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Abstract
Biochar amendment to soil is utilized globally as an approach to enhance carbon 
storage and to improve soil functioning. However, biochar characteristics and re-
lated improvements of soil functioning depend on biochar production conditions. 
Systematic evaluation of corresponding biochar characteristics is needed for more 
targeted and efficient biochar application strategies. Herein, we systematically 
review the effects of biochar pyrolysis temperature (175–950°C) and feedstock 
(corn stover, switchgrass and wood) on selected biochar characteristics (carbon 
content, H/C ratio, nitrogen content, pH, specific surface area, ash content and 
pore volume). These specific characteristics were selected as being pertinent to 
soil organic carbon sequestration and soil health improvement. Despite numer-
ous studies on these topics, few have numerically quantified the effects of py-
rolysis temperature. Our results show that high pyrolysis temperature (>500°C) 
increased carbon content and pore volume for wood biochar compared with low 
pyrolysis temperature (≤500°C). The high pyrolysis temperature decreased the 
H/C ratio and nitrogen content but increased pH, specific surface area and ash 
content regardless of feedstock. Compared with corn stover biochar and switch-
grass biochar, wood biochar had higher carbon content and larger specific surface 
area but lower nitrogen and ash contents regardless of pyrolysis temperature. The 
higher biochar carbon content might be derived from higher lignin and cellu-
lose contents of wood feedstock. Wood feedstock had 76%–109% more lignin and 
27%–47% more cellulose than corn stover and switchgrass. Corn stover biochar 
had higher pH, and switchgrass biochar had larger pore volume than wood bio-
char. Our study indicates that the targeted production of biochar with specific 
characteristics can be facilitated by the selection of pyrolysis temperature and 
feedstock type. For amending soil with biochar, more operationally defined bio-
char production conditions and feedstock selection might be a way forward to 
wider acceptance and better predictability of biochar performance under field 
conditions.
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1   |   INTRODUCTION

Biochar is produced by thermal conversion of organic ma-
terials (biomass) in an oxygen-depleted environment, that 
is pyrolysis (IBI, 2015). Pyrolysis condition and feedstock 
type introduce significant variations in nutrient content, 
pH and structure of the biochar product (Leng et al., 2021; 
Tomczyk et al., 2020). These characteristics are critical for 
the effectiveness of using biochar as a means to mitigate 
climate change and improve soil health (Gujre et al., 2021; 
He et al., 2017; Lehmann et al., 2021; Woolf et al., 2010). 
Specifically, the effective implementation of biochar as a 
climate-mitigating tool depends on its carbon content and 
long-term perseverance in soil (Lehmann et al.,  2021). 
Biochar is also used as a tool to reduce soil nitrogen losses 
from global croplands by decreasing N2O emission and 
NO3 leaching (Liu et al., 2019). Furthermore, observed ef-
fects of biochar application on soil health improvement 
can be explained by increased soil pH in acidic soils and 
nutrient retention via adsorption on biochar surfaces and 
capture into biochar pores (Joseph et al.,  2018; Kannan 
et al., 2021; Zeeshan et al., 2020). Biochar pores can also 
hold air or water, increasing soil water holding capac-
ity but reducing soil bulk density and penetration resis-
tance (Joseph et al.,  2018; Kannan et al.,  2021; Kroeger 
et al., 2021; Lehmann et al., 2011). Additionally, biochar 
can be used as a sorbent for contaminant immobilization 
(Luo et al., 2022), and the environmentally persistent free 
radicals formed during pyrolysis of lignin, cellulose and 
hemicellulose can help to degrade contaminants (Ruan 
et al., 2019).

Rendering these benefits to soil, biochar can be pre-
pared from various feedstock from forest products or crop 
residues among other biomass types. Feedstock derived 
from different plants varies in contents of lignin, cellulose 
and hemicellulose, which thermally decompose at differ-
ent temperatures because of their different thermal sta-
bilities. Lignin can be decomposed within a wide range 
of 150–900°C because of its complex structure; cellulose 
mainly decomposes at 280–400°C and hemicellulose at 
220–315°C (Weber & Quicker,  2018; Yang et al.,  2007). 
Different pyrolysis temperatures, in the range of 175–
950°C, have been used to optimize biochar characteristics 
depending on feedstock materials. Pyrolysis temperature 
and feedstock type are the major influencing factors of 
biochar characteristics (Hassan et al., 2020). Even at the 

same pyrolysis temperature, biochar derived from differ-
ent feedstock types can develop distinct characteristics 
(Pariyar et al.,  2020; Schimmelpfennig & Glaser,  2012; 
Weber & Quicker, 2018). It can be challenging to select the 
most appropriate pyrolysis temperature and feedstock to 
produce biochar for an intended purpose.

Recent advances in our understanding of biochar 
production warrant a systematic evaluation of the impli-
cations of pyrolysis temperature and feedstock type for 
biochar characteristics. Herein, we performed a compre-
hensive meta-analysis on published studies that measured 
one or more biochar characteristics with specified pyrol-
ysis temperature and feedstock type. The pyrolysis tem-
peratures ranged 175–950°C in the selected studies. We 
divided these temperatures into two categories: high py-
rolysis temperature (>500°C) and low pyrolysis tempera-
ture (≤500°C) to produce meaningful statistical results 
in consideration of data availability and to provide data 
that can be used for outlining more standardized biochar 
production conditions. We chose 500°C as the threshold 
because cellulose and hemicellulose will be completely 
decomposed at 500°C. We selected three feedstock types 
(corn stover, wood and switchgrass) with different lignin, 
cellulose and hemicellulose contents.

Our primary goal was to quantify and compare the 
effects of pyrolysis temperature and feedstock type on 
biochar carbon content, H/C ratio, nitrogen content, 
pH, specific surface area, ash content and pore volume. 
These characteristics were selected because they are the 
most pertinent to the purposes of soil organic carbon se-
questration and soil health improvement and the most 
commonly reported in the literature. Despite numerous 
studies on these topics, few have numerically quantified 
the effects of pyrolysis temperature. Most review articles 
provided comprehensive data on biochar characteristics 
(Ahmed et al., 2016; Hussain et al., 2017; Leng et al., 2021; 
Luo et al.,  2022; Sun et al.,  2021) but lack a numerical 
summary and synthesis of these data. Therefore, a more 
quantitative method, such as meta-analysis, is needed to 
synthesize currently published data. Meta-analyses can 
provide the effect sizes of high pyrolysis temperature on 
different feedstock, making more straightforward and di-
rect evaluation and comparison of the effects. Therefore, 
we compiled 1703 observations from 72 independent pub-
lications and then conducted a two-way ANOVA and a 
meta-analysis on these data.

K E Y W O R D S

ash content, biochar carbon, feedstock type, H/C ratio, nitrogen, specific surface area
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2   |   MATERIALS AND METHODS

2.1  |  Literature search and data 
compilation

We conducted an exhaustive literature search using the 
Web of Science database (Clarivate) with keywords “bio-
char,” “corn stover,” “switchgrass,” “wood” “pyrolysis 
temperature”, etc. See Table S1 for the searched terms and 
their logical combinations. The most recent search was on 
10 June 2022. For each study returned by the search, we 
evaluated the title and abstract to determine whether it 
contained original data, reported at least two of the bio-
char characteristics of interest (carbon content, H/C ratio, 
nitrogen content, pH, specific surface area, ash content 
and pore volume), and specified pyrolysis temperature 
and feedstock type. Studies that meet these criteria were 
examined in detail. This process identified 1703 observa-
tions from 72 independent studies. See Tables S2−S4 for 
the fully documented data from these studies.

Our study had two treatments: pyrolysis temperature 
and feedstock type. Pyrolysis temperature had two levels: 
high and low temperatures. The low pyrolysis tempera-
ture in our study was defined as ≤500°C and the high 
pyrolysis temperature >500°C. Feedstock type had three 
levels: corn stover, switchgrass and wood, representing 
biomass from crop residue, bioenergy grass and forest 
product. The wood in our study included eucalyptus, wil-
low, oak and general wood pellet or sawdust. See Table S5 
for the specific wood material in each study. Feedstock 
composition was investigated by contents of lignin, cellu-
lose and hemicellulose. Contents of lignin, cellulose and 
hemicellulose in feedstock were reported in 19 of the 72 
biochar studies, and additional eight studies were added 
by appending the search terms “lignin content,” “cellulose 
content” and “hemicellulose content” to each feedstock 
search. See Table  S6 for feedstock composition reported 
in the 27 studies.

2.2  |  Statistical analyses

A two-way mixed model ANOVA was used to determine 
the main and interaction effects of feedstock and pyrolysis 
temperature on biochar characteristics (Glimmix proce-
dure; SAS 9.4, SAS Institute Inc.). A one-way mixed model 
ANOVA was used to determine the effect of feedstock 
type on feedstock composition. Data were logarithmi-
cally transformed to achieve normality when necessary. 
The univariate procedure was used for checking normal 
distribution of residuals. Normality was determined by 
the Shapiro–Wilk's test. Equal variance was determined 
by Levene's test. The post hoc least-squares means for 

treatments were compared when there were interactions 
among the factors. Least-squares means were compared 
by Fisher's least significant difference. Significance was set 
at p ≤ .05. Results are reported as arithmetic mean ± stand-
ard error.

We also conducted a meta-analysis to summarize the 
quantitative outcomes from the different studies. The 
meta-analysis was conducted with RStudio (2022.07.0-
548.dmg; Boston). We used a random-effects model for 
standardized mean difference (SMD). The bias-corrected 
SMD were calculated with the Hedges' g method. The 
DerSimonian–Laird estimator was used to estimate τ2 to 
evaluate heterogeneity, and the Knapp–Hartung adjust-
ment was applied. The Jackson method was used for con-
fidence interval (CI) of τ2. Input data, R code and output 
are archived on GitHub (https://github.com/lilid​ong11​11/
meta-analysis).

3   |   RESULTS

Biochar carbon content differed with the interaction ef-
fect of pyrolysis temperature and feedstock (p  =  .0223, 
Figure 1). Only in the case of wood biochar, high pyrolysis 
temperature was associated with increased biochar car-
bon content compared with low pyrolysis temperature. It 
did not significantly affect carbon content for corn stover 
biochar or switchgrass biochar. Wood biochar had higher 
carbon content than corn stover biochar and switchgrass 
biochar (74.99 ± 1.05%, 62.93 ± 1.22% and 60.98 ± 1.89%, 
respectively) regardless of pyrolysis temperature.

The biochar H/C ratio was only affected by the main 
effect of pyrolysis temperature (p < .0001), with low pyrol-
ysis temperatures resulting in higher H/C ratio. Biochar 
nitrogen content varied with feedstock type (p < .0001). 
Biochar nitrogen content was ranked as wood < switch-
grass < corn stover (0.57 ± 0.05%, 0.79 ± 0.09% and 
1.13 ± 0.06%). Biochar pH was affected by the main effects 
of both feedstock and pyrolysis temperature (p < .0001), 
but the interaction effect was not significant (p = .5615). 
Wood and switchgrass biochar had lower pH (8.83 ± 0.19 
and 9.00 ± 0.52) than corn stover biochar (10.13 ± 0.22), 
and the pH was lower when biochar was produced at low 
pyrolysis temperature compared with high temperature 
(8.25 ± 0.14 and 9.32 ± 0.20).

The specific surface area of biochar also differed with 
the main effects of feedstock and pyrolysis temperature 
(p = .0001 and p < .0001), but the interaction effect was not 
significant (p = .0909). Specific surface area was higher for 
wood biochar than corn stover biochar and switchgrass 
biochar and higher at high pyrolysis temperature than low 
temperature. Biochar ash content varied with the main ef-
fects of feedstock and pyrolysis temperature (p < .0001 and 
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p =  .0002), but the interaction effect was not significant 
(p  =  .3351). Wood biochar had lower ash content than 
switchgrass biochar and corn stover biochar, and low py-
rolysis temperature had lower ash content than high tem-
perature. Biochar pore volume changed with feedstock 
(p < .0001), ranked as corn stover < wood < switchgrass.

Our meta-analysis showed that the overall effect size 
of high pyrolysis temperature on biochar characteristics 
was 0.22, with the 95% CI ranging from −0.16 to 0.60 
(Figure 2). The test of heterogeneity (τ2 = 0.45; χ2 = 179, 
df  =  20, p < 0.0001; I2  =  89%) indicated that the effect 
of pyrolysis temperature differed with biochar charac-
teristics and feedstock types, with effect size varying 
from −1.77 to 1.64. Specifically, the effect sizes of high 
pyrolysis temperature on biochar carbon content were 
ordered as wood > corn stover > switchgrass (0.72, 0.13 
and −0.09, respectively). High pyrolysis temperature 
had negative effects on biochar H/C ratio and nitrogen 
content for all the three types of feedstocks. The effect 

size of high pyrolysis temperature on biochar pH was 
larger for wood (1.06) than corn stover and switchgrass 
(0.70 and 0.53). High pyrolysis temperature had positive 
effects on specific surface area and ash content regard-
less of feedstock type. The largest effect size of 1.64 oc-
curred on specific surface area of wood biochar, with the 
95% CI of 1.19–2.09. The effect sizes indicated positive 
effects on pore volume for wood biochar and corn stover 
biochar (0.70 and 0.95) but a negative effect for switch-
grass biochar (−0.44).

4   |   DISCUSSION

4.1  |  Carbon, H/C ratio and nitrogen

Previous studies have associated higher pyrolysis tem-
peratures with higher biochar carbon content and sta-
bility but lower biochar yields (Crombie et al., 2013; Wei 

F I G U R E  1   Effects of pyrolysis 
temperature and feedstock on 
biochar characteristics. Low pyrolysis 
temperature: ≤500°C; high pyrolysis 
temperature: >500°C. Results are reported 
as means ± standard errors. Same letters 
indicate no significant difference at 
p > .05. See Tables S2−S4 for data sources 
and references.
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et al.,  2019). In our study, high pyrolysis temperature 
(>500°C) increased carbon content compared with low 
temperature (≤500°C) for wood biochar (79.32 ± 1.60% 
vs. 70.65 ± 1.36%, Figure 1a). The increase could result 
from higher degree of carbonization and more con-
densed carbon structure at higher pyrolysis tempera-
ture (Chatterjee et al.,  2020; Domingues et al.,  2017). 
The greater carbonization suggests a more aromatic 
structure (Chatterjee et al.,  2020; Pariyar et al.,  2020), 
as this increases aromaticity proportionally with bio-
char carbon content (Hassan et al.,  2020; Wiedemeier 
et al.,  2015). Biochar carbon is mostly aromatic and 
formed in condensed polyaromatic clusters at high 

pyrolysis temperature (Chia et al.,  2015; Hue,  2020; 
Kleber et al., 2015; Weber & Quicker, 2018).

High pyrolysis temperature had a larger effect on the 
carbon content of wood biochar than switchgrass biochar 
and corn stover biochar (Figure  2). This suggests that 
using wood as the feedstock for biochar production will 
yield higher carbon content than corn stover and switch-
grass for the same energy expense. This difference is likely 
because of the variations of lignin, cellulose and hemicel-
lulose contents among raw wood, corn stover and switch-
grass. Woody species often contains more lignin and 
cellulose than the herbaceous or grass species (Tomczyk 
et al., 2020; Wang et al., 2015). The wood feedstock had 

F I G U R E  2   Effects of high pyrolysis temperature (>500°C) on biochar properties compared with low pyrolysis temperature (≤500°C). 
The points in the centre of squares indicate effects sizes on the x-axis, that is standardized mean difference (SMD). The lines across squares 
denote confidence intervals (CIs) calculated for the observed effect size. The area of a square indicates the weight of each effect size. The 
diamond shape represents the observed overall effect, and the length of the diamond symbolizes its CI. See Tables S2−S4 for data sources 
and references.
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Feedstock type Lignin (%) Cellulose (%) Hemicellulose (%)

Corn stover 15.45 ± 2.45b 43.29 ± 4.50b 26.85 ± 3.63a

Switchgrass 13.01 ± 0.69b 38.97 ± 0.96b 31.23 ± 0.74a

Wood 27.17 ± 1.27a 55.13 ± 1.87a 19.12 ± 1.49b

Note: Results are reported as means ± standard errors. Same letters indicate no significant difference at 
p > .05. See Table S6 for data sources and references.

T A B L E  1   Feedstock composition
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76%–109% more lignin and 27%–47% more cellulose than 
switchgrass and corn stover (Table 1). The decomposition 
of lignocellulosic structure and the development of aro-
matic structure during pyrolysis can promote carboniza-
tion (Chatterjee et al., 2020).

The degree of carbonization and aromaticity can be 
evaluated by the biochar H/C ratio, with lower H/C ra-
tios usually indicating increased aromatic structure in 
biochar (Krull et al.,  2012). Because increased aromatic 
structure is associated with increased biochar resistance 
to microbial decomposition in soil, the H/C ratio is usu-
ally often used as a proxy of biochar stability (Burgeon 
et al., 2021; Crombie et al., 2013; Leng et al., 2019). The 
H/C ratios smaller than 0.7 are assumed to signify aro-
matic ring structures and distinguish biochar from raw 
feedstock (IBI, 2015). The H/C ratios smaller than 0.4 indi-
cate high biochar stability and high carbon sequestration 
potential (Cantrell et al., 2012; Hassan et al., 2020; Leng 
et al., 2019), with decreased biochar decomposition rates 
(Crombie et al., 2013; Han et al., 2020; Singh et al., 2012; 
Zimmerman, 2010; Zimmerman & Gao, 2013).

The low H/C ratios at higher pyrolysis temperatures 
shown in Figure 1b suggest high-temperature pyrolysis is 
a means of attaining biochar with stability against micro-
bial decomposition (Hassan et al., 2020; Leng et al., 2019). 
One of the underlying reasons might be found in highly 
hydrophobic surfaces of biochar produced at high pyrol-
ysis temperatures (Fang et al.,  2014), which can protect 
organic matter from microbial decomposition because of 
soil water repellency (Goebel et al.,  2005). After mixing 
biochar into mineral soil, the lower H/C ratio may also 
lead to higher surface functionality because of hydropho-
bic interactions (Han et al., 2014; Keiluweit & Kleber, 2009; 
Xiao et al., 2016). The hydrophobic surfaces of biochar can 
thereby interact with hydrophobic or amphiphilic organic 
matter and with hydrophobic mineral particles. Both can 
promote the formation of organo-mineral complexes and 
aggregates, which are known to contribute to the long-
term stabilization of biochar against microbial decompo-
sition in soil (Burgeon et al., 2021; Joseph et al., 2021).

Besides the H/C ratio, the estimated mean residence 
time using isotope approaches coupled with decomposi-
tion experiments is an alternative way to evaluate long-
term stability of biochar. One study showed that the mean 
residence time of biochar in soil was estimated to be up 
to 891 years, with an average of 107 years among studies 
(Wang et al., 2016). Biochar produced from wood usually 
has longer mean residence time in soil than that from crop 
and grass (Bird et al.,  1999; Wang et al.,  2016) probably 
because of more condensed carbon structure.

Biochar nitrogen content decreased at high pyroly-
sis temperature compared with low temperature (0.74% 
vs. 0.92%, Figure 1c). Reduction in nitrogen content can 

be attributed to volatilizations of nitrogen-containing 
groups at high temperature (Chatterjee et al., 2020). The 
nitrogen-containing groups decompose and then volatil-
ize at pyrolysis temperatures greater than ~200°C (DeLuca 
et al., 2015). However, pyrolysis temperature had a smaller 
effect on nitrogen content for wood biochar than switch-
grass biochar and corn stover biochar (Figure 2) probably 
because of the lower nitrogen content of wood biochar 
(0.57%) than switchgrass biochar (0.79%) and corn sto-
ver biochar (1.13%) (Figure 1c). The difference in biochar 
nitrogen content is likely the result of different amino 
acid and protein contents in the raw feedstock (Ippolito 
et al., 2020; Tsai et al., 2012).

4.2  |  pH, specific surface area, ash 
content and pore volume

High pyrolysis temperature produced biochar with higher 
pH values than low temperature (Figure 1d). The increase 
in biochar pH is mainly because of the destruction of 
acidic functional groups and the formation of basic func-
tional groups (Hue, 2020; Tomczyk et al., 2020). With tem-
perature increasing during pyrolysis, the C≡C, C=C and 
C=O bonds break down and aromatic rings form; these 
aromatic rings contain more hydroxyl groups, and thus in-
crease biochar pH (Hassan et al., 2020). The separation of 
alkali salts from organic materials at high pyrolysis tem-
perature also increases biochar pH (Pariyar et al., 2020). 
Corn stover biochar had higher pH than wood biochar 
and switchgrass biochar (Figure 1d) because of higher al-
kali salt content in corn stover biomass.

Biochar-specific surface area increased by 3.8 times at 
high pyrolysis temperature compared with low tempera-
ture (Figure 1e). This increase probably resulted from the 
decomposition of lignin and cellulose and thus the for-
mation of channel structures during pyrolysis (Ahmed 
et al.,  2016). These channel structures promote the spe-
cific surface area and pore volume. High pyrolysis tem-
perature had a larger effect on biochar-specific surface 
area for wood than corn stover and switchgrass (Figure 2) 
because of the higher lignin and cellulose contents of 
wood. The decomposition of lignin-rich biomass usually 
occurs at high temperature (Leng et al., 2021). The lower 
content of the non-decomposable component of woody 
feedstock can also contribute to the larger specific surface 
area (Tomczyk et al.,  2020; Wang et al.,  2015). Indeed, 
wood biochar had 4 and 5 times less ash content than 
corn stover biochar and switchgrass biochar, respectively 
(Figure 1f).

Similarly, the increase in biochar pore volume at high 
pyrolysis temperature for wood biochar is mainly because 
of the increase in micro-pore volume caused by the release 
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of volatile compounds (Ahmed et al.,  2016; Hue,  2020). 
Additionally, switchgrass biochar had larger pore volume 
than corn stover biochar and wood biochar regardless of 
pyrolysis temperature (Figure  1g). Much of the original 
biomass structure can be maintained in the biochar after 
pyrolysis and therefore influence the biochar structure 
(Brewer et al., 2014; Sun et al., 2012). Switchgrass biochar 
can retain the pore structure characterized by thinner 
cell walls and channels, contributing more pore volume. 
However, high pyrolysis temperature can further destroy 
these structures and thus had a negative effect on pore vol-
ume of switchgrass biochar (Figure 2).

4.3  |  Biochar application to soil

Given the effects of pyrolysis temperature and feedstock 
type on biochar characteristics, production conditions 
and feedstock selection should be purpose-specific for 
more effective and efficient biochar application to soil 
(He et al., 2021). If biochar application is intended to im-
prove soil organic carbon storage, wood-based biochar 
produced at high pyrolysis temperature would be more 
suitable because of its higher carbon content and stability. 
Biochar contains appreciable amount of carbon and acts 
as a carbon sink for climate change mitigation. It has been 
reported that only 3% of biochar carbon is bioavailable, 
and the other 97% contributes directly to long-term car-
bon sequestration in soil (Wang et al., 2016). Rendering 
great stability, however, biochar is not a substantial source 
of soluble carbon or nitrogen. Plant-based biochar usu-
ally contains less than 1% and 0.03% of dissolvable or-
ganic carbon and dissolvable total nitrogen, respectively 
(Mukherjee & Zimmerman,  2013; Sun et al.,  2021). The 
0.03% of dissolvable total nitrogen is negligible compared 
with nitrogen fertilizer application rates in croplands 
(Ippolito et al., 2020). It will not be realistic to apply bio-
char alone for a nitrogen fertilization purpose. For acidic 
soil remediation, biochar produced using corn stover at 
high pyrolysis temperature would be preferred because of 
its higher pH value. To relieve soil compaction, switch-
grass biochar can be used to promote air and water move-
ment since it has larger pore volume. As a sorbent for soil 
contaminant management, wood biochar may be a good 
choice because of its larger specific surface area, provid-
ing abundant reactive adsorption sites (Luo et al., 2022). 
Adsorption capacity also relates to biochar surface func-
tionality. Biochar produced at low pyrolysis temperature 
may be more suitable for adsorption of cation contami-
nants because of the predominance of cation exchange 
reactions, electrostatic interaction and complexation on 
biochar surface; high pyrolysed biochar may be more 

suitable for the sorption of organic contaminants because 
of higher aromaticity (Hassan et al., 2020).

Associated with improved soil properties, increased 
crop yields can be achieved through biochar application 
to soil, as demonstrated in previously published meta-
analyses (Biederman & Harpole,  2013; Dai et al.,  2020; 
Jeffery et al.,  2011). Biochar application to soil can in-
crease plant productivity, nitrogen uptake, nutrient use 
efficiency, symbiotic nitrogen fixation, as well as reduce 
soil N2O emissions and nitrate leaching (Biederman & 
Harpole, 2013; Borchard et al., 2019; Dai et al., 2020; He 
et al., 2017; Liu et al., 2018).

Biochar was reported to increase soil porosity by 8%, 
aggregate stability by 8%, water holding capacity by 15%, 
saturated hydraulic conductivity by 25%, and to reduce 
soil bulk density by 8% (Omondi et al., 2016), with these 
changes being beneficial for crop production. Considering 
the importance of biochar characteristics in the effective-
ness of biochar applications for improved soil ecosystem 
functioning, such as plant production and mitigating 
climate change, more targeted production of biochar is 
needed.

4.4  |  Sustainable biochar production

Our study reviewed and summarized the available data in 
current publications, providing a sound understanding of 
the relationships between desired biochar characteristics 
and production conditions. Untapped economic potential 
is hidden behind these relationships. Despite substantial 
benefits, the use of biochar in commercial agriculture is 
yet to bloom (Maroušek et al.,  2019). A production cost 
of ~500 USD t−1 hinders the expansion of biochar produc-
tion into a commercial scale (Maroušek, 2014; Maroušek 
et al., 2019; Vochozka et al., 2016). Biochar's cost is critical 
to its commercial sustainability and consists of a variety 
of cost components including capital investment, operat-
ing cost and electricity consumption (Ahmed et al., 2016; 
Vochozka et al.,  2016). Our results can help to develop 
more cost-effective biochar from common biomass 
sources such as corn stover, switchgrass and wood waste 
and by using efficient pyrolysis temperatures, making it 
both economically and environmentally sounder.

5   |   CONCLUSIONS

Our review has helped clarify the effects of pyrolysis tem-
perature and feedstock type on biochar characteristics. 
We found that high pyrolysis temperature can promote 
certain biochar characteristics and that biochar pro-
duced from wood had advantages over those produced 
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from corn stover and switchgrass in terms of biochar 
carbon content and specific surface area because of its 
biochemical composition. For application to soils, bio-
char produced by high-temperature pyrolysis of wood 
may be beneficial to soil organic carbon sequestration 
and nutrient retention. However, corn stover biochar, 
especially when pyrolysed at high temperature, could be 
more efficient for acidic soil remediation because of its 
higher pH. Switchgrass biochar can be used to relieve 
soil compaction and promote air and water movement 
since it has a large pore volume. The targeted produc-
tion of biochar according to specific needs or desired 
outcomes by selecting pyrolysis temperature and/or 
feedstock will be helpful for developing more efficient 
biochar application strategies and increase the chances 
of adoption.
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