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Abstract
Biochar  is  a  promising  additive  for  enhancing  compost  production.  However,  its  varied

physicochemical  properties,  along  with  differences  in  raw  materials  and  composting

conditions  (Xs),  introduce complexity  to  the evaluation of  multiple  maturity  indicators  (Ys).

To address this issue, a global meta-analysis was conducted, incorporating 269 observations

from  125  studies,  to  systematically  evaluate  the  impact  of  diverse  biochar  properties  and

initial compost parameters on compost maturation. The results revealed that the addition of

biochar  significantly  improves  key  internal  maturity  indicators  of  compost.  Notably,  the

germination  index  (GI)  increased  by  25.57%,  while  NO3
−−N  levels  rose  by  32.54%.  Con-

currently,  the  C/N  ratio  was  reduced  by  5.44%,  and  NH4
+−N  levels  decreased  by  34.96%.

Additionally,  the  incorporation  of  biochar  was  effective  in  mitigating  gas  emissions  during

the composting process, resulting in reductions of 51.31% in CH4, 43.49% in N2O, and 47.59%

in  NH3.  Forest  plot  analyses  identified  optimal  ranges  of  critical  factors  that  promote

compost  quality.  These  factors  included specific  biochar  properties,  such as  feedstock  type

(straw), pyrolysis temperature (> 400 °C), C/N (100–200), pore volume (< 0.02 cm3/g), surface

area (< 100 m2/g), and amendment rate (> 12%). Key initial compost parameters included an

initial  C/N  (24–28),  waste  type  (sewage  sludge),  and  initial  moisture  content  (55%–60%).

Finally,  structural  equation  models  ranked  these  key  factors,  indicating  that  a  high

amendment rate (> 12%) of porous straw-derived biochar significantly enhances composting

performance  under  optimal  moisture  (55%–60%)  and  initial  C/N  (24–28)  conditions.  These

findings  provide  valuable  insights  for  optimizing  both  biochar  properties  and  composting

parameters, thereby improving compost maturity and process efficiency.
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Highlights
•  Biochar significantly enhances compost maturity and reduces CH4, N2O, and NH3 emissions during composting.

•  Straw-derived biochar (> 400 °C) with C/N of 100–200 provides optimal improvement in compost quality.

•  Composting sewage sludge at 55%–60% moisture and initial C/N of 24–28 yields maximum maturity benefits.

•  Addition of > 12% porous straw biochar maximizes composting efficiency under optimal conditions.
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Graphical abstract

 
 Introduction

Composting is a sustainable and eco-friendly biochemical technology
for managing municipal solid waste. Its low cost, operational simplicity,
and  adaptability  have  led  to  widespread  adoption  as  an  efficient
method for organic waste recovery[1,2]. However, conventional aerobic
composting,  which  relies  primarily  on  indigenous  microbial  commu-
nities,  is  subject  to  several  limitations,  such  as  lower  thermophilic
temperatures,  extended  processing  times,  inconsistent  product
quality, significant greenhouse gas emissions, and nitrogen losses[3,4].

To  enhance  composting  performance,  researchers  have  investi-
gated a variety of exogenous additives, including biochar, montmo-
rillonite  clay,  zeolite,  and  gypsum[4−10].  In  particular,  biochar-
amended  composting  has  garnered  considerable  attention  due  to
its  benefits  in  enhancing  soil  health  and  promoting  ecosystem
sustainability[11,12].  The  efficacy  of  biochar  can  be  attributed  to  its
physicochemical  properties,  such  as  high  surface  area,  porosity,
cation  exchange  capacity,  and  water-holding  capacity,  all  of  which
contribute  to  favorable  microbial  habitats  and  improved  nutrient
dynamics[13].  Consequently,  these  properties  collectively  support
improved  organic  matter  degradation  and  humification,  reduced
nitrogen losses and greenhouse gas emissions,  heavy metal  immo-
bilization,  and  prolonged  thermophilic  phases,  leading  to  superior
compost  maturity  and  quality[13−17].  Additionally,  biochar  has
been  observed  to  mitigate  the  bioavailability  of  hazardous  con-
taminants  and  eliminate  antibiotic  resistance  genes  during
composting[13,15,16,18,19].

Despite  these  advantages,  the  published  results  regarding  the
effects  of  biochar  exhibit  considerable  variability,  and  occasionally
conflicting  outcomes.  These  discrepancies  mainly  arise  from
complex  interactions  between  two  key  factors:  (1)  intrinsic  charac-
teristics of biochar, including feedstock type, pyrolysis temperature,
and  particle  size[20−23];  and  (2)  initial  compost  parameters,  such  as
C/N ratio,  moisture content,  and pH levels[7,24].  Given this  complex-
ity, there is a pressing need for an integrative approach to quantita-
tively synthesize heterogeneous empirical data.

Meta-analysis  serves  as  a  robust  methodological  framework  for
the  statistical  combination of  outcomes  from independent  studies,
revealing  consistent  patterns  and  significant  associations  that  may
remain  obscured  in  individual  experiments[25].  Prior  meta-analyses

have demonstrated the effectiveness of biochar in enhancing nutri-
ent  retention  in  compost  and  mitigating  emissions[2,25].  However,
the majority of these studies have either focused on internal matu-
rity indicators (e.g., germination index, nutrient content) or external
gas emissions, rarely integrating both aspects within a single analyt-
ical framework. This study endeavors to bridge this gap by conduct-
ing a holistic, multi-indicator meta-analysis of the effects of biochar
amendments on compost maturation.

To achieve this,  this  study compiled a  global  dataset  comprising
269 observations drawn from 125 peer-reviewed studies  published
between 1990 and 2024. The analysis integrates both internal matu-
rity  indicators,  including  germination  index  (GI),  C/N  ratio,  ammo-
nium nitrogen (NH4

+−N),  and nitrate nitrogen (NO3
−−N),  and exter-

nal  indicators  such  as  CO2,  N2O,  CH4,  and  NH3 emissions,  across
diverse  composting  systems.  The  influence  of  biochar  properties
and  initial  compost  parameters  on  these  outcomes  was  systemati-
cally examined through subgroup analyses and statistical modeling.
Furthermore,  structural  equation modeling (SEM) was employed to
rank  the  relative  importance  of  key  factors  and  to  elucidate  the
direct  and  indirect  pathways  through  which  they  affect  compost
maturity. The findings of this study provide comprehensive insights
into the mechanisms and efficacy of biochar amendments,  offering
practical  guidance  for  the  optimization  of  composting  strategies
aimed  at  enhancing  both  compost  quality  and  environmental
performance.

 Materials and methods

 Literature search and data collection
A  comprehensive  literature  search  was  conducted  using  Web  of
Science, Google Scholar, Elsevier ScienceDirect, and PubMed to gather
data  on  the  effects  of  biochar  as  an  additive  on  compost  maturity
indicators.  The  search  strategy  employed  combinations  of  the
keywords: 'biochar',  'black carbon',  or 'char';  'maturity' or 'mature';  and
'composting' or 'compost',  while excluding terms such as 'review' and
'meta-analysis'  (Supplementary  Table  S1).  The  search  encompassed
publications from January 1, 1990, to January 31, 2024.

To  identify  relevant  literature,  we  implemented  a  systematic
screening  process  based  on  specific  criteria.  First,  only  original
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√
n

research  articles  presenting  quantitative  data  on  the  changes  in
compost maturity attributable to biochar application was included.
Second,  the  studies  were  required  to  feature  both  a  control  group
(without biochar),  and an experimental group (with biochar),  along
with  replicates  to  facilitate  comparisons  among  various  groups.
Third, selected studies had to report both properties of biochar and
the initial  conditions of  compost.  Mean values,  standard deviations
(SD),  and  the  number  of  control  and  treatment  groups  were
extracted  from  tables  or  digitized  from  figures  using  the  GetData
Graph  Digitizer.  For  studies  providing  only  standard  errors  (SE),  SD
was calculated using the formula SD = SE × , where n represents
the sample size. In cases where neither SD nor SE was provided, SD
was  calculated  as  1/10  of  the  mean[25].  Given  that  meta-analysis
focuses  on  the  quantitative  synthesis  of  finalized  research
findings[26,27],  a total of 269 valid data sets were extracted from 125
peer-reviewed  articles  for  inclusion  in  the  meta-analysis  (Supple-
mentary  Table  S2).  The  screening  process  was  conducted  in  accor-
dance  with  PRISMA  guidelines,  as  illustrated  in  the  flowchart
(Supplementary Fig. S1). Additionally, VOS viewer was employed to
construct and visualize bibliometric networks of the included litera-
ture, enabling the identification of research hotspots, co-authorship
patterns,  and  thematic  trends  within  the  field  (Supplementary  Fig.
S2). The majority of the referenced studies focused on the effects of
biochar  in  composting,  particularly  in  relation to compost  maturity
and greenhouse gas emissions, with pig and chicken manure being
the most frequently investigated composting materials.

 Data processing and subgroup classification
Biochar  properties  and  initial  compost  parameters  have  been
identified as key variables influencing composting maturity[25,28].  Nine
properties  of  biochar  included  pyrolysis  temperature,  feedstock  type,
size, carbon to nitrogen (C/N), electrical conductivity, surface area, pH,
amendment rate, and pore volume. Initial compost parameters consist
of  the  initial  carbon  to  nitrogen,  initial  moisture  content,  initial  pH,
waste  type,  and  bulking  agent  type[25,29,30].  Maturity  indicators  of
compost encompassed internal  indicators such as carbon-to-nitrogen
ratio, germination index, ammonium nitrogen, and nitrate nitrogen, as
well  as  the  gas  index  of  ammonia,  methane,  carbon  dioxide,  and
nitrous oxide[2,31]. A list detailing the biochar properties, initial compost
parameters,  and  eight  compost  maturity  indicators,  along  with  their
full names and corresponding abbreviations, is presented in Table 1.

The  biochar  and  initial  compost  parameters  were  classified  into
2–5  subgroups  based  on  their  respective  property  values  (refer  to
Supplementary Tables S3 and S4). To ensure the robustness of these
subgroup classifications, one-way analysis of variance (ANOVA), and
post-hoc least significant difference (LSD) tests using SPSS 26.0 (IBM,
USA) were employed[25,28,32].

 Meta-analysis
A meta-analysis is  designed to estimate the effect of  an experimental
intervention on a specific outcome while considering variability across
multiple  factors[33].  Previous  studies  have  extensively  discussed  the
methodologies  for  conducting  meta-analysis[34−36].  To  quantify  the
change  resulting  from  an  experimental  intervention,  the  natural
logarithm  of  the  response  ratio  (LnRR)  is  utilized,  which  compares
measurements  between  the  experimental  and  control  groups.  This
transformation  ensures  that  the  data  conforms  to  a  normal
distribution, thereby allowing for a more accurate evaluation of effect
size,  and  facilitating  the  determination  of  whether  a  statistically
significant difference exists between the groups[37].  The equation is as
follows:

LnRR = ln
(

Xt

Xc

)
= ln (Xt)− ln (Xc) (1)

where, Xt and Xc denote  the  means  of  treatment  (with  biochar)  and
control  (without  biochar)  groups,  respectively.  The  variance  (ʋ)  was
estimated as follows:

ν =
s2

t

nt x2
t
+

s2
c

ncx2
c

(2)

In this equation, nt and nc represent the sample size of the treat-
ment and control groups, respectively; st and sc denote the standard
deviations  of  the  treatment  and  control  groups[37].  A  negative  %
change indicates a statistically significant decrease, while a positive
% change indicates a statistically significant increase. The following
equation can be utilized to calculate the percentage change in LnRR
for forest maps:

%Change =
(
elnRR−1

)
×100 (3)

The  Q  statistic  was  utilized  to  assess  the  heterogeneity  of  LnRR
among  the  studies.  Total  heterogeneity  (Qt)  encompasses  within-
group  (Qw)  and  between-group  (Qb)  heterogeneity,  accurately
reflecting the extent of variation in lnRR across studies[38]. A Qb value
surpassing  the  critical  level  (p-value  <  0.05)  indicates  a  significant
difference among groups. The Meta Win 2.1 software was employed
to  calculate  the  LnRR  and  the  corresponding  95%  confidence

 

Table  1  Complete  nomenclature  and  abbreviations  for  biochar  properties,
initial compost parameters, and indicators of compost maturity

Items Full name Abbreviation Value range

Biochar
properties

Pyrolysis temperature PT 300−900 °C
Size Size 0.074−50 mm
Carbon to nitrogen C/N 4.521−856.38
Electrical conductivity EC 0.09−131 ms/cm

Surface area SA 0.35−1,150 m2/g
pH pH 3.05−11.39
Amendment rate AR 0%−70%

Pore volume PV 0.0035−0.9 cm3/g
Feedstock type FT Wood

Straw
Husk
Bamboo
Manure/green
waste/sewage
sludge

Initial
compost
parameters

Initial carbon to nitrogen IC/N 6−50.15
Initial moisture content IMC 36.8%−78.73%
Initial pH IpH 4.09−9.31
Waste type WT Livestock manure

Sewage sludge
Green waste
Food waste

Bulking agent type BAT Sawdust
Straw
Other bulking
agents

Compost
maturity
indicators

Carbon to nitrogen ratio C/N ratio 5.78−48.1
Germination index GI 0.88%−186.44%

Ammonium nitrogen NH4
+−N 0.024−4910a

Nitrate nitrogen NO3
−−N 0.004−4230a

Methane CH4 0.001−16968b

Carbon dioxide CO2 0.001−34277b

Nitrous oxide N2O 0.003−22664b

Ammonia NH3 0.004−9881b

a Unit  g/Kg,  mg/Kg,  g,  mg;b unit  g/Kg,  mg/Kg,  g,  mg,  %,  ppm.  Value  ranges  are
reported  directly  from  the  original  studies  and  may  include  multiple  units  (e.g.,
g/kg, mg/kg, %, ppm).  These data were not standardized, as the meta-analysis is
based on relative changes rather than absolute values.
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intervals for each categorical group. Considering the heterogeneity
across  populations  and  the  substantial  variability  observed  within
different  studies,  a  random-effects  model  was adopted to estimate
the mean LnRR, and 95% bootstrapped confidence intervals (CI) for
each subgroup through 4,999 iterations[39].

In this study, it was determined that compost maturity indicators
were significantly responsive to biochar amendment when the 95%
CI values did not overlap with zero.  It  was further evaluated by the
statistical  significance  of  mean  differences  among  various  sub-
groups  by  examining  the  extent  of  overlap  within  their  respective
95% confidence intervals. A lack of overlap indicated that the means
were significantly different from each other. This approach provided
a solid foundation for identifying noteworthy variables while adher-
ing to rigorous standards[40]. Initially, an overall significance analysis
was conducted, followed by a subgroup analysis that concentrated
exclusively  on  properties  exhibiting  statistical  significance  at  both
the overall and subgroup levels.

 Heterogeneity test and publication bias
To validate the reliability of the meta-analysis results, tests for hetero-
geneity  and  publication  bias  were  conducted.  Potential  publication
bias  was  evaluated  to  ensure  the  robustness  of  the  meta-analysis
through  funnel  plot  asymmetry  analysis,  and  Rosenthal's  Fail-safe  N
method[41].  Kendall's  Tau and Spearman Rank-Order  correlations  with
significant  values  (p <  0.05)  were  interpreted  as  evidence  of  possible
publication bias. The calculated Fail-safe N was then compared to the
threshold of 5n + 1 (where n denotes the number of studies included).
A Fail-safe N exceeding 5n + 1 led us to conclude that publication bias
did  not  substantially  influence  the  overall  trend  of  the  final  analysis
results[34].

 Pearson correlation analysis
Pearson  correlation  analysis  is  a  widely  recognized  statistical  method
for  quantifying  the  linear  relationship  between  two  variables.  The
primary  metric  of  this  analysis,  the  Pearson  correlation  coefficient,
provides  insights  into  both  the  strength  and  direction  of  the  linear
association  between  variables[42].  In  this  study,  Pearson  correlation
analysis was applied to: (1) evaluate the overall significance of biochar
properties  and  initial  compost  parameters  on  compost  maturity
indicators;  and  (2)  assess  the  significant  relationships  among  various
maturity  indicators,  thereby  providing  a  groundwork  for  subsequent
structural  equation  modeling.  A  correlation  was  deemed  statistically
significant when the p-value was < 0.05.

 Structural equation models
Structural  equation  models  (SEMs)  are  a  robust  approach  for  fitting
data  into  models  that  depict  and  visually  illustrate  complex  causal
relationships  among  visual  variables[43].  In  this  study,  the  SEMs  were
constructed  using  IBM  SPSS  AMOS  24.0  software  (IBM,  USA),  utilizing
the maximum likelihood estimation method to calculate the influence
coefficients  among  variables.  This  analytical  approach  not  only
quantified  the  relationships  between  variables  but  also  enables  the
ranking  of  key  properties  that  affect  compost  maturity,  as  described
in Supplementary  File  1[44].  The  process  commenced  with  the
identification  of  significant  relationships  among  compost  maturity
indicators  through  Pearson  correlation  analysis,  which  served  as  the
foundation  for  SEMs  development.  Subsequently,  the  total
standardized effects, which include both direct and indirect influences,
of  all  factors  on  various  indicators,  were  calculated  to  evaluate  their
respective contributions. Finally, by leveraging these computed effects,
the  key  properties  impacting  compost  maturity  were  systematically
ranked.

 Results and discussion

 Reliability analysis of meta-analysis
The results of  the heterogeneity test  are presented in Supplementary
Table  S5.  The  Chi-Square  test  yielded  a p-value  of  less  than  0.05,
indicating statistically significant differences between the groups. The
results  indicated  the  presence  of  significant  between-group  hetero-
geneity,  as  the  majority  groups  displayed  QB values.  Given  the
utilization of  diverse data sources  in  this  study,  these outcomes were
inevitable[25].

The impact of publication bias is detailed in Supplementary Table
S6. The results revealed that biochar size exerted a biased influence
on CO2,  CH4,  and N2O emissions  during composting process,  while
biochar pH was found to affect only N2O emissions. Notably, no bias
was evident in the analysis  of  other subgroups.  While acknowledg-
ing the presence of bias in these subgroup analyses is important, it
does not compromise the accuracy or robustness of the final analy-
sis, suggesting analyses can be considered reliable.

The  rationale  for  grouping  of  biochar  properties,  and  initial
compost  parameters  was  assessed  using  the  one-way  analysis  of
variance (ANOVA),  followed by the post-hoc least  significant  differ-
ence  (LSD)  test  (Supplementary  Fig.  S3).  The  results  revealed  that
both  biochar  properties,  and  initial  compost  significantly  affected
internal  indicators,  including the C/N ratio,  GI,  NH4

+−N,  NO3
−−N,  as

well  as  on  external  indicators  such  as  N2O,  NH3,  CO2,  and  CH4 (p >
0.05).  This  method  effectively  validated  the  classification  of
subgroups  and  ensured  the  reliability  of  subsequent  forest  map
analysis.

 Overall significance analysis of biochar
properties, and initial compost parameters on
the compost maturity indicators
The  overall  significance  analysis  of  nine  selected  biochar  properties,
and five initial  compost parameters,  in relation to maturity indicators,
including four internal and four external indicators, was assessed using
Pearson  correlation  analysis  (Supplementary  Fig.  S4).  The  results
demonstrated that the nine biochar properties had a significant impact
on  the  maturity  indicators.  However,  it  is  noteworthy  that  the  EC  of
biochar  and  the  BAT  of  the  initial  compost  parameters  exhibited  a
relatively weak influence on only a few maturity indicators.

While  this  overall  significance  analysis  provides  insights  into  the
general effects of a specific property on the maturity indicators, it is
crucial  to  integrate these findings with the forest  map results  from
meta-analysis  to  comprehensively  assess  the  significant  effects  of
both biochar properties and initial compost parameters on maturity
indicators.

 Effect of biochar amendment on compost
internal maturity indicators
The  properties  of  biochar,  including  pH,  C/N,  specific  surface  area,
feedstock type,  pyrolysis  temperature,  and PV,  are  crucial  factors  that
ultimately affect compost quality and maturity, while also reducing gas
emissions[20,21,45]. Additionally, the initial factors of composting, such as
initial pH and initial C/N, type of bulking agent, moisture content, and
compost  type,  can  significantly  affect  strains  and  enzyme  activities,
which ultimately impacts the quality of the final product[46−50].

 Maturity indicator of the C/N ratio
The  C/N  ratio  is  a  pivotal  indicator  for  evaluating  the  maturity  and
stability  of  compost,  with  a  reduction  in  this  ratio  signifying  pro-
gression toward mature compost[51].  As shown at the bottom of each
panel  in  the  forest  map (Fig.  1a),  the  addition  of  biochar  significantly
decreased  the  C/N  ratio  by  5.44%  (i.e.,  increasing  maturity).  This
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reduction  is  likely  the  result  of  increased  organic  mineralization  rates
and  the  stability  provided  by  biochar-modified  compost,  driven  by
microbial activity[52].

The overall significance analysis revealed that biochar properties,
including  FT  (p <  0.001),  PT  (p <  0.05),  Size  (p <  0.001),  C/N  (p <
0.001), EC (p < 0.05), and PV (p < 0.05), could significantly affect the
final  C/N  ratio  of  compost  (Supplementary  Fig.  S4).  Notably,  PV
(< 0.02) contributed to a substantial reduction of 21.87% in the final
composting C/N ratio, highlighting the strong impact of microstruc-
ture on carbon and nitrogen dynamics during composting[53].  Simi-
larly, C/N (100–200) resulted in a 19.76% reduction in the compost-
ing C/N ratio,  suggesting that the chemical  composition of biochar
plays  a  crucial  role  in  regulating  organic  matter  degradation  and
nitrogen retention. This incorporation of high-carbon biochar as an
exogenous source of carbon and nitrogen positively influences both
water removal and the degradation of total organic carbon[54].

Conversely, PT (< 400), Size (> 4), and FT (Wood) led to significant
increases in the C/N ratio, quantified as 23.50%, 9.44%, and 17.73%,
respectively.  These  increases  can  be  attributed  to  the  lower  pyro-
lysis temperature of biochar, which facilitates the retention of higher
proportions of organic carbon, thereby enhancing its incorporation
into  the  composting  system[55].  Additionally,  biochar  derived  from
wood  inherently  possesses  a  high  C/N  ratio,  which  may  result  in  a
minimal  or  even  opposite  effect  on  the  overall  C/N  ratio  of  the
compost[56].  Furthermore,  larger-sized  biochar  tends  to  exhibit
greater  physical  inertness  and  a  weaker  adsorption  capacity,  ulti-
mately leading to an increased final C/N ratio[25].

The response of the C/N ratio in the compost product to biochar
addition  was  also  significantly  influenced  by  initial  compost  para-
meters,  including  IpH  (p <  0.05),  IC/N  (p <  0.001),  IMC  (p <  0.001)
(Supplementary  Fig.  S4).  As  shown  in Fig.  1a-2,  IC/N  (24–28)  and
IMC  (55–60)  resulted  in  significant  reductions  in  the  C/N  ratio  by
17.22%  and  22.12%,  respectively.  This  indicated  that  a  high  initial
C/N  ratio  and  moderate  moisture  content  had  a  positive  response
to  the  addition  of  biochar  to  the  final  compost[50].  In  contrast,  IMC
(< 55), IC/N (< 20), and IpH (< 7) led to increases in the C/N ratio by
16.28%,  15.60%,  and  12.00%,  respectively.  This  observation  can  be
primarily  attributable  to  two  factors.  Firstly,  a  lower  initial  C/N
predisposes  the  compost  to  enhanced  total  nitrogen  losses.
Secondly,  environmental  conditions  characterized  by  low  moisture
content  and  excessive  acidity  impair  microbial  activity,  thereby
diminishing  the  rate  of  organic  matter  degradation[57].  Conse-
quently,  the  degradation  rate  of  total  organic  carbon  may  lag
behind that of total nitrogen, resulting in an elevated C/N ratio[54].

In summary, when utilizing the C/N ratio as the maturity indicator
to evaluate the impact of biochar amendment on compost maturity,
the  specific  biochar  properties,  such  as  a  C/N  (100−200)  and  PV
(<  0.02),  along  with  initial  compost  parameters  including  IC/N
(24−28),  and  IMC  (55−60),  are  strongly  recommended  for  decreas-
ing the C/N ratio to achieve a more mature compost.

 Maturity indicator of GI
The germination index (GI) is highly sensitive and commonly used for
evaluating  compost  maturity  and  phytotoxicity[58,59].  As  depicted  in
Fig.  1b,  the  incorporation  of  biochar  into  compost  resulted  in  a
significant  enhancement  of  the  GI,  with  an  increase  of  25.57%.  An
overall  significance  analysis  (Supplementary  Fig.  S4)  revealed  that
various biochar properties, such as PT (p < 0.05), and C/N (p < 0.01), had
a  significant  impact  on  the  compost  GI.  Although  the  enhancements
under  conditions  of  C/N > 200  and  PT < 400 °C  were  relatively
moderate  (8.33%  and  9.24%,  respectively),  they  were  statistically
significant  and  thus  warrant  further  discussion.  Notably,  the  effect  of
increasing  pyrolysis  temperature  on  GI  exhibited  a  rise  followed  by  a

decline. This phenomenon may be attributed to higher concentrations
of  PAH  at  both  low  and  high  temperatures,  which  can  suppress  GI
values.  This  trend  is  consistent  with  previous  research  on  total  soil
PAHs (Ctot). Specifically, biochar produced at 300−500 °C demonstrated
a  significant  reduction  in  the  carbon  content  of  PAHs  by  16.1%  in
comparison  to  biochar  produced  at  temperatures  exceeding  500 °C,
whereas  biochar  generated  below  300 °C  demonstrated  limited
effectiveness[60].  In addition,  a  higher C/N ratio is  also associated with
reduced  PAH  content,  contributing  to  the  improvement  of  GI  when
paired with appropriate pyrolysis conditions[61,62].

Meanwhile,  five  initial  compost  parameters,  such  as  WT  (p <
0.001),  and  IC/N  (p <  0.001),  exhibited  significant  influence  on
the response of compost GI to biochar amendment (Supplementary
Fig.  S4).  It  was  noteworthy  that  both  WT  (FW)  and  IC/N  (20−24)
positively  impacted  the  GI  value  of  mature  compost,  resulting  in
increases  of  73.45%  and  73.95%,  respectively  (Fig.  1b-2).  This
improvement  related  to  WT  (FW)  may  be  attributed  to  the  lower
presence of toxic substances and the higher content of nutrients in
food waste[63].  Similarly, an initial C/N ratio of 20–24 helps maintain
temperatures  necessary  for  pathogen  removal,  thereby  reducing
nitrogen loss and improving compost GI[64].

When using GI as the maturity indicator to evaluate the impact of
biochar amendment on compost maturity, the recommended prop-
erties  were  the  initial  compost  parameters  WT  (FW)  and  IC/N
(20−24), and biochar properties C/N (100−200), and PV (< 0.02).

 Maturity indicator of NO3
-−N

Nitrogen  transformation  plays  a  critical  role  in  evaluating  compost
maturity, with NO3

−−N serving as a vital indicator in this assessment[65].
In  the  present  study,  the  amendment  of  biochar  led  to  a  significant
increase  in  NO3

−−N  (+32.54%)  in  the  compost  (Fig.  1c).  Overall
significance  analysis  (Supplementary  Fig.  S4)  revealed  that  biochar
properties  such  as  PV  (p <  0.001)  and  initial  compost  including
parameters IMC (p < 0.001), IpH (p < 0.001), and IC/N (p < 0.001) could
significantly affect NO3

−−N. Specifically, biochar PV (< 0.02) was found
to  enhance  NO3

−−N  content  by  an  extraordinary  193.58%  (Fig.  1c-1).
Moreover,  IMC  (55−60)  and  IpH  (<  7)  corresponded  with  increases
in NO3

−−N content of 172.16% and 120.85%, respectively. This enhan-
cement  can  be  primarily  attributed  to  the  reduction  of  ammonium
accumulation  under  slightly  acidic  and  optimal  moisture  conditions,
which  together  favor  aerobic  nitrification.  Adequate  moisture  is
essential  for facilitating microbial activity while avoiding anaerobiosis,
and  a  slightly  acidic  pH  further  promotes  the  conversion  of  NH4

+ to
NO3

−[66,67]. Conversely, IC/N (20-24), WT (FW), and IMC (< 55) exhibited
significant  reductions  in  NO3

−−N  levels,  with  decreases  of  46.54%,
40.85%, and 39.07%, respectively (Fig. 1c-2).

Based  on  the  assessment  of  compost  maturity  on  NO3
−−N,  we

recommend  considering  biochar  property  of  PV  (<  0.02)  and  initial
compost parameters IpH (< 7) and IMC (55−60). However, the use of
WT (FW), IC/N (20−24), and IMC (< 55) is not recommended.

 Maturity indicator of NH4
+−N

NH4
+−N  is  another  crucial  indicator  of  compost  maturity  reflecting

nitrogen  transformation[2].  Under  aerobic  conditions,  the  nitrification
process  converts  highly  reduced  NH4

+ into  NO3
−[68].  A  decrease  in

NH4
+−N concentrations throughout composting indicated an increase

in  stability  and  maturity[69].  The  amendment  of  biochar  resulted  in  a
substantial reduction in NH4

+−N (−34.96%) (Fig. 1d). This outcome may
be attributed to biochar's capacity to enhance the pore structure and
aeration  of  the  compost  matrix,  thereby  promoting  the  growth  and
reproduction of nitrifying microorganisms while inhibiting denitrifying
microbial  activity[70].  The  overall  significance  analysis  (Supplementary
Fig. S4) showed that PV (p < 0.001), C/N (p < 0.05), and IMC (p < 0.05)
exerted  significant  influences  on  the  NH4

+−N  content  of  compost.
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Fig. 1  Impact of (1) biochar and (2) initial compost parameters on the internal maturity indicators of compost. (a) C/N ratio; (b) GI; (c) NO3
−−N; (d) NH4

+−N.
Note:  the  overall  impact  is  shown at  the bottom of  each panel.  The square  represents  the subgroup response value;  the  error  bars  represent  the 95%
confidence  interval;  and  the  vertical  gray  area  represents  the  95%  confidence  interval  for  the  overall  impact.  The  responses  are  displayed  vertically
according  to  the  various  categories  of  biochar  properties.  The  numbers  on  the  right  side  of  the  graph  represent  the  amount  of  data  observed  for
subgroups or overall dataset. (FT, feedstock type; PT, pyrolysis temperature; C/N, carbon to nitrogen; EC, electrical conductivity; SA, surface area; PV, pore
volume; AR, amendment rate; WT, waste type; IpH, initial pH; IC/N, initial carbon to nitrogen; IMC, initial moisture content; BAT, bulking agent type).
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Subsequent analysis revealed (Fig. 1d-1) that biochar with PV (< 0.02),
and  C/N  (100–200)  resulted  in  significant  reductions  of  NH4

+−N
content  of  compost  by  65.31%  and  57.14%,  respectively.  The  IMC
(55–60)  (Fig.  1d-2)  exerted  a  more  pronounced  influence  on  NH4

+−N
dynamics  during  composting,  leading  to  a  reduction  of  61.99%.  This
may be attributed to biochar with a moderate C/N ratio, which, when
applied  under  optimal  initial  composting  conditions,  creates  mildly
aerobic  microenvironments  due  to  its  relatively  low  porosity.  Such
conditions  may  favor  microbial  utilization  of  available  NH4

+−N  as  an
energy source.

When  evaluating  compost  maturity  utilizing  NH4
+−N  as  an  indi-

cator, the recommended biochar properties include C/N (100−200),
PV (< 0.02), and initial compost parameters with an IMC (55−60).

 Effect of biochar amendment on compost
external maturity indicators
The  incorporation  of  biochar,  alterations  in  temperature  or  pH  levels,
and  the  enhancement  of  local  anaerobic-aerobic  zones  within  com-
post  piles  can  influence  the  volatilization,  nitrification,  and  denitri-
fication  processes  associated  with  compost  gas  emissions[2].  These
factors  contribute  to  variations  in  the  release  of  greenhouse  gases
(including CO2, CH4, and N2O), and NH3 from composting systems.

 Maturity indicator of CO2
Organic  carbon in  compost  is  a  critical  energy  and carbon source  for
microorganisms,  facilitating  their  conversion  into  CO2 under  aerobic
conditions[71].  Previous  studies  have  reported  inconsistent  effects  of
biochar  on  CO2 emissions  during  the  composting  process.  For
instance,  one study demonstrated that the amendment of  biochar to
pig manure compost  resulted in  a  26.1% reduction in  CO2 emissions,
while another study reported an increase of 53.2%[72,73].  However, the
present  findings,  derived  from  the  forest  map,  indicate  that  the
inclusion  of  biochar  did  not  significantly  impact  compost  CO2

emissions  (Fig.  2a),  which  aligns  with  previous  research  that  has
documented  conflicting  results  regarding  the  influence  of  biochar
additives  on  CO2 emissions[72,73].  These  inconsistencies  may  be
attributed to the dual role of biochar in carbon mineralization. On one
hand,  improved  aeration  and  microbial  colonization  can  enhance
respiration, leading to increased CO2 emissions during the initial stage
of composing. On the other hand, biochar facilitates humification and
the formation of stable organic matter complexes, which helps reduce
overall CO2 emissions[74].

 Maturity indicator of CH4
The  emission  of  CH4 during  the  composting  process  is  regulated  by
both  its  production  via  methanogenic  bacteria  and  its  consumption
through  methane-oxidizing  bacteria[3].  The  incorporation  of  biochar
resulted  in  a  significant  reduction  (–51.31%)  in  CH4 emissions  during
composting  (Fig.  2b).  The  reduction  can  be  attributed  to  several
aspects,  including  the  modification  of  the  redox  potential  of  biochar,
enhanced  permeability,  inhibited  activity  of  methanogenic  bacteria,
and promoted methane oxidation, all  of which contribute to lower in
CH4 emissions[75].  In particular,  biochar improves porosity and oxygen
diffusion, which suppresses anaerobic conditions that favor methano-
genesis.  It  also  stimulates  the  activity  of  methanotrophic  microor-
ganisms, facilitating the oxidation of CH4 into CO2 and further reducing
net  CH4 release[74].  The  present  overall  significance  analysis
(Supplementary  Fig.  S4)  reveals  that  the  impact  of  AR  (p <  0.001)  of
biochar  and  WT  (p <  0.001)  of  initial  compost  have  a  statistically
significant impact on CH4. Moreover, based on the forest map analysis,
an amendment rate of biochar AR (> 12), and WT (SS) can significantly
reduce  compost  CH4 emissions  by  86.05%  and  79.24%,  respectively
(Fig. 2b). These optimal amendment rates are consistent with previous
findings[25].  Additionally,  composting  sludge  contains  more  stable

organic matter, inhibitory compounds, and better aeration, all of which
help further reduce CH4 emissions[76].

 Maturity indicator of N2O
The  emission  of  N2O  is  primarily  associated  with  the  process  of
nitrification  and  denitrification  in  composting[77].  The  amendment  of
biochar  resulted  in  a  significant  reduction  in  N2O  emission  of  the
compost, with a decrease of 43.49% (Fig. 2c). This phenomenon can be
attributed  to  three  potential  factors.  First,  the  presence  of  biochar
decreased  the  availability  of  inorganic  nitrogen  for  nitrifying  and
denitrifying  bacteria  by  capturing  NH4

+ and  NO3
−,  which  led  to  the

reduced  emissions  of  N2O[78].  Moreover,  biochar  enhances  oxygen
availability,  promoting  complete  nitrification  and  limiting  denitri-
fication  intermediates  responsible  for  N2O  production[74].  Second,
the  surface  of  biochar  has  the  capacity  to  adsorb  N2O  and  facilitate
its  conversion  back  to  N2 through  biological  or  non-biological
reactions[79].  During  the  composting  process,  the  amendment  of
biochar  decreased  the  abundance  of  nirS  and  nirK  genes,  which
encode enzymes responsible for N2O production, while simultaneously
increasing  the  abundance  of  AOB-amoA  and  nosZ  genes  that  are
associated with ammonia oxidation and N2O reduction, respectively[80].
Collectively, these microbial shifts contribute to the mitigation of N2O
emissions during composting.

Overall  significance  analysis  indicated  that  both  the  type  of
biochar FT (p < 0.01),  and the initial  WT (p < 0.001) of  the compost
exert  a  significant  influence  on  N2O  emission  (Supplementary  Fig.
S4).  Specifically,  FT  (Straw),  and  WT  (SS)  demonstrated  substantial
reductions  in  N2O  emissions  of  76.50%  and  84.66%,  respectively
(Fig.  2c).  These  findings  indicate  that  the  incorporation  of  straw-
based  biochar  into  sludge-based  compost  is  an  effective  strategy
for mitigating N2O emissions, consistent with previous research[25].

 Maturity indicator of NH3
The  volatilization  of  ammonia  is  a  major  pathway  for  nitrogen  loss
during  composting,  with  NH3 being  the  primary  nitrogen  compound
released in this  process.  Under anaerobic  conditions,  NH3 contributes
to  47%−54%  of  the  total  nitrogen  loss[81].  The  results  of  this  study
demonstrate that the amendment of biochar significantly reduced NH3

emissions by 47.59% (Fig. 2d). This reduction can be attributed to the
adsorption of NH3 and NH4

+ facilitated by the acidic functional groups
on  the  surface  of  biochar,  in  addition  to  the  enhancement  of  the
composting  environment  and  stimulation  of  nitrifying  bacteria
activity[16].  These  factors  facilitate  the  conversion  of  ammonia  into
nitrate,  effectively  enhancing  nitrogen  retention  within  the  compost
matrix[82].  Furthermore,  the  high  cation  exchange  capacity  of  biochar
aids in ammonium retention, thereby reducing NH3 volatilization[74].

Overall  significance  analysis  revealed  that  various  properties  of
biochar, including C/N (p < 0.001), SA (p < 0.001), pH (p < 0.001), PV
(p <  0.001),  and  AR  (p <  0.001),  have  a  significant  impact  on  NH3

emissions during composting (Supplementary Fig.  S4).  It  was note-
worthy  that  AR  (>  12),  SA  (<  100),  and  PV  (<  0.02)  resulted  in
substantial reductions in ammonia emissions, quantified at 72.60%,
69.19%,  and  82.88%,  respectively  (Fig.  2d-1).  This  substantial  effect
may  stem  from  the  addition  of  high-dose  biochar  with  a  relatively
low  specific  surface  area  and  pore  volume,  which  enhances  mois-
ture retention.  In a more humid environment,  NH3 is  more likely to
dissolve into NH4

+ rather than volatilize into the atmosphere.
Additionally,  the  results  indicated  that  biochar  with  PV  (>  0.02),

pH (> 9.3), SA (> 100), and C/N (> 200) also led to significant reduc-
tion in NH3 emissions from compost, with respective reduction rates
of 28.83%, 26.27%, 24.50%, and 23.72%. However, these reductions
did  not  reach  the  overall  effect  level,  highlighting  the  greater
efficacy  of  AR  (>  12),  SA  (<  100),  and  PV  (<  0.02)  in  mitigating  NH3

emissions.
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Fig. 2  Impact of (1) biochar, and (2) initial compost parameters on the external maturity indicators of compost. (a) CO2; (b) CH4; (c) N2O; (d) NH3. Note: the
overall impact is shown at the bottom of each panel. The square represents the subgroup response value; the error bars represent the 95% confidence
interval; and the vertical gray area represents the 95% confidence interval for the overall impact. The responses are displayed vertically according to the
various  categories  of  biochar  properties.  The numbers  on the  right  side  of  the  graph represent  the  amount  of  data  observed for  subgroups  or  overall
dataset.  (FT,  feedstock  type;  PT,  pyrolysis  temperature;  C/N,  carbon  to  nitrogen;  EC,  electrical  conductivity;  SA,  surface  area;  PV,  pore  volume;  AR,
amendment rate; WT, waste type; IpH, initial pH; IC/N, initial carbon to nitrogen; IMC, initial moisture content; BAT, bulking agent type).
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Moreover,  the  initial  parameters  of  the  compost,  including  WT
(p <  0.001),  IpH  (p <  0.001),  IC/N  (p <  0.01),  and  IMC  (p <  0.001)
exhibited  significantly  influence  on  NH3 emissions  (Supplementary
Fig.  S4).  Specifically,  conditions such as  IMC (< 55),  IC/N (< 20),  IpH
(<  7),  and  WT  (GW)  effectively  reduced  NH3 levels  in  the  compost,
albeit  with  a  mean  reduction  effect  below −23.58%, −32.25%,
−30.15%,  and −17.70%,  respectively  (Fig.  2d-2).  In  conclusion,  the
biochar  properties  of  SA  (<  100),  pH  (>  9.3),  AR  (>  12),  and  PV
(< 0.02) are recommended for the assessment of compost maturity
when utilizing NH3.

The  forest  map  analysis  (Fig.  3)  revealed  that  specific  biochar
properties,  including  FT  (Straw),  PT  (>  400),  C/N  (100−200),  PV
(< 0.02), SA (< 100), and AR (> 12), had a notable positive influence,
thus identified as  recommended indicators  for  enhancing compost
maturity.  Regarding  initial  compost  parameters,  ICN  (24−28),  WT
(SS),  and  IMC  (55−60)  were  associated  with  improved  compost
maturity.

 The importance ranking of key properties
affecting the compost maturity based on SEMs
By  conducting  Pearson  correlation  analysis,  significance  analyses  was
obtained  (Supplementary  Fig.  S5)  to  assess  the  relationships  among
indicators  of  compost  maturity.  The  C/N  ratio  exhibited  a  significant
correlation with GI,  NH4

+−N,  CO2,  CH4,  N2O, and NH3.  Simultaneously,
GI demonstrated a highly significant positive association with NO3

−−N
and  CO2,  CH4,  N2O,  and  NH3.  Notably,  NH4

+−N  displayed  substantial
correlation with NO3

−−N, CO2, CH4, and N2O emissions throughout the
composting  process.  A  significant  correlation  was  also  identified
among the four external maturity indicators. The statistically significant
linear correlations between GI and C/N; NH4

+−N and NO3
−−N; CO2 and

CH4;  as  well  as  N2O  and  NH3 suggest  that  the  potential  utilization  of
significance  analysis  outcomes  among  indicators  as  a  foundation  for
combining indicators in constructing SEMs.

Subsequently,  SEMs  were  constructed  to  rank  the  above-identi-
fied  key  properties  based  on  the  significant  relationships  among
compost  maturity  indicators  (as  shown  in Fig.  4).  The  result  indi-
cated that the PV of biochar exerted a direct and significant positive
influence  on  the  C/N  ratio  (λ =  0.432, p <  0.001)  (Fig.  4a),  NH4

+−N
levels  (λ =  0.926, p <  0.05)  (Fig.  4b),  and  NH3 levels  (λ =  0.420, p <
0.05)  (Fig.  4d)  in  the compost.  Conversely,  it  exerted notable nega-
tive  effects  on  NO3

−−N  levels  (λ = −0.935, p <  0.05)  (Fig.  4b),  CO2

emissions  (λ = −0.935, p <  0.001)  (Fig.  4c),  and  CH4 emissions  (λ =
−0.789, p <  0.001)  (Fig.  4c).  Other  properties  of  biochar,  namely  PT
and  SA,  exhibited  a  direct  and  significant  impact  on  both  the  C/N
ratio (λ = −0.264, p < 0.001) and NO3

−−N (λ = 0.959, p < 0.001) levels
in  the  compost.  Moreover,  SA  indirectly  influenced  NH4

+−N  levels
through  its  effect  on  PV  levels  (Fig.  4b).  FT  of  biochar  had  a  direct
and  statistically  significant  effect  on  the  compost  C/N  ratio  (λ =
−0.264, p <  0.001)  and  N2O  levels  (λ = −0.288, p <  0.05).  AR  of
biochar  significantly  negatively  influenced  CH4 (λ = −0.610, p <
0.001)  and  NH3 (λ = −0.326, p <  0.001),  and  also  exerted  indirect
effect  on  CO2 emissions  via  CH4,  as  well  as  on  N2O  levels  through
NH3 (Fig.  4c and d).  IMC  showed  a  significant  direct  effect  on
NO3

−−N (λ = −0.168, p <  0.05)  (Fig.  4b).  WT had a  significant  direct
impact on NH4

+−N (λ = −0.411, p < 0.05), NH3 (λ = −0.324, p < 0.05),
CH4 (λ = 0.534, p < 0.05), and CO2 (λ = 0.844, p < 0.001). WT and also
exerted indirect effects on NO3

−−N and N2O levels through its influ-
ence on NH4

+−N and NH3,  respectively (Fig.  4b–d).  The C/N ratio of
biochar  demonstrated  a  significant  direct  effect  on  NO3

−−N  (λ =
0.382, p < 0.01).

Furthermore, the standardized total effects (the sum of the direct
and  indirect  effects  of  standardization)  of  PV  were  calculated  to
determine  the  percentage  of  its  influence  on  the  maturity  indica-
tors  (Fig.  4e).  The  results  confirmed  that  the  influence  of  various
indicators  of  biochar  PV  was  notably  strong.  To  gauge  the  overall
impact of PV on compost maturity indicators, the impact frequency
was calculated (i.e.,  number of  impact indicators/number of  overall
indicators) during modeling. Then, the impact percentage of PV was
derived  by  multiplying  the  cumulative  absolute  standardized  total
effects on various maturity indicators by its frequency of occurrence
across eight maturity indicators. Similarly, the impact percentages of
other  influencing properties  on the maturity  indicators  were calcu-
lated  and  compared  using  the  same  method.  Finally,  the  impor-
tance  of  the  key  properties  was  ranked  (Fig.  4f).  This  ranking  was
established by evaluating the integrated impact of each key quality
attribute  on  the  eight  maturity  indicators,  thereby  quantifying  the
contribution of each property. The results revealed that the biochar
property  PV  exerted  the  most  significant  influence  on  compost
maturity, followed by FT, AR, and IMC, WT, IC/N, C/N, IpH, PT, and SA.

The  results  indicated  that  among  the  key  properties  of  biochar
(e.g., PV, FT, AR) are the principal factors influencing compost matu-
rity.  Their  impact  is  more  significant  than  that  of  initial  compost
parameters (e.g., IMC, WT, IC/N). The SEM results, combined with the
comprehensive analysis from forest plots, clearly demonstrated that
high  biochar  addition  rates  (>  12%)  of  porous  straw−derived  bio-
char  significantly  enhanced  composting  efficiency  under  optimal
conditions  (initial  moisture  content:  55%−60%;  initial  C/N:  24−28).
This  finding  not  only  substantiates  the  crucial  regulatory  role  of
biochar  addition  in  accelerating  the  composting  process  but  also
underscores its functional advantages and practical value within the
composting  system.  The  characteristic  ranking  system  developed
through  SEMs  clarify  the  key  mechanisms  by  which  biochar  influ-
ences compost maturity and provides a solid theoretical foundation
for  optimizing  biochar  application  strategies  in  practical  compost
production.  This  importance  ranking  can  significantly  enhance  the
efficiency of biochar utilization, consequently promoting the overall
effectiveness and controllability of the composting process.

 

Fig.  3  Recommended  properties  of  biochar  and  initial  compost  by
considering the impact of seven compost maturity indicators based on
forest  map  analysis.  Note:  CO2 is  not  included  in  this  figure  because  it
did not show statistical significance in the meta-analysis forest plots. FT,
feedstock type; PT, pyrolysis temperature; C/N, carbon to nitrogen ratio;
EC,  electrical  conductivity;  SA,  surface  area;  PV,  pore  volume;  AR,
amendment rate;  WT,  waste type;  IpH,  initial  pH;  IC/N,  initial  carbon to
nitrogen ratio; IMC, initial moisture content; BAT, bulking agent type.
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Fig.  4  Ranking  of  the  key  properties  based  on  SEMs.  (a)–(d)  Establishment  of  SEMs  integrating  two  maturity  indicators.  Note:  the  black  and  red  solid
arrows indicate significant positive and negative correlations, respectively; the dotted arrow indicates non-significant correlations; and the number next
to the arrow is  the normalized path coefficient  (λ).  Significance levels  are:  * p <  0.05,  ** p <  0.01,  *** p <  0.001.  (e)  Relative contribution of  key impact
properties  to  the  eight  individual  indicators  of  compost  maturity  based  on  total  standardized  effects.  (f)  Ranking  of  key  properties  based  on  their
percentage contributions to all eight compost maturity indicators, considering both direct and indirect effects.
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 Conclusions

This study employed a comprehensive meta-analysis to systematically
evaluate  the  influence  of  biochar  properties  and  initial  compost
parameters on compost maturity. The results demonstrate that biochar
addition not only significantly accelerates the maturation process but
also  effectively  reduces  gas  emissions.  Specifically,  biochar  increased
the GI by 25.57% and NO3

−−N by 32.54%, while reducing the C/N ratio
by  5.44%  and  NH4

+−N  by  34.96%.  Additionally,  CH4,  N2O,  and  NH3

emissions were reduced by 51.31%, 43.49%, and 47.59%, respectively.
Among  biochar  properties,  optimal  ranges  were  identified  for  FT
(straw),  PT  (>  400  °C),  C/N  (100−200),  PV  (<  0.02  cm3/g),  SA  (<  100
m2/g),  and AR (>  12%).  Key  initial  compost  parameters  included IC/N
(24−28),  waste  type  (sewage  sludge),  and  IMC  (55%–60%).  SEMs
further  revealed  that  pore  volume,  feedstock  type,  and  amendment
rate  exerted  the  strongest  influence  on  compost  maturity.  These
results  provide  practical  guidelines  for  optimizing  both  biochar
selection  and  composting  conditions.  Future  studies  should  incor-
porate  additional  maturity  indicators,  such  as  HA/FA  and  dissolved
organic  carbon (DOC).  More  attention is  also  needed on variations  in
composting conditions, including scale, aeration, and turning, as these
may contribute to variability in results. Efforts to enhance data quality
and  broaden  the  evidence  base  are  required  for  more  robust
meta-analytic  conclusions.  Overall,  this  research  contributes  to  the
advancement  of  waste  management  strategies  by  improving
efficiency,  enhancing compost  quality,  and promoting environmental
sustainability.

 Supplementary information
It  accompanies  this  paper  at: https://doi.org/10.48130/bchax-0025-
0005.

 Author contributions
All  authors  contributed  to  the  study  conception  and  design.  The
writing,  editing and review were carried out by Jianmei Zou.  Material
preparation,  data  collection,  and  analysis  were  performed  by  Yihao
Hua,  Yushu  Cheng,  Shengui  Tang,  and  Fanrui  Chen.  The  first  draft  of
the manuscript was written by Jianmei Zou and Yihao Hua all authors
commented  on  previous  versions  of  the  manuscript.  The  results  and
final  version  of  the  manuscript  were  reviewed  by  Jinsong  He,  Mei
Huang, Li Zhao, and Fei Shen.

 Data availability
The  datasets  used  or  analyzed  during  the  current  study  are  available
from the corresponding author upon reasonable request.

 Funding
The  authors  acknowledge  funding  provided  by  the  National  Key

Research  and  Development  Program  of  China - Key  Technologies
and  Equipment  for  Collaborative  Emission  Reduction  of  Ammonia/
Greenhouse  Gases  and  New  Pollutants  (Grant  No.
2023YFD1701600).

 Declarations

 Competing interests
The authors declare that they have no conflict of interest.

Author details
1College  of  Environmental  Sciences,  Sichuan  Agricultural  University,
Chengdu,  Sichuan  611130,  China; 2Sichuan  Provincial  Engineering
Research  Center  of  Agricultural  Non-point  Source  Pollution  Control,
Sichuan  Agricultural  University,  Chengdu,  Sichuan  611130,  China;
3Department  of  Civil  and  Environmental  Engineering,  Case  Western
Reserve  University,  Cleveland,  Ohio  44106,  United  States; 4Beijing
Forestry  University,  Beijing  100083,  China; 5Technical  Centre  for  Soil,
Agriculture  and  Rural  Ecology  and  Environment,  Ministry  of  Ecology
and Environment, Beijing 100012, China

References 

 Li S, Sun K, Latif A, Si Y, Gao Y, et al. 2022. Insights into the applications
of  extracellular  laccase-aided  humification  in  livestock  manure
composting. Environmental Science & Technology 56:7412−7425

[1]

 Cao  Y,  Wang  X,  Bai  Z,  Chadwick  D,  Misselbrook  T,  et  al. 2019. Mitiga-
tion  of  ammonia,  nitrous  oxide  and  methane  emissions  during  solid
waste composting with different additives: A meta-analysis. Journal of
Cleaner Production 235:626−635

[2]

 Cui H, Ou Y, Wang L, Yan B, Li Y, et al. 2021. Critical passivation mecha-
nisms  on  heavy  metals  during  aerobic  composting  with  different
grain-size zeolite. Journal of Hazardous materials 406:124313

[3]

 Awasthi  MK,  Wang  M,  Chen  H,  Wang  Q,  Zhao  J,  et  al. 2017. Hetero-
geneity  of  biochar  amendment  to  improve  the  carbon  and  nitrogen
sequestration through reduce the greenhouse gases emissions during
sewage sludge composting. Bioresource Technology 224:428−438

[4]

 Zhu  L,  Yang  H,  Zhao  Y,  Kang  K,  Liu  Y,  et  al. 2019. Biochar  combined
with  montmorillonite  amendments  increase  bioavailable  organic
nitrogen  and  reduce  nitrogen  loss  during  composting. Bioresource
Technology 294:122224

[5]

 Kumar Awasthi M, Wang M, Pandey A, Chen H, Kumar Awasthi S, et al.
2017. Heterogeneity of zeolite combined with biochar properties as a
function  of  sewage  sludge  composting  and  production  of  nutrient-
rich compost. Waste Management 68:760−773

[6]

 Qu  J,  Zhang  L,  Zhang  X,  Gao  L,  Tian  Y. 2020. Biochar  combined  with
gypsum reduces  both  nitrogen and carbon losses  during agricultural
waste  composting  and  enhances  overall  compost  quality  by  regulat-
ing  microbial  activities  and  functions. Bioresource  Technology
314:123781

[7]

 Qi H, Wei Z, Zhang J, Zhao Y, Wu J, et al. 2019. Effect of MnO2 on biotic
and  abiotic  pathways  of  humic-like  substance  formation  during
composting of different raw materials. Waste Management 87:326−334

[8]

 Zou  J,  Huang  J,  Yue  D,  Zhang  H. 2020. Roles  of  oxygen  and  Mn  (IV)
oxide in abiotic formation of humic substances by oxidative polymer-
ization  of  polyphenol  and  amino  acid. Chemical  Engineering  Journal
393:124734

[9]

 Yang Y, Awasthi MK, Bao H, Bie J, Lei S, et al. 2020. Exploring the micro-
bial mechanisms of organic matter transformation during pig manure
composting amended with bean dregs and biochar. Bioresource Tech-
nology 313:123647

[10]

 Chen  YX,  Huang  XD,  Han  ZY,  Huang  X,  Hu  B,  et  al. 2010. Effects  of
bamboo charcoal and bamboo vinegar on nitrogen conservation and
heavy  metals  immobility  during  pig  manure  composting. Chemo-
sphere 78:1177−1181

[11]

 Ma S,  Shen Y,  Ding J,  Cheng H,  Zhou H,  et  al. 2024. Effects of  biochar
and volcanic rock addition on humification and microbial community
during  aerobic  composting  of  cow  manure. Bioresource  Technology
391:129973

[12]

 Sanchez-Monedero MA, Cayuela ML, Roig A, Jindo K, Mondini C, et al.
2018. Role  of  biochar  as  an  additive  in  organic  waste  composting.
Bioresource Technology 247:1155−1164

[13]

 Jiang Z, Zheng H, Xing B. 2021. Environmental life cycle assessment of
wheat  production  using  chemical  fertilizer,  manure  compost,  and
biochar-amended  manure  compost  strategies. Science  of  the  Total
Environment 760:143342

[14]

 Liang  J,  Yang  Z,  Tang  L,  Zeng  G,  Yu  M,  et  al. 2017. Changes  in  heavy
metal mobility and availability from contaminated wetland soil  reme-
diated with combined biochar-compost. Chemosphere 181:281−288

[15]

Assessing biochar in compost: a meta-analysis

Biochar X  |  Volume 1  |  2025  |  e005 page 11 of 13

https://doi.org/10.48130/bchax-0025-0005
https://doi.org/10.48130/bchax-0025-0005
https://doi.org/10.48130/bchax-0025-0005
https://doi.org/10.48130/bchax-0025-0005
https://doi.org/10.48130/bchax-0025-0005
https://doi.org/10.1021/acs.est.1c08042
https://doi.org/10.1016/j.jclepro.2019.06.288
https://doi.org/10.1016/j.jclepro.2019.06.288
https://doi.org/10.1016/j.jhazmat.2020.124313
https://doi.org/10.1016/j.biortech.2016.11.014
https://doi.org/10.1016/j.biortech.2019.122224
https://doi.org/10.1016/j.biortech.2019.122224
https://doi.org/10.1016/j.wasman.2017.06.008
https://doi.org/10.1016/j.biortech.2020.123781
https://doi.org/10.1016/j.wasman.2019.02.022
https://doi.org/10.1016/j.cej.2020.124734
https://doi.org/10.1016/j.biortech.2020.123647
https://doi.org/10.1016/j.biortech.2020.123647
https://doi.org/10.1016/j.biortech.2020.123647
https://doi.org/10.1016/j.chemosphere.2009.12.02
https://doi.org/10.1016/j.chemosphere.2009.12.02
https://doi.org/10.1016/j.biortech.2023.129973
https://doi.org/10.1016/j.biortech.2017.09.193
https://doi.org/10.1016/j.scitotenv.2020.143342
https://doi.org/10.1016/j.scitotenv.2020.143342
https://doi.org/10.1016/j.chemosphere.2017.04.081


 Godlewska  P,  Schmidt  HP,  Ok  YS,  Oleszczuk  P. 2017. Biochar  for
composting  improvement  and  contaminants  reduction. A  review.
Bioresource Technology 246:193−202

[16]

 Nguyen  MK,  Lin  C,  Hung  NTQ,  Nguyen  HL,  Hoang  HG,  et  al.  2025.
Biochar  and  engineering  applications  in  remediation  of  heavy  metal
pollutants  from  wastewater  toward  sustainable  development.  In Low
Cost Water and Wastewater Treatment Systems: Conventional and Recent
Advances,  ed. Bui XT, Pandey A, Nguyen TT, Pan SY. Amsterdam: Else-
vier. pp. 195-233 doi: 10.1016/b978-0-443-23662-4.00016-0

[17]

 Liu  S,  Kong  F,  Li  Y,  Jiang  Z,  Xi  M,  et  al. 2020. Mineral-ions  modified
biochars  enhance  the  stability  of  soil  aggregate  and  soil  carbon
sequestration in a coastal wetland soil. CATENA 193:104618

[18]

 Khan MB, Cui X, Jilani G, Tang L, Lu M, et al. 2020. New insight into the
impact  of  biochar  during  vermi-stabilization  of  divergent  biowastes:
Literature synthesis and research pursuits. Chemosphere 238:124679

[19]

 Zhou  Y,  Zhao  H,  Lu  Z,  Ren  X,  Zhang  Z,  Wang  Q. 2023. Synergistic
effects  of  biochar  derived  from  different  sources  on  greenhouse  gas
emissions  and  microplastics  mitigation  during  sewage  sludge
composting. Bioresource Technology 387:129556

[20]

 Li R, Wang Q, Zhang Z, Zhang G, Li Z, et al. 2015. Nutrient transforma-
tion during aerobic composting of pig manure with biochar prepared
at different temperatures. Environmental Technology 36:815−826

[21]

 Tong Z, Liu F, Sun B, Tian Y, Zhang J, et al. 2023. Effect of biochars with
different particle sizes on fates of antibiotics and antibiotic resistance
genes  during  composting  of  swine  manure. Bioresource  Technology
370:128542

[22]

 Mandal S,  Donner E,  Vasileiadis S,  Skinner W, Smith E,  et al. 2018. The
effect of biochar feedstock, pyrolysis temperature, and application rate
on  the  reduction  of  ammonia  volatilisation  from  biochar-amended
soil. Science of the Total Environment 627:942−950

[23]

 Zhang Z,  Liu  D,  Qiao Y,  Li  S,  Chen Y,  et  al. 2021. Mitigation of  carbon
and nitrogen losses  during pig  manure  composting:  A  meta-analysis.
Science of the Total Environment 783:147103

[24]

 Zhou S, Kong F, Lu L, Wang P, Jiang Z. 2022. Biochar-An effective addi-
tive  for  improving quality  and reducing ecological  risk  of  compost:  A
global meta-analysis. Science of the Total Environment 806:151439

[25]

 Vaccarelli I, Colado R, Pallarés S, Galassi DMP, Sánchez Fernández D, et
al. 2023. A global meta-analysis reveals multilevel and context-depen-
dent effects of climate change on subterranean ecosystems. One Earth
6:1510−1522

[26]

 Swart  R,  Levers  C,  Davis  JTM,  Verburg PH. 2023. Meta-analyses  reveal
the importance of socio-psychological factors for farmers' adoption of
sustainable agricultural practices. One Earth 6:1771−1783

[27]

 Bai  SH,  Omidvar  N,  Gallart  M,  Kämper  W,  Tahmasbian  I,  et  al. 2022.
Combined  effects  of  biochar  and  fertilizer  applications  on  yield:  a
review and meta-analysis. Science of the Total Environment 808:152073

[28]

 Huet J, Druilhe C, Trémier A, Benoist JC, Debenest G. 2012. The impact
of  compaction,  moisture  content,  particle  size  and  type  of  bulking
agent  on  initial  physical  properties  of  sludge-bulking  agent  mixtures
before composting. Bioresource Technology 114:428−436

[29]

 Wan J, Wang X, Yang T, Wei Z, Banerjee S, et al. 2021. Livestock manure
type  affects  microbial  community  composition  and  assembly  during
composting. Frontiers in Microbiology 12:621126

[30]

 Khan  N,  Clark  I,  Sánchez-Monedero  MA,  Shea  S,  Meier  S,  et  al. 2014.
Maturity  indices  in  co-composting  of  chicken  manure  and  sawdust
with biochar. Bioresource Technology 168:245−251

[31]

 Abdelli  LS,  Samsam  A,  Naser  SA. 2019. Propionic  acid  induces  gliosis
and neuro-inflammation through modulation of PTEN/AKT pathway in
autism spectrum disorder. Scientific Reports 9:8824

[32]

 Kelley K, Preacher KJ. 2012. On effect size. Psychol Methods 17:137−152[33]
 Nguyen TTN,  Xu CY,  Tahmasbian I,  Che R,  Xu Z,  et  al. 2017. Effects  of
biochar on soil available inorganic nitrogen: A review and meta-analy-
sis. Geoderma 288:79−96

[34]

 Das S, Chatterjee S, Rajbanshi J. 2022. Responses of soil organic carbon
to conservation practices including climate-smart agriculture in tropi-
cal  and subtropical  regions:  A meta-analysis. Science  of  the  Total  Envi-
ronment 805:150428

[35]

 Duan Z, Chen C, Ni C, Xiong J, Wang Z, et al. 2023. How different is the
remediation  effect  of  biochar  for  cadmium  contaminated  soil  in  vari-
ous  cropping  systems?  A  global  meta-analysis. Journal  of  Hazardous
Materials 448:130939

[36]

 Yu  L,  Liu  W,  Wang  X,  Ye  Z,  Tan  Q,  et  al. 2022. A  review  of  practical
statistical  methods  used  in  epidemiological  studies  to  estimate  the
health  effects  of  multi-pollutant  mixture. Environmental  Pollution
306:119356

[37]

 Chen D, Liu X, Bian R, Cheng K, Zhang X, et al. 2018. Effects of biochar
on availability and plant uptake of heavy metals-A meta-analysis. Jour-
nal of Environmental Management 222:76−85

[38]

 Gurevitch  J,  Koricheva  J,  Nakagawa  S,  Stewart  G. 2018. Meta-analysis
and the science of research synthesis. Nature 555:175−182

[39]

 Zhao  S,  Schmidt  S,  Qin  W,  Li  J,  Li  G,  et  al. 2020. Towards  the  circular
nitrogen  economy-A  global  meta-analysis  of  composting  technolo-
gies  reveals  much  potential  for  mitigating  nitrogen  losses. Science  of
the Total Environment 704:135401

[40]

 Yue  K,  Peng  Y,  Peng  C,  Yang  W,  Peng  X,  et  al. 2016. Stimulation  of
terrestrial  ecosystem  carbon  storage  by  nitrogen  addition:  a  meta-
analysis. Scientific Reports 6:19895

[41]

 Zhu  H,  He  JL,  Wu  YM,  Tong  L,  Zhang  W,  et  al. 2024. Assessment  of
global antibiotic exposure risk for crops: incorporating soil adsorption
via  machine  learning. Environmental  Science  &  Technology
58:13327−13336

[42]

 Yang K, Zhu L, Zhao Y, Wei Z, Chen X, et al. 2019. A novel method for
removing heavy metals from composting system: The combination of
functional  bacteria  and  adsorbent  materials. Bioresource  Technology
293:122095

[43]

 Habes  M,  Elareshi  M,  Mansoori  A,  Pasha  S,  Salloum  SA,  et  al. 2023.
Factors  Indicating  Media  Dependency  and  Online  Misinformation
Sharing in Jordan. Sustainability 15:1474

[44]

 Ahmad  M,  Rajapaksha  AU,  Lim  JE,  Zhang  M,  Bolan  N,  et  al. 2014.
Biochar as a sorbent for contaminant management in soil and water: a
review. Chemosphere 99:19−33

[45]

 Huang  GF,  Wong  JWC,  Wu  QT,  Nagar  BB. 2004. Effect  of  C/N  on
composting  of  pig  manure  with  sawdust. Waste  Management
24:805−813

[46]

 Wang L, Li Y, Prasher SO, Yan B, Ou Y, et al. 2019. Organic matter, a crit-
ical  factor  to  immobilize  phosphorus,  copper,  and  zinc  during
composting  under  various  initial  C/N  ratios. Bioresource  Technology
289:121745

[47]

 Manga M, Evans BE, Ngasala TM, Camargo-Valero MA. 2022. Recycling
of  faecal  sludge:  nitrogen,  carbon and organic  matter  transformation
during co-composting of  faecal  sludge with  different  bulking agents.
International  Journal  of  Environmental  Research  and  Public  Health
19:10592

[48]

 Ge M, Shen Y, Ding J, Meng H, Zhou H, et al. 2022. New insight into the
impact  of  moisture  content  and  pH  on  dissolved  organic  matter  and
microbial  dynamics  during  cattle  manure  composting. Bioresource
Technology 344:126236

[49]

 Wang  WK,  Liang  CM. 2021. Enhancing  the  compost  maturation  of
swine manure and rice  straw by applying bioaugmentation. Scientific
Reports 11:6103

[50]

 Ji Z, Zhang L, Liu Y, Li X, Li Z. 2023. Evaluation of composting parame-
ters,  technologies and maturity indexes for aerobic manure compost-
ing: a meta-analysis. Science of The Total Environment 886:163929

[51]

 Sánchez  García  M,  Alburquerque  JA,  Sánchez  Monedero  MA,  Roig  A,
Cayuela ML. 2015. Biochar accelerates organic matter degradation and
enhances  N  mineralisation  during  composting  of  poultry  manure
without  a  relevant  impact  on  gas  emissions. Bioresource  Technology
192:272−279

[52]

 He X,  Yin  H,  Sun X,  Han L,  Huang G. 2018. Effect  of  different  particle-
size  biochar  on  methane  emissions  during  pig  manure/wheat  straw
aerobic composting: Insights into pore characterization and microbial
mechanisms. Bioresource Technology 268:633−637

[53]

 Zhan Y, Wei Y, Zhang Z, Zhang Ak, Li Y, et al. 2021. Effects of different
C/N ratios on the maturity and microbial quantity of composting with
sesame meal and rice straw biochar. Biochar 3:557−564

[54]

 Leng L, Xu S, Liu R, Yu T, Zhuo X, et al. 2020. Nitrogen containing func-
tional  groups  of  biochar:  an  overview. Bioresource  Technology
298:122286

[55]

 Wang Y, Hu Y, Zhao X, Wang S, Xing G. 2013. Comparisons of biochar
properties from wood material and crop residues at different tempera-
tures and residence times. Energy & Fuels 27:5890−5899

[56]

Assessing biochar in compost: a meta-analysis

page 12 of 13 Biochar X  |  Volume 1  |  2025  |  e005

https://doi.org/10.1016/j.biortech.2017.07.095
https://doi.org/10.1016/j.biortech.2017.07.095
https://doi.org/10.1016/b978-0-443-23662-4.00016-0
https://doi.org/10.1016/b978-0-443-23662-4.00016-0
https://doi.org/10.1016/b978-0-443-23662-4.00016-0
https://doi.org/10.1016/b978-0-443-23662-4.00016-0
https://doi.org/10.1016/b978-0-443-23662-4.00016-0
https://doi.org/10.1016/b978-0-443-23662-4.00016-0
https://doi.org/10.1016/b978-0-443-23662-4.00016-0
https://doi.org/10.1016/b978-0-443-23662-4.00016-0
https://doi.org/10.1016/b978-0-443-23662-4.00016-0
https://doi.org/10.1016/b978-0-443-23662-4.00016-0
https://doi.org/10.1016/b978-0-443-23662-4.00016-0
https://doi.org/10.1016/j.catena.2020.104618
https://doi.org/10.1016/j.chemosphere.2019.12467
https://doi.org/10.1016/j.biortech.2023.129556
https://doi.org/10.1080/09593330.2014.963692
https://doi.org/10.1016/j.biortech.2022.128542
https://doi.org/10.1016/j.scitotenv.2018.01.312
https://doi.org/10.1016/j.scitotenv.2021.147103
https://doi.org/10.1016/j.scitotenv.2021.151439
https://doi.org/10.1016/j.oneear.2023.09.001
https://doi.org/10.1016/j.oneear.2023.10.028
https://doi.org/10.1016/j.scitotenv.2021.152073
https://doi.org/10.1016/j.biortech.2012.03.031
https://doi.org/10.3389/fmicb.2021.621126
https://doi.org/10.1016/j.biortech.2014.02.123
https://doi.org/10.1038/s41598-019-45348-z
https://doi.org/10.1037/a0028086
https://doi.org/10.1016/j.geoderma.2016.11.004
https://doi.org/10.1016/j.scitotenv.2021.150428
https://doi.org/10.1016/j.scitotenv.2021.150428
https://doi.org/10.1016/j.scitotenv.2021.150428
https://doi.org/10.1016/j.jhazmat.2023.130939
https://doi.org/10.1016/j.jhazmat.2023.130939
https://doi.org/10.1016/j.envpol.2022.119356
https://doi.org/10.1016/j.jenvman.2018.05.004
https://doi.org/10.1016/j.jenvman.2018.05.004
https://doi.org/10.1038/nature25753
https://doi.org/10.1016/j.scitotenv.2019.135401
https://doi.org/10.1016/j.scitotenv.2019.135401
https://doi.org/10.1038/srep19895
https://doi.org/10.1021/acs.est.4c03695
https://doi.org/10.1016/j.biortech.2019.122095
https://doi.org/10.3390/su15021474
https://doi.org/10.1016/j.chemosphere.2013.10.071
https://doi.org/10.1016/j.wasman.2004.03.011
https://doi.org/10.1016/j.biortech.2019.121745
https://doi.org/10.3390/ijerph191710592
https://doi.org/10.1016/j.biortech.2021.126236
https://doi.org/10.1016/j.biortech.2021.126236
https://doi.org/10.1038/s41598-021-85615-6
https://doi.org/10.1038/s41598-021-85615-6
https://doi.org/10.1016/j.scitotenv.2023.163929
https://doi.org/10.1016/j.biortech.2015.05.003
https://doi.org/10.1016/j.biortech.2018.08.047
https://doi.org/10.1007/s42773-021-00110-5
https://doi.org/10.1016/j.biortech.2019.122286
https://doi.org/10.1021/ef400972z


 Zhang  Z,  Yang  H,  Wang  B,  Chen  C,  Zou  X,  et  al. 2023. Aerobic  co-
composting  of  mature  compost  with  cattle  manure:  organic  matter
conversion  and  microbial  community  characterization. Bioresource
Technology 382:129187

[57]

 Li  MX,  He  XS,  Tang  J,  Li  X,  Zhao  R,  et  al. 2021. Influence  of  moisture
content  on  chicken  manure  stabilization  during  microbial  agent-
enhanced composting. Chemosphere 264:128549

[58]

 Zhan  Y,  Zhang  Z,  Ma  T,  Zhang  X,  Wang  R,  et  al. 2021. Phosphorus
excess  changes  rock  phosphate  solubilization  level  and  bacterial
community  mediating  phosphorus  fractions  mobilization  during
composting. Bioresource Technology 337:125433

[59]

 Li  D,  Su  P,  Tang  M,  Zhang  G. 2023. Biochar  alters  the  persistence  of
PAHs  in  soils  by  affecting  soil  physicochemical  properties  and  micro-
bial  diversity:  a  meta-analysis. Ecotoxicology  and  Environmental  Safety
266:115589

[60]

 Manka'abusi D, Häring V, Steiner C, Heinze S, Abubakari AH, et al. 2025.
Biochar effects on carbon and nitrogen dynamics during co-compost-
ing  of  poultry  manure  with  carbonized  and  uncarbonized  organic
materials  in  Sub-Saharan  Africa. Journal  of  Plant  Nutrition  and  Soil
Science 188:251−264

[61]

 Chen P, Shen G, Liang J. 2022. Dissipation and risk assessment of poly-
cyclic  aromatic  hydrocarbons  in  industrial-scale  biochar  composting.
Journal of Soils and Sediments 22:1976−1986

[62]

 Du S, Ding S, Wen X, Yu M, Zou X, et al. 2024. Investigating inhibiting
factors  affecting  seed  germination  index  in  kitchen  waste  compost
products: Soluble carbon, nitrogen, and salt insights. Bioresource Tech-
nology 406:130995

[63]

 Zhou JM. 2017. The Effect  of  Different C/N Ratios on the Composting
of  Pig  Manure  and  Edible  Fungus  Residue  with  Rice  Bran. Compost
Science & Utilization 25:120−129

[64]

 Cao Y,  Wang X,  Liu L,  Velthof GL,  Misselbrook T,  et  al. 2020. Acidifica-
tion  of  manure  reduces  gaseous  emissions  and  nutrient  losses  from
subsequent  composting  process. Journal  of  Environmental  Manage-
ment 264:110454

[65]

 Xu Z, Liang W, Zhang X, Yang X, Zhou S, et al. 2023. Effects of magne-
site  on  nitrogen  conversion  and  bacterial  community  during  pig
manure composting. Bioresource Technology 384:129325

[66]

 Li  Y,  Su  Y,  Hu  B,  Ma  C. 2022. Insight  into  effects  of  initial  moisture
content  on  the  heat-up  of  sewage  sludge  composting  during
mesophilic  phase. Nature  Environment  and  Pollution  Technology
21:377−383

[67]

 Shi M, Zhao Y, Zhu L, Song X, Tang Y, et al. 2020. Denitrification during
composting:  Biochemistry,  implication  and  perspective. International
Biodeterioration & Biodegradation 153:105043

[68]

 He H, Zhen Y, Mi T,  Fu L,  Yu Z. 2018. Ammonia-oxidizing archaea and
bacteria  differentially  contribute  to  ammonia  oxidation  in  sediments
from  adjacent  waters  of  Rushan  Bay,  China. Frontiers  in  Microbiology
9:116

[69]

 Cáceres R,  Malińska K,  Marfà O. 2018. Nitrification within composting:
A review. Waste Management 72:119−137

[70]

 Awasthi  MK,  Wang  Q,  Ren  X,  Zhao  J,  Huang  H,  et  al. 2016. Role  of
biochar  amendment  in  mitigation  of  nitrogen  loss  and  greenhouse
gas emission during sewage sludge composting. Bioresource  Technol-
ogy 219:270−280

[71]

 Wang  Q,  Awasthi  MK,  Ren  X,  Zhao  J,  Li  R,  et  al. 2018. Combining
biochar, zeolite and wood vinegar for composting of pig manure: The
effect  on greenhouse gas emission and nitrogen conservation. Waste
Management 74:221−230

[72]

 Mao H,  Lv  Z,  Sun H,  Li  R,  Zhai  B,  et  al. 2018. Improvement  of  biochar
and  bacterial  powder  addition  on  gaseous  emission  and  bacterial
community  in  pig  manure  compost. Bioresource  Technology
258:195−202

[73]

 Tran HT, Binh QA, Tung TV, Pham DT, Hoang HG, et al. 2024. A critical
review on characterization, human health risk assessment and mitiga-
tion of malodorous gaseous emission during the composting process.
Environmental Pollution 351:124115

[74]

 Sonoki T, Furukawa T, Jindo K, Suto K, Aoyama M, et al. 2013. Influence
of  biochar  addition  on  methane  metabolism  during  thermophilic
phase of composting. Journal of Basic Microbiology 53:617−621

[75]

 Zhang  X,  Kong  Y,  Yang  Y,  Liu  Y,  Gao  Q,  et  al. 2025. Using  tree-based
machine learning models to predict diverse compost maturity via one-
hot encoding: Model deployment, experimental validation, and practi-
cal application. Waste Management 205:114981

[76]

 Sánchez-Monedero  MA,  Serramiá  N,  Civantos  CG,  Fernández-
Hernández  A,  Roig  A. 2010. Greenhouse  gas  emissions  during
composting  of  two-phase  olive  mill  wastes  with  different  agroindus-
trial by-products. Chemosphere 81:18−25

[77]

 He X, Yin H, Han L, Cui R, Fang C, et al. 2019. Effects of biochar size and
type  on  gaseous  emissions  during  pig  manure/wheat  straw  aerobic
composting: Insights into multivariate-microscale characterization and
microbial mechanism. Bioresource Technology 271:375−382

[78]

 Harter J, Guzman-Bustamante I, Kuehfuss S, Ruser R, Well R, et al. 2016.
Gas  entrapment  and  microbial  N2O  reduction  reduce  N2O  emissions
from  a  biochar-amended  sandy  clay  loam  soil. Scientific  Reports
6:39574

[79]

 Gong  X,  Zou  L,  Wang  L,  Zhang  B,  Jiang  J. 2023. Biochar  improves
compost humification, maturity and mitigates nitrogen loss during the
vermicomposting  of  cattle  manure-maize  straw. Journal  of  Environ-
mental Management 325:116432

[80]

 Zhang Y, Zhao Y, Chen Y, Lu Q, Li M, et al. 2016. A regulating method
for  reducing  nitrogen  loss  based  on  enriched  ammonia-oxidizing
bacteria during composting. Bioresource Technology 221:276−283

[81]

 Akdeniz  N. 2019. A  systematic  review  of  biochar  use  in  animal  waste
composting. Waste Management 88:291−300

[82]

Copyright:  ©  2025  by  the  author(s).  Published  by
Maximum Academic Press, Fayetteville, GA. This article

is  an  open  access  article  distributed  under  Creative  Commons
Attribution  License  (CC  BY  4.0),  visit https://creativecommons.org/
licenses/by/4.0/.

Assessing biochar in compost: a meta-analysis

Biochar X  |  Volume 1  |  2025  |  e005 page 13 of 13

https://doi.org/10.1016/j.biortech.2023.129187
https://doi.org/10.1016/j.biortech.2023.129187
https://doi.org/10.1016/j.chemosphere.2020.12854
https://doi.org/10.1016/j.biortech.2021.125433
https://doi.org/10.1016/j.ecoenv.2023.115589
https://doi.org/10.1002/jpln.202300254
https://doi.org/10.1002/jpln.202300254
https://doi.org/10.1007/s11368-022-03198-9
https://doi.org/10.1016/j.biortech.2024.130995
https://doi.org/10.1016/j.biortech.2024.130995
https://doi.org/10.1016/j.biortech.2024.130995
https://doi.org/10.1080/1065657X.2016.1233081
https://doi.org/10.1080/1065657X.2016.1233081
https://doi.org/10.1016/j.jenvman.2020.110454
https://doi.org/10.1016/j.jenvman.2020.110454
https://doi.org/10.1016/j.jenvman.2020.110454
https://doi.org/10.1016/j.biortech.2023.129325
https://doi.org/10.46488/NEPT.2022.v21i01.045
https://doi.org/10.1016/j.ibiod.2020.105043
https://doi.org/10.1016/j.ibiod.2020.105043
https://doi.org/10.3389/fmicb.2018.00116
https://doi.org/10.1016/j.wasman.2017.10.049
https://doi.org/10.1016/j.biortech.2016.07.128
https://doi.org/10.1016/j.biortech.2016.07.128
https://doi.org/10.1016/j.biortech.2016.07.128
https://doi.org/10.1016/j.wasman.2018.01.015
https://doi.org/10.1016/j.wasman.2018.01.015
https://doi.org/10.1016/j.biortech.2018.02.082
https://doi.org/10.1016/j.envpol.2024.124115
https://doi.org/10.1002/jobm.201200096
https://doi.org/10.1016/j.wasman.2025.114981
https://doi.org/10.1016/j.chemosphere.2010.07.022
https://doi.org/10.1016/j.biortech.2018.09.104
https://doi.org/10.1038/srep39574
https://doi.org/10.1016/j.jenvman.2022.116432
https://doi.org/10.1016/j.jenvman.2022.116432
https://doi.org/10.1016/j.jenvman.2022.116432
https://doi.org/10.1016/j.biortech.2016.09.057
https://doi.org/10.1016/j.wasman.2019.03.054
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Materials and methods
	Literature search and data collection
	Data processing and subgroup classification
	Meta-analysis
	Heterogeneity test and publication bias
	Pearson correlation analysis
	Structural equation models

	Results and discussion
	Reliability analysis of meta-analysis
	Overall significance analysis of biochar properties, and initial compost parameters on the compost maturity indicators
	Effect of biochar amendment on compost internal maturity indicators
	Maturity indicator of the C/N ratio
	Maturity indicator of GI
	Maturity indicator of NO3-−N
	Maturity indicator of NH4+−N

	Effect of biochar amendment on compost external maturity indicators
	Maturity indicator of CO2
	Maturity indicator of CH4
	Maturity indicator of N2O
	Maturity indicator of NH3

	The importance ranking of key properties affecting the compost maturity based on SEMs

	Conclusions
	Supplementary information
	Author contributions
	Data availability
	Funding
	Declarations
	Competing interests

	References

