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Abstract

Biochar application to the soil is a novel approach to carbon sequestration. Biochar
application affects the emission of greenhouse gases (GHGs), such as CO,, CH,, and
N,O, from different environments (e.g., upland soils, rice paddies and wetlands, and
composting environments). In this review, the effect of biochar on GHGs emissions
from the above three typical environments are critically evaluated based on a litera-
ture analysis. First, the properties of biochar and engineered biochar related to GHGs
emissions was reviewed, targeting its relationship with climate change mitigation.
Then, a meta-analysis was conducted to assess the effect of biochar on the emissions
of CO,, CH4, and N,O in different environments, and the relevant mechanisms. Sev-
eral parameters were identified as the main influencing factors in the meta-analysis,
including the pH of the biochar, feedstock type, pyrolysis temperature, biochar appli-
cation rate, C/N ratio of the biochar, and experimental scale. An overall suppression
effect among different environments was found, in the following order for different
greenhouse gases: N,O > CH4 > CO,. We conclude that biochar can change the
physicochemical properties of soil and compost in different environments, which fur-
ther shapes the microbial community in a specific environment. Biochar addition
affects CO, emissions by influencing oligotrophic and copiotrophic bacteria; CH,4
emissions by regulating the abundance of functional genes, such as mcrA
(a methanogen) and pmoA (a methanotroph); and N,O emissions by controlling N-
cycling functional genes, including amoA, nirS, nirK, nosZ. Finally, future research
directions for mitigating greenhouse gas emissions through biochar application are

suggested.
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1 | INTRODUCTION

Climate change has accelerated with industrial development and the
need to address this challenge is widely accepted by society and policy-
makers. Several pathways to zero carbon (C), or even a negative-C future,
have been charted; however, achieving these goals is an enormous task,
requiring multilateral efforts and different approaches, including emission
reductions, CO, capture, and atmospheric greenhouse gas (GHG)
removal. Among the six major GHGs listed in the Climate Change Control
Inventory, CO,, CHy4, and N,O contribute the most to global climate
change, with relative contributions of 60%, 20%, and 10% respectively
(Josep et al., 2019). The concentration of CO, in the atmosphere has
increased from 280 ppm in the AD 1700s to over 400 ppm, reflecting a
rapid increase in CO, emissions since the Industrial Revolution (Sriphirom
et al., 2020). Various approaches aimed at mitigating or minimizing cli-
mate change have been proposed to address the rising emissions of
GHGs and their concentrations in the atmosphere (Song et al., 2019).

Carbon sequestration can directly decrease the emission of CO, into
the atmosphere, and a new class of technologies, GHG removal technolo-
gies, have emerged to aid in reducing GHG concentrations in the atmo-
sphere. Biochar is one piece of this puzzle as it has considerable global
potential to sequester atmospheric C. The ability of biochar to sequester
C from the atmosphere by plants has been the driving force behind its
development. Biochar production itself can offset GHG emissions
because it converts the organic C in the feedstock into stable C to pre-
vent the degradation of biomass from releasing CO, and CH, into the
atmosphere (Zhang & Ok, 2014). The application of biochar is supposed
to be able to offset a maximum of 12% of current anthropogenic CO,-C
equivalent (CO,-C,) emissions (i.e., 1.8 Pg CO,-C, per year of the 15.4
Pg CO,-C. emitted annually; 1 Pg = 1 Gt) (Woolf et al, 2010). As an
important indicator of the effectiveness of C sequestration, the stability
of biochar in different soils has been extensively studied (Lian &
Xing, 2017), and it is now widely accepted that the stability of most of
the C contained in biochar is of the order of hundreds or even thousands
of years (Spokas & Reicosky, 2009).

Biochar is produced from different feedstocks and is widely used
in various environmental processes. The main functions of biochar
can be summarized as follows: (1) The production of biochar, com-
bined with energy recovery, is a good method for managing agricul-
tural waste and has been practised in China and around the world
(Lee et al., 2017). (2) Biochar is widely used as a soil conditioner to
improve soil quality and crop vyield (Pariyar et al., 2020) because its
porous structure can improve soil quality by enhancing soil aeration,
reducing soil hardening, and increasing soil cation exchange capacity
(CEC). In addition, the nutrient content of biochar is important for
plant growth and crop yields. (3) Biochar can be used for the remedia-
tion of soil and water contaminants (Xiao et al., 2020). In addition,
engineered biochars have been developed to enhance biochar func-
tions, such as adsorption, reduction, oxidation, and catalysation of
specific pollutants (Lyu et al., 2020). Biochar has also been applied to
increase the efficiency of waste treatment processes such as com-
posting. (4) Biochar can be used for C sequestration and as an adsor-
bent for GHGs, such as CO,, to mitigate climate change (Huang
etal, 2015).

Biochar also plays an important role in mitigating climate change
by regulating GHG emissions from the soil and different environmen-
tal processes. Biochar application can change soil properties and
hence affect microbial biomass, community structure, and activity,
resulting in changes in soil GHG emissions. As microbial communities
in uplands are quite different from those in paddy soils and wetlands,
the application of biochar will have a different effect on GHG emis-
sions in these two environments. For example, CH4 emissions from
rice paddy fields are much higher than those from upland fields, and
the emissions from a rice paddy in the monsoon season in Asia
account for ~25%-36% of global CH,; emissions (Zhang, Qu,
et al., 2020) because of extensive rice cultivation. It has been esti-
mated that the application of biochar to paddy soils reduces seasonal
CH,4 emissions by 40% (Sriphirom et al., 2020). Emissions of CO, are
the main concern in upland agriculture, where biochar can reduce the
net ecosystem CO, exchange in crop production by 144%-283%
(Azeem et al., 2019). Another GHG is N,O, which has a much higher
global warming potential and can be a key factor in both paddy and
upland fields (Aamer et al., 2020). Although biochar generally reduces
N,O emissions from soil (Thangarajan et al., 2018), in some cases, it
can enhance N,O emissions from upland fields when water content
increases (Troy et al., 2013). In addition to paddy and upland fields,
biochar may also affect GHG emissions from industrial sites such as
composting, anaerobic digestion, and bioremediation sites.

To date, several review papers have been published that focus on
the effects of biochar on soil GHG emissions. These studies have sum-
marized the effect of biochar on the properties and GHG emissions in
the soils of a certain type of environment, such as forest soils (Li
et al., 2018) or agricultural soils (Sri et al., 2021). However, no system-
atic review has compared the effects of biochar on GHG emissions
from microbial processes in various environments (e.g., upland soils,
rice paddies and wetlands, and composting environments), which is
important for mitigating GHG emissions and promoting the applica-
tion of biochar. In this study, we systematically evaluated the effects
of biochar on GHG emissions in various environments (i.e., upland
soils, rice paddies and wetlands, and composting environments) and
the mechanisms involved. First, recent research and development on
biochar production related to climate change mitigation are summa-
rized. Second, the effects of biochar application on GHG emissions in
upland fields, rice paddies and wetlands, compost systems, and the
mechanisms involved (including the mechanisms that control GHG
emissions based on the effects of biochar on soil physicochemical and

microbial properties) are summarized.

2 | PROPERTIES OF PRISTINE AND
ENGINEERED BIOCHAR RELEVANT TO
CLIMATE CHANGE MITIGATION

2.1 | Properties of biochar relevant to climate
change mitigation

Biochars have been widely applied to soil improvement in various
environments, including uplands, rice paddies, wetlands, and
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composting environments. When biochar is applied to the soil, its
impact on soil physicochemical properties (e.g., porosity, water hold-
ing capacity, pH, and CEC) varies depending on biochar properties
such as specific surface area, porosity, and functional groups (Sun
et al., 2020). These changes caused by the different properties of bio-
char affect GHG emissions from the soil and other environmental
processes.

Biochar feedstock is a key factor in determining biochar composi-
tion (Liu et al., 2019). In general, feedstock type affects the surface
area, pH, and content of stable C in the biochars. For instance, owing
to the higher content of lignin in wood biomass, biochar produced
from wood typically has a higher surface area than that produced
from grass and forms more organo-mineral layers to provide a nutrient
shelter for microbes, thus improving microbial activities and changing
soil GHG emissions (Hagemann et al., 2017). In contrast, biochars pro-
duced from feedstocks with higher cellulose and hemicellulose con-
tents (e.g., sugarcane straw and rice husk) are characterized by higher
pH values and nutrient concentrations (Higashikawa et al., 2016). For
acidic paddy and wetland soils, the addition of alkaline biochar
increases the soil pH (Sri et al., 2021). A higher soil pH is helpful for
the growth of methanotrophs, resulting in decreased CH4 emission
from paddy soils (Dong et al., 2013). Applying biochar with high nutri-
ent concentrations to the soil is conducive to increasing microbial
nutrients and improving the activity of microorganisms. Moreover, a
meta-analysis of 154 studies reported that biochars produced from
biosolids had the best ability to retain nitrogen (N) in soils, followed
by those produced from animal wastes. Compared with the biochars
produced from animal wastes and biosolids, the woody and herba-
ceous biochars exhibited a better ability to mitigate N,O emissions
from soil (Li et al, 2019). There is abundant available N in animal
waste and biosolid biochars, which may stimulate the growth of deni-
trifiers and contribute to N,O emissions. Therefore, feedstock type
should be considered an important factor affecting the properties of
biochar when used for environmental applications and climate change
mitigation. However, the results for biosolid-derived biochar are
highly variable because of the diverse physicochemical properties of
the feedstocks and the limited availability of studies on biosolid-
derived biochar. Therefore, further research on the impact of biosolid-
derived biochars on GHG emissions is needed to formulate compre-
hensive recommendations.

The pyrolysis temperature of biochar has been recognized as
another important factor affecting its properties (Liu et al., 2019). As
the pyrolysis temperature increases, the pH, electrical conductivity,
ash content, and C stability of the biochar increase, whereas the yield
of biochar decreases. Compared to biochars produced at medium
(350°C-600°C) and high temperatures (>600°C), biochars produced
at low temperatures (<350°C) generally contain a higher organic nutri-
ent content which increases the co-metabolic interaction between
biochars and microorganisms, thus resulting in the enhancement of
microbial biomass and activities, especially for bacteria and fungi
(Zhang et al., 2018). In addition, biochar produced at low temperatures
(250-400°C) stimulates C mineralization, whereas biochar produced

at high temperatures (525-650°C) suppresses C mineralization,

ultimately decreasing CO, emissions (Wang, Wang, et al., 2019).
However, high-temperature biochars may contain higher relative con-
centrations of toxic compounds (i.e., polycyclic aromatic hydrocar-
bons), affecting soil microbial biomass and activity (He et al., 2017).
Simultaneously, the yield of high-temperature biochars was lower.
Therefore, when choosing the biochar pyrolysis temperature, not only
the impact of biochar on soil GHG emissions but also the cost savings

of biochar production should be considered.

2.2 | Properties of engineered biochar relevant to
climate change mitigation

Biochar properties can also be affected by post-treatment biochar
production, that is, the production of engineered biochars. The prop-
erties of engineered biochars vary depending on the modification
technologies, including physical (e.g., ball milling and magnetization)
and chemical (e.g., acidification, alkalization, oxidation, and impregna-
tion) methods (Panahi et al., 2020). Biochar modification is often used
to increase its surface area, pore volume, surface functional groups,
and surface chemistry properties. Through modification, biochar has a
highly porous structure, which can improve a range of soil physical
properties such as porosity and pore size distribution. This may fur-
ther improve soil aeration, thereby stimulating the decomposition of
soil organic C and the activity of methanotrophs (Liu et al., 2019). The
engineering of biochar through ball milling has recently attracted sig-
nificant research interest. Compared to pristine biochars, N-
engineered biochar prepared by milling a mixture of biochar, benton-
ite, pregelatinized maize flour, and urea presents better environmental
performance and lowers GHG emission intensity (Puga et al., 2020).
Few studies have reported the application of engineered biochars,
including Fe-, N-, and phosphorus (P)-engineered biochars, in soil
improvement. The biochar-supported FeS composite (FeS/biochar)
can not only immobilize Cr(VI) through fractional precipitation in soil,
but can also increase soil organic matter content, microbial activity,
and CO, emissions (Lyu et al., 2018). As conductive and semi-
conductive materials, biochar and Fe may enhance direct interspecies
electron transfer among soil microorganisms affecting GHG emissions
(Liu et al., 2020). P-engineered biochars have improved stability owing
to the formation of a P-containing compound that protects biochar C
from oxidation (Guo & Chen, 2014). The co-pyrolysis of biomass with
phosphate fertilizer could reduce C loss in soil. The role of minerals in
biochar and their effects on biochar C stability are complex. Some
inherent minerals in biochar can enhance the stability, whereas some
extraneous minerals, such as Fe-bearing materials, reduce the stability
of biochars. In contrast, inherent minerals can also reduce biochar C
stability, whereas some extraneous minerals can enhance it (Buss
et al, 2019). The incubation of biochar with soil minerals such as
FeCls, AICI;, CaCl,, and kaolinite could also increase the oxidation
resistance of biochar (Yang et al., 2016). Clay types such as montmo-
rillonite (MMT), red earth (RE), and bentonite have been used to syn-
thesize engineered biochars as an efficient way to increase the

stability of biochar in soil (Premarathna et al., 2019). Therefore, it is
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TABLE 1 Overview of the main impact of biochar addition on upland soils
Biochar types Soil type Region Influence Reference
Sawdust biochar, Sophora japonica Obsidian and Loess Plateau, China e Soil CO, emission flux shows an Guo et al.
bark biochar loess increasing trend with an increase (2015)
in the amount of biochar added
e Suppression of CH,4 emissions
and no significant impact on N,O
emissions
e Differences exist among
treatments with different
biochars
Bamboo char Dystric Obu City, Aichi Prefecture, Japan o No significant changes in Watanabe
Cambisols greenhouse gas (GHG) emissions etal.
(2014)
Rice husks biochar Orthic Nanjing, China e Increased CH,4 emissions Wang et al.
Anthrosols e Reduced NO, emissions (2012)
o Differences in GHG emissions
between upland and wetland
soils
Wheat straw biochar Loamy soil Central China Plain e Reduced GHGs emissions Zhang et al.
e Enhanced crop productivity (2012)
Barley straw biochar Loamy soil Sepung-ri, Gwangyang-eup, e Reduced N,O emissions Kang et al.
Gwangyang-si, and Jeollanam-do, e The combined treatment of (2018)
South Korea biochar and chemical fertilizers
was more effective in
suppressing N,O emissions than
the treatment alone
Municipal solid waste biochar / Chongging, China e CO, emissions increased in the Liu et al.
first 2 weeks (2015)
e Suppressed the total CO,
emissions within 36 weeks
Ten types of biochar from Sandy loam Jumilla, Murcia, Spain e CH, release was suppressed Pascual et al.
Mediterranean agricultural e The starting material of biochar (2020)
residues determined the difference in CH,4
release flux
Fir sawdust Luvisol soil Luancheng, HeBei, China e Suppressed the production of Dong et al.
N,O in the soil (2020)
e Stimulated the reduction of N,O
to N2
Wheat straw Orthic Black Flagstaff County, southeast Alberta, e Reduced N,O emissions Wau et al.
Chernozem Canada o No significant change in CO, or (2013)
CH,4 emissions
Maize straw Sandy loam Fenggiu County, Henan Province, e Reduced N,O emissions Niu et al.
soil China e Reduced denitrification potential (2017)

important to develop new engineered biochars for better C sequestra-
tion and mitigation of GHG emissions. However, the relationship
between stabilization and GHG emissions remains an interesting topic

for further research.

3 | EFFECT OF BIOCHAR ON GHG
EMISSIONS FROM VARIOUS
ENVIRONMENTS

The addition of biochar could be used as a low-cost and highly effi-

cient technology that might contribute to both climate change

mitigation and adaptation (improving or maintaining soil quality),
ensuring that the yield of upland and paddy crops is improved or
maintained despite the changing climate (Pradhan et al, 2018).
Reduced nitrogen loss, increased microbial activity, shorter time until
maturity, and significantly less odour is observed when biochar is used
as a compost amendment (Guo, Liu, & Zhang, 2020). As the physico-
chemical properties and microbial communities of upland soils, paddy
and wetland soils, and compost are quite different, the application of
biochar has different effects on GHG emissions in these three envi-
ronments. Tables 1 and 2 summarize recent studies on GHG emis-
sions resulting from the addition of biochar to upland fields, paddy

fields, and wetland soils. In the following sections, we discuss how
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TABLE 2 Overview of the main impact of biochar addition on paddy and wetland soils

Biochar type

Rice straw biochar

Wheat straw biochar

Wheat straw biochar

Mangrove biochar

Rice straw biochar

Rice straw biochar

Wheat straw and
sawdust biochars

Rice chaff biochar

Soil type Region
Rice paddy Subtropical rice paddy China
Rice paddy Dongshan Town, Suzhou City,

Jiangsu Province, China

Cadmium- and lead- Tai lake Plain, China
contaminated rice paddy
soil

Rice paddy Rangbua, Chombueng District,

Ratchaburi Province, Thailand

Rice paddy Yuhang District, Hangzhou,
Zhejiang Province, China

Rice paddy Hwasungsi, Gyeonggido, Korea

Rice paddy Taihu Lake region of China

Rice paddy Chunan-Si, Chungcheongnam-Do,
Korea

Influence Reference
e Biochar treatment decreased Wang, Wang,
the cumulative CO, flux in the et al. (2019)

late paddy and for the
complete year (early and late
paddies)

Biochar treatment also
decreased the cumulative CH,
flux in the early paddy

The application of 4% biochar Lin et al.
significantly increased N,O (2017)
emissions during the 45-day

incubation by 291% and 256%,

respectively

The abundance and diversity of
ammonia-oxidizing bacteria

increased
No change in soil CO, Zhang et al.
emissions was observed at (2015)

10 t ha~* of biochar addition
Biochar treatment reduced soil
CO, emissions by 16%-24% at
20and 40 tha !

Biochar treatment increased
rice yield by 25%-26% and
thus enhanced ecosystem CO,
sequestration by 47%-55%
over the control

Seasonal total N,O emissions
were reduced by 7.1%, 30.7%,
and 48.6% under biochar
addition at 10, 20, and

40 t ha™ %, respectively

Relative to control, biochar Sriphirom
application reduced seasonal et al. (2020)
CH,4 emissions by 40.6%

Biochar application enhanced

soil organic carbon stock

by 21.2%

Biochar treatment reduced CH;,  Han et al.
emissions under ambient (2016)
conditions and significantly

reduced emissions by 39.5%

under simultaneously elevated

temperature and CO,

Biochar amendment did not Yoo et al.
significantly increase the CO, (2015)
or CH4 emissions

Biochar addition increased the

N,O emissions

The microbial biomass and the

abundance of methane related
microorganisms were not

changed by biochar addition

Biochar decreased CH,4 Zhou et al.
emissions (2018)
Biochar application decreased

N,O emissions

Yoo et al.
(2014)

(Continues)
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TABLE 2

Biochar type

Digested slurry biochar

Tree branches biochar

Cattail biochar

LYU ET AL

(Continued)

Soil type

Rice paddy

Constructed wetlands

Constructed wetlands
(harvested from the

wetland)
CO2
pH of biochar
: —o—o
— —o
-—H—e
—i—e
= oo
S
2
E p-
= . ®
& | Appliaction rate
- 10 tha e 3
10-20 t ha! b o
Biochar C/N
50%-100% o -
100%-300% e——o
Subtotal <
Feedstock
= | Wood e e
£}
Z | Rice straw [ ad
E Appliaction rate
= 10 tha PO
2 0-20 tha'!
z | 1020tha o4
= Pyrolysis temperature
o 400°C poee
= | #s0-s00°C o
g | sso-600°C o
600-800°C =)
yrolysis temperature
2 | T -
E=} T > 500°C - @
Z
S | Feedstock L
= | Bark o~
8 | Chies —o—e
O | Biochar ON I
30%-100% i
100%-500% oo
Subtotal 0
Overall
L 111 1 1 111 11
50~ 10 0 10 20 30 40 50
n GHGs intensity(%)
(a)

Region

Graduate School of Horticulture,
Chiba University, Matsudo,
Japan

Yunnan
University in Kunming, China

Chongging University, Chongging,
China

Improve soil
permeability.

PH. and water
content

. N Change
Biochar "

addition

microbial
community

SR

Decomposition

( of unstable

carbon in
biochar

[ Adsorption

Influence

e Biochar treatment reduced the
soil NH, " content and
increased the NO3~ content

e Biochar addition increased C
contents in the wet stable
aggregates of size 53-

1000 mm, and the water
holding capacity

e Biochar treatment increased
the CH,4 emissions

e Biochar treatment increased
the soil NH4™-N content

e Biochar treatment decreased
the C02 CH4 and Nzo
emissions

e Biochar reduced the global
warming potential values of
N,O and CH,4 from 18.5%
to 24.0%

e N,O fluxes and global warming
potential decreased, while CH,4
and CO, fluxes increased with
increasing COD/N ratios

Increase soil
microbial biomass
(more significant
in upland soils)

>

Increase

Upland: Increase Increase

oligotrophic S
bacteria
Paddy and
wetland, and Decrease

compost: Increase
copiotrophic
bacteria

Reference

Singla et al.
(2014)

Ji, Chen, et al.
(2020)

Guo, Zhang,
et al. (2020)

Low saturated
water content of
upland soil
(improved but
still dry)

Decrease

CO,
emissions

/

Increase

of CO,

Decrease

(b)

(a) Changes in CO,, intensity in upland, rice paddy and wetlands, and composting environments after biochar application as

influenced by pH, feedstock, pyrolysis temperature, application rate, and C/N ratio of biochar. The black solid line at zero indicates no change in
CO,, intensity after biochar addition. (b) the effects and mechanisms of biochar application on soil CO, emissions [Colour figure can be viewed at
wileyonlinelibrary.com]
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CH4
pH of biochar |
Acid ~— —e
Neoutral — . oy
Alline - F Biochar addition
Feedstock
= Wood —i—s
5} Herbaceous —b—o
: Pyrol, L‘ l 1 l
g T'< 3000 e :
- 1 L Iq Increased soil pH of Reduced bulk density
v Appliaction rate - y
= T , = Paddy and wetland and changes other Heighten the NO;-N
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biochar application affects the emissions of CO,, CH,4, and N,O in dif-
ferent environments. Moreover, a meta-analysis considering the inter-
action between these changes and GHG emissions is provided in
Figures 1a-3a. Specifically, a literature search was conducted using
Web of Science and Google Scholar databases from 1950 to 2021
using the keywords “biochar” AND “upland” OR “paddy” OR “com-
posting” OR “greenhouse gas” OR “GHGs” OR “CO,” OR “CH4” OR
“N,O” OR “global warming potential (GWP).” Since most of the
related studies separately assessed the effects of biochar application
on GHGs emissions, physicochemical properties of biochar, and soil
microbial properties, only 81 observations from 24 peer-reviewed
studies were collected (listed in the supplemental material as
Section 1). These results were discussed to clarify the different effects
of biochar on GHGs emissions from upland, paddy, and wetland soils
and composting environments.

Several parameters were identified as the main influencing factors
in the meta-analysis, including pH of biochar, feedstock, pyrolysis
temperature of biochar, application rate, C/N ratio of biochar, and
experimental scale. An overall suppression effect among different
environments was found, in the following order for different GHGs:
N,O > CH4 > CO,. Moreover, the addition of biochar can cause

changes in soil physicochemical properties (bulk density, soil water-

holding capacity, soil cation exchange capacity, pH, etc.), which affect
soil microbial properties, including microbial biomass, microbial activ-
ity, and microbial community structure, which are related to GHG
emissions in various environments (Guo, Liu, & Zhang, 2020). Herein,
we summarize the microbial processes involved in the effects of bio-
char on GHGs emissions. The effects and mechanisms of biochar-

mediated GHG emissions are summarized in Figures 1b-3b.

3.1 | Effect of biochar on CO, emissions and its
mechanism

As shown in Figure 1a, the meta-analysis results indicated that the
overall reduction rate of CO, emissions intensity in the three different
environmental processes of upland, rice paddies and wetlands, and
composting was approximately 1%. However, the effect of biochar on
the emission of CO, is quite different in the three different environ-
ments, showing an enhancing effect in uplands (a promotion rate of
9%, p < 0.05) and a suppression effect in paddy soil and composting
processes (suppression rate of 10% and 2%, respectively, p < 0.05).
Specifically, as shown in Figure 1a, several parameters were iden-

tified in the meta-analysis as factors affecting CO, emissions in upland
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FIGURE 3 (a) Changes in N,O intensity in upland, rice paddy and wetlands, and composting environments after biochar application as
influenced by pH, feedstock, pyrolysis temperature, application rate, and C/N ratio of biochar. The black solid line at zero indicates no change in
N,O intensity after biochar addition. (b) the effects and mechanisms of biochar application on soil N,O emissions [Colour figure can be viewed at
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soil, including the pH of biochar, feedstock, pyrolysis temperature of
biochar, application rate, and C/N ratio of biochar. Among them, the
pH value and feedstocks showed a greater effect on increasing CO,
emission intensity. That is, the addition of biochar promoted CO,
emission intensity regardless of changes in pH and feedstocks of bio-
char (i.e., biochar pH and feedstock increased CO, emission intensity
by 16% and 14%, respectively, p < 0.05). Moreover, the increase in
soil CO, emission intensity was negatively correlated with biochar
pyrolysis temperature, while positively correlated with biochar appli-
cation rate and C/N. These results may be ascribed to the fact that
lower pyrolysis temperature (500°C) results in more microbial avail-
able C and nutrients in biochar than a higher pyrolysis temperature
(>500°C), which promotes high soil microbial activities to decompose
soil organic matter and release more CO, from soil. At the same time,
high temperature biochars (>500°C) may contain higher relative con-
centrations of toxic compounds (i.e., polycyclic aromatic hydrocar-
bons), which affect soil microbial biomass and activity (He
et al., 2017). Overall, in upland soils, enzymes and labile organic mat-

ter are adsorbed from the bulk soil to the biochar surface, which is

more likely to cause significant microbial growth. In addition, the
application of biochar to the soil directly affects the microbial commu-
nity because of its unstable C components, which increase the appar-
ent respiration rate of microorganisms and then increases soil CO,
emissions (Irfan et al., 2019).

Unlike the trend in upland soils, the meta-analysis results showed
that the addition of biochar usually decreases the cumulative CO, flux
from paddy and wetland soils (Figure 1a). For example, compared to
untreated paddy soils (a field experiment), the biochar-amended soils
exhibited reduced CO, emissions (from 68,962 to 55,422 kg CO,-
eq ha™?) and increased rice yield (from 11.4 to 11.9 Mg ha™!) (Wang,
Wang, et al., 2019). Meta-analysis results suggested that biochar feed-
stock, application rate, and pyrolysis temperature could influence CO,
emissions from rice paddies and wetlands. For example, biochar from
wood (a suppression rate of 35%, p < 0.05) can induce a greater sup-
pression effect on CO, emissions than rice straw (a suppression rate
of 12%, p < 0.05), probably because of the higher surface area and
graphitic structure of biochar from wood (Hagemann et al., 2017),

which is conducive to the suppression of soil organic carbon
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mineralization and the adsorption of soil CO, molecules by biochar
(Yu et al., 2021). The effect of the pyrolysis temperature of biochar on
CO, emissions in rice paddies and wetlands is quite different. Com-
pared with higher (600-800°C) and lower temperature (< 400°C) of
biochars, which suppressed the CO, emissions intensity significantly,
medium temperature biochars (450-600°C) had less suppression
effect on CO, emissions (a suppression rate of 4% for 550-600°C,
p < 0.05) and even greatly increased CO, emissions (a promotion rate
of 45% for 450-500°C, p < 0.05). This may be due because medium
pyrolysis temperature of biochars contain moderate organic nutrient
content, pore structure, and surface area, and lower relative concen-
trations of toxic compounds, which increases the overall abundance
and activities of microorganisms and promotes CO, emissions (Zhang
et al., 2018).

The meta-analysis results showed that the addition of biochar to
solid organic compost can regulate and mitigate CO, emissions during
composting (Figure 1a). The main influencing factors included pyrolysis
temperature, raw materials, and initial C/N, all of which showed a low
suppression effect on CO, emissions (suppression rate of 0.1%-3.7%,
p < 0.05). The result of this suppression comes from a combination of
several reasons. For example, He et al. (2019) studied the effects of bio-
char on GHG emissions during composting in laboratory-scale compost-
ing systems, and found that the application of bamboo biochar reduced
CO, emissions arising from composting (He et al., 2019). This has been
ascribed to the biochar-mediated protection of organic matter against
chemical oxidation and biological degradation (Ngo et al., 2013). More-
over, the addition of biochar to composting promotes enzyme activities
(e.g., dehydrogenase, protease, cellulase, amylase, and xylanase) and
reduces CO, emissions by affecting the carbon and nitrogen cycle
(Awasthi et al., 2020). However, other studies have reported the opposite
effects of biochar addition, that is, increased CO, emissions from the
composting processes. The CO, emissions from chicken manure compost
supplemented with biochar (27% w/w) increased by 6%-8% in small-
scale laboratory composters (Chowdhury et al., 2014). This may be due
to the high porosity and specific surface area of biochar, which allows a
compost pile to have more oxygen to facilitate aeration, thus increasing
CO, emissions (Wojciech et al., 2015). Other research indicated that
higher CO, emissions during composting of mixtures amended with bio-
char could result from abiotic oxidation of biochar or biochar available
carbon, which functions as an energy source for microorganisms (Dias
etal., 2010).

Net ecosystem exchange of CO, (NEE) should also be considered
when evaluating the effects of biochar amendment on soil CO, emis-
sions. The NEE between terrestrial ecosystems and the atmosphere
depends on the net C balance between the input and output of a
given ecosystem and can be calculated as the difference between het-
erotrophic soil respiration and net primary production (Zhang
et al., 2016). Azeem et al. (2019) conducted a 2-year field trial in an
arid agricultural zone to investigate the effects of biochar on NEE for
a legume-cereal crop rotation. The NEE for wheat decreased by 200%
and 147% in the first year, and by 283% and 265% in the second year,
and wheat vyield increased by 6.2%-22.2% in soil amended with
0.25% and 0.5% biochar respectively (Azeem et al., 2019). The results

revealed that biochar application improved the soil's physical and
chemical properties, such as increasing the porosity and water-holding
capacity of the soil (Major et al., 2010). As a result, biochar applica-
tions to soils enhanced crop productivity and limited nutrient leaching
(Biederman & Harpole, 2013). However, no significant difference was
observed for NEE in the first year of the mash bean crop; the NEE
decreased by 46.8%-37.9% in the second season, and the mash bean
yield increased by 3.9%-9.5%. The reason for this phenomenon may
be that high rainfall during mash bean growing cycles leads to
increased soil respiration, and the improvement of soil physical prop-
erties results in enhanced crop productivity which leads to no or small
differences in NEE (Azeem et al., 2019).

The overall mechanism by which biochar regulates CO, emissions
in various environments is illustrated in Figure 1b. Generally, the gov-
erning mechanisms, including both abiotic and biotic mechanisms, are
summarized as follows: (1) the increase in soil pH and the high content
of alkaline metals on the surface of biochar facilitates the precipitation
of CO, to carbonates; (2) the adsorption of organic matter by biochar
may be protected from further mineralization to produce CO,; (3) the
decrease in the abundance of two carbohydrate-mineralizing enzymes
(glucosidase and cellobiosidase) reduces CO, emissions; and (4) an
increase in plant growth and plant biomass due to the addition of bio-
char increases the net exchange of CO, between the atmosphere and
soil (Guo, Zhang, et al., 2020). Many researchers have demonstrated
that soil pH is the main factor affecting the microbial community
structure. Bacterial diversity was highest in neutral soils and lowest in
acidic soils. Therefore, for paddy and wetland fields with lower pH,
higher biochar addition led to a higher soil pH and bacterial diversity.
For example, the enrichment of copiotrophic bacteria, such as Bacter-
oidetes and Gemmatimonadetes, and the decrease in oligotrophic bac-
teria, such as Acidobacteria in paddy and wetland fields were
responsible for the decreased CO, emissions. However, when the bio-
char is added to the upland soil, the bacteria in the upland soil can
adsorb to the surface of the biochar, making the bacteria in the soil
less susceptible to soil leaching, thus increasing the number of bacte-
ria in the soil. The biochar gaps are better able to protect microbes
from competitors and thus enhance respiration of upland soil

microbes in relation to soil available carbon (Li et al., 2021).

3.2 | Effect of biochar on CH,4 emissions and its
mechanism

As shown in Figure 2a, the meta-analysis results confirmed that the
addition of biochar generally suppressed the release of CH,4 from the
three environments (upland soil, paddy and wetland fields, and com-
post) (Guo et al., 2015; Pascual et al., 2020), with an overall suppres-
sion of about 7% (p < 0.05). The suppression effect among different
environments was in the following order: composting environment >
rice paddies and wetlands > upland soil. It is speculated that the pri-
mary reason for this suppression is that the changes in the physical
and chemical properties affect microbial activities. Biochar increases

soil oxygen content because of its large pore structure. Since
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methanogens are anaerobic bacteria, the aerated environment sup-
presses their activity, resulting in a decrease in the amount of CH,4
produced. However, the suppression of CH,4 emissions after biochar
addition was not as strong in upland fields (a suppression rate of 3%,
p < 0.05) as in other ecosystems (e.g., a suppression rate of 6% in rice
paddies and wetlands), as shown in Figure 2a. This is because the low
water content also suppresses the CH,4 oxidation process. Conse-
quently, the promotion effect of biochar on methanotrophs in upland
fields is weaker than in wet areas (Troy et al., 2013). Some studies
have indicated that the addition of biochar can increase CH4 emis-
sions in uplands (Zhang et al., 2013). For example, a higher biochar
application rate (>5 t ha™!) provides a large amount of substrate, pro-
moting the production of CH,4 (a promotion rate of 10%, p < 0.05), as
confirmed by the results of the meta-analysis on CH,4 emission inten-
sity in uplands (Figure 2a).

CH, emissions from rice paddies and wetlands were much higher
than those from upland fields. Routine drainage and flooding of wet-
lands increase CH4 emissions into the atmosphere. The meta-analysis
results showed that the application of biochar to rice paddies and
wetlands suppresses CH,4 emissions in general (Figure 2a). For exam-
ple, in a 2-year field experiment conducted by Dong et al. (2013), rice
straw and bamboo biochars were applied to paddy soils and CH,4
emissions were monitored for two growing seasons. The results
showed that rice straw biochar had the most significant effect on the
reduction of CH, emissions (causing 47.3%-86.4% reduction) and
raised rice yield by 13.5%-6.1% during the two rice-growing cycles
(Dong et al., 2013). This decrease may be ascribed to an increase in
CH, oxidation and a decrease in methanogenic activity (Han
et al., 2016). Specifically, biochar application decreases soil bulk den-
sity and increases soil aeration, thereby enhancing CH4 oxidation (Liu
et al., 2019). Moreover, soil pH is an important parameter to control
soil CH,4 emission rates in paddy fields and wetlands because the bio-
chemical activities of most methanogens are very sensitive to changes
in soil pH. Soil pH increased after the addition of biochar. A higher soil
pH was helpful for the growth of methanotrophs, resulting in reduced
CH,4 emissions. However, different feedstocks of biochar have differ-
ent effects on CH4 emissions as shown in Figure 2a. Among them,
biochar from straw suppressed CH,; emissions intensity by 16%
(p < 0.05), while biochar from wood significantly increased CH, emis-
sions intensity by 34% (p < 0.05). The difference in the chemical prop-
erties of the biochars might explain this phenomenon. Compared with
wood biochar, straw biochar generally has higher pH, which can sig-
nificantly increase the degree of soil pH, increase the abundance of
methane nutrient bacteria and promote methane oxidation (Dong
et al, 2013). The higher pyrolysis temperature of biochar (>500°C)
resulted in an enhanced inhibitory effect of biochar on CH,4 emissions.
This was related to the soil redox potential, which also contributed to
the reduction in CH,4 emissions. A soil redox potential of <—150 mV is
beneficial to CH,4 production (Lyu et al., 2018). The addition of biochar
might increase the redox potentials of paddy and wetland soils by
affecting the water-holding capacity, soluble organic C, and metabo-
lism of plant roots, thereby reducing CH, emissions. The biochar

application rate and C/N ratio also had significant effects on CH,4

emissions in paddy and wetland soils. A higher application rate and
lower C/N ratio are beneficial for suppressing CH,4 emissions which
may be the result of both adsorption and microbial activity.

The meta-analysis results shown in Figure 2a confirmed that the
addition of biochar significantly suppressed CH4 emissions during
composting (a suppression rate of 15%, p < 0.05) by improving the
internal structure of compost piles, increasing the formation of aero-
bic sites, suppressing the activity of methanogens, enhancing the
activity of methane-oxidizing bacteria, and reducing CH,; emissions
(Sonoki et al., 2013). The proportion of biochar added was positively
correlated with the reduction in CH4 emissions during composting, for
example, after 15 days of composting, the CH4 emission concentra-
tion decreased from 1000 to 750 ppm as the biochar application rate
increased from 5% to 20% (w/w) (Liu et al., 2017). Overall, the addi-
tion of biochar suppressed CH,4; emission intensity regardless of
changes in application rate, feedstocks and C/N ratio of biochar, sug-
gesting that biochar application is a good strategy to mitigate CH,4
emissions in composting systems. In addition to the reason previously
mentioned that the addition of biochar improves the permeability of
compost and changes the oxidation-reduction potential, so as to sup-
press the activity of methanogens and promote the activity of
methane-oxidizing bacteria, another reason for biochar to reduce CH,4
emission in compost is its adsorption of NH4"-N, which decrease
nitrogen availability to methanogens (Liu et al., 2017).

The overall mechanism by which biochar regulates CH4 emission
in various environments is shown in Figure 2b. Three processes deter-
mine the release of CH4: CH4 production, CH4 oxidation, and CH4
transport from soil to the atmosphere. CH4; emissions are mainly
related to the relative abundances of methanogens and methano-
trophs, which are responsible for the production and oxidation of CH4
respectively (Henri et al., 2018). The ratio of methanogens and metha-
notrophs is opposite to the suppression effect of biochar on CH,4
emission, which was confirmed in the paddy soil with long-time appli-
cation of biochar (Wang, Shen, et al., 2019). In addition, two genes
related to CH,; emissions, mcrA (a methanogen) and pmoA
(a methanotroph), have been well-studied, and there is a positive rela-
tionship between the copy number of mcrA and CH4 emissions (Su
et al., 2019). Methanogens are more active in weakly alkaline and neu-
tral soils. Biochar addition generally results in an increase in pH and
oxygen content in all three environments, which inhibited methano-
gens and reduced the emission of CH, (Pascual et al., 2020). More-
over, NO3;-N was found to inhibit the activity of methanogens and
enhance the activity of methanotroph (Nan et al., 2022). This indicates
that the emission of CH, is related to N cycle by changing the relative
abundance of different types of microbial community, which deserve
to be studied further in the future.

3.3 | Effect of biochar on N,O emissions and its
mechanism

As shown in Figure 3a, the addition of biochar had the most obvious

suppression effect on the release of N,O from the three
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environments (an overall suppression rate of 31%, p < 0.05) compared
with CO, and CH4 (Dong et al., 2020). The suppression effect on N,O
emission intensity among different environments was in the following
order: upland soil (a suppression rate of 62%) > rice paddies and wet-
lands (a suppression rate of 20%)> composting environment
(a suppression rate of 10%), which might be related to the different
conditions. A meta-analysis of 208 peer-reviewed studies reported
that biochar increased symbiotic biological N, fixation (63%),
improved plant N uptake (11%), reduced soil N,O emissions (32%),
and decreased soil N leaching (26%) (Liu et al., 2018). However, the
soil type was not considered in this meta-analysis.

In this work, the meta-analysis showed that N,O emissions from
upland were suppressed regardless of changes in pH of biochar, feed-
stock, pyrolysis temperature of biochar, application rate, and C/N
ratio of biochar (Figure 3a). Alkaline conditions are favourable for N,O
emissions. In some cases, the pH value of upland soils is higher than
that of biochar (Dong et al., 2020). When biochar is applied to upland
fields, it decreases soil pH and reduces N,O emissions. The pyrolysis
temperature of biochar is also an important factor affecting N,O
emissions in upland soils. A 100-day laboratory incubation experiment
by Pokharel et al. (2018) showed that a higher pyrolysis temperature
of 550°C reduces N,O emissions by 27.5%, while biochar pyrolyzes at
300°C without affecting N,O emissions (Pokharel et al., 2018). These
results are consistent with the meta-analysis results (Figure 3a) and
might be ascribed to the fact that high-temperature biochar is more
conducive to the transfer of electrons to soil-denitrifying microorgan-
isms, leading to a more active N,O reductase and an enhanced rate of
N,O reduction to N»,. The application rate was positive, and the C/N
ratio showed a negative suppression effect on N,O emissions in
upland soil, which can be related to the physicochemical properties of
soil, such as soil porosity, pH value, and air permeability, which need
to be comprehensively considered. For example, biochar application
could enhance soil porosity to adsorb NH," while reducing NO3 ™~ pro-
duced by nitrification and N,O produced by denitrification in soil
(Zhang, Xiao, et al., 2020). Similarly, several studies have shown that
biochar did not significantly reduce the release of N,O and even pro-
moted the release of N,O in the absence of an external N source,
indicating that N,O release is regulated by soil saturated water con-
tent and plant N uptake (Zhang et al., 2012). Nevertheless, the appli-
cation of biochar to upland fields is generally beneficial for alleviating
the release of N,O.

The reduction in soil N>O emissions from paddy and wetland soils

as a result of biochar application was confirmed in the meta-analysis

results, as shown in Figure 3a. The fluctuation of changes in N,O
emission intensity among different parameters, including pH of bio-
char, feedstock, pyrolysis temperature of biochar, application rate, and
C/N ratio of biochar, was lower in paddy and wetland soils (20%,
p < 0.05) than in upland soils (62%, p < 0.05). N,O emissions are pre-
dominantly generated via N transformation in soils (Ji, Li, et al., 2020).
The interaction between biochar and arbuscular mycorrhizal fungi
affects N,O emissions in paddy fields and constructed wetlands
(Liang et al., 2019). This may be the reason why low pH favoured the
suppression of NoO emissions in paddy soils and constructed wet-
lands in the meta-analysis. The presence of arbuscular mycorrhizal
fungi decreased the concentrations of chlorophyll and N in Phragmites
australis and the concentrations of NH;"-N, NO3; -N, inorganic N,
and total N in paddy and wetland soils, thereby decreasing N,O emis-
sions. Moreover, biochar alters microbial activity and abundance,
thereby affecting arbuscular mycorrhizal fungi and GHG emissions. In
a field experiment, increasing the biochar application rate from O to
10 tha %, 20t ha %, and 40 t ha* reduced N,O emissions from Cd-
and Pb-contaminated soils by 7.1%, 30.7%, and 48.6%, respectively,
and increased rice yield by 10.0%, 25.1%, and 26.3% respectively
(Zhang et al., 2015). The application rate of biochar was positively cor-
related with the suppression of N,O emissions, which was consistent
with the results of meta-analysis. Moreover, a meta-analysis of
88 studies on the effects of biochar on soil N,O emissions concluded
that on average, biochar application resulted in a 38% reduction in
N,O emissions (Borchard et al., 2019).

The emissions of N,O from composting can be reduced by apply-
ing biochar, although the changes in N,O emission intensity are low
(a suppression rate of 10%, p < 0.05) (Figure 3a). The availability of N
in the compost is one of the main factors affecting N,O generation.
Biochar can limit N availability by directly adsorbing NO3;~ and NH4"
and forming nutrient-rich organo-mineral complexes (Zwieten
et al.,, 2010). Additionally, biochar can adsorb nitrate and dissolved
organic C produced during composting, which can promote the com-
plete denitrification of nitrate to produce N, thus reducing N,O for-
mation (Kammann et al., 2015). In contrast, NoO emissions from
composting during the maturation stage mainly depend on the degree
of completion of the denitrification reactions and the proportion of
biochar added (Wang et al., 2013). The addition of biochar increases
the oxygen content in the compost pile and suppresses the activity of
denitrifying bacteria, thereby weakening the completion of the deni-
trification reaction (Singh et al., 2010). In pilot-scale treatments (2 t of
compost), Wang et al. (2013) found that an input of 3% (w/w) biochar

TABLE 3 Comparison of the mitigating effect of biochar in different environmental systems

System CO, emissions

Upland soils
term

Rice paddy and
wetlands

Changed based on conditions

Composting sites Decrease

Increase in the initial period, decrease in the long-

N,O emissions CH, emissions

Decrease Small decrease or no
effect

Decrease Decrease

Decrease initially, increase at Decrease

maturity
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reduces the abundance of denitrifying bacteria, suppresses denitrifica-
tion, and reduces N,O emissions. However, with a high biochar appli-
cation rate (>8%), the compost accumulates a large amount of
NH,*-N, which facilitated the production of N,O during the matura-
tion stage.

The overall mechanism by which biochar regulates N,O emission
in various environments is summarized in Figure 3b. Generally, N,O
production involves two main microbial processes, nitrification and
denitrification. N,O-related functional genes, such as amoA, nirS, nirK,
and nosZ, have been widely studied and can be used to elucidate
ammonia oxidation, nitrification, and denitrification processes related
to N,O emissions (Harter et al., 2016). Variations in environmental
factors, such as pH, oxygen, and water content, cause changes in the
microbial activity involved in these two processes. There are five rea-
sons for the reduction in N,O release in soils as a result of biochar
application. (1) Biochar reduces the activity of denitrifying bacteria
and their enzymes by increasing soil porosity and permeability,
thereby suppressing N,O emissions (Singh et al., 2010). (2) Biochar
may facilitate the transfer of electrons to soil-denitrifying microorgan-
isms, leading to a more active N,O reductase and an enhanced rate of
N,O reduction to N, (Cayuela et al., 2013). (3) Biochar produced from
higher pyrolysis (>500°C) or feedstocks containing heavy metals may
contain some toxic substances that inhibit nitrification and denitrifica-
tion processes. (4) Biochar can immobilize the available N in the soil,
thereby reducing the effective utilization of N in nitrification and deni-
trification reactions (Dong et al., 2020). (5) Furthermore, low soil pH is
another reason for the reduction in N,O emissions from soils. The
increase in pH caused by the addition of biochar affects the activities
of related enzymes involved in denitrification (such as nitrous oxide
reductase), which is more pronounced in rice paddies, wetlands, and
compositing systems (Cayuela et al., 2014).

4 | CONCLUSIONS AND FUTURE
RESEARCH PROSPECTS

The widespread application of biochar and engineered biochar in dif-
ferent environments will affect soil and other biological processes that
eventually affect GHG emissions. There has been much research on
the application of biochar in the agricultural systems of upland and
rice paddy fields and composting systems. Research to date suggests
that biochar can improve soil quality by regulating soil pH, bulk den-
sity, water-holding capacity, and organic matter content, which can
improve the agricultural productivity and quality of the composting
process. Furthermore, biochar can regulate the emission of the three
most important GHGs, that is, CO,, N,O, and CH, in different envi-
ronmental processes. In conclusion, the effect of biochar on the emis-
sion of CO, in all three environments is still not clear, as contradictory
results were obtained (Table 3). This can be attributed to the proper-
ties of the biochar itself and the negative and positive priming effects
of biochar on the decomposition of soil organic matter. Despite this, it
is becoming apparent that biochar can decrease the N,O emissions

from upland and paddy soils and compost environments to a certain

degree and considerably decrease the emission of CH,4 in paddy soils
and composting systems. The emissions of CH, in upland soils did not
appear to be affected by the addition of biochar. The emissions of
CHy, in upland soils increased because of the high pH value of some
upland soils.

Based on our review, several future research directions are

suggested:

1. There are few reports on the effect of engineered biochar applica-
tion on GHG emissions. Engineered biochars, such as nZVI-biochar
composites, have been extensively studied and applied in the envi-
ronment. The effects of these engineered biochars on GHG emis-
sions differ from those of original biochars, and further studies are
required. More importantly, engineered biochars can be developed
with the primary or secondary aim of mitigating GHG emissions.

2. A comprehensive analysis of the pyrolysis process, stability of bio-
char, and mitigation effect of biochar application should be carried
out based on the concept of life cycle assessment (LCA) and com-
pared with other processes, such as biogas fermentation, combus-
tion, and direct application of biomass to the soil.

3. Owing to the large number of fertilizers, such as nitrogen and
organic fertilizers used in agricultural production, it is possible to
study the relationship between the change mechanism of soil
microorganisms and the change of GHGs in the process of simulta-
neously applying fertilizer and biochar to different soils.

4. The effects of different feedstocks and production technologies of
biochar on soil GHG emissions and crop yield need to be quanti-
fied and vetted. Guidelines on selecting and producing biochar for-
mulations should be developed to improve soil health and
environmental management, reduce the carbon footprint, abate cli-
mate change impacts on food production, and increase farmland
profitability. Biochars can be tailored for specific applications
through feedstock selection by modifying process conditions
through pre- or post-production treatments to adjust pH by
increasing nutrient levels and availability, carbon persistence, and

adsorptive properties.
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