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Am‘c{e history: Biochar possesses a unique porous structure and abundant surface functional groups, which can potentially help
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(N,0)) and ammonia (NHs, an indirect GHG) during composting. Studies have shown that it is possible to im-
prove the mitigation of GHG emissions during composting by adjusting the biochar amount, type of raw material,
pyrolysis temperature, and particle size. Biochar produced from crop residues and woody biomass has a greater
effect on mitigating CH4, N0, and NH3 emissions during composting, and GHG emissions can be reduced signif-
icantly by adding about 10% (w/w) biochar. Biochar produced by high temperature pyrolysis (500-900 °C) has a
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1. Introduction as organic fertilizer (Chadwick et al,, 2011). However, composting ma-

The rapid development of modern society and various human activ-
ities have generated large volumes of greenhouse gas (GHG) emissions,
which have increased the global average temperature and aggravated
the global greenhouse effect, thereby potentially leading to increases
in the incidence of diseases and insect pests, sea level rises, abnormal
climate, and frequent droughts (Zachos et al., 2008; Byers, 2021). Stud-
ies have indicated that the global temperature will continue to rise in
the coming decades, thereby affecting human life and development
(Upadhyay, 2020). The common GHGs include methane (CHy,), carbon
dioxide (CO,), nitrous oxide (N,0), and ammonia (NH3). CO, is the
main gas produced when microorganisms decompose organic matter
and it plays an indispensable role in the heat balance of the Earth, and
thus an increase in atmospheric CO, will affect climate change
(Kweku et al., 2018). CH, is produced under anaerobic environments
by methanogens and its capacity for absorbing infrared light and exac-
erbating the greenhouse effect are about 26 times and 22 times higher
than those of CO,, respectively (Cao et al., 2019). In addition, N,O and
NH; are inevitably produced in the nitrogen conversion process, and
N,0 is an important cause of ozone layer depletion, where its effect is
296 times higher than the single molecule warming potential of CO,
(Ermolaev et al., 2015). NH5 does not lead to increases in temperature
but it is the substrate for N,O production, and thus NHs is also generally
considered an indirect GHG (Akdeniz, 2019).

Agriculture is one of the main sources of GHG emissions and about
13.5% of global anthropogenic GHG emissions come from agricultural
production (Havlik et al., 2014). It has been estimated that agricultural
activities contribute 80% of N,O emissions and 40% of CH, emissions
(Havlik et al., 2014), and the treatment and utilization of manure are
important sources of GHGs (Aguirre-Villegas and Larson, 2016).
Composting treatment is an effective method for dealing with manure
by transforming degradable organic matter into stable humus for use

nure is also a major source of GHGs. Barrington et al. (2002) found
that 14-51% of the organic carbon in the raw material may be released
into the atmosphere in the forms of CH4 and CO, during composting.
Similarly, the initial loss of the total nitrogen content during composting
is about 16-74% in the forms of NH; and N,O emissions (Ren et al.,
2010). Thus, GHGs emissions will reduce the quality of the compost
product and harm the atmospheric environment (Yang et al., 2015).

Many studies have investigated methods for reducing GHG emis-
sions from compost. In particular, physical methods aim to reduce
GHG emissions via their adsorption in the pores of materials. For in-
stance, Mao et al. (2019) showed that adding zeolite reduced CH, and
N,O emissions by 69% and 67%, respectively, during pig manure
composting. Biological additives can affect GHG emissions during
composting by changing the structure of the microbial community.
For instance, Fukumoto et al. (2006) showed that N,O emissions can
be reduced by adding nitrite-oxidizing bacteria during composting.
Moreover, chemicals such as superphosphate can be used as nitrogen
fixation agents during composting. In particular, studies have shown
that amendment with superphosphate reduced NHs emissions by
37.9% (Zhang et al., 2017) and CH,4 emissions by 80.5% (Yang et al.,
2015) during composting. Compared with other additives, biochar has
a more porous structure and a greater abundance of surface functional
groups (Wang and Zeng, 2018), and it is an effective additive for miti-
gating GHG emissions from composting. In addition, biochar can syner-
gistically reduce the emissions of common GHGs (CHy, N,0O, and NH3)
(Liu et al., 2017) and the effect of its application is highly stable (Mao
etal, 2019).

Biochar has many useful physical and chemical properties, such as
numerous pores, a large surface area, and abundant surface functional
groups (Cha et al., 2016). These properties have attracted much atten-
tion and it has been shown that biochar can mitigate GHG emissions
from wetlands (Zhou et al., 2020) and soils (Lehmann et al., 2011).
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Biochar can interact with the main nutrient cycles and it is conducive to
the growth of microorganisms during composting (Lépez-Cano et al.,
2016). Improved environmental conditions can promote changes in mi-
crobial communities to affect important microbially mediated biogeo-
chemical cycles (Lehmann et al., 2011), including the degradation of
organic matter (Guo et al., 2020a, 2020b), humification, nitrification,
and denitrification (Zainudin et al., 2020). Therefore, exploiting the
physical and chemical properties of biochar can potentially help to en-
hance the quality of compost and mitigate GHG emissions.

This review summarizes the preparation methods and functions of
biochar, as well as the mechanisms associated with its effects on the
emissions of various GHGs during composting. In addition, according
to the current research status, the application prospects and future re-
search areas are identified in order to obtain a greater understanding
of the effects of biochar on mitigating GHG emissions from compost.

2. Preparation and functions of biochar
2.1. Preparation of biochar

Biochar has attracted much attention in agriculture, environmental
applications, and as a new material due to its unique physical and chem-
ical properties, including high porosity, a large specific surface area, and
abundant functional groups. Biochar is produced in artificially con-
trolled pyrolysis conditions, where the pyrolysis temperature and resi-
dence time are mainly adjusted (Tomczyk et al., 2020). In general,
biochar mainly comprises elemental carbon (C), hydrogen (H), oxygen
(0), nitrogen (N), and sulfur (S), as well as ash (Xiao et al., 2018). The
elements in the raw materials undergo different physical and chemical
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processes in the biomass pyrolysis process to yield biochar with diverse
properties (Das et al.,, 2021).

The type of raw material employed significantly affects the elemen-
tal composition, specific surface area, and pore volume of biochar
(Table 1) due to differences in the contents, such as the cellulose/hemi-
celluloses/lignin (Tomczyk et al., 2020), elements (Xiao et al., 2018),
and mineral salts (Guo et al., 2020a, 2020b). In the biomass pyrolysis
process, low molecular weight cellulose and hemicellulose are readily
decomposed to form pores, whereas the pyrolysis of high molecular
weight lignin yields the biochar skeleton (Luo et al., 2015). In addition,
differences in the elemental and mineral salt contents of the raw mate-
rial will lead to the production of diverse functional groups on the sur-
face of biochar after pyrolysis (Tomczyk et al., 2020). As shown in
Table 1, the pore volume and specific surface area are significantly
lower for biochar produced using sludge, manure, and shell materials
compared with those produced from crop residues and wood biomass,
mainly due to the higher cellulose and hemicellulose contents of crop
residues and woody biomass compared with other materials, as
shown by Tomczyk et al. (2020) and Ahmad et al. (2014).

In addition to the type of raw material employed, the pyrolysis tem-
perature significantly affects the physicochemical properties of biochar.
The pyrolysis temperature range used for producing biochar in most
studies is generally 200-900 °C (Yuan et al., 2019). The biochar pyrolysis
process comprises the following three stages according to the tempera-
ture applied (Lee et al.,, 2017). In the first stage from ambient tempera-
ture to 200 °C, the internal structure is rearranged due to water
evaporation, chemical bond breakage, and the formation of hydroper-
oxide, -COOH, and -CO groups (Cardenas-Aguiar et al., 2017). The
rapid degradation of cellulose and hemicellulose (Yuan et al., 2019)

Table 1
Characteristics of biochar prepared under different conditions.
Raw material Pyrolysis Element content (%) Pore volume  BET surface area  Pore size(nm) Reference
Resi . (em®/g) (m*/g)
esidence time  Temperature C H (6] N
(h) (0
Biosolids 15 550 3957 117 - 567 0.042 3.98 3.95 Stylianou et al. (2020)
Cattle manure 2846 0.88 - 1.58 0.022 14.03 3.94
Spent coffee grounds 8738 236 - 428 0.008 1.53 60.39
Rice straw 2 300 3640 406 - 136 0.022 5.89 - Xu et al. (2019)
500 4257 322 53.09 112 0.072 34,03 -
700 5406 131 4433 030 0.189 122.63 -
Phragmites 300 3739 428 5791 042 0.008 3.51 -
communis 500 55.19 4.17 4050 0.14 0.106 131.46 -
700 59.15 351 3722 012 0415 441.71 -
Sawdust 300 55.9 460 3948 0.02 0.006 2.95 -
500 64.07 318 3274 0.01 0.233 378.72 -
700 7172 297 2531 000 0278 594.92 -
Egg shell 300 2359 070 75.60 0.11 0.004 2.03 -
500 1593 025 8379 0.03 0.006 3.72 -
700 1483 0.18 8490 0.09 0.009 533 -
Cow manure 1 300 4725 423 1123 326 0.003 1.55 7.34 Zhang et al. (2019)
500 43.08 160 7.17 215 0.003 1.77 5.89
700 4256 072 273 1.79 0.023 31.23 3.00
Wheat straw 1 700 5518 133 1041 - 0.040 4447 1.65 Shi et al. (2020)
Spent mushroom substrate 2 800 5520 1.09 10.10 1.32 0.050 64.40 3.30 Sewu et al. (2019)
Pomelo peel 1 300 6441 5.03 22.03 213 0.003 0.88 9.88 Yin et al. (2020)
Rice straw - - - - - - 0.013 9.61 - He et al. (2019)
Bamboo - - - - 0.018 25.23 -
Cow manure 2 500 4170 120 - 1.89 0.021 8.55 11.36 Kiran et al. (2017)
Pine sawdust 1 300 5530 550 39.00 0.07 - 8.20 - Luo et al. (2015)
Maize straw 5740 6.64 3420 159 - 2.60 -
Sugarcane bagasse 5850 6.73 3430 042 - 12.20 -
Pine sawdust 500 7600 354 1980 0.15 - 68.40 -
Maize straw 80.70 323 1410 171 - 33.20 -
Sugarcane bagasse 7770 396 1750 068 - 97.80 -
Municipal sewage sludge 1/3 500 1746 0.70 1045 1.54 0.051 25.42 3.74 Chen et al. (2014)
600 1840 034 735 1.38 0.053 20.27 3.76
700 1692 021 6.86 0.95 0.068 3217 3.75
800 1620 0.03 3.64 0.50 0.090 48.50 3.71
900 1592 011 244 0.53  0.099 67.60 3.84

Note: “~” denotes no data available.
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yields more aggregated organic compounds in the second stage at
200-500 °C (Ding et al., 2014). The degradation of refractory organic
compounds and lignin occurs in the third stage at temperatures above
500 °C (Cardenas-Aguiar et al., 2017). According to Table 1, the specific
surface area and pore volume of biochar increase as the pyrolysis tem-
perature increases, whereas the H/C and O/C atomic ratios decrease as
the pyrolysis temperature increases. These changes occur because in-
creasing the pyrolysis temperature promotes the formation of aromatic
carbon in biochar and the release of hydrogen-containing and oxygen-
containing groups (Weber and Quicker, 2018), thereby decreasing the
H/C and O/C atomic ratios (Xiao et al.,, 2016), and reducing the number
of oxygen-containing functional groups (Tomczyk et al., 2020). There-
fore, increasing the pyrolysis temperature enhances the degree of aro-
matization and reduces the number of oxygen-containing functional
groups on biochar. In summary, biochar produced by pyrolysis in the
range from 200 to 500 °C contains more oxygen-containing functional
groups, whereas biochar produced by pyrolysis in the range from 500
to 900 °C has a larger pore volume and specific surface area as well as
a higher degree of aromatization.

Thus, the properties of biochar can be adjusted by controlling the py-
rolysis temperature and the type of raw material.

2.2. Functions of biochar

Biochar can be used as an additive to improve the activities of mi-
crobes as well as the humification process and composting perfor-
mance, and mitigate GHG emissions (Fig. 1). These capabilities are
mainly attributed to the unique physicochemical properties of biochar,
as follows. (1) The abundant pores in biochar provide a high capacity
for water holding and they can prevent the production of anaerobic
zones by absorbing excess water from the composting pile (Sanchez-
Monedero et al., 2018), thereby improving the aerobic environment
during composting (Wu et al., 2017). He et al. (2018) found that com-
post with granular biochar increased the porosity by 4.02% and reduced
CH,4 emissions by 22.15%. (2) The large specific surface area of biochar
can provide suitable habitats for microorganisms to enhance their activ-
ity (Xiao et al,, 2017). Yin et al. (2021) found that biochar changed the
microbial community structure of compost and enhanced the activities
of cellulase and urease by 56% and 96%, respectively, by enhancing the
activities of related microorganisms. (3) The abundant functional
groups (e.g., carboxyl, hydroxyl, epoxy, carbonyl, acyl, ester, sulfonic,
ether, amido, and azyl groups) on the surfaces of biochar can serve as
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adsorption sites to enhance the adsorption capacity during composting
(Igbal et al., 2015; Xiao et al., 2018). In addition, the functional groups
on the surface of biochar can enhance the activities of microbes to facil-
itate the degradation of organic compounds during composting (Zhang
etal., 2014). Lopez-Cano et al. (2016) found that biochar reduced nitro-
gen losses in the composting process by adsorbing NHZ” and promoting
nitrification to enhance the efficiency of the composting product when
applied as fertilizer. (4) The alkaline pH of biochar can affect the activi-
ties of microorganisms by providing a suitable pH for their growth in the
composting pile (Xiao et al., 2017). Mao et al. (2018) found that biochar
inhibited CH4 emissions by affecting the pH of the compost pile.

3. Effects of biochar on the transformation of materials during
composting

3.1. Effects of biochar on the degradation of organic matter

The composting process involves the conversion of organic matter
into stable humus through the actions of microorganisms (Wu et al.,
2017). Unstable organic compounds such as simple carbohydrates,
amino acids, and fats degrade rapidly in the initial stage of composting
(Akdeniz, 2019). The slow degradation and transformation of other
forms of stable organic matter, such as cellulose, hemicellulose, and lig-
nin, can limit the efficiency of composting as well as affecting the quality
of the compost product (Bernal et al., 2009; Yin et al., 2019a). Many
studies have shown that the addition of exogenous additives
(e.g., zeolite (Wang et al., 2017), wood vinegar (Guo et al., 2020a,
2020b), superphosphate (Zhang et al., 2017), and biochar (Akdeniz,
2019) can enhance the decomposition of organic matter and increase
the effectiveness of the compost product when used as fertilizer.

Biochar has unique physical and chemical properties, and it can ac-
celerate the mineralization of organic matter, shorten the composting
time (Wang et al., 2017), and improve the compost product (Sanchez-
Garcia et al., 2015), mainly because biochar can enhance the aeration
of compost (Godlewska et al., 2017), stimulate microorganisms and
their enzyme activity levels (Yin et al,, 2021), and promote the degrada-
tion of organic matter (Khan et al., 2016). For example, Yang et al.
(2020) found that adding biochar increased the abundance and diver-
sity of bacteria during composting. Yin et al. (2021) showed that bam-
boo charcoal enhanced the activities of cellulase and urease by 56%
and 96%, respectively, during chicken manure composting. In addition,
biochar can accelerate the degradation of organic matter by adsorbing

* H,0
¢ NH; > * High porosity
NHy i’({h Properties  « Large surface area ~CH,,
e : + Functional groups CO; NzO
® NO; -V Alkaline pH &3 \;
/ Microorganisms =
Effect

Microstructure

Pyrolysis Functions
—f

Biomass Biochar

+ Strengthen aeration
+ High adsorption

« Improve microbial
activity

* Improve pH

GHG emissions from compost

Fig. 1. Schematic illustrating the relationships between biochar and GHG emissions during composting.
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refractory compounds, e.g., H>S, NHs, NHZ, and SOZ~ (Akdeniz, 2019;
Zhang et al,, 2016). Li et al. (2015) found that the organic matter degra-
dation rate increased by 14.8-29.6% after adding biochar to pig manure
composting. However, some studies have shown that adding biochar to
compost can accelerate the degradation of organic matter but also lead
to increased CO, emissions (Czekala et al., 2016). For example, adding
10% (dry weight) biochar increased the CO, emissions by 7.4% com-
pared with composting without biochar (Awasthi et al., 2020).

3.2. Effects of biochar on the transformation of nitrogen

In the initial stage of composting, nitrogen mainly exists in forms of
organic nitrogen, such as in proteins, urea, and amino acids (Sanchez-
Monedero et al., 2018). Organic nitrogen is ammoniated to NHZ (Yin
et al,, 2019a), which is transformed into NO3 by nitrifying bacteria and
NO3 can then be transformed into N, by denitrifying bacteria (Maeda
et al., 2011). Some nitrogen can be lost from the composting pile in
the forms of N,O and NHs, and large amounts of nitrogen volatilizing
in the form of gas may have adverse effects on the environment, as
well as reducing the effectiveness of the compost product when used
as fertilizer (Yang et al.,, 2015).

Biochar can significantly affect the total nitrogen content of the com-
post product because the acidic functional groups on biochar can adsorb
NHZ and NH; (Lépez-Cano et al., 2016), and aromatic compounds in bio-
char may also interact with NO3 (Zhang et al., 2018). Furthermore, bio-
char can affect the transformation of nitrogen by changing the microbial
community structure during composting (Godlewska et al., 2017).
Vandecasteele et al. (2016) found that the NH; content was 29% higher
in the final compost product obtained with 10% biochar compared with
that without added biochar. Awasthi et al. (2020) found that the addition
of 2-10% (dry weight) bamboo biochar to pig manure compost increased
the NO3 content of the final product by 38.8-152.6%. Similarly, Li et al.
(2017) and Lépez-Cano et al. (2016) showed that the NO3 content was
significantly higher in the compost product obtained with added biochar
compared with that produced without biochar.

4. Mitigation of GHG emissions from compost by adding biochar
4.1. GHG production during composting

Composting is a complex biochemical process where organic matter
is degraded by microorganisms and stable humus is finally obtained
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(Caceres et al., 2018). However, many unfavorable by-products are gen-
erated during the composting process, including GHGs produced by the
metabolic activities of microorganisms, which have received wide-
spread attention in recent years.

Organic carbon can serve as an energy and carbon source for micro-
organisms, and microorganisms can directly convert organic carbon
into CO, under aerobic conditions (Awasthi et al., 2016). However,
CH,4 emissions are mainly due to methanogens and methanotrophs,
where methanogens convert organic carbon into CH,4 in an anaerobic
environment, and CH, is converted into CO, in an aerobic environment
via the actions of methanotrophs (Tong et al., 2019) (Fig. 2). Therefore,
the emission of CH4 depends on the production of CH4 under the action
of methanogens, but also on the oxidation of CH4 by methanotrophs
during composting.

Organic nitrogen is used as a nutrient source by microorganisms,
and NHs and N,O are inevitably produced during the transformation
process (Maeda et al., 2011). Organic nitrogen is converted into NHZ
via ammonification, which is then converted into NO3 by nitrifying bac-
teria (Sanchez-Monedero et al., 2018), but some NHJ can be volatilized
in the forms of N,O and NH3 during composting (Caceres et al., 2018).
Furthermore, NO3 is converted into N, under the actions of denitrifying
bacteria, where N5O0 is also produced during this process (Ermolaev
etal, 2015) (Fig. 2). The N,O emission pathways during denitrification
can be divided into two processes comprising N,O production (NO3 into
N,0) and N,0 consumption (N,O into N,), and the net N,O emissions
depend on the interactions between these two processes (Li et al.,
2016).

4.2. Mechanisms that allow biochar to reduce GHG emissions during
composting

4.2.1. CO,

Studies have shown that biochar significantly affects CO, emissions
during composting, but the effects are inconsistent among different
studies. In particular, a study found that adding biochar during pig ma-
nure composting reduced CO, emissions by 26.1% (Wang et al., 2018),
whereas another study showed that adding biochar increased CO, emis-
sions by 53.2% during pig manure composting (Mao et al., 2018). These
different effects of biochar on CO, emissions can be explained by bio-
char increasing the sequestration of exogenous organic matter when
applied during composting to reduce CO, emissions (Liu et al., 2017),
or by biochar providing a better habitat for microorganisms to enhance

/ Methanotroph
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Aerobic

Bacteria

Methanogen

Denitrobacteria

|

Q

Fig. 2. Schematic illustrating the microbial mechanisms associated with GHG emissions during composting.
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their activity and intensify the degradation of organic matter to allow
the production of more CO, (Mao et al., 2018). Although biochar may in-
crease the CO, emissions but the enhanced oxygen environment in
compost piles will inhibit the activity of anaerobic bacteria such as
methanogens and denitrifying bacteria (He et al., 2019) to reduce CH,4
and N0 emissions.

Vandecasteele et al. (2016)

Zhang et al. (2020)
Awasthi et al. (2020)
Wang et al. (2018)
Chen et al. (2019)
Mao et al. (2018)
Chen et al. (2017)
Awasthi et al. (2017)
Agyarko-Mintah et al.
(2017)

Liet al. (2016)
Chowdhury et al. (2014)
Wang et al. (2013)

Reference

4.2.2.CHy

CH,4 production requires a strict anaerobic environment and a low
oxidation-reduction potential (Eh < -150 mV) (Liu et al.,, 2017). The ad-
dition of biochar improves the structure of the compost pile by reducing
the number of anaerobic spots, and biochar can change the oxidation-
reduction potential by improving the permeability, which decreases
the activity of methanogens and enhances that of methanotrophs to re-
duce CH4 emissions (Sonoki et al., 2013). In addition, the adsorption of
I NHZ by biochar will reduce the nitrogen utilization efficiency by
methanogens, thereby inhibiting the activity of methanogens and re-
ducing CH,4 emissions (Karhu et al.,, 2011). Furthermore, adsorption by
biochar weakens the competitive inhibitory effect of NHf -N on the
. methane monooxygenase activity and enhances the oxidation of
methanotrophs, with further reductions in CH4 emission (Liu et al.,
2017).

6.1
4.2
1

1
54.
16.1-35.3

12.4-81.6
259

64.9
95.1-97.3

N,O
47-151
3
68.2-74.9

19.0-77.4

359
19.2-48.1

12.4
58.0-65.2
54.9-60.2

9.2-24.8
35.3-43.0

NH;
124

GHG emissions reduction effect
CH4
12.5-72.9
41.7
20.5-61.5
544
15.5-26.1
92.8-95.3
77.8-83.3
95.1
77.9-83.6

(% compared with control)

5.5-72.6

26.1
529

4.2.3.N>0
The emission of N,O during composting is a complex process and
biochar can affect it as follows. (1) Biochar reduces the amount of inor-
ganic nitrogen that can be utilized by nitrifying bacteria and denitrifying
bacteria by capturing NHi and NO3, thereby decreasing N,O emissions
(He et al,, 2019; Xiao et al., 2017). (2) The surface of biochar can absorb
© N0 and reduce it to N, through biological or abiotic reactions (Harter
' AT et al,, 2016). (3) The enzymes that catalyze N,O production and N,O
consumption during denitrification are encoded by the nirK/nirS (Yin
et al,, 2019b) and nosZ genes (Xiao et al., 2017), respectively. The addi-
tion of biochar during the composting process can suppress the expres-
sion of nirK and enhance the expression of nosZ, thereby leading to
reduced N,0 emissions during composting (Li et al., 2016; Wang et al.,
2013).

O,

21.5-229

Particle size (mm)

2-5
2-3
2-5

4.24.NH;

Adding biochar to compost can mitigate NH3 emissions as follows.
(1) NHs and NHj are absorbed by the acidic functional groups on the
surface of biochar (Godlewska et al., 2017). (2) Biochar enhances the
composting environment and the activities of nitrifying bacteria that
convert ammonia into nitrate, thereby retaining nitrogen within the
compost (Akdeniz, 2019). (3) Biochar treatment increases the cellulase
activity in the compost (Yin et al., 2021), and thus more dissolved or-
ganic carbon is produced via the decomposition of cellulose, which en-
hances the microbial utilization of NHZ and ultimately reduces NH3
emissions (Agyarko-Mintah et al.,, 2017).

Pyrolysis temperature (°C)

450-500
500-600
550-600
450-500
500-600
550
650
450
500-700
600

Dose (%)
10 fw
2-10 dw
10 dw
2-10 dw
5dw

10 fw
2-18 dw
10 dw
10 dw
3dw
27.4 dw
3dw

4.3. Different effects of biochar on mitigating GHG emissions during
composting

Biochar characteristics
Bamboo Woody

Layer manure Coir
Hardwood + Softwood (4:1)
Bamboo

Chicken manure
Wheat straw

Feedstock
Straw
Bamboo
Tobacco stalk
Bamboo
Cornstalk
Green waste
Poultry litter
Holm oak
wheat straw

Many studies have explored the effects of adding biochar on the
emission of various GHGs during composting. Table 2 shows that adding
biochar can mitigate the emissions of various GHGs during composting
but the effects varied greatly among studies because of the different
types of biochar employed and treatment conditions (dosage, pyrolysis
temperature, and particle size). Thus, the effects of biochar on GHG
emissions during composting have been investigated under different
conditions, such as various dosages (Awasthi et al., 2020), biochar
types (Chen et al., 2017), pyrolysis temperatures (Li et al., 2015), and
particle sizes (He et al.,, 2019). Moreover, it has been shown that com-
bining biochar with other additives can be more effective at mitigating
GHG emissions (Mao et al., 2018; Wang et al., 2018; Wang et al,, 2017).

Poultry manure +Wheat straw
Chicken manure +Wheat straw

Pig manure +Sawdust

Poultry litter + Sugarcane straw
Green waste + Municipal solid waste
Cattle manure +Rice-chaff

Pig manure +Wood chips +Sawdust.

Pig manure +Wheat straw
Sewage sludge +Wheat straw

Composting materials

Hen manure +Sawdust
Layer manure +Sawdust
Hen manure +Barley straw

Studies of the impact of biochar on GHG emissions.
Note: “~" denotes no data available.

dw: dry weight.

fw: fresh weight.

Table 2
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4.3.1. Effects of biochar dosage

Several studies have shown that the effect of biochar on mitigating
GHG emissions is significantly related to the amount of biochar added
(Awasthi et al., 2017; Liu et al., 2017). In most studies, the amount of bio-
char added ranged from 0 to 20% (w/w), and about 10% was the most ef-
fective. For example, Awasthi et al. (2017) found that the addition of
2-18% biochar had a significant difference in GHG emissions mitigation ef-
fect from compost, where adding 12% biochar had the greatest effect. Sim-
ilarly, comparisons based on the addition of different amounts of biochar
ranging from 2 to 10% showed that adding 10% biochar had the greatest ef-
fect on reducing GHG emissions from compost (Awasthi et al., 2020).

In general, a low amount of biochar does not have a significant effect
on reducing GHG emissions from compost. Thus, a study showed that
compared with adding no biochar, the addition of 8-18% biochar (dry
weight) reduced the CHy4, N,0, and NH; emissions by 92.85-95.34%,
95.14-97.28%, and 58.03-65.17%, respectively, whereas the addition of
2-6% biochar had little effect on the emission of these GHGs (Awasthi
et al., 2017). Similarly, another study found that compared with adding
no biochar, there were no notable differences in the CO,, CHy4, and N,O
emissions from compost with 3% added biochar (dry weight) because
insufficient biochar was added (Sanchez-Garcia et al,, 2015). In addition,
adding an excessive amount of biochar will have an adverse effect on
the composting process. A study of the effects of biochar added at differ-
ent rates (5%, 10%, or 20%; wet weight) to chicken manure compost
found that adding more than 10% biochar led to severe water loss and
heat dissipation in the composting pile, with negative impacts on the
composting process (Liu et al., 2017).

4.3.2. Effects of raw materials used to produce biochar

The raw materials used for biochar production can significantly af-
fect the GHG emissions during composting because they influence the
physicochemical properties of biochar (Akdeniz, 2019). As mentioned
in Sections 4.2.1-4.2.4, the abundant pores in the structure of biochar
can improve the aeration of the compost pile, enhance the activity of
aerobic bacteria, such as nitrifying bacteria and methanotrophs, and in-
hibit the activity of anaerobic bacteria, such as methanogens and
denitrifying bacteria. The surface of biochar can adsorb NHZ, NHs, and
N,O0. These factors all contribute to reducing the emission of CHy4, N,0,
and NH3 from compost. Therefore, in combination with the influence
of the type of raw material on the properties of biochar in Section 2.1,
biochar produced from crop residues and woody biomass is better at
mitigating CH,4, N,O, and NH3 emissions from compost.

Several studies support this conclusion. In particular, Chen et al.
(2017) investigated the effects of adding bamboo biochar, corn straw
biochar, coir biochar, woody biochar, and layer manure biochar on the
CH,4 and NH3 emissions from compost. Adding corn straw biochar re-
sulted in the lowest CH4 and NH5 emissions because this biochar had
a high pore volume, surface area, and total acidic functional groups
(Chen et al., 2017). Similarly, the CH4 and N,O emissions were 19.79%
and 42.01% lower, respectively, when bamboo biochar was added com-
pared with adding rice straw biochar (He et al., 2019) because the pore
volume and specific surface area were larger for bamboo biochar and
the degree of aromatization was higher (He et al., 2019).

4.3.3. Effects of pyrolysis temperature used for biochar production

As mentioned in Section 2.1, the temperature used to prepare bio-
char can affect the porosity, specific surface area, and aromaticity,
which increase as the pyrolysis temperature increases, whereas the
abundance of acid oxygen-containing functional groups decreases on
the surface of the biochar. Therefore, the effects of biochar prepared
from the same material at different temperatures will vary on the
GHG emissions during composting.

The addition of porous biochar will improve the oxygen environ-
ment in the composting pile and reduce CH4 emissions (Sonoki et al.,
2013). Adding biochar with a higher pore volume, specific surface area
(Agyarko-Mintah et al., 2017), and degree of aromatization will have a

Science of the Total Environment 798 (2021) 149294

greater effect on mitigating N,O emissions during composting (He
et al., 2019). The abundant acidic functional groups present on the sur-
face of biochar can effectively mitigate NHs emissions during
composting (Wang and Zeng, 2018). Therefore, in combination with
studies of the influence of the pyrolysis temperature on the properties
of biochar in Section 2.1, biochar produced by pyrolysis at high temper-
atures (500-900 °C) is better at reducing CH4 and N,O emissions,
whereas biochar produced by pyrolysis at low temperatures (200-500
°C) is more effective at decreasing NH3 emissions.

Previous studies have not investigated the effect of the pyrolysis
temperature used for biochar production on reducing CH4 and N,O
emissions during composting. However, a study compared the effects
of adding biochar produced at different pyrolysis temperatures (300
°C, 450 °C, and 600 °C) on N,0 emissions from soil, where biochar pro-
duced at 600 °C was most effective at decreasing N,O emissions (Deng
etal, 2021). In addition, Li et al. (2015) compared the effects of adding
biochar prepared at different pyrolysis temperatures (300 °C, 500 °C,
700 °C, and 900 °C) on the NH3 emissions during composting, and
found that they were significantly lower with biochar prepared at 300
°C and 500 °C compared with biochar prepared at 700 °C and 900 °C.

4.3.4. Effects of biochar particle size

The importance of particle size cannot be ignored when using bio-
char. The particle size significantly affects the pore characteristics and
specific surface area of biochar.

A study showed that adding powdered biochar (4 mm to 1 cm) in-
creased the CH4 emissions from compost by 56.84%, whereas adding
granular biochar (<1 mm) decreased the CH, emissions by 22.15% (He
et al., 2018). This difference can be explained by the granular biochar
destroying the aggregates of pig manure particles to make the compost
pile looser, whereas the pig manure was readily mixed with the pow-
dered biochar, and thus it was more difficult to form connections between
the pores (He et al., 2018). Thus, adding granular biochar increased the
porosity of the composting pile to reduce CH, emissions. Another study
compared the effects of adding granular (4 mm to 1 cm) and powdered
(<1 mm) biochar on the N,O and NH3 emissions during pig manure
composting, and showed that adding powdered biochar was more effec-
tive at mitigating NHs emissions because more functional groups were
exposed on the surface of the powdered biochar, but the size of the bio-
char had little effect on the N,O emissions (He et al., 2019).

4.3.5. Effects of combining biochar with other additives

In addition to biochar, many other additives are effective at mitigat-
ing GHG emissions during composting, and combining biochar with
other additives can have a greater effect on reducing GHG emissions.
In particular, compared with adding no biochar during pig manure
composting, adding biochar together with zeolite reduced the N,O
and NHs emissions by 78.13% and 63.40%, respectively, whereas adding
biochar alone reduced the N,O and NH; emissions by 64.91% and 35.88%
(Wang et al., 2017). Similarly, compared with adding no biochar during
the pig manure composting process, the combined application of bio-
char, zeolite, and wood vinegar reduced the CO,, CH4, N,0, and NH3
emissions by 46.98%, 61.15%, 81.10%, and 74.32%, respectively, whereas
they only decreased by 26.06%, 41.73%, 64.91%, and 35.88% with biochar
alone (Wang et al., 2018). Moreover, compared with adding no biochar
during pig manure composting, the combined application of bacterial
powder and biochar reduced the CH,4, N,O, and NH3 emissions by 69%,
45%, and 26%, respectively, whereas they only decreased by 54%, 37%,
and 13% with biochar alone (Mao et al., 2018).

5. Recommendations for future research
5.1. Combined use of biochar with other additives

Studies have shown that applying biochar and other additives can
effectively mitigate GHG emissions, and combining biochar with other



Y. Yin, C. Yang, M. Li et al.

additives may have a synergistic effect. Thus, future studies should in-
vestigate the effects of combining biochar with other additives to reduce
GHG emissions from compost.

5.2. Modified biochar

Modification can enhance the properties of biochar, which has been
applied widely in sewage treatment and soil improvement research,
and thus modified biochar might more effectively mitigate GHG emis-
sions during composting.

5.3. Biochar particle size

The particle size significantly affects the specific surface area and
number of surface functional groups on biochar, as well as the aeration
of the compost pile. However, few studies have explored the effects of
the size of biochar particles on GHG emissions during composting, and
thus further investigations are required.

5.4. Establish standards for the use of biochar

Establishing a standard for the production and use of biochar will
facilitate the more efficient mitigation of GHG emissions during
composting.

6. Conclusion

Adding about 10% (w/w) biochar is a suitable option for mitigating
GHG emissions during composting. Biochar produced via the pyrolysis
of crop residues and woody biomass at temperatures of 500-900 °C is
more effective at mitigating CH,4 and N,O emissions, whereas biochar
produced via the pyrolysis of crop residues and woody biomass at tem-
peratures of 200-500 °C is better at reducing NH; emissions. The addi-
tion of granular biochar can better reduce CH, emissions whereas
powdered biochar can better mitigate NH3 emissions. In addition, mod-
ifying biochar or combining it with other additives is potentially more
effective at mitigating GHG emissions. Finally, a set of standards for
the production and use of biochar should be developed to reduce GHG
emissions during composting.

CRediT authorship contribution statement

Yanan Yin: Conceptualization, Data curation, Methodology, Writing
- review & editing, Funding acquisition.

Chao Yang: Validation, Methodology, Investigation.

Mengtong Li: Data curation, Investigation.

Yucong Zheng: Review & editing.

Chengjun Ge: Review & editing.

Jie Gu: Review & editing.

Haichao Li: Visualization, Review & editing.

Manli Duan: Review & editing.

Xiaochang Wang: Supervision, Writing - review & editing.

Rong Chen: Funding acquisition, Supervision, Project administration,
Writing - review & editing.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.
Acknowledgments

Funding: This study was supported by the Key Research and Devel-

opment Project of Shaanxi Province (No. 2020ZDLNY06-08), Scientific
Research Program of Shaanxi Provincial Education Department (No.

Science of the Total Environment 798 (2021) 149294

20JT039), China Postdoctoral Science Foundation (No. 2020M673357),
Natural Science Foundation of Shaanxi Province (No. 2021JQ-501), the
Youth Innovation Team of Shaanxi Universities in 2020 year (PI: Dr.
Haihan Zhang), and Shaanxi Provincial Program for Innovative Research
Team (No. 2019TD-025).

We thank Dr. Duncan E. Jackson for language editing.

References

Aguirre-Villegas, H.A., Larson, R.A., 2016. Evaluating greenhouse gas emissions from dairy
manure management practices using survey data and lifecycle tools. J. Clean. Prod.
143. https://doi.org/10.1016/j.jclepro.2016.12.133.

Agyarko-Mintah, E., Cowie, A., Singh, B.P., Joseph, S., Van Zwieten, L., Cowie, A., Harden, S.,
Smillie, R,, 2017. Biochar increases nitrogen retention and lowers greenhouse gas
emissions when added to composting poultry litter. Waste Manag. 61, 138-149.
https://doi.org/10.1016/j.wasman.2016.11.027.

Ahmad, M,, Rajapaksha, A.U,, Lim, J.E., Zhang, M., Bolan, N., Mohan, D., Vithanage, M., Lee, S.S.,
0k, Y.S., 2014. Biochar as a sorbent for contaminant management in soil and water: a
review. Chemosphere 99, 19-33. https://doi.org/10.1016/j.chemosphere.2013.10.071.

Akdeniz, N., 2019. A systematic review of biochar use in animal waste composting. Waste
Manag. 88, 291-300. https://doi.org/10.1016/j.wasman.2019.03.054.

Awasthi, M.K,, Wang, Q,, Ren, X,, Zhao, ., Huang, H., Awasthi, S.K,, Lahori, A.H., Li, R,, Zhou,
L., Zhang, Z., 2016. Role of biochar amendment in mitigation of nitrogen loss and
greenhouse gas emission during sewage sludge composting. Bioresour. Technol.
219, 270-280. https://doi.org/10.1016/j.biortech.2016.07.128.

Awasthi, MK, Wang, M., Chen, H., Wang, Q., Zhao, J., Ren, X,, Li, D., Awasthi, S.K, Shen, F,,
Li, R, Zhang, Z., 2017. Heterogeneity of biochar amendment to improve the carbon
and nitrogen sequestration through reduce the greenhouse gases emissions during
sewage sludge composting. Bioresour. Technol. 224, 428-438. https://doi.org/
10.1016/j.biortech.2016.11.014.

Awasthi, M.K,, Duan, Y., Awasthi, S.K,, Liu, T., Zhang, Z., 2020. Influence of bamboo biochar
on mitigating greenhouse gas emissions and nitrogen loss during poultry manure
composting. Bioresour. Technol. 303, 122952. https://doi.org/10.1016/j.
biortech.2020.122952.

Barrington, S., Choiniére, D., Trigui, M., Knight, W., 2002. Effect of carbon source on com-
post nitrogen and carbon losses. Bioresour. Technol. 83, 189-194.

Bernal, M.P., Alburquerque, J.A., Moral, R,, 2009. Composting of animal manures and
chemical criteria for compost maturity assessment.&nbsp;A review. Bioresour.
Technol. 100, 5444-5453. https://doi.org/10.1016/j.biortech.2008.11.027.

Byers, J.E., 2021. Marine parasites and disease in the era of global climate change. Annu.
Rev. Mar. Sci. 13, 397-420. https://doi.org/10.1146/annurev-marine-031920-100429.

Céceres, R., Malinska, K., Marfa, O., 2018. Nitrification within composting: a review. Waste
Manag. 72, 119-137. https://doi.org/10.1016/j.wasman.2017.10.049.

Cao, Y., Wang, X., Bai, Z., Chadwick, D., Misselbrook, T., Sommer, S.G., Qin, W., Ma, L., 2019.
Mitigation of ammonia, nitrous oxide and methane emissions during solid waste
composting with different additives: a meta-analysis. J. Clean. Prod. 235, 626-635.
https://doi.org/10.1016/j.jclepro.2019.06.288.

Cardenas-Aguiar, E., Gascé, G., Paz-Ferreiro, J., Méndez, A., 2017. The effect of biochar and
compost from urban organic waste on plant biomass and properties of an artificially
copper polluted soil. Int. Biodeterior. Biodegrad. 124, 223-232. https://doi.org/
10.1016/j.ibiod.2017.05.014.

Cha, J.S., Park, S.H., Jung, S.C., Ryu, C,, Jeon, ].K,, Shin, M.C,, Park, Y.K., 2016. Production and
utilization of biochar: a review. . Ind. Eng. Chem. 40, 1-15. https://doi.org/10.1016/j.
jiec.2016.06.002.

Chadwick, D., Sommer, S., Thorman, R, Fangueiro, D., Cardenas, L., Amon, B., Misselbrook, T.,
2011. Manure management: implications for greenhouse gas emissions. Anim. Feed Sci.
Technol. 166-167, 514-531. https://doi.org/10.1016/j.anifeedsci.2011.04.036.

Chen, T,, Zhang, Y., Wang, H., Lu, W., Zhou, Z., Zhang, Y., Ren, L., 2014. Influence of pyrol-
ysis temperature on characteristics and heavy metal adsorptive performance of bio-
char derived from municipal sewage sludge. Bioresour. Technol. 164, 47-54.
https://doi.org/10.1016/j.biortech.2014.04.048.

Chen, W, Liao, X., Wu, Y., Liang, ].B., Mi, ]., Huang, J., Zhang, H., Wu, Y., Qiao, Z., Li, X., Wang,
Y., 2017. Effects of different types of biochar on methane and ammonia mitigation
during layer manure composting. Waste Manag. 61, 506-515. https://doi.org/
10.1016/j.wasman.2017.01.014.

Chen, H., Awasthi, S.K, Liu, T, Duan, Y., Ren, X,, Zhang, Z., Pandey, A., Awasthi, M.K,, 2019.
Effects of microbial culture and chicken manure biochar on compost maturity and
greenhouse gas emissions during chicken manure composting. J. Hazard. Mater.
121908. https://doi.org/10.1016/j.jhazmat.2019.121908.

Chowdhury, M.A., de Neergaard, A., Jensen, L.S., 2014. Potential of aeration flow rate
and bio-char addition to reduce greenhouse gas and ammonia emissions during
manure composting. Chemosphere 97, 16-25. https://doi.org/10.1016/].
chemosphere.2013.10.030.

Czekala, W., Malinska, K., Caceres, R., Janczak, D., Dach, J., Lewicki, A., 2016. Co-
composting of poultry manure mixtures amended with biochar - the effect of biochar
on temperature and C-CO2 emission. Bioresour. Technol. 200, 921-927. https://doi.
org/10.1016/j.biortech.2015.11.019.

Das, S.K,, Ghosh, G.K,, Avasthe, RK, Sinha, K., 2021. Compositional heterogeneity of differ-
ent biochar: effect of pyrolysis temperature and feedstocks. J. Environ. Manag. 278,
111501. https://doi.org/10.1016/j.jenvman.2020.111501.

Deng, B.,, Yuan, X,, Siemann, E., Wang, S., Fang, H., Wang, B., Gao, Y., Shad, N., Liu, X., Zhang,
W., Guo, X,, Zhang, L., 2021. Feedstock particle size and pyrolysis temperature regu-
late effects of biochar on soil nitrous oxide and carbon dioxide emissions. Waste
Manag. 120, 33-40. https://doi.org/10.1016/j.wasman.2020.11.015.


https://doi.org/10.1016/j.jclepro.2016.12.133
https://doi.org/10.1016/j.wasman.2016.11.027
https://doi.org/10.1016/j.chemosphere.2013.10.071
https://doi.org/10.1016/j.wasman.2019.03.054
https://doi.org/10.1016/j.biortech.2016.07.128
https://doi.org/10.1016/j.biortech.2016.11.014
https://doi.org/10.1016/j.biortech.2016.11.014
https://doi.org/10.1016/j.biortech.2020.122952
https://doi.org/10.1016/j.biortech.2020.122952
http://refhub.elsevier.com/S0048-9697(21)04367-9/rf202107260417330176
http://refhub.elsevier.com/S0048-9697(21)04367-9/rf202107260417330176
https://doi.org/10.1016/j.biortech.2008.11.027
https://doi.org/10.1146/annurev-marine-031920-100429
https://doi.org/10.1016/j.wasman.2017.10.049
https://doi.org/10.1016/j.jclepro.2019.06.288
https://doi.org/10.1016/j.ibiod.2017.05.014
https://doi.org/10.1016/j.ibiod.2017.05.014
https://doi.org/10.1016/j.jiec.2016.06.002
https://doi.org/10.1016/j.jiec.2016.06.002
https://doi.org/10.1016/j.anifeedsci.2011.04.036
https://doi.org/10.1016/j.biortech.2014.04.048
https://doi.org/10.1016/j.wasman.2017.01.014
https://doi.org/10.1016/j.wasman.2017.01.014
https://doi.org/10.1016/j.jhazmat.2019.121908
https://doi.org/10.1016/j.chemosphere.2013.10.030
https://doi.org/10.1016/j.chemosphere.2013.10.030
https://doi.org/10.1016/j.biortech.2015.11.019
https://doi.org/10.1016/j.biortech.2015.11.019
https://doi.org/10.1016/j.jenvman.2020.111501
https://doi.org/10.1016/j.wasman.2020.11.015

Y. Yin, C. Yang, M. Li et al.

Ding, W., Dong, X., Ime, LM,, Gao, B., Ma, L.Q., 2014. Pyrolytic temperatures impact lead
sorption mechanisms by bagasse biochars. Chemosphere 105, 68-74. https://doi.
org/10.1016/j.chemosphere.2013.12.042.

Ermolaev, E,, Jarvis, A, Sundberg, C., Smars, S., Pell, M., Jénsson, H., 2015. Nitrous oxide
and methane emissions from food waste composting at different temperatures.
Waste Manag. 46, 113-119. https://doi.org/10.1016/j.wasman.2015.08.021.

Fukumoto, Y., Suzuki, K., Osada, T., Kuroda, K., Hanajima, D., Yasuda, T., Haga, K., 2006. Re-
duction of nitrous oxide emission from pig manure composting by addition of nitrite-
oxidizing bacteria. Environ. Sci. Technol. 40, 6787-6791. https://doi.org/10.1021/
es0611801.

Godlewska, P., Schmidt, H.P., Ok, Y.S., Oleszczuk, P., 2017. Biochar for composting im-
provement and contaminants reduction. A review. Bioresour. Technol. 246,
193-202. https://doi.org/10.1016/j.biortech.2017.07.095.

Guo, H., Gu, J., Wang, X,, Song, Z., Jing Yu a, L.L., 2020. Microbial mechanisms related to the
effects of bamboo charcoal and bamboo vinegar on the degradation of organic matter
and methane emissions during composting. Environ. Pollut., 116013 https://doi.org/
10.1016/j.envpol.2020.116013.

Guo, X, Liu, H., Zhang, J., 2020. The role of biochar in organic waste composting and soil
improvement: a review. Waste Manag. 102, 884-899. https://doi.org/10.1016/j.
wasman.2019.12.003.

Harter, ]., Guzman-bustamante, I., Kuehfuss, S., Ruser, R., Well, R., Spott, O., Kappler, A.,
Behrens, S., 2016. Gas entrapment and microbial N20 reduction reduce N20 emis-
sions from a biochar-amended sandy clay loam soil. Nat. Publ. Group 1-15. https://
doi.org/10.1038/srep39574.

Havlik, P., Valin, H., Herrero, M., Obersteiner, M., Schmid, E., Rufino, M.C., Mosnier, A.,
Thornton, P.K., Béttcher, H., Conant, R.T., Frank, S., Fritz, S., Fuss, S., Kraxner, F.,
Notenbaert, A., 2014. Climate change mitigation through livestock system transitions.
Proc. Natl. Acad. Sci. U. S. A. 111, 3709-3714. https://doi.org/10.1073/
pnas.1308044111.

He, X., Yin, H., Sun, X, Han, L., Huang, G., 2018. Effect of different particle-size biochar on
methane emissions during pig manure/wheat straw aerobic composting: insights
into pore characterization and microbial mechanisms. Bioresour. Technol. 268,
633-637. https://doi.org/10.1016/j.biortech.2018.08.047.

He, X,, Yin, H,, Han, L., Cui, R,, Fang, C., Huang, G., 2019. Effects of biochar size and type on
gaseous emissions during pig manure/wheat straw aerobic composting: insights into
multivariate-microscale characterization and microbial mechanism. Bioresour.
Technol. 271, 375-382. https://doi.org/10.1016/j.biortech.2018.09.104.

Igbal, H., Garcia-Perez, M., Flury, M., 2015. Effect of biochar on leaching of organic carbon,
nitrogen, and phosphorus from compost in bioretention systems. Sci. Total Environ. J.
521-522, 37-45.

Karhu, K., Mattila, T., Bergstrom, 1., Regina, K., 2011. Biochar addition to agricultural soil
increased CH4 uptake and water holding capacity - results from a short-term pilot
field study. Agric. Ecosyst. Environ. 140, 309-313. https://doi.org/10.1016/j.
agee.2010.12.005.

Khan, N., Clark, I., Sinchez-Monedero, M.A,, Shea, S., Meier, S., Qi, F., Kookana, R.S., Bolan,
N., 2016. Physical and chemical properties of biochars co-composted with biowastes
and incubated with a chicken litter compost. Chemosphere 142, 14-23. https://doi.
org/10.1016/j.chemosphere.2015.05.065.

Kiran, Y.K,, Barkat, A,, Cui, X,, Feng, Y., Pan, F, Tang, L., Yang, X., 2017. Cow manure and
cow manure-derived biochar application as a soil amendment for reducing cadmium
availability and accumulation by Brassica chinensis L. in acidic red soil. J. Integr. Agric.
16, 725-734. https://doi.org/10.1016/5S2095-3119(16)61488-0.

Kweku, D., Bismark, O., Maxwell, A,, Desmond, K., Danso, K., Oti-Mensah, E., Quachie, A.,
Adormaa, B., 2018. Greenhouse effect: greenhouse gases and their impact on global
warming. J. Sci. Res. Rep. 17, 1-9. https://doi.org/10.9734/jsrr/2017/39630.

Lee, XJ., Lee, LY., Gan, S., Thangalazhy-Gopakumar, S., Ng, H.K., 2017. Biochar potential
evaluation of palm oil wastes through slow pyrolysis: thermochemical characteriza-
tion and pyrolytic kinetic studies. Bioresour. Technol. 236, 155-163. https://doi.org/
10.1016/j.biortech.2017.03.105.

Lehmann, ], Rillig, M.C,, Thies, J., Masiello, C.A., Hockaday, W.C., Crowley, D., 2011. Biochar
effects on soil biota - a review. Soil Biol. Biochem. 43, 1812-1836. https://doi.org/
10.1016/j.s0ilbio.2011.04.022.

Li, R, Wang, Q., Zhang, Z., Zhang, G., Li, Z., Wang, L., Zheng, ]., 2015. Nutrient transforma-
tion during aerobic composting of pig manure with biochar prepared at different
temperatures. Environ. Technol. (United Kingdom) 36, 815-826. https://doi.org/
10.1080/09593330.2014.963692.

Li, S, Song, L, Jin, Y., Liu, S., Shen, Q., Zou, J., 2016. Linking N20 emission from biochar-
amended composting process to the abundance of denitrify (nirK and nosZ) bacteria
community. AMB Express 6. https://doi.org/10.1186/513568-016-0208-x.

Li, H., Duan, M., Gu, J., Zhang, Y., Qian, X., Ma, J., Zhang, R., Wang, X., 2017. Effects of bam-
boo charcoal on antibiotic resistance genes during chicken manure composting.
Ecotoxicol. Environ. Saf. 140, 1-6. https://doi.org/10.1016/j.ecoenv.2017.01.007.

Liu, N, Zhou, J,, Han, L, Ma, S., Sun, X., Huang, G., 2017. Role and multi-scale characteriza-
tion of bamboo biochar during poultry manure aerobic composting. Bioresour.
Technol. 241, 190-199. https://doi.org/10.1016/j.biortech.2017.03.144.

Lopez-Cano, 1., Roig, A., Cayuela, M.L., Alburquerque, J.A., Sinchez-Monedero, M.A., 2016.
Biochar improves N cycling during composting of olive mill wastes and sheep ma-
nure. Waste Manag, 49, 553-559. https://doi.org/10.1016/j.wasman.2015.12.031.

Luo, L, Xu, C,, Chen, Z., Zhang, S., 2015. Properties of biomass-derived biochars: combined
effects of operating conditions and biomass types. Bioresour. Technol. 192, 83-89.
https://doi.org/10.1016/j.biortech.2015.05.054.

Maeda, K., Hanajima, D., Toyoda, S., Yoshida, N., Morioka, R., Osada, T., 2011. Microbiology
of nitrogen cycle in animal manure compost. Microb. Biotechnol. 4, 700-709. https://
doi.org/10.1111/4.1751-7915.2010.00236.x.

Mao, H., Lv, Z,, Sun, H,, Li, R,, Zhai, B.,, Wang, Z., Awasthi, M.K,, Wang, Q., Zhou, L., 2018. Im-
provement of biochar and bacterial powder addition on gaseous emission and

Science of the Total Environment 798 (2021) 149294

bacterial community in pig manure compost. Bioresour. Technol. 258, 195-202.
https://doi.org/10.1016/j.biortech.2018.02.082.

Mao, H., Zhang, H., Fu, Q,, Zhong, M., Li, R,, Zhai, B, Wang, Z., Zhou, L., 2019. Effects of four
additives in pig manure composting on greenhouse gas emission reduction and bac-
terial community change. Bioresour. Technol. 292, 121896. https://doi.org/10.1016/].
biortech.2019.121896.

Ren, L., Schuchardt, F., Shen, Y., Li, G., Li, C,, 2010. Impact of struvite crystallization on ni-
trogen losses during composting of pig manure and cornstalk. Waste Manag. 30,
885-892.

Sanchez-Garcia, M., Alburquerque, J.A., Sanchez-Monedero, M.A,, Roig, A., Cayuela, M.L.,
2015. Biochar accelerates organic matter degradation and enhances N mineralisation
during composting of poultry manure without a relevant impact on gas emissions.
Bioresour. Technol. 192, 272-279. https://doi.org/10.1016/j.biortech.2015.05.003.

Sanchez-Monedero, M.A., Cayuela, M.L., Roig, A., Jindo, K., Mondini, C., Bolan, N., 2018.
Role of biochar as an additive in organic waste composting. Bioresour. Technol.
247, 1155-1164. https://doi.org/10.1016/j.biortech.2017.09.193.

Sewu, D.D., Jung, H., Kim, S.S., Lee, D.S., Woo, S.H., 2019. Decolorization of cationic and an-
ionic dye-laden wastewater by steam-activated biochar produced at an industrial-
scale from spent mushroom substrate. Bioresour. Technol. 277, 77-86. https://doi.
org/10.1016/j.biortech.2019.01.034.

Shi, Y., Hu, H,, Ren, H., 2020. Dissolved organic matter (DOM) removal from biotreated cok-
ing wastewater by chitosan-modified biochar: adsorption fractions and mechanisms.
Bioresour. Technol. 297, 122281. https://doi.org/10.1016/j.biortech.2019.122281.

Sonoki, T,, Furukawa, T., Jindo, K., Suto, K., Aoyama, M., Sanchez-Monedero, M.A., 2013. Influ-
ence of biochar addition on methane metabolism during thermophilic phase of
composting. J. Basic Microbiol. 53, 617-621. https://doi.org/10.1002/jobm.201200096.

Stylianou, M., Christou, A., Dalias, P., Polycarpou, P., Michael, C., Agapiou, A., Papanastasiou, P.,
Fatta-Kassinos, D., 2020. Physicochemical and structural characterization of biochar de-
rived from the pyrolysis of biosolids, cattle manure and spent coffee grounds. . Energy
Inst. 93, 2063-2073. https://doi.org/10.1016/j.joei.2020.05.002.

Tomczyk, A., Sokolowska, Z., Boguta, P., 2020. Biochar physicochemical properties: pyrol-
ysis temperature and feedstock kind effects. Rev. Environ. Sci. Biotechnol. 19,
191-215. https://doi.org/10.1007/s11157-020-09523-3.

Tong, B, Wang, X,, Wang, S., Ma, L., Ma, W., 2019. Transformation of nitrogen and carbon
during composting of manure litter with different methods. Bioresour. Technol. 293,
122046. https://doi.org/10.1016/j.biortech.2019.122046.

Upadhyay, R.K., 2020. Markers for global climate change and its impact on social, biolog-
ical and ecological systems: a review. Am. J. Clim. Chang. 09, 159-203. https://doi.org/
10.4236/ajcc.2020.93012.

Vandecasteele, B., Sinicco, T., D’Hose, T., Vanden Nest, T., Mondini, C., 2016. Biochar
amendment before or after composting affects compost quality and N losses, but
not P plant uptake. ]J. Environ. Manag. 168, 200-209. https://doi.org/10.1016/j.
jenvman.2015.11.045.

Wang, S., Zeng, Y., 2018. Ammonia emission mitigation in food waste composting: a re-
view. Bioresour. Technol. 248, 13-19. https://doi.org/10.1016/j.biortech.2017.07.050.

Wang, C, Lu, H,, Dong, D., Deng, H., Strong, P.J., Wang, H., Wu, W., 2013. Insight into the
effects of biochar on manure composting: evidence supporting the relationship be-
tween N20 emission and denitrifying community. Environ. Sci. Technol. 47,
7341-7349. https://doi.org/10.1021/es305293h.

Wang, Q., Awasthi, M.K,, Ren, X,, Zhao, J., Li, R., Wang, Z., Chen, H., Wang, M., Zhang, Z.,
2017. Comparison of biochar, zeolite and their mixture amendment for aiding or-
ganic matter transformation and nitrogen conservation during pig manure
composting. Bioresour. Technol. 245, 300-308. https://doi.org/10.1016/j.
biortech.2017.08.158.

Wang, Q., Awasthi, M.K,, Ren, X., Zhao, J., Li, R., Wang, Z., Wang, M., Chen, H., Zhang, Z.,
2018. Combining biochar, zeolite and wood vinegar for composting of pig manure:
the effect on greenhouse gas emission and nitrogen conservation. Waste Manag.
74, 221-230. https://doi.org/10.1016/j.wasman.2018.01.015.

Weber, K., Quicker, P., 2018. Properties of biochar. Fuel 217, 240-261. https://doi.org/
10.1016/j.fuel.2017.12.054.

Wu, S, He, H,, Inthapanya, X., Yang, C,, Lu, L., Zeng, G., Han, Z., 2017. Role of biochar on
composting of organic wastes and remediation of contaminated soils—a review. En-
viron. Sci. Pollut. Res. 24, 16560-16577. https://doi.org/10.1007/s11356-017-9168-1.

Xiao, X., Chen, Z., Chen, B., 2016. H/C atomic ratio as a smart linkage between pyrolytic
temperatures, aromatic clusters and sorption properties of biochars derived from di-
verse precursory materials. Sci. Rep. 6, 1-13 22644, https://doi.org/10.1038/
srep22644.

Xiao, R., Awasthi, M.K,, Li, R., Park, ], Pensky, S.M., Wang, Q., Wang, ].J., Zhang, Z., 2017. Re-
cent developments in biochar utilization as an additive in organic solid waste
composting: a review. Bioresour. Technol. 246, 203-213. https://doi.org/10.1016/j.
biortech.2017.07.090.

Xiao, X., Chen, B,, Chen, Z., Zhu, L., Schnoor, J.L., 2018. Insight into multiple and multilevel
structures of biochars and their potential environmental applications: a critical re-
view. Environ. Sci. Technol. 52, 5027-5047. https://doi.org/10.1021/acs.est.7b06487.

Xu, D., Cao, ], Li, Y., Howard, A, Yu, K, 2019. Effect of pyrolysis temperature on characteristics
of biochars derived from different feedstocks: a case study on ammonium adsorption
capacity. Waste Manag. 87, 652-660. https://doi.org/10.1016/j.wasman.2019.02.049.

Yang, ., Li, G., Shi, H.,, Wang, Y., 2015. Effects of phosphogypsum and superphosphate on
compost maturity and gaseous emissions during kitchen waste composting. Waste
Manag. 36, 70-76. https://doi.org/10.1016/j.wasman.2014.11.012.

Yang, Y., Awasthi, M.K,, Bao, H., Bie, ]., Lei, S., Lv, ],, 2020. Exploring the microbial mecha-
nisms of organic matter transformation during pig manure composting amended
with bean dregs and biochar. Bioresour. Technol. 313, 123647. https://doi.org/
10.1016/j.biortech.2020.123647.

Yin, Y., Gu, J., Wang, X., Zhang, Y., Zheng, W., Chen, R., Wang, X., 2019a. Effects of
rhamnolipid and Tween-80 on cellulase activities and metabolic functions of the


https://doi.org/10.1016/j.chemosphere.2013.12.042
https://doi.org/10.1016/j.chemosphere.2013.12.042
https://doi.org/10.1016/j.wasman.2015.08.021
https://doi.org/10.1021/es0611801
https://doi.org/10.1021/es0611801
https://doi.org/10.1016/j.biortech.2017.07.095
https://doi.org/10.1016/j.envpol.2020.116013
https://doi.org/10.1016/j.envpol.2020.116013
https://doi.org/10.1016/j.wasman.2019.12.003
https://doi.org/10.1016/j.wasman.2019.12.003
https://doi.org/10.1038/srep39574
https://doi.org/10.1038/srep39574
https://doi.org/10.1073/pnas.1308044111
https://doi.org/10.1073/pnas.1308044111
https://doi.org/10.1016/j.biortech.2018.08.047
https://doi.org/10.1016/j.biortech.2018.09.104
http://refhub.elsevier.com/S0048-9697(21)04367-9/rf202107260412546976
http://refhub.elsevier.com/S0048-9697(21)04367-9/rf202107260412546976
http://refhub.elsevier.com/S0048-9697(21)04367-9/rf202107260412546976
https://doi.org/10.1016/j.agee.2010.12.005
https://doi.org/10.1016/j.agee.2010.12.005
https://doi.org/10.1016/j.chemosphere.2015.05.065
https://doi.org/10.1016/j.chemosphere.2015.05.065
https://doi.org/10.1016/S2095-3119(16)61488-0
https://doi.org/10.9734/jsrr/2017/39630
https://doi.org/10.1016/j.biortech.2017.03.105
https://doi.org/10.1016/j.biortech.2017.03.105
https://doi.org/10.1016/j.soilbio.2011.04.022
https://doi.org/10.1016/j.soilbio.2011.04.022
https://doi.org/10.1080/09593330.2014.963692
https://doi.org/10.1080/09593330.2014.963692
https://doi.org/10.1186/s13568-016-0208-x
https://doi.org/10.1016/j.ecoenv.2017.01.007
https://doi.org/10.1016/j.biortech.2017.03.144
https://doi.org/10.1016/j.wasman.2015.12.031
https://doi.org/10.1016/j.biortech.2015.05.054
https://doi.org/10.1111/j.1751-7915.2010.00236.x
https://doi.org/10.1111/j.1751-7915.2010.00236.x
https://doi.org/10.1016/j.biortech.2018.02.082
https://doi.org/10.1016/j.biortech.2019.121896
https://doi.org/10.1016/j.biortech.2019.121896
http://refhub.elsevier.com/S0048-9697(21)04367-9/rf202107260418198991
http://refhub.elsevier.com/S0048-9697(21)04367-9/rf202107260418198991
http://refhub.elsevier.com/S0048-9697(21)04367-9/rf202107260418198991
https://doi.org/10.1016/j.biortech.2015.05.003
https://doi.org/10.1016/j.biortech.2017.09.193
https://doi.org/10.1016/j.biortech.2019.01.034
https://doi.org/10.1016/j.biortech.2019.01.034
https://doi.org/10.1016/j.biortech.2019.122281
https://doi.org/10.1002/jobm.201200096
https://doi.org/10.1016/j.joei.2020.05.002
https://doi.org/10.1007/s11157-020-09523-3
https://doi.org/10.1016/j.biortech.2019.122046
https://doi.org/10.4236/ajcc.2020.93012
https://doi.org/10.4236/ajcc.2020.93012
https://doi.org/10.1016/j.jenvman.2015.11.045
https://doi.org/10.1016/j.jenvman.2015.11.045
https://doi.org/10.1016/j.biortech.2017.07.050
https://doi.org/10.1021/es305293h
https://doi.org/10.1016/j.biortech.2017.08.158
https://doi.org/10.1016/j.biortech.2017.08.158
https://doi.org/10.1016/j.wasman.2018.01.015
https://doi.org/10.1016/j.fuel.2017.12.054
https://doi.org/10.1016/j.fuel.2017.12.054
https://doi.org/10.1007/s11356-017-9168-1
https://doi.org/10.1038/srep22644
https://doi.org/10.1038/srep22644
https://doi.org/10.1016/j.biortech.2017.07.090
https://doi.org/10.1016/j.biortech.2017.07.090
https://doi.org/10.1021/acs.est.7b06487
https://doi.org/10.1016/j.wasman.2019.02.049
https://doi.org/10.1016/j.wasman.2014.11.012
https://doi.org/10.1016/j.biortech.2020.123647
https://doi.org/10.1016/j.biortech.2020.123647

Y. Yin, C. Yang, M. Li et al.

bacterial community during chicken manure composting. Bioresour. Technol. 288,
121507. https://doi.org/10.1016/j.biortech.2019.121507.

Yin, Y., Yang, C, Gu, ], Wang, X,, Zheng, W., Wang, R.,, Wang, X., Chen, R., 2019b. Roles of
nxrA-like oxidizers and nirS-like reducers in nitrite conversion during swine
manure composting. Bioresour. Technol. 297, 122426. https://doi.org/10.1016/j.
biortech.2019.122426.

Yin, Z., Xu, S,, Liu, S,, Xu, S,, Li, ], Zhang, Y., 2020. A novel magnetic biochar prepared by
K2FeO4-promoted oxidative pyrolysis of pomelo peel for adsorption of hexavalent chro-
mium. Bioresour. Technol. 300, 122680. https://doi.org/10.1016/j.biortech.2019.122680.

Yin, Y., Yang, C, Tang, ], Gu, ], Li, H., Duan, M., Wang, X., Chen, R., 2021. Bamboo charcoal
enhances cellulase and urease activities during chicken manure composting : roles of
the bacterial community and metabolic functions. ]. Environ. Sci. 108, 84-95. https://
doi.org/10.1016/j.jes.2021.02.007.

Yuan, P., Wang, J,, Pan, Y., Shen, B, Wu, C,, 2019. Review of biochar for the management of
contaminated soil: preparation, application and prospect. Sci. Total Environ. 659,
473-490. https://doi.org/10.1016/j.scitotenv.2018.12.400.

Zachos, ].C,, Dickens, G.R., Zeebe, R.E., 2008. An early cenozoic perspective on greenhouse
warming and carbon-cycle dynamics. Nature 451, 279-283. https://doi.org/10.1038/
nature06588.

Zainudin, M.H., Mustapha, N.A,, Maeda, T., Ramli, N., Sakai, K., Hassan, M., 2020. Biochar
enhanced the nitrifying and denitrifying bacterial communities during the
composting of poultry manure and rice straw. Waste Manag. 106, 240-249. https://
doi.org/10.1016/j.wasman.2020.03.029.

10

Science of the Total Environment 798 (2021) 149294

Zhang, J., L, F,, Luo, C,, Shao, L., He, P., 2014. Humification characterization of biochar and
its potential as a composting amendment. J. Environ. Sci. 26, 390-397. https://doi.
org/10.1016/S1001-0742(13)60421-0.

Zhang, ]., Chen, G,, Sun, H., Zhou, S., Zou, G., 2016. Straw biochar hastens organic matter
degradation and produces nutrient-rich compost. Bioresour. Technol. 200, 876-883.
https://doi.org/10.1016/j.biortech.2015.11.016.

Zhang, D., Luo, W., Yuan, ], Li, G., Luo, Y., 2017. Effects of woody peat and superphosphate
on compost maturity and gaseous emissions during pig manure composting. Waste
Manag. 68, 56-63. https://doi.org/10.1016/j.wasman.2017.05.042.

Zhang, P., Sun, H., Ren, C,, Min, L., Zhang, H., 2018. Sorption mechanisms of neonicotinoids
on biochars and the impact of deashing treatments on biochar structure and
neonicotinoids sorption. Environ. Pollut. 234, 812-820. https://doi.org/10.1016/j.
envpol.2017.12.013.

Zhang, P., Li, Y., Cao, Y., Han, L., 2019. Characteristics of tetracycline adsorption by cow
manure biochar prepared at different pyrolysis temperatures. Bioresour. Technol.
285, 121348. https://doi.org/10.1016/j.biortech.2019.121348.

Zhang, H., Marchant-Forde, ].N., Zhang, X., Wang, Yan, 2020. Effect of cornstalk biochar
immobilized bacteria on ammonia reduction in laying hen manure composting. Mol-
ecules 25, 1560.

Zhou, X., Chen, Z., Li, Z., Wu, H., 2020. Impacts of aeration and biochar addition on extra-
cellular polymeric substances and microbial communities in constructed wetlands
for low C/N wastewater treatment: implications for clogging. Chem. Eng. J. 396,
125349. https://doi.org/10.1016/j.cej.2020.125349.


https://doi.org/10.1016/j.biortech.2019.121507
https://doi.org/10.1016/j.biortech.2019.122426
https://doi.org/10.1016/j.biortech.2019.122426
https://doi.org/10.1016/j.biortech.2019.122680
https://doi.org/10.1016/j.jes.2021.02.007
https://doi.org/10.1016/j.jes.2021.02.007
https://doi.org/10.1016/j.scitotenv.2018.12.400
https://doi.org/10.1038/nature06588
https://doi.org/10.1038/nature06588
https://doi.org/10.1016/j.wasman.2020.03.029
https://doi.org/10.1016/j.wasman.2020.03.029
https://doi.org/10.1016/S1001-0742(13)60421-0
https://doi.org/10.1016/S1001-0742(13)60421-0
https://doi.org/10.1016/j.biortech.2015.11.016
https://doi.org/10.1016/j.wasman.2017.05.042
https://doi.org/10.1016/j.envpol.2017.12.013
https://doi.org/10.1016/j.envpol.2017.12.013
https://doi.org/10.1016/j.biortech.2019.121348
http://refhub.elsevier.com/S0048-9697(21)04367-9/rf202107260416321824
http://refhub.elsevier.com/S0048-9697(21)04367-9/rf202107260416321824
http://refhub.elsevier.com/S0048-9697(21)04367-9/rf202107260416321824
https://doi.org/10.1016/j.cej.2020.125349

	Research progress and prospects for using biochar to mitigate greenhouse gas emissions during composting: A review
	1. Introduction
	2. Preparation and functions of biochar
	2.1. Preparation of biochar
	2.2. Functions of biochar

	3. Effects of biochar on the transformation of materials during composting
	3.1. Effects of biochar on the degradation of organic matter
	3.2. Effects of biochar on the transformation of nitrogen

	4. Mitigation of GHG emissions from compost by adding biochar
	4.1. GHG production during composting
	4.2. Mechanisms that allow biochar to reduce GHG emissions during composting
	4.2.1. CO2
	4.2.2. CH4
	4.2.3. N2O
	4.2.4. NH3

	4.3. Different effects of biochar on mitigating GHG emissions during composting
	4.3.1. Effects of biochar dosage
	4.3.2. Effects of raw materials used to produce biochar
	4.3.3. Effects of pyrolysis temperature used for biochar production
	4.3.4. Effects of biochar particle size
	4.3.5. Effects of combining biochar with other additives


	5. Recommendations for future research
	5.1. Combined use of biochar with other additives
	5.2. Modified biochar
	5.3. Biochar particle size
	5.4. Establish standards for the use of biochar

	6. Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	References




