singh, B.; Dijkstra, F.A.; van Ogtrop, F. Biochar field study: Greenhouse gas emissions, productivity, and nutrients in two soils. Agron. J. 2016, 108, 1805–1815. [Google Scholar] [CrossRef]

	



Zhang, A.; Bian, R.; Li, L.; Wang, X.; Zhao, Y.; Hussain, Q.; Pan, G. Enhanced rice production but greatly reduced carbon emission following biochar amendment in a metal-polluted rice paddy. Environ. Sci. Pollut. Res. 2015, 22, 18977–18986. [Google Scholar] [CrossRef]

	



Fang, B.; Lee, X.; Zhang, J.; Li, Y.; Zhang, L.; Cheng, J.; Wang, B.; Cheng, H. Impacts of straw biochar additions on agricultural soil quality and greenhouse gas fluxes in karst area, Southwest China. Soil Sci. Plant Nutr. 2016, 62, 526–533. [Google Scholar] [CrossRef]

	



Hagemann, N.; Harter, J.; Kaldamukova, R.; Guzman-Bustamante, I.; Ruser, R.; Graeff, S.; Kappler, A.; Behrens, S. Does soil aging affect the N2O mitigation potential of biochar? A combined microcosm and field study. GCB Bioenergy 2017, 9, 953–964. [Google Scholar] [CrossRef]

	



Abagandura, G.O.; Chintala, R.; Sandhu, S.S.; Kumar, S.; Schumacher, T.E. Effects of biochar and manure applications on soil carbon dioxide, methane, and nitrous oxide fluxes from two different soils. J. Environ. Qual. 2019, 48, 1664–1674. [Google Scholar] [CrossRef]

	



Kang, S.-W.; Kim, S.-H.; Park, J.-H.; Seo, D.-C.; Ok, Y.S.; Cho, J.-S. Effect of biochar derived from barley straw on soil physicochemical properties, crop growth, and nitrous oxide emission in an upland field in South Korea. Environ. Sci. Pollut. Res. 2018, 25, 25813–25821. [Google Scholar] [CrossRef]

	



Yang, S.; Xiao, Y.n.; 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. Atmos. Environ. 2019, 200, 69–77. [Google Scholar] [CrossRef]

	



Yang, W.; Feng, G.; Miles, D.; Gao, L.; Jia, Y.; Li, C.; Qu, Z. Impact of biochar on greenhouse gas emissions and soil carbon sequestration in corn grown under drip irrigation with mulching. Sci. Total Environ. 2020, 729, 138752. [Google Scholar] [CrossRef]

	



Duan, M.; Wu, F.; Jia, Z.; Wang, S.; Cai, Y.; Chang, S.X. Wheat straw and its biochar differently affect soil properties and field-based greenhouse gas emission in a Chernozemic soil. Biol. Fertil. Soils 2020, 56, 1023–1036. [Google Scholar] [CrossRef]

	



Han, Z.; Lin, H.; Xu, P.; Li, Z.; Wang, J.; Zou, J. Impact of organic fertilizer substitution and biochar amendment on net greenhouse gas budget in a tea plantation. Agric. Ecosyst. Environ. 2022, 326, 107779. [Google Scholar] [CrossRef]

	



Hawthorne, I.; Johnson, M.S.; Jassal, R.S.; Black, T.A.; Grant, N.J.; Smukler, S.M. Application of biochar and nitrogen influences fluxes of CO2, CH4 and N2O in a forest soil. J. Environ. Manag. 2017, 192, 203–214. [Google Scholar] [CrossRef]

	



Xu, L.; Fang, H.; Deng, X.; Ying, J.; Lv, W.; Shi, Y.; Zhou, G.; Zhou, Y. Biochar application increased ecosystem carbon sequestration capacity in a Moso bamboo forest. For. Ecol. Manag. 2020, 475, 118447. [Google Scholar] [CrossRef]

	



Ge, X.; Cao, Y.; Zhou, B.; Xiao, W.; Tian, X.; Li, M.-H. Combined application of biochar and N increased temperature sensitivity of soil respiration but still decreased the soil CO2 emissions in moso bamboo plantations. Sci. Total Environ. 2020, 730, 139003. [Google Scholar] [CrossRef]

	



Li, X.; Yao, S.; Wang, Z.; Jiang, X.; Song, Y.; Chang, S.X. Polyethylene microplastic and biochar interactively affect the global warming potential of soil greenhouse gas emissions. Environ. Pollut. 2022, 120433. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Q.; Yuan, J.; Yang, X.; Han, X.; Lan, Y.; Cao, D.; Sun, Q.; Cui, X.; Meng, J.; Chen, W. Responses of soil respiration and C sequestration efficiency to biochar amendment in maize field of Northeast China. Soil Tillage Res. 2022, 223, 105442. [Google Scholar] [CrossRef]

	



Wang, L.; Gao, C.; Yang, K.; Sheng, Y.; Xu, J.; Zhao, Y.; Lou, J.; Sun, R.; Zhu, L. Effects of biochar aging in the soil on its mechanical property and performance for soil CO2 and N2O emissions. Sci. Total Environ. 2021, 782, 146824. [Google Scholar] [CrossRef]

	



Song, B.; Almatrafi, E.; Tan, X.; Luo, S.; Xiong, W.; Zhou, C.; Qin, M.; Liu, Y.; Cheng, M.; Zeng, G.; et al. Biochar-based agricultural soil management: An application-dependent strategy for contributing to carbon neutrality. Renew. Sustain. Energy Rev. 2022, 164, 112529. [Google Scholar] [CrossRef]

	



Gascó, G.; Paz-Ferreiro, J.; Cely, P.; Plaza, C.; Méndez, A. Influence of pig manure and its biochar on soil CO2 emissions and soil enzymes. Ecol. Eng. 2016, 95, 19–24. [Google Scholar] [CrossRef]

	



Zheng, H.; Liu, D.; Liao, X.; Miao, Y.; Li, Y.; Li, J.; Yuan, J.; Chen, Z.; Ding, W. Field-aged biochar enhances soil organic carbon by increasing recalcitrant organic carbon fractions and making microbial communities more conducive to carbon sequestration. Agric. Ecosyst. Environ. 2022, 340, 108177. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef]

	



El-Mahrouky, M.; El-Naggar, A.H.; Usman, A.R.; Al-Wabel, M. Dynamics of CO2 Emission and Biochemical Properties of a Sandy Calcareous Soil Amended with Conocarpus Waste and Biochar. Pedosphere 2015, 25, 46–56. [Google Scholar] [CrossRef]

	



Yang, Y.; Sun, K.; Liu, J.; Chen, Y.; Han, L. Changes in soil properties and CO2 emissions after biochar addition: Role of pyrolysis temperature and aging. Sci. Total Environ. 2022, 839, 156333. [Google Scholar] [CrossRef]

	



Van Kessel, C.; Venterea, R.; Six, J.; Adviento-Borbe, M.A.; Linquist, B.; van Groenigen, K.J. Climate, duration, and N placement determine N2O emissions in reduced tillage systems: A meta-analysis. Glob. Chang. Biol. 2013, 19, 33–44. [Google Scholar] [CrossRef]

	



Thompson, R.L.; Lassaletta, L.; Patra, P.K.; Wilson, C.; Wells, K.C.; Gressent, A.; Koffi, E.N.; Chipperfield, M.P.; Winiwarter, W.; Davidson, E.A. Acceleration of global N2O emissions seen from two decades of atmospheric inversion. Nat. Clim. Chang. 2019, 9, 993–998. [Google Scholar] [CrossRef]

	



Tian, H.; Yang, J.; Xu, R.; Lu, C.; Canadell, J.G.; Davidson, E.A.; Jackson, R.B.; Arneth, A.; Chang, J.; Ciais, P. Global soil nitrous oxide emissions since the preindustrial era estimated by an ensemble of terrestrial biosphere models: Magnitude, attribution, and uncertainty. Glob. Chang. Biol. 2019, 25, 640–659. [Google Scholar] [CrossRef] [PubMed]

	



Mateo-Marín, N.; Quílez, D.; Guillén, M.; Isla, R. Feasibility of stabilised nitrogen fertilisers decreasing greenhouse gas emissions under optimal management in sprinkler irrigated conditions. Agric. Ecosyst. Environ. 2020, 290, 106725. [Google Scholar] [CrossRef]

	



Ge, J.; Huang, G.; Huang, J.; Zeng, J.; Han, L. Particle-scale modeling of methane emission during pig manure/wheat straw aerobic composting. Environ. Sci. Technol. 2016, 50, 4374–4383. [Google Scholar] [CrossRef] [PubMed]

	



Wang, C.; Lu, H.; Dong, D.; Deng, H.; Strong, P.J.; Wang, H.; Wu, W. Insight into the effects of biochar on manure composting: Evidence supporting the relationship between N2O emission and denitrifying community. Environ. Sci. Technol. 2013, 47, 7341–7349. [Google Scholar] [CrossRef]

	



Song, Y.; Li, Y.; Cai, Y.; Fu, S.; Luo, Y.; Wang, H.; Liang, C.; Lin, Z.; Hu, S.; Li, Y.; 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, 135–145. [Google Scholar] [CrossRef]

	



Ji, C.; Han, Z.; Zheng, F.; Wu, S.; Wang, J.; Wang, J.; Zhang, H.; Zhang, Y.; Liu, S.; Li, S.; et al. Biochar reduced soil nitrous oxide emissions through suppressing fungal denitrification and affecting fungal community assembly in a subtropical tea plantation. Agric. Ecosyst. Environ. 2022, 326, 107784. [Google Scholar] [CrossRef]

	



Tang, Z.; Liu, X.; Li, G.; Liu, X. Mechanism of biochar on nitrification and denitrification to N2O emissions based on isotope characteristic values. Environ. Res. 2022, 212, 113219. [Google Scholar] [CrossRef]

	



Zhong, L.; Li, G.; Qing, J.; Li, J.; Xue, J.; Yan, B.; Chen, G.; Kang, X.; Rui, Y. Biochar can reduce N2O production potential from rhizosphere of fertilized agricultural soils by suppressing bacterial denitrification. Eur. J. Soil Biol. 2022, 109, 103391. [Google Scholar] [CrossRef]

	



Yang, X.; Sun, Q.; Yuan, J.; Fu, S.; Lan, Y.; Jiang, X.; Meng, J.; Han, X.; Chen, W. Successive corn stover and biochar applications mitigate N2O emissions by altering soil physicochemical properties and N-cycling-related enzyme activities: A five-year field study in Northeast China. Agric. Ecosyst. Environ. 2022, 340, 108183. [Google Scholar] [CrossRef]

	



Kalu, S.; Simojoki, A.; Karhu, K.; Tammeorg, P. Long-term effects of softwood biochar on soil physical properties, greenhouse gas emissions and crop nutrient uptake in two contrasting boreal soils. Agric. Ecosyst. Environ. 2021, 316, 107454. [Google Scholar] [CrossRef]

	



Liao, X.; Mao, S.; Chen, Y.; Zhang, J.; Müller, C.; Malghani, S. Combined effects of biochar and biogas slurry on soil nitrogen transformation rates and N2O emission in a subtropical poplar plantation. Sci. Total Environ. 2022, 848, 157766. [Google Scholar] [CrossRef] [PubMed]

	



Pokharel, P.; Qi, L.; Chang, S.X. Manure-based biochar decreases heterotrophic respiration and increases gross nitrification rates in rhizosphere soil. Soil Biol. Biochem. 2021, 154, 108147. [Google Scholar] [CrossRef]

	



Liao, X.; Liu, D.; Niu, Y.; Chen, Z.; He, T.; Ding, W. Effect of field-aged biochar on fertilizer N retention and N2O emissions: A field microplot experiment with 15N-labeled urea. Sci. Total Environ. 2021, 773, 145645. [Google Scholar] [CrossRef] [PubMed]

	



Cai, Y.; Akiyama, H. Effects of inhibitors and biochar on nitrous oxide emissions, nitrate leaching, and plant nitrogen uptake from urine patches of grazing animals on grasslands: A meta-analysis. Soil Sci. Plant Nutr. 2017, 63, 405–414. [Google Scholar] [CrossRef]

	



Lan, Z.M.; Chen, C.R.; Rezaei Rashti, M.; Yang, H.; Zhang, D.K. Linking feedstock and application rate of biochars to N2O emission in a sandy loam soil: Potential mechanisms. Geoderma 2019, 337, 880–892. [Google Scholar] [CrossRef]

	



Ameloot, N.; De Neve, S.; Jegajeevagan, K.; Yildiz, G.; Buchan, D.; Funkuin, Y.N.; Prins, W.; Bouckaert, L.; Sleutel, S. Short-term CO2 and N2O emissions and microbial properties of biochar amended sandy loam soils. Soil Biol. Biochem. 2013, 57, 401–410. [Google Scholar] [CrossRef]

	



Zhang, X.; Zhang, J.; Song, M.; Dong, Y.; Xiong, Z. N2O and NO production and functional microbes responding to biochar aging process in an intensified vegetable soil. Environ. Pollut. 2022, 307, 119491. [Google Scholar] [CrossRef]

	



Bernstein, L.; Bosch, P.; Canziani, O.; Chen, Z.; Christ, R.; Riahi, K. IPCC, 2007: Climate Change 2007: Synthesis Report; IPCC: Geneva, Switzerland, 2008. [Google Scholar]

	



Wang, C.; Shen, J.; Liu, J.; Qin, H.; Yuan, Q.; Fan, F.; Hu, Y.; Wang, J.; Wei, W.; Li, Y.; et al. Microbial mechanisms in the reduction of CH4 emission from double rice cropping system amended by biochar: A four-year study. Soil Biol. Biochem. 2019, 135, 251–263. [Google Scholar] [CrossRef]

	



Sun, B.; Bai, Z.; Li, Y.; Li, R.; Song, M.; Xu, S.; Zhang, H.; Zhuang, X. Emission mitigation of CH4 and N2O during semi-permeable membrane covered hyperthermophilic aerobic composting of livestock manure. J. Clean. Prod. 2022, 379, 134850. [Google Scholar] [CrossRef]

	



Solomon, S.; Qin, D.; Manning, M.; Averyt, K.; Marquis, M. Climate Change 2007-the Physical Science Basis: Working Group I Contribution to the Fourth Assessment Report of the IPCC; Cambridge University Press: Cambridge, UK, 2007; Volume 4. [Google Scholar]

	



Zhang, A.; Bian, R.; Pan, G.; Cui, L.; Hussain, Q.; Li, L.; Zheng, J.; Zheng, J.; Zhang, X.; Han, X. Effects of biochar amendment on soil quality, crop yield and greenhouse gas emission in a Chinese rice paddy: A field study of 2 consecutive rice growing cycles. Field Crops Res. 2012, 127, 153–160. [Google Scholar] [CrossRef]

	



Lin, X.; Wang, N.; Li, F.; Yan, B.; Pan, J.; Jiang, S.; Peng, H.; Chen, A.; Wu, G.; Zhang, J.; et al. Evaluation of the synergistic effects of biochar and biogas residue on CO2 and CH4 emission, functional genes, and enzyme activity during straw composting. Bioresour. Technol. 2022, 360, 127608. [Google Scholar] [CrossRef] [PubMed]

	



Sriphirom, P.; Towprayoon, S.; Yagi, K.; Rossopa, B.; Chidthaisong, A. Changes in methane production and oxidation in rice paddy soils induced by biochar addition. Appl. Soil Ecol. 2022, 179, 104585. [Google Scholar] [CrossRef]

	



Kim, J.; Yoo, G.; Kim, D.; Ding, W.; Kang, H. Combined application of biochar and slow-release fertilizer reduces methane emission but enhances rice yield by different mechanisms. Appl. Soil Ecol. 2017, 117–118, 57–62. [Google Scholar] [CrossRef]

	



Ji, B.; Chen, J.; Li, W.; Mei, J.; Yang, Y.; Chang, J. Greenhouse gas emissions from constructed wetlands are mitigated by biochar substrates and distinctly affected by tidal flow and intermittent aeration modes. Environ. Pollut. 2021, 271, 116328. [Google Scholar] [CrossRef]

	



Wang, N.; Chang, Z.-Z.; Xue, X.-M.; Yu, J.-G.; Shi, X.-X.; Ma, L.Q.; Li, H.-B. Biochar decreases nitrogen oxide and enhances methane emissions via altering microbial community composition of anaerobic paddy soil. Sci. Total Environ. 2017, 581, 689–696. [Google Scholar] [CrossRef]

	



Liu, Y.; Yang, M.; Wu, Y.; Wang, H.; Chen, Y.; Wu, W. Reducing CH4 and CO2 emissions from waterlogged paddy soil with biochar. J. Soils Sediments 2011, 11, 930–939. [Google Scholar] [CrossRef]

	



Joseph, S.; Graber, E.R.; Chia, C.; Munroe, P.; Donne, S.; Thomas, T.; Nielsen, S.; Marjo, C.; Rutlidge, H.; Pan, G.-X. Shifting paradigms: Development of high-efficiency biochar fertilizers based on nano-structures and soluble components. Carbon Manag. 2013, 4, 323–343. [Google Scholar] [CrossRef]

	



Nan, Q.; Wang, C.; Yi, Q.; Zhang, L.; Ping, F.; Thies, J.E.; Wu, W. Biochar amendment pyrolysed with rice straw increases rice production and mitigates methane emission over successive three years. Waste Manag. 2020, 118, 1–8. [Google Scholar] [CrossRef]

	



Wang, C.; Liu, J.; Shen, J.; Chen, D.; Li, Y.; Jiang, B.; Wu, J. Effects of biochar amendment on net greenhouse gas emissions and soil fertility in a double rice cropping system: A 4-year field experiment. Agric. Ecosyst. Environ. 2018, 262, 83–96. [Google Scholar] [CrossRef]

	



Qi, L.; Pokharel, P.; Chang, S.X.; Zhou, P.; Niu, H.; He, X.; Wang, Z.; Gao, M. Biochar application increased methane emission, soil carbon storage and net ecosystem carbon budget in a 2-year vegetable–rice rotation. Agric. Ecosyst. Environ. 2020, 292, 106831. [Google Scholar] [CrossRef]

	



Liu, F.; Ji, M.; Xiao, L.; Wang, X.; Diao, Y.; Dan, Y.; Wang, H.; Sang, W.; Zhang, Y. Organics composition and microbial analysis reveal the different roles of biochar and hydrochar in affecting methane oxidation from paddy soil. Sci. Total Environ. 2022, 843, 157036. [Google Scholar] [CrossRef] [PubMed]

	



Lee, S.-I.; Park, H.-J.; Jeong, Y.-J.; Seo, B.-S.; Kwak, J.-H.; Yang, H.I.; Xu, X.; Tang, S.; Cheng, W.; Lim, S.-S.; et al. Biochar-induced reduction of N2O emission from East Asian soils under aerobic conditions: Review and data analysis. Environ. Pollut. 2021, 291, 118154. [Google Scholar] [CrossRef] [PubMed]

	



Nguyen, T.T.N.; Xu, C.-Y.; Tahmasbian, I.; Che, R.; Xu, Z.; Zhou, X.; Wallace, H.M.; Bai, S.H. Effects of biochar on soil available inorganic nitrogen: A review and meta-analysis. Geoderma 2017, 288, 79–96. [Google Scholar] [CrossRef]

	



Domingues, R.R.; Trugilho, P.F.; Silva, C.A.; Melo, I.C.N.A.d.; Melo, L.C.A.; Magriotis, Z.M.; Sanchez-Monedero, M.A. Properties of biochar derived from wood and high-nutrient biomasses with the aim of agronomic and environmental benefits. PLoS ONE 2017, 12, e0176884. [Google Scholar] [CrossRef]

	



Lin, Z.; Liu, Q.; Liu, G.; Cowie, A.L.; Bei, Q.; Liu, B.; Wang, X.; Ma, J.; Zhu, J.; Xie, Z. Effects of Different Biochars on Pinus elliottii Growth, N Use Efficiency, Soil N2O and CH4 Emissions and C Storage in a Subtropical Area of China. Pedosphere 2017, 27, 248–261. [Google Scholar] [CrossRef]

	



Rittl, T.F.; Butterbach-Bahl, K.; Basile, C.M.; Pereira, L.A.; Alms, V.; Dannenmann, M.; Couto, E.G.; Cerri, C.E.P. Greenhouse gas emissions from soil amended with agricultural residue biochars: Effects of feedstock type, production temperature and soil moisture. Biomass Bioenergy 2018, 117, 1–9. [Google Scholar] [CrossRef]

	



Al-Rumaihi, A.; Shahbaz, M.; McKay, G.; Mackey, H.; Al-Ansari, T. A review of pyrolysis technologies and feedstock: A blending approach for plastic and biomass towards optimum biochar yield. Renew. Sustain. Energy Rev. 2022, 167, 112715. [Google Scholar] [CrossRef]

	



Amenaghawon, A.N.; Anyalewechi, C.L.; Okieimen, C.O.; Kusuma, H.S. Biomass pyrolysis technologies for value-added products: A state-of-the-art review. Environ. Dev. Sustain. 2021, 23, 14324–14378. [Google Scholar] [CrossRef]

	



Yang, W.; Shang, J.; Sharma, P.; Li, B.; Liu, K.; Flury, M. Colloidal stability and aggregation kinetics of biochar colloids: Effects of pyrolysis temperature, cation type, and humic acid concentrations. Sci. Total Environ. 2019, 658, 1306–1315. [Google Scholar] [CrossRef] [PubMed]

	



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. [Google Scholar] [CrossRef]

	



Zhao, T.; Yao, Y.; Li, D.; Wu, F.; Zhang, C.; Gao, B. Facile low-temperature one-step synthesis of pomelo peel biochar under air atmosphere and its adsorption behaviors for Ag (I) and Pb (II). Sci. Total Environ. 2018, 640, 73–79. [Google Scholar] [CrossRef] [PubMed]

	



Lewandowski, W.M.; Januszewicz, K.; Kosakowski, W. Efficiency and proportions of waste tyre pyrolysis products depending on the reactor type—A review. J. Anal. Appl. Pyrolysis 2019, 140, 25–53. [Google Scholar] [CrossRef]

	



Zhang, Q.; Xiao, J.; Xue, J.; Zhang, L. Quantifying the effects of biochar application on greenhouse gas emissions from agricultural soils: A global meta-analysis. Sustainability 2020, 12, 3436. [Google Scholar] [CrossRef]

	



McBeath, A.V.; Smernik, R.J.; Krull, E.S.; Lehmann, J. The influence of feedstock and production temperature on biochar carbon chemistry: A solid-state 13C NMR study. Biomass Bioenergy 2014, 60, 121–129. [Google Scholar] [CrossRef]

	



Shaheen, S.M.; Mosa, A.; Abdelrahman, H.; Niazi, N.K.; Antoniadis, V.; Shahid, M.; Song, H.; Kwon, E.E.; Rinklebe, J. Removal of toxic elements from aqueous environments using nano zero-valent iron-and iron oxide-modified biochar: A review. Biochar 2022, 4, 1–21. [Google Scholar] [CrossRef]

	



Deng, B.; Shi, Y.; Zhang, L.; Fang, H.; Gao, Y.; Luo, L.; Feng, W.; Hu, X.; Wan, S.; Huang, W.; et al. Effects of spent mushroom substrate-derived biochar on soil CO2 and N2O emissions depend on pyrolysis temperature. Chemosphere 2020, 246, 125608. [Google Scholar] [CrossRef]

	



Wang, Z.; Zheng, H.; Luo, Y.; Deng, X.; Herbert, S.; Xing, B. Characterization and influence of biochars on nitrous oxide emission from agricultural soil. Environ. Pollut. 2013, 174, 289–296. [Google Scholar] [CrossRef]

	



Mukome, F.N.D.; Six, J.; Parikh, S.J. The effects of walnut shell and wood feedstock biochar amendments on greenhouse gas emissions from a fertile soil. Geoderma 2013, 200–201, 90–98. [Google Scholar] [CrossRef]

	



Nan, Q.; Xin, L.; Qin, Y.; Waqas, M.; Wu, W. Exploring long-term effects of biochar on mitigating methane emissions from paddy soil: A review. Biochar 2021, 3, 125–134. [Google Scholar] [CrossRef]

	



Chiappero, M.; Norouzi, O.; Hu, M.; Demichelis, F.; Berruti, F.; di Maria, F.; Mašek, O.; Fiore, S. Review of biochar role as additive in anaerobic digestion processes. Renew. Sustain. Energy Rev. 2020, 131, 110037. [Google Scholar] [CrossRef]

	



Cai, F.; Feng, Z.; Zhu, L. Effects of biochar on CH4 emission with straw application on paddy soil. J. Soils Sediments 2018, 18, 599–609. [Google Scholar] [CrossRef]

	



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. 2010. Available online: http://www.blue-leaf.ca/main-en/report_a3.php (accessed on 3 March 2011).

	



Rahman, M.A.; Jahiruddin, M.; Kader, M.A.; Islam, M.R.; Solaiman, Z.M. Sugarcane bagasse biochar increases soil carbon sequestration and yields of maize and groundnut in charland ecosystem. Arch. Agron. Soil Sci. 2022, 68, 1338–1351. [Google Scholar] [CrossRef]

	



Novak, J.M.; Ippolito, J.A.; Watts, D.W.; Sigua, G.C.; Ducey, T.F.; Johnson, M.G. Biochar compost blends facilitate switchgrass growth in mine soils by reducing Cd and Zn bioavailability. Biochar 2019, 1, 97–114. [Google Scholar] [CrossRef] [PubMed]

	



An, X.; Wu, Z.; Shi, W.; Qi, H.; Zhang, L.; Xu, X.; Yu, B. Biochar for simultaneously enhancing the slow-release performance of fertilizers and minimizing the pollution of pesticides. J. Hazard. Mater. 2021, 407, 124865. [Google Scholar] [CrossRef] [PubMed]

	



Zimmerman, A.R.; Gao, B.; Ahn, M.-Y. Positive and negative carbon mineralization priming effects among a variety of biochar-amended soils. Soil Biol. Biochem. 2011, 43, 1169–1179. [Google Scholar] [CrossRef]

	



Van Zwieten, L.; Singh, B.P.; Tavakkoli, E.; Joseph, S.; Macdonald, L.M.; Rose, T.J.; Rose, M.T.; Kimber, S.W.L.; Morris, S.; Cozzolino, D. Biochar built soil carbon over a decade by stabilizing rhizodeposits. Nat. Clim. Chang. 2017, 7, 371–376. [Google Scholar]

	



Olaniyan, J.O.; Isimikalu, T.O.; Raji, B.A.; Affinnih, K.O.; Alasinrin, S.Y.; Ajala, O.N. An investigation of the effect of biochar application rates on CO2 emissions in soils under upland rice production in southern Guinea Savannah of Nigeria. Heliyon 2020, 6, e05578. [Google Scholar] [CrossRef]

	



Ge, X.; Cao, Y.; Zhou, B.; Wang, X.; Yang, Z.; Li, M.-H. Biochar addition increases subsurface soil microbial biomass but has limited effects on soil CO2 emissions in subtropical moso bamboo plantations. Appl. Soil Ecol. 2019, 142, 155–165. [Google Scholar] [CrossRef]

	



Lu, X.; Li, Y.; Wang, H.; Singh, B.P.; Hu, S.; Luo, Y.; Li, J.; Xiao, Y.; Cai, X.; Li, Y. Responses of soil greenhouse gas emissions to different application rates of biochar in a subtropical Chinese chestnut plantation. Agric. For. Meteorol. 2019, 271, 168–179. [Google Scholar] [CrossRef]

	



Walkiewicz, A.; Kalinichenko, K.; Kubaczyński, A.; Brzezińska, M.; Bieganowski, A. Usage of biochar for mitigation of CO2 emission and enhancement of CH4 consumption in forest and orchard Haplic Luvisol (Siltic) soils. Appl. Soil Ecol. 2020, 156, 103711. [Google Scholar] [CrossRef]

	



Shen, Y.; Zhu, L.; Cheng, H.; Yue, S.; Li, S. Effects of biochar application on CO2 emissions from a cultivated soil under semiarid climate conditions in Northwest China. Sustainability 2017, 9, 1482. [Google Scholar] [CrossRef]

	



Oo, A.Z.; Sudo, S.; Win, K.T.; Shibata, A.; Gonai, T. Influence of pruning waste biochar and oyster shell on N2O and CO2 emissions from Japanese pear orchard soil. Heliyon 2018, 4, e00568. [Google Scholar] [CrossRef] [PubMed]

	



Mosa, A.A.; Taha, A.; Elsaeid, M. Agro-environmental applications of humic substances: A critical review. Egypt. J. Soil Sci. 2020, 60, 211–229. [Google Scholar] [CrossRef]

	



Chen, H.; Awasthi, S.K.; Liu, T.; Duan, Y.; Ren, X.; Zhang, Z.; Pandey, A.; Awasthi, M.K. Effects of microbial culture and chicken manure biochar on compost maturity and greenhouse gas emissions during chicken manure composting. J. Hazard. Mater. 2020, 389, 121908. [Google Scholar] [CrossRef]

	



Millennium Ecosystem Assessment. Synthesis Report; Millennium Ecosystem Assessment: Washington, DC, USA, 2005. [Google Scholar]

	



Mahapatra, S.; Ali, M.H.; Samal, K. Assessment of compost maturity-stability indices and recent development of composting bin. Energy Nexus 2022, 6, 100062. [Google Scholar] [CrossRef]

	



Chung, W.J.; Chang, S.W.; Chaudhary, D.K.; Shin, J.; Kim, H.; Karmegam, N.; Govarthanan, M.; Chandrasekaran, M.; Ravindran, B. Effect of biochar amendment on compost quality, gaseous emissions and pathogen reduction during in-vessel composting of chicken manure. Chemosphere 2021, 283, 131129. [Google Scholar] [CrossRef]

	



Zhang, L.; Sun, X. Changes in physical, chemical, and microbiological properties during the two-stage co-composting of green waste with spent mushroom compost and biochar. Bioresour. Technol. 2014, 171, 274–284. [Google Scholar] [CrossRef]

	



Li, S.; Song, L.; Jin, Y.; Liu, S.; Shen, Q.; Zou, J. Linking N2O emission from biochar-amended composting process to the abundance of denitrify (nirK and nosZ) bacteria community. AMB Express 2016, 6, 1–9. [Google Scholar] [CrossRef]

	



Guo, H.; Gu, J.; Wang, X.; Yu, J.; Nasir, M.; Zhang, K.; Sun, W. Microbial driven reduction of N2O and NH3 emissions during composting: Effects of bamboo charcoal and bamboo vinegar. J. Hazard. Mater. 2020, 390, 121292. [Google Scholar] [CrossRef]

	



Wang, X.; Liu, X.; Wang, Z.; Sun, G.; Li, J. Greenhouse gas reduction and nitrogen conservation during manure composting by combining biochar with wood vinegar. J. Environ. Manag. 2022, 324, 116349. [Google Scholar] [CrossRef] [PubMed]

	



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. [Google Scholar] [CrossRef] [PubMed]

	



Ghorbani, M.; Konvalina, P.; Walkiewicz, A.; Neugschwandtner, R.W.; Kopecký, M.; Zamanian, K.; Chen, W.-H.; Bucur, D. Feasibility of Biochar Derived from Sewage Sludge to Promote Sustainable Agriculture and Mitigate GHG Emissions—A Review. Int. J. Environ. Res. Public Health 2022, 19, 12983. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, J.; Kang, K.; Wang, C.; Sun, X.; Dang, S.; Wang, N.; Wang, Y.; Zhang, C.; Yan, G.; Li, Y. Evaluation of total greenhouse gas emissions during sewage sludge composting by the different dicyandiamide added forms: Mixing, surface broadcasting, and their combination. Waste Manag. 2018, 81, 94–103. [Google Scholar] [CrossRef]

	



Awasthi, M.K.; Wang, M.; Chen, H.; Wang, Q.; Zhao, J.; Ren, X.; Li, D.-s.; Awasthi, S.K.; Shen, F.; Li, R. Heterogeneity of biochar amendment to improve the carbon and nitrogen sequestration through reduce the greenhouse gases emissions during sewage sludge composting. Bioresour. Technol. 2017, 224, 428–438. [Google Scholar] [CrossRef] [PubMed]

	



Xue, S.; Zhou, L.; Zhong, M.; Kumar Awasthi, M.; Mao, H. Bacterial agents affected bacterial community structure to mitigate greenhouse gas emissions during sewage sludge composting. Bioresour. Technol. 2021, 337, 125397. [Google Scholar] [CrossRef] [PubMed]

	



Lv, B.; Cui, Y.; Wei, H.; Chen, Q.; Zhang, D. Elucidating the role of earthworms in N2O emission and production pathway during vermicomposting of sewage sludge and rice straw. J. Hazard. Mater. 2020, 400, 123215. [Google Scholar] [CrossRef]

	



Wu, D.; Feng, Y.; Xue, L.; Liu, M.; Yang, B.; Hu, F.; Yang, L. Biochar Combined with Vermicompost Increases Crop Production While Reducing Ammonia and Nitrous Oxide Emissions from a Paddy Soil. Pedosphere 2019, 29, 82–94. [Google Scholar] [CrossRef]

	



Romero, C.M.; Redman, A.-A.P.H.; Owens, J.; Terry, S.A.; Ribeiro, G.O.; Gorzelak, M.A.; Oldenburg, T.B.P.; Hazendonk, P.; Larney, F.J.; Hao, X.; et al. Effects of feeding a pine-based biochar to beef cattle on subsequent manure nutrients, organic matter composition and greenhouse gas emissions. Sci. Total Environ. 2022, 812, 152267. [Google Scholar] [CrossRef]

	



Chowdhury, M.A.; de Neergaard, A.; Jensen, L.S. Potential of aeration flow rate and bio-char addition to reduce greenhouse gas and ammonia emissions during manure composting. Chemosphere 2014, 97, 16–25. [Google Scholar] [CrossRef]

	



Malińska, K.; Zabochnicka-Świątek, M.; Dach, J. Effects of biochar amendment on ammonia emission during composting of sewage sludge. Ecol. Eng. 2014, 71, 474–478. [Google Scholar] [CrossRef]

	



Vandecasteele, B.; Sinicco, T.; D’Hose, T.; Nest, T.V.; Mondini, C. Biochar amendment before or after composting affects compost quality and N losses, but not P plant uptake. J. Environ. Manag. 2016, 168, 200–209. [Google Scholar] [CrossRef] [PubMed]

	



Agyarko-Mintah, E.; Cowie, A.; Singh, B.P.; Joseph, S.; van Zwieten, L.; Cowie, A.; Harden, S.; Smillie, R. Biochar increases nitrogen retention and lowers greenhouse gas emissions when added to composting poultry litter. Waste Manag. 2017, 61, 138–149. [Google Scholar] [CrossRef] [PubMed]

	



Mao, H.; Lv, Z.; Sun, H.; Li, R.; Zhai, B.; Wang, Z.; Awasthi, M.K.; Wang, Q.; Zhou, L. Improvement of biochar and bacterial powder addition on gaseous emission and bacterial community in pig manure compost. Bioresour. Technol. 2018, 258, 195–202. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, H.; Marchant-Forde, J.N.; Zhang, X.; Wang, Y. Effect of cornstalk biochar immobilized bacteria on ammonia reduction in laying hen manure composting. Molecules 2020, 25, 1560. [Google Scholar] [CrossRef]

	



Wang, Y.; Akdeniz, N.; Yi, S. Biochar-amended poultry mortality composting to increase compost temperatures, reduce ammonia emissions, and decrease leachate’s chemical oxygen demand. Agric. Ecosyst. Environ. 2021, 315, 107451. [Google Scholar] [CrossRef]

	



El-Naggar, A.; Ahmed, N.; Mosa, A.; Niazi, N.K.; Yousaf, B.; Sharma, A.; Sarkar, B.; Cai, Y.; Chang, S.X. Nickel in soil and water: Sources, biogeochemistry, and remediation using biochar. J. Hazard. Mater. 2021, 419, 126421. [Google Scholar] [CrossRef]

	



Ghorbani, M.; Konvalina, P.; Kopecký, M.; Kolář, L. A meta-analysis on the impacts of different oxidation methods on the surface area properties of biochar. Land Degrad. Dev. 2022. [Google Scholar] [CrossRef]

	



Liu, W.-J.; Jiang, H.; Yu, H.-Q. Development of biochar-based functional materials: Toward a sustainable platform carbon material. Chem. Rev. 2015, 115, 12251–12285. [Google Scholar] [CrossRef]

	



Zhang, X.; Zhang, S.; Yang, H.; Feng, Y.; Chen, Y.; Wang, X.; Chen, H. Nitrogen enriched biochar modified by high temperature CO2–ammonia treatment: Characterization and adsorption of CO2. Chem. Eng. J. 2014, 257, 20–27. [Google Scholar] [CrossRef]

	



Lian, F.; Cui, G.; Liu, Z.; Duo, L.; Zhang, G.; Xing, B. One-step synthesis of a novel N-doped microporous biochar derived from crop straws with high dye adsorption capacity. J. Environ. Manag. 2016, 176, 61–68. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, X.; Wu, J.; Yang, H.; Shao, J.; Wang, X.; Chen, Y.; Zhang, S.; Chen, H. Preparation of nitrogen-doped microporous modified biochar by high temperature CO2–NH3 treatment for CO2 adsorption: Effects of temperature. RSC Adv. 2016, 6, 98157–98166. [Google Scholar] [CrossRef]

	



Xing, W.; Liu, C.; Zhou, Z.; Zhang, L.; Zhou, J.; Zhuo, S.; Yan, Z.; Gao, H.; Wang, G.; Qiao, S.Z. Superior CO2 uptake of N-doped activated carbon through hydrogen-bonding interaction. Energy Environ. Sci. 2012, 5, 7323–7327. [Google Scholar] [CrossRef]

	



Ma, X.; Li, L.; Wang, S.; Lu, M.; Li, H.; Ma, W.; Keener, T.C. Ammonia-treated porous carbon derived from ZIF-8 for enhanced CO2 adsorption. Appl. Surf. Sci. 2016, 369, 390–397. [Google Scholar] [CrossRef]

	



Zhang, C.; Sun, S.; Xu, S.; Wu, C. CO2 capture over steam and KOH activated biochar: Effect of relative humidity. Biomass Bioenergy 2022, 166, 106608. [Google Scholar] [CrossRef]

	



Kaya, N.; Uzun, Z.Y. Investigation of effectiveness of pine cone biochar activated with KOH for methyl orange adsorption and CO2 capture. Biomass Convers. Biorefinery 2021, 11, 1067–1083. [Google Scholar] [CrossRef]

	



Li, K.; Zhang, D.; Niu, X.; Guo, H.; Yu, Y.; Tang, Z.; Lin, Z.; Fu, M. Insights into CO2 adsorption on KOH-activated biochars derived from the mixed sewage sludge and pine sawdust. Sci. Total Environ. 2022, 826, 154133. [Google Scholar] [CrossRef]

	



Shin, J.; Park, D.; Hong, S.; Jeong, C.; Kim, H.; Chung, W. Influence of activated biochar pellet fertilizer application on greenhouse gas emissions and carbon sequestration in rice (Oryza sativa L.) production. Environ. Pollut. 2021, 285, 117457. [Google Scholar] [CrossRef]

	



Liu, Z.; Tang, J.; Ren, X.; Schaeffer, S.M. Effects of phosphorus modified nZVI-biochar composite on emission of greenhouse gases and changes of microbial community in soil. Environ. Pollut. 2021, 274, 116483. [Google Scholar] [CrossRef]

	



Khan, M.N.; Li, D.; Shah, A.; Huang, J.; Zhang, L.; Núñez-Delgado, A.; Han, T.; Du, J.; Ali, S.; Sial, T.A.; et al. The impact of pristine and modified rice straw biochar on the emission of greenhouse gases from a red acidic soil. Environ. Res. 2022, 208, 112676. [Google Scholar] [CrossRef]

	



Yang, X.; Wang, W.; Chen, X.; Sardans, J.; Wang, C.; Vancov, T.; Fang, Y.; Wang, S.; Yuan, X.; Llusià, J.; et al. Effects of N-enriched biochar on ecosystem greenhouse gas emissions, rice yield, and bacterial community diversity in subtropical rice paddy soils. Eur. J. Soil Biol. 2022, 113, 103440. [Google Scholar] [CrossRef]

	



Kong, F.; Wang, J.; Hou, W.; Cui, Y.; Yu, L.; Zhang, Y.; Wang, S. Influence of modified biochar supported sulfidation of nano-zero-valent-iron (S-nZVI/BC) on nitrate removal and greenhouse gas emission in constructed wetland. J. Environ. Sci. 2023, 125, 568–581. [Google Scholar] [CrossRef] [PubMed]

	



Gao, Y.; Wang, B.; Luo, L.; Deng, B.; Shad, N.; Hu, D.; Aly, H.M.; Zhang, L. Effects of hydroxyapatite and modified biochar derived from Camellia oleifera fruit shell on soil Cd contamination and N2O emissions. Ind. Crops Prod. 2022, 177, 114476. [Google Scholar] [CrossRef]

	



Mohammadi, A.; Cowie, A.; Mai, T.L.A.; de la Rosa, R.A.; Brandao, M.; Kristiansen, P.; Joseph, S. Quantifying the greenhouse gas reduction benefits of utilising straw biochar and enriched biochar. Energy Procedia 2016, 97, 254–261. [Google Scholar] [CrossRef]








[image: Sustainability 15 01206 g001 550] 





Figure 1. Number of documents published yearly in the Scopus database based on a query that employed the following keywords: biochar + CO2 emissions, biochar + N2O emissions, biochar + CH4 emissions, biochar + soil + CO2 emissions, biochar + soil + N2O emissions, and biochar + soil + CH4 emissions. 
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Figure 2. Biochar efficiency in reducing CO2 emissions (%). Data are extracted from 38 field investigations comprising 165 individual observations. Box chart is illustrated by the mean (dot), median (centerline), lower and upper quartiles (the lower and upper borders of the box, respectively), and whiskers-error bars (the minimum and maximum observations). 
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Figure 3. Biochar efficiency in reducing N2O and CH4 emissions (%). Data are extracted from 19 investigations comprising 66 individual observations. Box chart is illustrated by the mean (dot), median (centerline), lower and upper quartiles (the lower and upper borders of the box, respectively), and whiskers-error bars (the minimum and maximum observations). 
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Figure 4. Effect of feedstock type on biochar efficiency in reducing GHG emissions from soil. Data are extracted from 34 investigations comprising 147 individual observations. Box chart is illustrated by the mean (dot), median (centerline), lower and upper quartiles (the lower and upper borders of the box, respectively), and whiskers-error bars (the minimum and maximum observations). 
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Figure 5. Effect of pyrolysis temperature on biochar efficiency in reducing GHG emissions from soil. Data are extracted from 26 investigations comprising 82 individual observations. Box chart is illustrated by the mean (dot), median (centerline), lower and upper quartiles (the lower and upper borders of the box, respectively), and whiskers-error bars (the minimum and maximum observations). 
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Figure 6. Effect of biochar application rate on efficiency in reducing GHG emissions. Data are extracted from 26 investigations comprising 82 individual observations. Box chart is illustrated by the mean (dot), median (centerline), lower and upper quartiles (the lower and upper borders of the box, respectively), and whiskers-error bars (the minimum and maximum observations). 
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Figure 7. Effect of activation methods on sorption capacity of CO2 (mg g−1) with pristine and designer biochars. Data are extracted from 97 individual observations. Box chart is illustrated by the mean (dot), median (centerline), lower and upper quartiles (the lower and upper borders of the box, respectively), and whiskers-error bars (the minimum and maximum observations). 
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Table 1. A comparision between biochar and other soil amendments in reducing GHG emissions.
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Country

	
Climatic Conditions

	
Soil Properties

	
Soil Amendments

	
Application Rate (Mg ha−1)

	
Cultivated

Crop

	
Years of Study

	
Yield (%) Compared with Control

	
GHGs Emission Rate Compared with Control (%)

	
Reference




	
Texture

	
pH

	
OC

(g kg−1)

	
CO2

	
N2O

	
CH4






	
South Korea

	
-

	
Clay loam

	
5.8

	
22.98

	
Fly ash

	
2.0

	
Rice

	
1

	
7.33

	
-

	
3.53

	
−3.68

	
[26]




	
Silicate slag

	
21.75

	
-

	
5.74

	
33.74




	
Phosphogypsum

	
17.02

	
-

	
12.58

	
31.90




	
Revolving furnace slag

	
20.57

	
-

	
7.73

	
26.99




	
Blast furnace slag

	
13.00

	
-

	
8.83

	
9.82




	
Japan

	
-

	
Sandy loam

	
6.1

	
21.32

	
Biochar

	
2.0

	
Rice

	
1

	
10.47

	
-

	
31.83

	
−13.99




	
Silicate slag

	
25.58

	
-

	
17.65

	
14.68




	
Phosphogypsum

	
23.26

	
-

	
14.88

	
20.14




	
Biochar + azolla-cyanobacteria

	
2.0 + 5.0

	
27.91

	
-

	
26.30

	
7.85




	
Silicate slag + azolla-cyanobacteria

	
37.21

	
-

	
15.22

	
22.39




	
Phosphogypsum + azolla-cyanobacteria

	
30.23

	
-

	
11.07

	
25.60




	
Bangladesh

	
-

	
Clay loam

	
5.9

	
10.35

	
Biochar

	
2.0

	
Rice

	
1

	
15.85

	
-

	
20.00

	
−9.49




	
Silicate slag

	
28.05

	
-

	
14.18

	
18.35




	
Phosphogypsum

	
24.39

	
-

	
9.87

	
27.22




	
Biochar + azolla-cyanobacteria

	
2.0 + 5.0

	
25.61

	
-

	
25.06

	
9.49




	
Silicate slag + azolla-cyanobacteria

	
40.24

	
-

	
12.15

	
26.58




	
Phosphogypsum + azolla-cyanobacteria

	
34.15

	
-

	
7.34

	
29.11




	
China

	
Warm temperate and semi-humid monsoon

	
Clay

	
7.4

	
5.79

	
Wheat straw

	
7.5

	
Soybean

	
1

	
32.79

	
-

	
−37.37

	
-

	
[27]




	
Pig manure

	
15

	
24.59

	
-

	
−49.49

	
-




	
Cattle manure

	
30

	
52.46

	
-

	
−61.61

	
-




	
Wheat straw

	
7.5

	
2

	
11.57

	
-

	
−20.55

	
-




	
Pig manure

	
15

	
34.77

	
-

	
−31.51

	
-




	
Cattle manure

	
30

	
64.81

	
-

	
−31.51

	
-




	
Wheat straw

	
7.5

	
Wheat

	
1

	
7.25

	
-

	
−5.74

	
-




	
Pig manure

	
15

	
3.63

	
-

	
−30.33

	
-




	
Cattle manure

	
30

	
8.69

	
-

	
−62.30

	
-




	
Wheat straw

	
7.5

	
2

	
10.32

	
-

	
−44.21

	
-




	
Pig manure

	
15

	
12.20

	
-

	
−52.63

	
-




	
Cattle manure

	
30

	
16.87

	
-

	
−67.37

	
-




	
Southeastern China

	
-

	
Silt loam

	
6.5

	
18.10

	
Steel slag

	
8.0

	
Early

rice

	
1

	
0.86

	
4.08

	
27.56

	
10.45

	
[28]




	
Biochar rice straw

	
6.05

	
9.87

	
15.75

	
−7.37




	
Steel slag + biochar

	
8.0 + 8.0

	
9.29

	
18.71

	
20.47

	
34.10




	
Steel slag

	
8.0

	
Late

rice

	
1

	
1.49

	
12.25

	
27.40

	
14.89




	
Biochar rice straw

	
3.57

	
25.36

	
15.07

	
43.60




	
Steel slag + biochar

	
8.0 + 8.0

	
6.98

	
21.32

	
20.55

	
33.43




	
India

	
Sub-tropical, semi-arid

	
Loam

	
8.1

	
5.90

	
Azolla

	
-

	
Rice

	
2

	
14.33

	
-

	
8.73

	
9.62

	
[29]




	
Blue-green algae (BGA)

	
-

	
6.39

	
-

	
12.04

	
7.07




	
Azolla + BGA

	
-

	
9.97

	
-

	
40.74

	
13.27




	
Hyphomicrobium facile (A)

	
-

	
4.86

	
-

	
1.85

	
4.95




	
Burkholderia sp. (B)

	
-

	
−0.84

	
-

	
−1.59

	
4.10




	
Methylobacteruim oryzae (C)

	
-

	
1.71

	
-

	
−3.83

	
19.91




	
A + B + C

	
-

	
4.60

	
-

	
1.06

	
−10.41




	
China

	
Sub-tropical monsoon

	
Clay

	
8.6

	
11.77

	
Humic acid

	
0.6

	
Rice

	
1

	
18.37

	
-

	
−3.77

	
−6.20

	
[30]




	
Gypsum

	
0.6

	
2.30

	
-

	
9.43

	
19.36




	
Humic acid + gypsum

	
0.6 + 0.6

	
10.45

	
-

	
−26.42

	
27.25




	
China

	
Temperate continental monsoon

	
Loam

	
6.8

	
8.81

	
Humic acid + controlled-release fertilizer

	
-

	
Maize

	
1

	
4.72

	
−2.47

	
−40.94

	
-

	
[31]




	
2

	
11.10

	
−2.94

	
−40.40

	
-




	
Australia

	
Humid sub-tropical

	
Clay

	
7.8

	
15.00

	
Chicken manure + conventional N application rate

	
-

	
Green beans + sorghum + broccoli + lettuce

	
1

	
−4.55

	
14.16

	
−23.53

	
-

	
[32]




	
Composted chicken manure +conventional N application rate

	
0.00

	
11.80

	
8.82

	
-




	
Chicken manure + reduced N application rate

	
−6.82

	
11.98

	
−41.18

	
-




	
Composted chicken manure + reduced N application rate

	
2.27

	
−1.81

	
23.53

	
-
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