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Abstract: With the increasing popularity of biochar as a soil amendment worldwide in recent years,
a question of concern arises as to whether the application of biochar would suppress or stimulate
greenhouse gas (GHG) emissions. In this study, published data extracted from independent individual
studies were systematically selected, statistically processed, graphically presented and critically
analyzed to understand biochar’s influences on the emissions of CO2, CH4 and N2O—the three
major GHGs emitted in agricultural fields. The results revealed not only the significant importance of
biochar’s pyrolysis temperature for its impacts on GHG emissions, but also the dissimilar influences
on the generations of different GHGs. The application of biochar, in general, stimulated the emissions
of CO2 and CH4 to various extents. With biochar pyrolyzed under relatively lower temperatures (e.g.,
<500 ◦C), higher application rates generally resulted in more stimulated CO2 and CH4 emissions;
whereas those pyrolyzed under relatively higher temperatures (e.g., >550 ◦C) became less stimulative
(and sometimes even suppressive) for CO2 and CH4 emissions, especially when applied at higher
rates. Nevertheless, the response of N2O emission to biochar application contrasted with those of
CO2 and CH4. The results may contribute to better regulations for biochar application in combating
GHG emissions in agriculture.

Keywords: agriculture; application rate; biochar; carbon dioxide; data synthesis; greenhouse gas
emission; methane; nitrous oxide; pyrolysis temperature

1. Introduction

The impacts of climate change occur nearly everywhere around the world. Extreme
temperature changes [1], more frequent and drastic weather events [2] and rising sea
levels [3] are displacing people, endangering the health of ecosystems [4] and threatening
global economies [5]. In recent years, it has been agreed by an increasing number of world
leaders that urgent actions need to be taken to tackle the rising challenges resulting from
climate change before the tipping point [6,7].

The continuous anthropogenic emissions of greenhouse gases (GHGs), such as CO2,
CH4 and N2O, have been identified as the main cause of today’s climate change [8].
According to the data estimated by the U.S. Environmental Protection Agency (USEPA) in
2020, a large portion of the total emissions of GHGs (approximately 11%) was attributed to
agricultural activities, especially due to poor soil management practices [9].

As a soil amendment, biochar—a charcoal-like carbonaceous material produced by
heating carbon-rich biomass under an oxygen-absent environment—has been widely ap-
plied in agricultural fields in many different countries [10,11]. Many previous studies have
characterized biochar’s unique physicochemical properties, including but not limited to its
large specific surface area (SSA), abundant hydrophilic surface functional groups, high lim-
ing capacity and large cation exchange capacity (CEC) [12–14]. In light of biochar’s many
beneficial physicochemical properties, it has been broadly reported that the application of
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biochar in agricultural fields would generally improve soil oxygen availability, water and
nutrient retention abilities, moderate soil pH and enhance soil health and fertility [15].

However, unlike the above benefits that are often found for biochar-amended soils,
biochar’s effects on GHG emissions in agricultural fields have been controversial for
decades [16–18]. In some studies, biochar could effectively suppress GHG emissions [19–21];
in other studies, increased GHG emissions were consistently measured [22–25]. The dif-
ferent observational results were likely to be predominantly influenced by the different
feedstock types and pyrolysis temperatures used for biochar’s production, as well as the
complex interactions between biochar, soil microorganisms, soil air, water and available nu-
trients [26–28]. A previously published meta-analysis investigated the different influences
of biochar on N2O emissions in response to different H:C ratio of the applied biochar [29].
Nevertheless, this study did not consider the impacts of application rates or pyrolysis
temperatures used for biochar production.

By synthesizing published data extracted from independent refereed papers, a recent
quantitative review examined the effects of feedstock type and pyrolysis temperature
on a variety of biochar properties, including pH, CEC, SSA, ash content, volatile matter
content and elemental compositions [30]. When the same type of feedstock was discussed,
strong correlations were observed between the pyrolysis temperatures and the above
properties. Moreover, there were significant differences between high-temperature and low-
temperature biochars [30]. Due to the different physicochemical properties, the functions
of biochar usually differ [31,32]. Li et al. reported that, given the same environmental
conditions (e.g., soil N content, moisture dynamics and soil type), N2O emission could be
either suppressed or stimulated after applying biochar in fields, largely depending on the
specific characteristics of the added biochar [30].

Our study hypothesized that (1) pyrolysis temperature may considerably shape
biochar’s physicochemical properties and subsequently affect biochar’s effects on GHG
emissions in agricultural fields, (2) biochar’s effects on the emissions of different GHGs may
be dissimilar and (3) low-temperature biochar’s effects on GHG emissions may contrast
with those produced under high-temperature conditions. As a matter of fact, although the
charcoal-like materials added to agricultural fields in all the investigated previous studies
share the same name “biochar”, they may end up functioning in completely different
manners and lead to contradictory consequences. Understanding the actual influences of
biochar on GHG emissions may contribute to regulating biochar applications in the near
future, especially in the face of deteriorating climate change.

2. Methodologies
2.1. Screening Published Articles as Data Sources

The data used in this study were collected from 82 independent peer-reviewed research
articles published prior to 1 May 2022. The keywords “biochar”, “pyrolysis temperature”
and at least the three GHGs (i.e., “CO2”, “CH4”, or “N2O”) were simultaneously entered
for literature search. The databases used include Web of Science, Science Direct and JSTOR.
Because of the high volume of research on biochar published over recent years, articles
containing obsolete information were manually removed from the search results and most
of the articles selected for further processing were those published within the last decade.
As a parameter that is often used to reflect the rigor of a research paper, the journal’s
SCI impact factor were taken into consideration while filtering articles [33–35]. Although
low-quality research can also be found in a journal with a high SCI impact factor, the
probability of such situation is generally low [34].

In light of the relatively larger number of studies published online, articles focusing
on the biochar produced from woody materials through slow pyrolysis (300–500 ◦C) were
finally determined as the data sources for data collection. Besides feedstock type and
pyrolysis temperature, various other factors may also affect biochar’s effects on GHG
emissions, including pyrolysis residence time, biochar application rate and soil type. To
minimize the number of variables, when selecting articles for data collection, biochar
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was produced through a pyrolysis residence time of ~2 h in the studies and subsequently
applied to sandy soil. In addition, all the selected studies were conducted with biochar as
the sole additive to the soil.

2.2. Collecting Quantitative Data

Quantitative data were collected from the selected articles with the purpose of under-
standing how biochar’s application rate in agricultural fields would affect the emissions
of CO2, CH4 and N2O, respectively. For each type of biochar (categorized by its pyrolysis
temperature) applied to sandy soil, 30-day cumulative GHG emissions were analyzed at
different application rates. Articles that provided cumulative GHG emissions over time
were directly read. However, when only GHG emission fluxes were provided, ImageJ,
a Java-based image processing program developed by the National Institutes of Health
(NIH), was used to calculate the area under the emission flux vs. time curves. A pixel
aspect ratio was first determined to account for the different scales on each axis, followed
by the drawing of a polyline to obtain measurements from the figures.

2.3. Processing Data from Different Articles

Various data collected from different articles often did not contain the same units.
Therefore, these different units must be converted to be consistent before any comparisons
can be made. For example, the application rates were found to be reported in % (w/w) in
most studies. However, the other unit “metric ton per hectare” (t/ha) was also used in
some studies. To convert t/ha into % (w/w), a common soil bulk density of 1.2 g/cm3 and
a soil depth of 10 cm were assumed. In the studies selected for the data syntheses, biochar
application depths vastly varied from 10 to 15 cm. In general, soil from the 0–10 cm layer
contains significantly higher soil organic matter (SOM), ammonium (NH4

+-N) and nitrate
(NO3

−-N) than those from the deeper layers [36]. As a result, the 0–10 cm layer is mainly
responsible for the emissions of GHGs (e.g., CO2, CH4 and N2O) and is the most affected
when biochar is applied. When converting biochar application rate unit from t/ha to %
(w/w), using a deeper soil depth (e.g., 15 cm) is neither necessary nor appropriate.

In order to evaluate the effects of biochar on GHG emissions, the percentage change
in cumulative GHG emissions (% Change) over time were determined by comparing the
cumulative emissions with biochar application and those without (i.e., control), as shown
in Equation (1).

% Change =
Cumulative Emissionsbiochar −Cumulative Emissionscontrol

Cumulative Emissionscontrol
(1)

Positive changes imply stimulated emissions with biochar, while negative changes
indicate suppressed emissions. When the percentage change between the biochar impacted
emission and the control emission was insignificant (regardless of the different numerical
value), the percentage change is considered as zero (i.e., 0%).

2.4. Statistical Analyses

To ascertain the significance of the observed changes in GHG emissions after biochar
application, different statistical analyses were performed using the R software package
version 3.4.1 (R Core Team, 2021). Nonparametric tests were adopted because the data
distributions might be slightly skewed. To demonstrate the uncertainties associated with
the syntheses, a 95% confidence interval and a 95% prediction interval were developed for
each nonlinear regression data synthesis, respectively. When running an analysis of co-
variance (ANCOVA) for the examination of statistical significance, the criterion was set as
p-value < 0.05. The Monte Carlo propagation method was used to incorporate uncertainties
in the original studies into the data synthesis.
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3. Results
3.1. Effects of Biochar on CO2 Emissions

As a soil additive that possesses very different characteristics from the receiving
soils, biochar is expected to alter the soil environment and subsequently affect microbial
activities that are responsible for CO2 emissions [15,22,37]. As shown in Figure 1, CO2
emissions in agricultural fields were significantly influenced after the application of biochar.
Nevertheless, the effects on CO2 emissions varied considerably, largely depending on the
specific pyrolysis temperature used for biochar production.
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Figure 1. Percentage change in CO2 emissions as affected by biochar applications at different applica-
tion rates (w/w): (a) applied biochar was produced at approximately 300 ◦C, (b) applied biochar was
produced at approximately 500 ◦C and (c) applied biochar was produced at approximately 550 ◦C.
Woody materials were used as feedstock for biochar production via slow pyrolysis. Note: Different
units for biochar application rates were all converted into weight percentage, calculated using the
mass of applied biochar divided by the mass of impacted soil; the 0% (x-axis) refers to the control soil
with no biochar added.

For woody biochar produced at 300 ◦C, increasing the application rate continuously
stimulated CO2 emissions, as compared with the control emissions (in which no additives
were applied) (Figure 1a). A nearly linear trend was found for the relationship between per-
centage change in CO2 emissions and biochar application rates. Finally, the CO2 emissions
in biochar-amended agricultural fields were nearly doubled (i.e., close to +100% as change)
when high application rates (e.g., 15%) were adopted (Figure 1a). Although woody biochar
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produced at 500 ◦C also promoted CO2 emissions, the influences seemed to be much
milder (Figure 1b). Further increase in the application rate (e.g., >10%) did not continue
increasing CO2 emissions (Figure 1b). When higher-temperature biochar (produced at
550 ◦C or above) was added at application rates smaller than 5%, CO2 emissions were
slightly stimulated; however, with a higher application rate (e.g., >10%), the presence of
biochar in the fields started to suppress CO2 emissions (Figure 1c).

3.2. Effects of Biochar on CH4 Emissions

According to the data synthesis, by increasing the amount of low-temperature biochar
(produced around 300 ◦C) applied to the fields (mostly paddy soils but also a few forest
soils), CH4 emissions were raised by up to 10–40% (Figure 2a). Similar to biochar’s effects
on CO2 emissions, the biochar produced at higher temperatures (e.g., 550 ◦C or above)
also stimulated more CH4 emissions at lower application rates, but the stimulative effect
gradually weakened at higher application rates (Figure 2b).
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Figure 2. Percentage change in CH4 emissions as affected by biochar applications at different
application rates (w/w): (a) applied biochar was produced at approximately 300 ◦C and (b) applied
biochar was produced at approximately 550 ◦C. Note: Different units for biochar application rates
were all converted into weight percentage, calculated using the mass of applied biochar divided by
the mass of impacted soil; the 0% (x-axis) refers to the control soil with no biochar added.

3.3. Effects of Biochar on N2O Emissions

The effects of biochar application on N2O emissions were contradictory to those
on CO2 and CH4 emissions (Figure 3). When low-temperature biochar (pyrolyzed at
300 ◦C) was applied, there were more suppressive effects than stimulative effects and
the suppression on N2O emissions became increasingly significant with the increase in
the application rate of biochar (Figure 3a). However, adding higher-temperature biochar
(pyrolyzed at 500 ◦C) to agricultural fields seemed to have suppressive effects on N2O
emissions at lower application rates (e.g., smaller than 4%) but stimulative effects at higher
application rates (e.g., greater than 4%), as shown in Figure 3b. The higher application
rate used, the more N2O emissions stimulated. At a high application rate of 15%, the N2O
emissions were reported to be nearly doubled (i.e., close to +100% as the change) when
compared with the control (Figure 3b).
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application rates (w/w): (a) applied biochar was produced at approximately 300 ◦C and (b) applied
biochar was produced at approximately 500 ◦C. Note: Different units for biochar application rates
were all converted into weight percentage, calculated using the mass of applied biochar divided by
the mass of impacted soil; the 0% (x-axis) refers to the control soil with no biochar added.

4. Discussion
4.1. Influences of Pyrolysis Temperature and Application Rate of Biochar on CO2 Emissions

Due to the relatively small heat flows through the feedstock, thermal decomposition
is often incomplete in low-temperature biochar (e.g., 300 ◦C). As a result, some biochem-
ically decomposable organic materials (i.e., liable carbon), either on the surface or in the
pores of biochar, could remain [38,39]. As a higher biochar application rate was used in
the fields, the amount of biodegradable organic compounds would also increase propor-
tionally. The biodegradable organic compounds provided more carbon sources for CO2-
emitting metabolic activities [40,41], which consequently contributed to increasing CO2
emissions (Equation (2)), especially when these compounds are near the ground surface for
aerobic decomposition.

Aerobic conditions : CH2O + H2O + O2 → CO2 + 2H2O + energy (2)

Besides, low-temperature biochar is also known for having abundant hydrophilic
surface functional groups and high cation exchange capacities (CECs) [12,13,30]. These
additional features could attract water, minerals and other necessary nutrients that are
beneficial for microbial activities [42,43].

Unlike low-temperature biochar, when produced at 500 ◦C biochar generally contains
very few biodegradable organics (if not none); at the same time, its surface functional groups
become more aromatic [12]. Therefore, higher application rates may not be favorable for
CO2 emissions. However, the highly porous surface of biochar with many macropores
(>50 nm) and mesopores (size 2–50 nm) could provide niches for microorganisms to
flourish [44]. These pores are usually partially saturated with a good mixture of soil water
and air, which are necessary for aerobic decomposition that generates CO2 [45,46]. It was
possible that, when the application rate was 10% (w/w) and above, the benefits introduced
by biochar (e.g., O2, water, minerals and nutrients) were approaching their maximums.
Since little liable carbon were able to be added by increasing the amount of biochar, there
was no further stimulation for CO2 emissions.

Higher-temperature biochar (produced at 550 ◦C) is very resistant to biodegrada-
tion [30,47]. Therefore, the application of biochar in the fields could not increase the
amount of liable carbon to be decomposed. Besides, micropores (<2 nm) begin to dom-
inate rather than macropores and mesopores, so very few niches for microorganisms
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could be introduced through biochar application [48]. The stimulated CO2 emissions at
lower application rates were likely to be a result of the improved water, O2 and nutrient
availability brought about by the high-temperature biochar [45,46]. However, because
higher-temperature biochar itself is recalcitrant and has very strong adsorptions for water,
O2 and nutrients [13,45], when applied to the fields at higher rates, besides decreasing
the content of liable carbon in soil, recalcitrant biochar also started competing for various
metabolic necessities against soil microorganisms [49]. As liable carbon, water, O2 and/or
nutrients all became less available to microorganisms growing in the surrounding soils,
CO2-generating metabolic activities of these soil microorganisms weakened [50].

4.2. Influences of Pyrolysis Temperature and Application Rate of Biochar on CH4 Emissions

Due to the remaining undecomposed organic compounds on the surface and/or in
the pores of low-temperature biochar (300 ◦C), adding more biochar may also introduce
more liable carbon to the soil [41,51]. Under oxygen-limited circumstances (e.g., below
soil surface), these additional liable carbon could generate more CH4 through anaerobic
decomposition [41]. During anaerobic decomposition of these organics, CO2 was also
generated as a byproduct or intermediate product (Equations (3) and (4)):

Anaerobic conditions : 2CH2O + H2O→ CH4 + CO2 + H2O + energy (3)

CO2 + 4H2 → CH4 + 2H2O + energy (4)

Besides, the applied biochar could also improve the retention of water, minerals
and necessary nutrients near the rhizosphere [45], thus strengthening relevant metabolic
activities of soil microorganisms.

Higher-temperature biochar (e.g., 550 ◦C) is different low-temperature biochar (e.g.,
300 ◦C). The stimulated CH4 emissions by biochar produced around 550 ◦C at lower
application rates was probably due to the optimized water and nutrients in the soil owing
to the enhanced retention by biochar [13,45]. However, when the application rate was too
high (e.g., >10% w/w), the introduction of a large amount of recalcitrant biochar decreased
the content of liable carbon in the soil. Therefore, the organic C available for CH4 generation
became limited [41]. At the same time, the strong adsorption by these nonbiodegradable
biochar might also compete for dissolved nutrients against nearby microorganisms [49].
As a result of the decreases in liable carbon and available nutrients, the populations and
activities of the soil microorganisms were negatively impacted. Eventually, CH4 emissions
could be mitigated if the application rate was further increased.

4.3. Influences of Pyrolysis Temperature and Application Rate of Biochar on N2O Emissions

When low-temperature biochar (300 ◦C) was applied, the suppression of N2O emis-
sions at lower application rates might be due to the O2 introduced [20,45], while the
simulation at higher application rates was hypothesized to be a result of the attraction and
accumulation of mobile NO3

− from the surrounding soils [13]. High-temperature biochar
would possess a strong ability to retain NO3

− and other N-containing ions (e.g., NO2
−

and NH4
+) [13,30]. As more NO3

− and NO2
− became available for the denitrification

process (Equation (5)), more N could join microbial metabolisms for N2O generation. On
the other hand, increasing application rate might also increase O2 in biochar-amended soil,
which would be unfavorable for the denitrification process—the major process for N2O
generation [52], as shown in Equation (5):

Anaerobic conditions : 2NO−3 → 2NO−2 → 2NO→ N2O (5)

In addition to the increased O2 due to biochar application, a previous study con-
cluded that biochar could function as an “electron shuttle” to facilitate the last step of
denitrification (i.e., from N2O to N2), thus reducing the emissions of N2O by 10–90% [53].
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This was consistent with the suppressive effects of biochar when low-temperature biochar
was applied.

The increasingly simulative effect of high-temperature biochar (500 ◦C) at higher ap-
plication rates was hypothesized to be a result of the attraction and accumulation of mobile
NO3

− from the surrounding soils [13]. High-temperature biochar is often characterized for
its strong ability to retain NO3

− and other N-containing ions (e.g., NO2
− and NH4

+) [13,30].
As more NO3

− and NO2
− became available for the denitrification process (Equation (5)),

more N could join microbial metabolisms for N2O generation.

4.4. Effects of the Same Biochar on the Emissions of Different GHGs

As per the results in this study, the effects of biochar application on GHG emissions
cannot be simply summarized without specifying which GHG is being discussed. For
example, for the same type of low-temperature biochar (pyrolyzed at 300 ◦C), when added
to agricultural fields at different application rates, the stimulative effects on CO2 and
CH4 emissions increased (Figures 1a and 2a); nevertheless, the simulative effects on N2O
emissions diminished until it became suppressive effects (Figure 3a). Likewise, when
higher-temperature biochar (pyrolyzed at 500 ◦C) was applied, CO2 and N2O emissions
were more stimulated at higher biochar application rates (Figures 1b and 3b), while CH4
responded differently (Figure 2b). The emissions of different GHGs were resulted from
different soil microbial activities [22,54]. When biochar was added to agricultural soils,
it altered the soil environments for microorganisms to metabolize [15,48]. Because the
microorganisms responsible for different GHGs are mostly different [49], it is important
to focus on the impacts of biochar on a specific GHG at a time. In addition, the added
biochar may be able to suppress the emissions of one GHG but at the same time stimulate
the emissions of other GHGs. To minimize the impacts of the emitted GHGs on climate
change, the emission rates and global warming potentials (GWPs) of the GHGs should be
analyzed in a matrix to weigh the overall hazards.

4.5. Effects of Different Biochars on the Emissions of the Same GHG

When biochars are produced through different pyrolysis conditions and using differ-
ent feedstocks, their final physicochemical properties generally differ [30]. As a result, the
effects of different biochars on the emissions of even the same GHG would not be the same,
as shown in Figures 1–3, respectively. In those individual studies selected for the data
syntheses, the biochar added was all produced from woody materials but under different
pyrolysis temperatures. The results demonstrated that the specific pyrolysis temperature
used for biochar production played a predominant role in how biochar application would
affect GHG emissions. Therefore, in order to use biochar for the mitigation of GHG emis-
sions in agricultural fields, it is particularly important to produce the biochar under the
most appropriate conditions for the specific tasks. Such conditions must be further investi-
gated for each feedstock type and the results from these investigations should be shared
by the biochar manufacturers for better guidance on product use. Additionally, biochar
produced using certain feedstock and at some pyrolysis temperatures may significantly
stimulate the emissions of more than one GHG within a broad range of application rate.
It is alarming because, unlike most people’s impression (or expectation), adding biochar
to agricultural fields does not guarantee the mitigation of GHG emissions. Sometimes
it may actually do the opposite work. The success of using biochar for GHG emission
control heavily relies on choosing the “correct” biochar as the soil amendment to be applied.
Biochar manufacturers may focus on collecting relevant data for their products and use
this information to provide more specific recommendations to optimize the effectiveness of
each biochar product.

4.6. Future Research Directions

The results in this study indicate that biochar’s pyrolysis temperature has a significant
influence on biochar’s effects on the emissions of each specific type of GHG. However,
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many other relevant factors, such as biochar’s production methods, production conditions,
feedstock types and feedstock pretreatments, may also have considerable influences on
GHG emissions in biochar-amended soils. Future research could scrutinize the effects
of each of these factors on GHG emissions. In addition, the co-influences of several
factors should be discussed through factorial experiments (i.e., multiple-factor experiments).
However, conducting these experiments systematically can be prohibitory in terms of the
associated expenses. It would be more economically feasible to work on their data syntheses
beforehand. Another limitation of this study is the lack of literature data on biochar
produced at temperatures above 600 ◦C. Biochar produced at such higher temperatures
(e.g., 600–1000 ◦C) are highly recalcitrant. They may have different influences on GHG
emissions from amended soils. More field experiments need to be carried out using higher-
temperature biochar to explore the potential differences.
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