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Abstract

Biochar has emerged as a promising material for carbon storage, exhibiting properties
analogous to those of activated carbon. Biochar has a particularly high absorbance due to
its high porosity, surface area, and functional groups, although these parameters depend
on the feedstock and pyrolysis conditions. The sorbent properties of biochar make it suit-
able for many applications, including the biological treatment of organic waste. In the
context of composting, biochar addition seems to positively impact the process perfor-
mance and the final compost characteristics. Furthermore, it reduces greenhouse gas and
odor emissions, which is a crucial step in preventing the full implementation of compost-
ing. The objective of this review is to provide a comprehensive description of the effects
of biochar on composting emissions and the reported mechanisms, highlighting the limi-
tations of current research. In summary, the use of biochar in composting is still in its early
stages and requires further research and consensus on fundamental issues, such as the
optimal biochar dosage and mitigation mechanisms. Moreover, there is a significant lack
of full-scale implementation. Accordingly, future work should focus on overcoming these
critical challenges to take a step forward towards a consistent and complete picture of the
environmental impacts and a rigorous economic analysis of the use of biochar in compost-
ing.

Keywords: biochar; composting; gaseous emissions; ammonia; greenhouse gases; odors;
volatile organic compounds

1. Introduction

In the context of modern organic waste management, strategies based on biotechno-
logical processes are playing an increasingly important role due to their lower environ-
mental impact compared to other physicochemical alternatives [1]. Furthermore, biotech-
nologies for waste management are directly related to the circular economy, as they in-
volve the valorization of waste into new biodegradable materials or renewable bioenergy
[2]. Many of these strategies are also closely related to critical Sustainable Development
Goals promoted by the United Nations [3].

Composting and anaerobic digestion, in particular, play a predominant role in to-
day’s overall organic waste management picture [4]. These technologies are implemented
worldwide and have seen exponential growth in recent years due to the scarcity of
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materials and energy from traditional sources. It is also important to highlight that these
two approaches are highly complementary [5]. Thus, the increase in anaerobic digestion
is focused on methane production; however, it also involves the generation of large quan-
tities of digested materials that are ideal for composting, resulting in a stable, odorless,
non-phytotoxic organic amendment for use in sustainable agriculture [6]. Similarly to
composting, solid-state fermentation enables the production of added-value bioproducts
from organic waste, changing the concept of waste to resource and treatment plants to
biorefineries [7].

Apart from the obvious benefits of composting and aerobic treatment of organic
waste in general, there are some problems associated with large-scale facilities. Focusing
on gaseous emissions, there can be a significant environmental impact due to undesired
Greenhouse Gas (GHG) emissions, such as methane (CH4) and nitrous oxide (N20) [8]. In
this case, carbon dioxide (CO2) can be considered a biogenic emission given that the or-
ganic matter present in the substrate would inherently decompose into CO2. Moreover,
other gases are emitted during the composting process that can cause odor nuisance [9].
In the case of ammonia (NHs), excessive release decreases the quality of the compost as
an organic amendment and its potential to substitute mineral fertilizers [10].

In this context, biochar is presented in many research publications as an additive for
composting with several advantages in terms of both the performance of the composting
process and the quality of the compost [11]. Specifically, one of the most frequently re-
ported phenomena is the reduction in emissions when composting a wide range of or-
ganic waste in the presence of biochar [12]. This material is produced by pyrolyzing lig-
nocellulosic waste, typically forestry biomass; therefore, it represents a sustainable and
circular approach with applications in several fields beyond waste management [13].
However, the limitations of the reported studies often prevent a correct interpretation of
the effects of biochar and its underlying mechanisms. Some important drawbacks have
been identified addressing basic issues, such as the absence of proper controls, incomplete
biochar characterization, and incorrect gaseous emission determination, a technique
which requires a substantial degree of intricacy to ensure satisfactory performance [14,15].
The lack of large-scale experiments is a matter of concern. Composting is a very complex
process and the effect of biochar can only be understood in its totality when all factors are
considered. A multitude of factors must be taken into consideration, including but not
limited to the decrease in compaction and the increase in temperature [16]. Many of these
factors are not observable when working at smaller scales.

Therefore, the objective of this critical review is to compile recent results on the use
of biochar in organic waste composting. The primary focus is the reduction of emissions
of gases such as ammonia, methane, nitrous oxide and volatile organic compounds
(VOCs), as well as odors (as determined by olfactometry). The results presented in the
literature will be analyzed in terms of their robustness and scientific applicability. Cur-
rently, it is essential to establish whether the existing results on this topic are sufficiently
consistent to enable a rigorous environmental and economic assessment.

2. What Is Biochar (Beyond the General Concept)?

According to the UK Biochar Research Centre, “Biochar is a form of charcoal created
by heating organic material, known as biomass, in an environment without oxygen at
temperatures of 400 °C or higher. This process, called pyrolysis, produces energy-rich
gases and liquids as well as a solid product—biochar” [17]. Although similar definitions
of biochar can be found in scientific articles and provided by institutions, it is in fact a
wide range of materials with different properties and, consequently, different behavior in
its applications. This is due to two main reasons: the feedstock used in the pyrolysis pro-
cess and the specific conditions of this process, with temperature being the main factor
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[18,19]. Figure 1 presents the visual appearance and microscopic SEM (scanning electron
microscope) images of biochar obtained from the pyrolysis of wood waste.

20 pm EHT= 5.00 kV Signal A= SE2
WD = 4.7 mm Mag= 1.00KX

File Name = Biochar 3 _03.tif

(b)

Figure 1. Macroscopic (a) and microscopic (b) SEM (scanning electron microscope) images from
woody biochar (Figure 1a is of biochar in a manure composting pile).

Despite this being outside the scope of this paper, the following brief summary out-
lines solids coming from equivalent processes with similar properties and by-products of
pyrolysis. This should provide some clarity over the terminology used in scientific publi-
cations.

2.1. Pyrolysis By-Products and Other Materials of Thermal Treatments

According to the International Union of Pure and Applied Chemistry (IUPAC), bio-
char is the union of the prefix ‘bio-’, which refers to a biomass-based material, and the
suffix ‘-char’, which refers to the carbonization process of the biomass [20]. When this
broad definition is followed, the term “biochar” can bring confusion with other related
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terms commonly used in the literature. Despite the similarities in production or proper-
ties, the following terms should not be confused with biochar.

Hydrochar: it is produced by the low-temperature, pressurized thermal conversion
of biomass in a process known as hydrothermal carbonization. This involves heating the
feedstock in water under subcritical conditions, resulting in a product with a higher car-
bon content and lower nitrogen and sulfur levels than the original feedstock [17,21]. While
hydrochar has been shown to be superior to biochar in certain applications, the require-
ment for high-pressure conditions increases the complexity and cost of the process in eco-
nomic and environmental terms [22].

Gasification char: It comes from gasification instead of pyrolysis, the objective of
which is the production of syngas [23]. In this case, the residual char is considered waste
rather than a product. Although it contains mainly carbon, its uses are very limited.

Bio-tar or Bio-oil: It is a liquid by-product generated during the pyrolysis of biomass.
The ratio of bio-oil to biochar depends heavily on the process temperature. It is character-
ized by its complex composition, high viscosity, and the presence of several liquid phases
(aqueous and organic) [24].

Activated carbon: Not being strictly biochar, it can be derived from any biomass or
even fossil coal via further activation treatments, and it is mainly used for filtering or sorp-
tion applications [25].

Apart from these biochar-like materials, which are obtained from a unique process,
it is important to highlight that some recent studies have focused on the use of combined
products. These are typically biochar and hydrochar [26], but can also include more exotic
products such as compochar. This is a combination of biochar and compost which is used
to enhance microbial activity and nutrient retention in soils [27].

2.2. Feedstocks for Pyrolysis

In the scientific literature, the range of feedstocks used for pyrolysis that result in
biochar practically includes all materials with a high carbon content and, preferably, a low
moisture content. According to the International Biochar Initiative, biomass waste mate-
rials appropriate for biochar production include crop residues, yard waste, food waste,
forestry waste, animal manure and, to a lesser extent, wastewater sludge [28]. Agricultural
residues are probably the main raw material for pyrolysis because they are inexpensive,
relatively toxin-free, and have a high carbon content [29]. In this case, the availability of
biomass is another important factor. In fact, economic issues imply that biomass resources
must be available in the area of biochar production.

In any case, research has clearly demonstrated that the feedstock plays a dominant
role in the properties of the biochar obtained [30,31]. Among these properties, the specific
surface area is the most important factor in processes because of the strong interactions
among the phases involved in composting (gas, liquid and solid) [32]. Table 1 presents
recent examples of feedstocks used in pyrolysis and the temperature reached. The pyrol-
ysis temperature highly influences the main characteristics of the resulting biochar, which
determine its subsequent applications. This table is only a summary, as a complete picture
showing the relationship between feedstock, pyrolysis and biochar would be unwieldy
and instantly out of date. It is also important to note the general trend of incorporating
new materials into the pyrolysis process with the aim of integrating this technology into
waste-based biorefineries, which typically have biological processes such as wastewater
treatment (activated sludge), anaerobic digestion or composting [4].
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Table 1. Examples of feedstocks used in pyrolysis, the production temperatures and their conse-

quent variety in characteristics.

Feedstock Pyrolysis Tem- Biochar Characteristics

perature (°C) (Ref) 1
Hyacinth, chicken manure and wood 300-600 [33]
Litter from different plant residues 350-750 [34]
Broom and gorse wastes 300-600 [35]
Sunflower, tea by-products, and tomato waste 300-700 [36]
Digested sludge from wastewater treatment 400-700 [37]
Spent coffee grounds, grape seeds and rice husk 700-800 [38]
Municipal solid waste 200-900 [39]
Plastic waste 300-700 [40]
Waste Tires 300-700 [41]

1 A complete description of each biochar can be found in the reference.

3. Biochar Co-Composting as a Gaseous Emissions Mitigation Strategy
3.1. Application Dosage

Table 2 shows some very recent scientific publications in which biochar made from
different types of feedstock has been used to reduce gaseous emissions from composting.
The main targets are ammonia and greenhouse gases. Apart from the results achieved in
each experiment, which in some cases are very high (in the range of 10-60% for ammonia
and even higher for methane, as presented later), the main objective of Table 2 is to show
that the biochar/waste ratio is presented in different forms in the scientific literature. This
makes it difficult to reproduce the published results and to draw significant conclusions.
Articles that do not specify the mass fraction to which they refer are the most ominous.
From Table 2, it can be seen that the misleading use of the biochar/waste ratio in total wet
matter is widespread. As the moisture content of both biochar and organic waste materials
changes for multiple reasons, this ratio is neither informative nor reproducible and should
be avoided in future studies.

Table 2. Examples of ratios of biochar used for composting organic waste with the aim of reducing

gas emissions. Note the variety of units used.

Ratio .
Waste Biochar/Waste Units Ref.
Organic fraction of municipal waste 10% Dry mass [32]
Human excreta and cattle manure 19% Dry mass [42]
Dairy manure 13% Total mass [43]
Dairy manure 5-20% Total mass [44]
Digestate and garden waste 17% Dry mass [45]
Cattle manure and rice-chaff 3% Weight/volume [46]
Poultry manure and barley straw 3% Dry mass [47]

In this sense, a consensus should be reached on the units in which biochar dosage is
reported, in order to facilitate comparison between studies [48]. Additionally, as a carbon-
sequestering agent, biochar can play a key role in reducing the carbon footprint of the
waste management sector [49]. Therefore, any sustainability assessment will have an im-
portant source of error if the biochar/waste ratio is not consistently known. The same will
be true of any economic analysis that considers biochar as composting and compost addi-
tive.
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Hence, for the sake of reproducibility, standardizing dosage units is imperative.
Given that biochar is an inorganic compound, the most reasonable units are dry mass of
biochar by dry mass of organic waste composted; alternatively, it could be expressed asa
total dry matter percentage [32]. Indeed, the provision of organic matter (OM) from the
compostable substrate would yield valuable insights. However, it is more pertinent to
maintain the same parameter on both sides of the fraction, and measuring the OM of bio-
char is a risky endeavor. Biochar is produced at similar temperatures as the most common
way of measuring OM. However, it should be noted that the production process is per-
formed in anoxic conditions. Consequently, the attempt to measure OM would result in
the oxidation of the material. All OM was transformed into an inorganic solid during the
pyrolysis process.

Another issue arising from Table 2 is the wide range of biochar/organic waste ratios
used, regardless of the units employed to express this ratio. This is another drawback for
the commercial application of biochar in composting, since this ratio is critical for any
sustainability assessment. The disparity in biochar ratios is mainly due to the lack of
knowledge regarding the mechanism by which biochar reduces emissions in composting,
as discussed in Section 4.

3.2. Ammonia

Ammonia is the main gas emitted during the composting process, and its emissions
are highly dependent on the composition and temperature of the composting mass [50,51].
Accordingly, any study investigating the impact of additives such as biochar on ammonia
emissions during composting must consider the scale of the process. As there is a clear
lack of large-scale composting trials in the scientific literature, any results obtained at a
laboratory scale must be analyzed carefully and critically. This issue sometimes makes
published scientific articles very difficult to interpret, especially if the biochar/organic
waste ratio is not clearly expressed. Table 3 presents some examples of the wide disparity
in ammonia reduction during the composting process at different scales and ratios.

Table 3. Examples of the decrease in ammonia emissions observed in some composting experiments

using biochar as an additive.

Ammonia Reduction Ratio
Waste (%) * Biochar/Waste Seale  Ref.
Organic fraction of municipal waste 38 10% (dry mass) Full-scale [32]
Human excreta and cattle manure Not significant 19% (dry mass) 2.3 md3 [42]
Dairy manure Not significant 13% (total mass) Full-scale [43]
Cow dung and corn straw 57 10% (not specified) 200 L [52]
Poultry manure 3044 5-10% (total mass) 165 L [53]
Poultry Manure and Corn Leaf 53-89 5-15% (total mass) 200 L [54]
Chicken manure and corn straw 55 8% (total mass) 05L [55]
Poultry mortality 57 15% (total mass) 120 L [56]

* The percentage is presented as a decrease in relation to the control group without biochar.

Table 3 only presents a few examples and no systematic review containing more com-
piled data on this topic has been found in the recent literature, hence leading to the fol-
lowing conclusion: when studying the effect of biochar on composting ammonia emis-
sions, the biochar ratio (expressed in a reproducible way) and experiment scale are factors
intimately related to these emissions. Therefore, results should not be presented without
this information, as it can lead to confusion and make comparisons difficult. This point is
particularly important when emissions are presented as emission factors throughout an
entire composting experiment (in terms of the mass of ammonia emitted per mass unit of
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organic waste), as these emission factors are often used for advanced calculations relating
to environmental impact, such as Life Cycle Assessment (LCA) [57].

3.3. Greenhouse Gases: Methane and Nitrous Oxide

Following the issue of performing reliable LCAs, the potential of biochar to mitigate
greenhouse gases during composting has been the subject of recent literature. Methane is
the main greenhouse gas studied, although some scientific publications have also pre-
sented results on nitrous oxide due to its powerful global warming potential, which is
around 278 times that of carbon dioxide over a 100-year time scale. According to the IPCC,
this number is around 27 for methane [58]. A comprehensive review of this topic has re-
cently been published [12]. This latter paper considers some critical aspects related to bi-
ochar, such as its characteristics, ratio and chemical composition, as well as its porosity,
in an attempt to determine the mechanism by which biochar can significantly reduce me-
thane and nitrous oxide emissions. However, from a composting perspective, other cru-
cial phenomena define the amount of these emissions, and these differ for each com-
pound, as explained below.

As composting is a fully aerobic process, methane in composting emissions can only
originate from anaerobic zones in the composting matrix [9]. This is a direct consequence
of a lack of porosity in the mixture, which also causes unpleasant odors [8]. Therefore, the
effect of biochar on methane emissions is inextricably linked to a rigorous adjustment of
the initial mixture’s porosity. Unfortunately, porosity is rarely measured precisely in com-
posting using advanced methods, beyond some rules of thumb or using the assumption
that bulking agent is accurately correlated to porosity [59]. This results in a wide range of
values when consulting methane reduction in composting emissions, from no reduction
to unreliable values close to total reduction. Further research is clearly necessary to study
methane emissions from composting in relation to porosity and its key role in maintaining
aerobic conditions in any composting process. Furthermore, this is even more pertinent
given that it is well known that biochar increases the porosity of organic matrices [60],
causing confusion when interpreting the effects of biochar on methane emissions.

The case of nitrous oxide is even more complex. This compound is formed through
the partial denitrification of nitrates, and in a composting environment, its formation is
closely related to the equilibrium and transformation of different nitrogen forms [61]. In
composting, the formation of nitrous oxide means that two things must happen: firstly,
nitrification is compulsory, as the nitrogen in organic waste is mainly in reduced forms,
and secondly, although only partially, denitrification must also occur. These two situa-
tions can only be found simultaneously in the final stage of composting, when the tem-
perature decreases to a level that allows nitrification to occur [62]. This should be coupled
with the presence of zones with limited oxygen, as denitrification is an anoxic process and
the presence of nitrifying and denitrifying microorganisms is necessary [63]. In addition
to this evident biological complexity, nitrous oxide is often detected at concentrations
close to the detection limit, which makes interpreting experimental data very difficult,
especially on a large scale, where the aforementioned effects of biochar, such as tempera-
ture retention and increased porosity or heterogeneity of the composting mass, must be
considered [32].

3.4. Volatile Organic Compounds (VOC)

Volatile Organic Compounds include an immense variety of molecules exhibiting
diverse characteristics, including terpenes, aromatic compounds and sulfur-containing
compounds. Furthermore, the measurement of total VOC is performed with different
standards, such as iso-butylene. In addition to this, the measurement of specific VOC has
been undertaken. A still-limited body of research demonstrates biochar efficacy in
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mitigating a variety of VOC emissions during the composting process, mainly during the
thermophilic phase [32,64,65]. However, not all VOC showed the same behavior in previ-
ous works, as is the case with unpleasant odor compounds such as methyl mercaptan and
carbon disulfide. Moreover, given the disparity in the VOC measured, further consensus
is necessary regarding the most pertinent VOC to report. This thorough selection is par-
ticularly important given the high cost of VOC analysis.

The study of VOC is typically conducted in conjunction with ammonia emissions,
given their odor-causing effect. However, the presence of odorous emissions does not di-
rectly correspond with the concentration of individual gases. Consequently, dynamic ol-
factometric analysis is imperative to comprehensively assess the potential impact on the
population. Despite the prevalence of literature employing the concept of odors or analo-
gous terms in describing their research, a significant proportion of these studies method-
ically quantify gas emissions in isolation. This methodological approach fails to consider
the impact of combined emissions on the human nose, thereby compromising a compre-
hensive understanding of the subject matter. Very few dynamic olfactometry analyses
have been published in the literature regarding large-scale composting. This scarcity is
even more pronounced when biochar has been applied [32]. Quantifying the odorous im-
pactis highly relevant for full-scale applications, since it will determine the post-treatment
requirements of the composting plant (i.e., the measures necessary to mitigate the societal
impact of the plant) and its implications for design and operational costs.

4. Potential Mechanisms for Emissions Mitigation

According to previous results, it is evident that biochar can be an effective additive
for reducing the inherent gaseous emissions from organic waste composting. Understand-
ing the mechanisms behind this reduction is essential for the commercial implementation
of using biochar in composting, which is known to have other significant benefits, such as
improving the quality of compost [11]. Although important efforts are being made to un-
derstand these mechanisms, there is still a clear lack of knowledge about them, particu-
larly given that some of the phenomena described in this text exhibit obvious interactions
that are not usually considered. Table 4 illustrates a synopsis of the predominant mecha-
nisms most supported by the extant literature. These mechanisms are subsequently exam-
ined in greater detail in the following subsections.

Table 4. Mechanisms for main gaseous emission reduction during biochar co-composting.

Gas Mechanism Ref.
CHs Biochar presence improves microporosity and diminishes methanogen activity. [66,67]
N2O Biochar induces changes in the microbiological community that enhance completion of the nitrogen [68,69]
cycle ’
N Biochar presence can lead to higher pH, which decreases gas emissions. Simultaneously, biochar [70,71]
presence can lead to higher temperatures, which increase gaseous emissions. ’
VOC Biochar behaves as a sorbent. [72]

4.1. Physicochemical Mechanisms

Despite the inherent variabilities of composting substrate and biochar characteristics,
most biochar types have shown a conjunction of physicochemical characteristics (high po-
rosity, large surface area, and high ion exchange capacity) that make them excellent ad-
sorbent materials for NHs and VOC, although adsorption is not the only mechanism for
the reduction of these compounds, as discussed in the following section. When large-scale
experiments have been performed, biochar has widely been reported to increase the tem-
perature of the composting process given its thermal properties [70]. However, many
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bench-scale experiments reporting gaseous emissions have been performed at controlled
temperatures. This is particularly misguiding for NHs emissions, which are exponentially
dependent on the temperature of the process, as previously mentioned. Moreover, lower
pH values have been shown to increase ammonium (NHas*) concentration, thus preventing
ammonia emissions, thus affecting the chemical equilibrium of NHs/NH4* [71].

In the case of CHs, its emissions are reduced by the increased porosity which im-
proves oxygen transport, thus limiting the activity of methanogenic bacteria [73]. There-
fore, biochar’s physicochemical characteristics have been shown to influence the consor-
tium of microorganisms present in the composting matrix. New metadata studies indicate
that there are boundaries under or over which a decrease in emissions is negligible for the
different parameters. For example, GHG emissions can be reduced by half under most
conditions but are limited by acidic environments [74]. These results bring us closer to
defining the correlations between physicochemical parameters and gaseous emissions,
but equivalent research is needed to better understand the effect on microbial interactions.
Regarding gaseous interactions, CHs4 and CO: sorption in biochar have been studied in
other research fields, showing a preferential selectivity of CO2 over CHa [75]. Despite the
numerous studies where these two gases have been measured during composting, the
effect of this potential selectivity has not been discussed.

The challenge of defining VOC mitigation mechanisms stems from the extensive
number of compounds classified within this group. The utilization of biochar has been
demonstrated to be an effective measure in mitigating VOC emissions during the storage
of kitchen waste prior to its composting. This approach has shown a substantial reduction
in emissions, with a documented 70% decrease in VOC emissions observed [72]. However,
further research is required to understand which physicochemical parameters exert an
influence on VOC emissions. Moreover, a microbiological analysis in addition to a com-
prehensive quantification of VOC is necessary to discern the potential mitigation mecha-
nisms caused by alterations in the microbial community.

Ion exchange capacity in composting has been reported to increase with biochar pres-
ence [76]. Similarly, biochar’s large surface area has been correlated with an emission de-
crease [77]. All of the above have an impact on Direct Interspecies Electron Transfer
(DIET). However, to the authors” knowledge, DIET has only been reported once in refer-
ence to biochar co-composting [78]. This is particularly surprising given the relevance the
DIET phenomenon has gained in explaining the impact of biochar during the analogous
process of anaerobic digestion [79,80].

4.2. Microbiology

As described, it is challenging to discern the mechanisms of biochar’s effect, not only
because of the lack of large-scale data or variations within biochar characteristics but also
because the mechanistic pathways are interrelated. The clearest example is found with
CHa. Biochar increases the porosity, thus improving the oxygen availability within the
composting pile. These conditions make it unfavorable for methanogenic bacteria, thus
preventing CHa emissions are [66]. However, further research has shown that, conse-
quently, there is also a change in the methane oxidation genes and a reduction in meth-
anogenic bacteria [67].

NHs and N20 emissions are linked by the nitrogen cycle of nitrification/denitrifica-
tion. Biochar presence enhances full denitrification to Nz, therefore avoiding N20O emis-
sions. The ionic concentration in solid samples of NH4*, nitrate (NOs") and nitrite (NO2")
is measured to understand which steps of the nitrogen cycle are affected by biochar’s pres-
ence, and the subsequent effect on the microbial community. The correlations found to
date are not conclusive, and further research is still needed to fully understand biochar’s
effect [68,69]. Ammonia becomes an undesired gas to emit not only due to its odorous
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impact but also due to its role as an indirect greenhouse gas, leading to N2O generation
[81] and the reduction of nutrients in the final compost [10]. However, results seem to
indicate that its emissions are controlled by physicochemical parameters such as temper-
ature and pH [71,82].

Some research explores the possibility of pre-treating biochar to improve the mitiga-
tion of gaseous emissions. These alternatives range from oxidation to iron loading [83,84].
Composting has maintained its important role in the waste treatment industry thanks to
its straight-forward management and low economic costs. This is a characteristic these
novel treatments do not safeguard. Hence, a full cycle analysis will need to be conducted
to account for the economic and environmental aspects. This will clarify the economic-
technical feasibility of such sophisticated modifications. For this, the post-treatment of
gaseous emissions should be considered. The decrease in demand for reagents for chem-
ical neutralization or the extended duration of a biofilter’s lifetime are indeed positive
aspects to account for.

5. Limitations, Challenges and Future Work

Biochar is an emerging material with great potential for capturing and storing car-
bon. In this sense, all its applications will have a positive effect on reducing the overall
carbon footprint, particularly in areas such as waste management.

However, there are several unknowns regarding the application of biochar in differ-
ent processes, including the biological treatment of organic waste and its consequent emis-
sions. The first area of disagreement concerns the optimal dosage or application rate of a
material that is often not well characterized. It is important to regulate the dosage as well
as the physicochemical properties of the biochar and the operational conditions of the
process, to avoid undesirable effects. Typically, biochar is added at the start of the process
and mixed simultaneously with the bulking agent. Limited research has been conducted
on the benefits, challenges and realistic possibilities of integrating the biochar gradually
or at different moments of the process [85]. Another important issue is the absence of
works conducted at full- and large-scale, which is a critical aspect of composting, as scal-
ing up changes the temperature profiles in the composting mass [32,51] and, conse-
quently, the emission patterns of almost all gases emitted during composting [8,9]. The
mitigation of gaseous emissions brings a sustainability benefit; however, it might not com-
pensate if an extensive pretreatment of biochar is needed. Figure 2 summarizes these
knowledge limitations and their consequences for the full development of biochar as a
composting additive, as is the case with its use in anaerobic digestion [86].

Experimental
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"X Application in
o ) Composting
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Figure 2. Challenges in biochar use for composting regarding gaseous emissions.
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Accordingly, future work on using biochar to reduce undesirable composting emis-
sions should focus on these two requirements: i. using consistent and reproducible bio-
char dosages, which must be thoroughly characterized, and ii. performing composting
experiments at representative scales. This information should form the basis for proposing
reliable mechanisms to understand the effects of biochar on the composting mass. This
would result in a proper design of abatement units for gas emissions and providing a
database for reliable LCA and economic studies to facilitate the implementation of this
strategy in full-scale composting. The results of this analysis will be considerably influ-
enced by several factors, including, but not limited to, the types of waste used, the com-
posting plant configuration (aeration regime or type of bulking agent), the presence (or
absence) of gas emissions abatement units, regional gas emission legislation and certifica-
tion options for carbon capture. A comprehensive evaluation of biochar co-compost
should encompass not only its performance in the process, but also its production impact,
as well as consideration regarding transport, storage and post-application. Particularly
given the extensive research that has been performed on biochar co-compost to improve
soil quality [11,87].
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