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Abstract: The organic solid waste of municipal origin stands as one of the residual streams of greatest
concern: the great amounts continuously produced over time as well as its biochemical and physical
characteristics require its proper handling via biological processes, pursuing the recovery of material
and/or the generation of energy. At the European level, most of the industrial plants treating the
organic fraction of municipal solid waste (OFMSW) rely on composting, which is a well-established
and reliable process that is easy to operate in different socio-economic contexts. Nevertheless, when
regarded in a life cycle perspective as well as in the view of the principles of circular economy
underlying waste management, several issues (e.g., the presence of toxic substances in compost)
can be recognized as technical challenges, requiring further studies to identify possible sustainable
solutions. This work aims at discussing these challenges and figuring out the state of the art of
composting in a circular perspective. Firstly, the main mentioned issues affecting compost quality
and process sustainability are briefly reviewed. Next, to promote the effective use of composting in
light of the circular economy principles, research experiences are critically presented to highlight the
current technical challenges concerning the environmental and health impact reduction and possible
scientific perspectives to overcome issues affecting the compost quality. Based on the critical analysis
of reviewed studies, it emerged that further research should be aimed at unveiling the hazard potential
Elf;e;:tfgsr of emerging contaminants as well as to address the understanding of the mechanisms underlying

their potential removal during composting. Moreover, the adoption of a multidisciplinary perspective
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in the design of research studies may play a key role towards the definition of cost-effective and
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environmentally friendly strategies to overcome the technical issues affecting the process.
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The organic fraction of municipal solid waste (OFMSW) is an important share of Euro-
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amounts as well as the biochemical characteristics of OFMSW make its proper management
an issue of great relevance at the European and international levels. The OFMSW is a

carbon-rich source that, when improperly managed, may produce severe environmental
burdens [2], whose reduction has been pursued by promoting the recovery of resources and
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is even more important [1]. To this end, the biological processing of OFMSW appears
as the most suitable solution. Recent research advances are addressing the generation of
value added biochemicals [4] and energy carriers such as hydrogen [5] and hythane [6].
However, most of them are still in their infancy in terms of being proposed at industrial
scale, where composting and anaerobic digestion remain the prevailing options [7]. A
comparative review of these processes pointed out that anaerobic digestion may end up
being more profitable than composting depending on the process scale, but the former
process is definitely more environmentally friendly in terms of greenhouse gas (GHG) emis-
sions, as the biogas may be addressed to energy recovery [7]. Nonetheless, the European
Environment Agency recently highlighted that additional environmental benefits can be
gained by treating OFMSW with a sequential anaerobic digestion and composting process.
Although anaerobic digestion is thus expected to increase significantly, in Europe most of
the OFMSW treatment capacity is still provided by composting [1].

Composting is a well-known biological process, carried out under aerobic conditions,
to stabilize organic substrate into a product with fertilizer properties, namely the com-
post [8]. However, compost is not always a harmless product. Indeed, it may contain
various chemical and biological contaminants, and exerting health and/or environmental
risks. Such contaminants may expose different population groups to health hazards, in-
cluding composting plant workers, consumers of compost-treated agricultural products,
and children playing on compost-treated parks [8]. The main categories of contaminants
which can be contained in the compost are physical pollutants including micro plastics
(MPs) and chemical compounds, including persistent organic contaminants such as poly-
cyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs), polychlorinated
dibenzo-p-dioxins and -furans (PCDD/Fs), pesticides, and phthalates [9]. Moreover, the
possible presence of pathogens leading to microbiological risk has to be considered and
properly handled. Furthermore, the composting process can release gaseous compounds
of environmental concern such as NH; and GHG (e.g. CO;) [9]. Process hazards and
environmental impacts depend on composting methods and can be mitigated by the proper
operation of the process. The generation of high-quality compost is pivotal to ensuring the
effective and safe use of this product on soil due to its agronomic properties. In this regard,
research plays a key role in the individuation of challenges and strategies to enhance the
process sustainability and perspectives. Indeed, as reported in Figure 1, the number of
studies on composting has dramatically increased in recent decades.
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Figure 1. Trend of indexed papers containing the word “composting” from 1995 to 2020 (source of
data: Scopus database, accessed in December 2022).
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The operation of composting in accordance with both the needs of environmental
impact reduction and the principle of the circular economy requires a careful analysis,
aiming at figuring out the state of the art and identifying the role of research in enhancing
its performance. Nonetheless, an updated study meeting these specific needs is absent from
the current literature. Indeed, previous works mainly focused on the generic overview of
composting challenges and potentials [10,11], as well as on single specific aspects, such
as the reduction of nitrogen loss [12], the use of composting products [13], the role of
biochar in mitigating GHG emissions in composting [14], composting mathematical mod-
els [15], and organic pollutants [16]. In the following paragraphs, industrial composting
is briefly outlined, and the more recent research experiences are discussed to individuate
main challenges and potential risks as well as to highlight possible strategies and scientific
perspectives to promote the sustainability of composting in light of the circular economy
principles. After the literature review, an updated and critical analysis of the mentioned
challenges, the existing potential strategies as well as possible future research perspectives
in this field is provided, in order to deliver a tool for researchers interested in develop-
ing new methods and/or improve those currently used, and is aimed at promoting the
sustainability of composting.

2. Industrial Composting: Main Features and Technical Challenges
2.1. Main Features of the Industrial Composting Process

As shown in Figure 2, the composting process begins as soon as the raw organic
materials are mixed together: During the initial stage (organic matter degradation), oxygen
and the easily available compounds are consumed by the microorganisms. The temperature
of the composting materials then increases rapidly (stabilization phase). As active com-
posting slows, temperature gradually drops (cooling phase) until the compost reaches the
environmental temperature. A final curing period usually follows the active composting
(mineralization/partial humification) [11].

ORGANIC MINERALIZATION/
MATTER STABILIZATION COOLING PARTIAL
DEGRADATION HUMIFICATION

Figure 2. Composting phases.

As reported in Table 1, composting facilities can consist of both closed and
open systems.

The former, including biocells, bioreactors and in-vessel composting, require higher
capital and operating costs, but allow a better process monitoring. This, in turn, results in
lower environmental nuisance as well as in more favorable process conditions, which usu-
ally accelerate the biodegradation, shortening the composting period [17-19]. Conversely,
open systems, such as open windrow and aerated piles, are much less costly: they do not
rely on reactors and often air supply is provided by periodically turning the material under
processing. In this way, temperature and moisture are also roughly regulated. The lower
monitoring extent, in this case, results in longer composting times [20,21] and higher land
occupation is also required. In order to overcome the limits of the single composting meth-
ods, two-stage processes have also been implemented: in this case, closed systems are used
to manage the first biodegradation stages that are more energy intensive and characterized



Int. |. Environ. Res. Public Health 2023, 20, 312 40f14

by greater emissions, whereas the final maturation stage is left to open systems [22,23].
Among others, the choice of the composting process depends on the environmental and
economic conditions, but it is clear that diverse configurations can be applied in a wide
variety of contexts to pursue organic waste recovery [24,25]. Compost generation accounts,
indeed, for the interest in composting as a material recovery process pursuing circular
economy principles. Moreover, it is recognized as a key process in the food-energy-water
nexus, since compost can be used as soil amendment for food production [7].

Table 1. Composting systems: main advantages and drawbacks.

System Advantages Drawbacks Ref.
Possibility to rely on compact and

Biocells; modular systems; Hich costs:

Closed Bioreactors; Technologically advanced to . & Lo [17-19]
Skilled operator required.
In-vessel. properly control the process and
the emissions.
. . Low capital costs; . .
Windrow (i.e., Fasv operation: High land requirement;

Open Turning piles); Yy op . Poor emission control; [20,21]

Aerated static piles.

Basically adaptable to different

territorial contexts. Long retention times.

2.2. Technical Challenges

The application of compost on soil brings several benefits, enhancing its main physic-
chemical properties [26]. It increases the soil essential levels of both organic matter and
nutrients and enhances its bulk density, porosity, water holding capacity, and cation-
exchange capacity. Moreover, as a substitute for chemical fertilizer, the use of compost
contributes to the reduction of the environmental impacts associated with the production
and utilization of chemical fertilizers [27]. However, undesired substances and materials
can be found in compost, hindering its safe agronomic use. Compost quality and the emis-
sions of CO, and other GHG are recognized as the main challenges for the sustainability
of the process [9]. Both require the identification of proper solutions, and to this end the
analysis of the influencing factors is fundamental.

2.2.1. Organic Waste as a Source of Contaminants

The composition and characteristics of the organic substrate destined to composting
influences the presence of undesired substances and components in compost [28,29]. The
release of CO; is also influenced by the chemical composition of the substrate that drives
the biochemical reaction, but little has been reported up to now. Conversely, the issue of
organic waste contamination has been significantly debated [28,29].

Non-degradable materials, which may enter composting together with the organic
waste, end up in the compost if not removed via mechanical pretreatments or during
compost refining stages, with adverse effects on soil [30]. Compost physical contaminants,
such as glass, plastics, and synthetic fibers, tend to be incorporated at the soil depth of
cultivation, where they may either envelop or act as nucleating agents for mineral grains
and organic matter, blocking some pores and potentially reducing water percolation and
gas exchange [30].

The presence of physical contaminants can be properly controlled by promoting the
source segregation of the organic waste destined for composting. Alvarez et al. [31] studied
the correlations between the socio-economic/demographic factors and the percentage
of undesirable materials present in biowaste samples to find that in separately collected
streams, it ranged between 10 and 20%; conversely, in cities with poor participation in
the separate collection schemes, unwanted materials may account up to the 50% of the
biowaste. More recently, Echavarri-Bravo et al. [32], through an inter-laboratory trial
to evaluate the presence of physical contaminants in compost, posed the issue of their
proper detection. The outcomes of their work showed that physical contaminants are
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heterogeneously present in the source sorted organic waste of municipal origin, and they
may require replicate analysis to provide a fair assessment of product quality [32].

Although the improvement of separate collection can enhance the quality of the organic
waste, potential miss-sorting and the collection system itself [33] require the mechanical
pretreatment of the waste destined to composting [34,35]. On the other hand, despite
the beneficial effects of the pretreatment stage on physical contaminants reduction, such
pretreatment determines losses of biodegradable materials, mainly through sieving [23],
and promotes the reduction of plastic items to micro-plastics (MPs) via shredding and
crushing processes. Compost is considered as one of the main sources of MPs in agricultural
environments [36]; they may adversely affect the carbon cycle in soil and bring toxic
elements (i.e. heavy metals) that have been reported to be associated to MPs during
composting [37]. Gui et al. [38] showed the gradual increase of MPs abundance during
composting, as well as the change in their shape and size distribution. Therefore, the
long-term application of compost onto the soil could result in the accumulation of MPs and
consequent impacts on the soil ecosystem.

Although MPs represent a pressing issue, there remains a scarcity of data about their
presence, especially for the smaller fractions, due to the difficulties associated with their
separation and analysis [39]. However, some attempts have already been made, and a
recent study showed that the abundance of MPs tend to increase during the pretreatment of
the organic waste destined to composting, whereas manual sorting had no effect on micro-
plastics as it aimed at the removal of the larger plastic items, the mechanical shearing and
tearing forces exerted by the crushing and pressing steps was the cause of the increase of
micro-plastic abundance in the samples entering the composting process [38]. This outcome
confirms the key role of source selection in preventing the generation of MPs that can end
up in compost. In this regard, studying the refined compost produced from five OFMSW
facilities differing for the collection systems and treatment technologies, Edo et al. [40]
found that smaller plants with OFMSW door-to-door collection systems produced compost
with less plastic of all sizes, whereas compost from big facilities fed by OFMSW from street
bin collection displayed the highest contents of plastics. Additionally, the authors reported
that no compostable plastic debris was found in the analyzed samples, suggesting that
biodegradable polymers that may be present in the incoming waste do not contribute to the
spreading of anthropogenic pollution [40]. Biodegradable polymers have been introduced
in recent decades to overcome the issue of traditional plastic pollution. The increasing use
of such new materials determines their increasing frequent presence in the waste destined
to composting. Although, as mentioned, most biodegradable polymers have been found
to be suitable for composting, few of them, such as polylactic acid (PLA), may negatively
affect the process. More specifically, it has been found that PLA degradation generates
lactic acid, which significantly reduces the pH of compost, affecting seed germination [41].

In contrast with non-degradable, physical pollutants, the pre-processing of the organic
waste cannot act on the presence of persistent organic contaminants. Polycyclic aromatic hy-
drocarbons (PAHs), polychlorinated biphenyls (PCBs), polychlorinated dibenzo-p-dioxins
and -furans (PCDD/Fs), pesticides, and phthalates have reportedly been found in com-
post [42—-45], and their fate during the composting process varies depending on the molecu-
lar weight, as discussed later in this work.

2.2.2. The Influence of Process Conditions in Driving Composting Sustainability

The composting process aims at organic matter biostabilization, which is mainly
affected by the supply of oxygen, the availability of nutrients, the temperature, and the
time [46]; the optimization of these operating parameters and conditions are crucial to
ensure the biodegradation of organic matter to an adequate extent, determining compost
biological stability and maturity.

Compost stability refers to the degree of decomposition of the organic matter, whereas
the maturity describes the suitability as soil amendment, indicating the degree of humi-
fication [47]. Relevant amounts of organic acids, free ammonia-nitrogen (NHj3) or other
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water-soluble compounds that can restrict root development and limit seed germination
may be found in unstable composts, and thus the maturity further implies the absence of
both phytotoxic compounds in addition to pathogens [47-49].

Stability and maturity are a consequence of the proper biodegradation of organic com-
pounds in the presence of nutrients such as nitrogen (N), phosphorous (P), and potassium
(K). Carbon and nitrogen are fundamental for microorganisms to gain energy and build
new cells, and thus the C/N ratio is used as a process control parameter [50]. During
composting, the C/N ratio decreases as a consequence of the decrease of both elements,
which occurs at a rate that is higher for C than for N [50]. Several studies reported that a
C/N ratio between 25-30 is optimal for proper composting, but values as high as 40 or
50 have been recommended as well [51-53]. The C/N ratio may be adjusted by selecting
suitable bulking agents, which also play a role in affecting aeration by influencing the
porosity of the substrate under composting.

Oxygen supply is the most important parameter in ensuring the proper process
development, affecting the microbial activity during the process [54]. Aeration frequency
was found to influence the succession of the bacterial community during the industrial
food waste composting by affecting both oxygen concentration and the release of various
enzymes by these bacteria [54]. Similar outcomes were obtained by Wang et al. [55], who
further observed how the aeration rate influenced the leachate production and contributed
to the decomposition of toxic substances in the leachate itself.

Cerda et al. [48] reported proper composting development for aeration ranging be-
tween 0.2 and 0.6 L/kgopm min, whereas Xu et al. [56], studying bacterial dynamics together
with gaseous emissions and humification during the composting of food waste, found
that aeration intensities higher than 0.36 L/kgoym min reduced the emissions of GHG
and hydrogen sulphide and promoted the production of the humus precursor. The same
authors recommended reducing the aeration intensity in the final stages of composting in
order to avoid the bacterial consumption of the humus precursors.

Aeration is not only crucial to providing oxygen supply, as it also helps with regulating
the temperature and the moisture in the mass under composting as well as in removing
CO; [57]. The moisture, in turn, has been recently pointed out to affect GHG emissions
during food and garden waste composting; increasing the moisture content of the waste
under composting resulted in more pores filled with water, which determined, in turn, the
creation of anaerobic zones where methane (CH4) was produced; nevertheless, total nitrous
oxide (N2O) was found to increase for decreasing moisture content [58]. This condition
stands as a technical challenge to be addressed to ensure the sustainability of the process
while providing proper aeration conditions. Several studies indeed report that aeration
demand for temperature and moisture regulation is much higher than that of biochemical
reactions [59,60], and thus excess oxygen is usually supplied in industrial scale plants.

Most industrialized countries have regulated composting as an OFMSW recovery
process, defining specific guidelines. Beyond setting threshold limit values for some target
compost parameters, these provide indications about the process operating conditions,
including the definition of the waste substrates to be excluded as well as the minimum
temperature to be reached to ensure the proper sanitation of the final product [61]. Com-
posting is indeed a self-heating process and temperatures tend to increase in the initial
stages as a result of the higher biochemical reaction intensity, and to decline in the final
maturation steps, reaching values comparable to the environmental ones. Due to the
importance of temperature during composting, this process is divided into the so-called
mesophilic, thermophilic and maturation stages, where the former two (i.e. mesophilic and
thermophilic) basically refer to the accelerated bio-oxidation phase. In order to produce a
hygienic compost, the thermophilic stage should last one week and reach temperatures
as high as 55 °C to ensure pathogen destruction [61]. The temperature of the waste under
composting is influenced by the external one, so that heating methods have been developed
to promote the microbial activity and increase the temperature in cold climate regions [62].
The role of high temperature is indeed fundamental not only for hygiene reasons; it pro-
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motes organic matter degradation, shortening the maturity period [63]. Additionally, it
may act in controlling the presence of some contaminants. In this regard, Chen et al. [64]
reported an almost 43% removal of polystyrene-MPs from sewage sludge after 45 days of
hyperthermophilic composting. They concluded that this outcome was due to the excel-
lent bio-oxidation performance exhibited by hyperthermophilic bacteria [64]. However,
under thermophilic conditions, the high temperature, humidity and oxygen content could
improve the degradation of MPs and increase the release of toxic elements (plasticizer,
chlorine and heavy metals). In addition, such conditions could produce the reactive oxygen
species that reduces the richness and biodiversity of microbial communities during the
conventional composting of cow manure and sawdust [65].

The operating conditions may thus play a role in promoting the contaminant removal;
besides MPs, the concentration of selected organic contaminants can be also reduced. This
is the case for low molecular weight PAHs, which were observed to decrease up to 90%
during composting [66]. Conversely, the concentration of high molecular weight PAHs,
PCBs and pesticides was found to remain stable or to increase, likely due to the moisture
content reduction during the final steps of composting [66—69]. Similarly, Graga et al. [69]
showed that the use of wood shavings as a bulking agent promoted the proper succession
of bacteria during composting, leading to the degradation of low molecular weight PAHs
and phthalates, whereas Lin et al. [70] demonstrated the possibility to treat the high
concentration of benzophenone during the co-composting of food waste, sawdust and
mature compost, reaching a 97% removal efficiency after 35 days of incubation.

It is worth highlighting that composting has been proposed as a bioremediation
practice for sites contaminated with organic pollutants, including polycyclic aromatic
hydrocarbons, pesticides, and petroleum products [71], as well as polychlorinated dibenzo-
p-dioxins (PCDDs) and polychlorinated di-benzofurans (PCDFs) [72]. This indicates a
potential for the process to reduce the presence of some toxic compounds (which may be
contained in the incoming waste) in the final compost.

3. Enhancing Compost Quality and Reducing Gaseous Emissions: The Role
of Research

In most industrialized countries where OFMSW recycling practices are well estab-
lished, the characteristics of compost for its use on soil are clearly identified. Although
a lack of uniformity can be observed, the agronomic value (C/N ratio, minimum carbon
content) and the presence of heavy metals, inerts and pathogens are usually well estab-
lished [73]. Similarly, the stability and maturity are already monitored in waste-based
composts. The assessment of both biological stability and maturity during the industrial
scale composting of the organic fraction of municipal solid waste showed the key role of
these parameters in the process monitoring [74]. The analysis of the Dynamic Respiration
Index (DRI) over time was found to provide useful indications about the development of
the biological stabilization process, although it may not address the correct identification
of the possible causes for unstable composts. Similarly, the sole result of phytotoxicity
tests cannot provide comprehensive information given the tight link between stability and
maturity [74], especially for municipal waste based-compost [75]. The proper monitoring
of the selected conventional parameters of stability and maturity may provide further
indication about the biodiversity in composting processes [76].

3.1. Persistent and/or Emerging Organic Contaminants

The greatest concern about the safe use of compost on soil must be ascribed to those
contaminants not yet regulated, and this issue has been largely debated in the scientific
literature. The presence of persistent organic contaminants has been investigated to provide
a wider perspective, and it was found that they do not usually pose a severe risk. The
content of compounds causing dioxin-like effects such as PAHs, PCBs and other chlorinated
compounds, analyzed in compost samples collected in 16 European countries, was found
to be mostly below the most restrictive limit values [77]. Similarly, Langdon et al. [78]
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found that many contaminants in composted municipal organic waste samples produced
in New South West Australia can be considered as not posing a risk. Nevertheless, for some
others, no criteria were available to assess their hazard potential. To this end, a priority
ranking was proposed based on the assessment of a risk quotient (RQ) for either ecological
or human receptors. This was calculated considering the maximum concentration in soil
resulting in two different scenarios of compost application on soil (Table 2).

Table 2. Prioritization of selected contaminants based on the risk assessment conducted by Lang-
don et al. [78]).

L. ; Contaminant of ROQmax ROQmax
Priority Group Risk Receptor Potential Concern (10 t/ha) (140 t/ha)

Ecological Phenol 3.5 45

Very high Ecological Dibutyl phthalate 1.8 23
Ecological Commercial 23 30

0108 penta-BDE ’

Human health Total PBDEs 5.5 70

High Ecolog}cal DEHA 0.45 5.7
Ecological BPA 0.14 1.7

Medi Ecological DEHP 0.11 23
edium Ecological DBT 0.11 1.5

. Benzyl butyl

Low Ecological phthalate 0.0092 0.12
Human health DEHP 0.046 0.58

The need to further explore the adverse effects of most emerging compounds comes
along with the need to verify whether the proper adjustment of the composting operating
conditions may contribute to their degradation. In this regard, further research should
focus on understanding the mechanisms underlying the biologically-mediated oxidation
of these organic pollutants during waste composting and, based on scientific literature,
similar considerations are raised for microplastics. As mentioned, the establishment of
specific temperature profiles may be beneficial for the process [64]. However, further
research efforts should be directed towards the understanding of its role on different
plastic polymers and size range as well as toward the definition of strategies to reach
high temperatures in cold climate regions. In this regard, a suitable solution would be
the use of new microbial strains working at psychrophilic conditions, as suggested by
Jiang et al. [79]. Generally speaking, the research on microbial communities has indicated
that many compounds used for microbial inoculation help to improve the temperature, to
extend the high temperature periods, and to enhance kinase activity, chemical composition
and enzymes so that more studies are required in this field [11].

Depending on the chemical characteristics and concentration of contaminants, the
microbial pools as well as the environmental composting conditions that they contribute
to create may differently affect the fate of the contaminant itself [11]. The identification of
both optimization strategies and effective monitoring represents other areas of key research
to address the technical challenges related to composting.

Process optimization entails the iterative adjustment of the operating conditions to
identify those ensuring the sustainable production of a high-quality compost. In this view,
an approach based exclusively on an experimental campaign, especially if carried out at
industrial scale, may require significant time and effort. Modelling can represent a suitable
tool to better understand the composting process [80], identifying the causes of possible
failures so as to take prompt action. In this regard, Onwosi et al. [81] briefly reviewed
possible statistical and kinetic approaches. The former relies on the use of techniques,
including the one-at-a-time approach, factorial design and the fuzzy logic model, which
allow the comprehension of the effects of some variables of the process under investigation.
On the other hand, the kinetic approach uses mathematical models. The development
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of effective models is worth studying, with the aim being to address new solutions to be
adopted at larger scales.

3.2. Gaseous Emissions

The optimization of the composting process is also fundamental to reducing GHG
emissions. Recent research advances have focused on the use of semi-permeable mem-
branes coupled with intermittent aeration: under the optimum conditions investigated at
industrial scale, a global warming potential (GWP) reduction up to 10% was observed [82]
and the carbon dioxide, methane, nitrous oxide, and ammonia emissions outside the mem-
brane during the aeration interval were decreased by 64%, 70%, 55%, and 11%, respectively,
compared with that inside the membrane [83].

The optimization of the composting process for GHG may also entail the use of ad-
ditives [84,85]. Yang et al. [50] proposed the addition of two mineral additives, namely
phosphor-gypsum and superphosphate, to reduce gaseous emissions during kitchen waste
composting. They found that additives reduced CHy emissions by 80.5-85.8% and de-
creased NHj3 emissions by 18.9-23.5%. A decrease in GHG emissions by 7.3-17.4% was
also observed. The extensive data analysis carried out by Cao et al. [84] to quantify the
impact of different additives on NHz and GHG emissions showed that it was possible to
gain greater yields, reducing the loss of total nitrogen as well as the emissions of NHj,
N>O and CHy by 46.4%, 44.5%, 44.6% and 68.5%. The corresponding reduction in the
global warming potential was 54.2%. The same authors pointed out that all the additive
categories (namely physical chemical and biological) significantly reduced TN loss and
NHj; emission, although, under optimal conditions, the chemical additives resulted in
higher effectiveness [84].

Novel additives may thus be identified, or proper activation procedures may be devel-
oped to enhance the efficiency of traditional additives with regard to odour and gaseous
emissions. It is worth highlighting that, in a circular perspective, carbon dioxide, although
contributing to GHG emissions, may be more interestingly captured and recycled. Thom-
son et al. [86] proposed this option by approaching the composting process optimization in
the view of resource recapture with the aim of using CO, and other composting outputs
(like heat and the compost itself) within controlled environmental agriculture practices.

In view of enhancing composting sustainability in a circular perspective, its integra-
tion within anaerobic digestion facilities has been proved to be a solution. For instance,
Di Maria et al. [87] compared composting with integrated anaerobic/aerobic treatments
aiming at different energetic use of the biogas produced during the anaerobic stage. Their
findings demonstrated that the latter was the preferred option in terms of avoided impacts,
especially when considering the upgrading of biogas into biomethane instead of conven-
tional exploitation in co-generators [87]. These results were more recently confirmed by
Le Pera et al., [88] highlighting another area of further research based on LCA studies to
identify the potential impact of composting and optimize the process by addressing the
reduction of emissions.

4. Critical Analysis of Reviewed Studies and Concluding Remarks

The reliability of composting and its easy implementation are the main drivers for this
process to be the preferred technical solution to manage the organic fraction of municipal
solid waste at the European level. Nevertheless, with the shift of the paradigm towards
the circular economy, some aspects have emerged as technical constraints limiting the
sustainability of this process. The need to ensure the effective and safe use of compost on
soil has addressed the discussion on compost quality and the presence of contaminants.
Similarly, odour, ammonia and GHG emissions require proper handling to reduce the
environmental burdens of the process.

The literature review highlights the central position of these aspects in the scientific
debate. Different kinds of persistent organic contaminants have been detected and regarded
in the view of the potential risk posed by their release into the environment; similarly,
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the fate of microplastics during composting has been investigated to verify which process
stages contribute the most to their accumulation into the process product. Further studies
are needed to unveil the hazard potential of emerging contaminants as well as to address the
understanding of the mechanisms underlying their potential removal during composting
and to propose novel solutions to be applied at larger scale.

Another issue of concern was found to be related to gaseous emissions: beyond odour
control solutions, it is fundamental to reduce the environmental burdens associated with
GHG emissions. Novel approaches rely on intermittent aeration and the use of semi-
permeable membranes or that of additives, but additional efforts should be devoted to the
identification of both the optimal operating conditions and the operating costs to implement
these solutions within industrial plants. Moreover, in the view of a circular perspective, any
solution addressing the capture and recycling of gaseous compounds may play a pivotal
role in the near future. This is particularly true for GHGs such as CO;.

It is worth highlighting that research exclusively based on experimental campaigns
may turn out to be expensive and time-consuming, so that additional approaches based on
either mathematical modelling or life cycle assessment studies may be used to support the
identification of the most suitable solutions. However, even though different approaches
may serve diverse purposes, adopting a holistic and multidisciplinary perspective in the
design of research studies dealing with the composting process may play a key role towards
the definition of reliable, cost-effective and environmentally friendly strategies to enhance
composting performances. Conversely, despite the essential role of research in this field,
the limitation of lab-scale experimental tests has to be overcome via the validation of the
most promising findings at real scale.

Author Contributions: G.P. and A.C. contributed to the study conception and design, material
preparation, data collection and analysis and wrote the first draft of the manuscript. A.C. performed
review and editing. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data analyzed during this work are available in the cited literature.

Acknowledgments: Alessandra Cesaro would like to thank the former Italian Ministry of Education,
University and Research (MIUR) who provided financial support for her position in the frame of
the research project entitled “Dipartimenti di Eccellenza” per Ingegneria Civile Edile e Ambientale
-CUPE65D18000820006.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  European Environment Agency (EEA). Bio-Waste in Europe-Turning Challenges into Opportunities (EEA Report; Vol. 2020, No.
4). Available online: https:/ /www.eea.europa.eu/publications/bio-waste-in-europe (accessed on 18 November 2022).

2. Sanjuan-Delmas, D.; Taelman, S.E.; Arlati, A.; Obersteg, A.; Vér, C.; Oviéri, A.; Tonini, D.; Dewulf, J. Sustainability Assessment
of Organic Waste Management in Three EU Cities: Analysing Stakeholder-Based Solutions. Waste Manag. 2021, 132, 44-55.
[CrossRef] [PubMed]

3. Buratti, C,; Barbanera, M.; Testarmata, F.; Fantozzi, F. Life Cycle Assessment of Organic Waste Management Strategies: An Italian
Case Study. J. Clean. Prod. 2015, 89, 125-136. [CrossRef]

4. Papa, G.; Pepe Sciarria, T.; Scaglia, B.; Adani, F. Diversifying the Products from the Organic Fraction of Municipal Solid Waste
(OFMSW) by Producing Polyhydroxyalkanoates from the Liquid Fraction and Biomethane from the Residual Solid Fraction.
Bioresour. Technol. 2022, 344, 126180. [CrossRef]

5. Romero Aguilar, M.A.; Fdez-Giielfo, L.A.; Alvarez-Gallego, C.J.; Romero Garcia, L.I. Effect of HRT on Hydrogen Production and
Organic Matter Solubilization in Acidogenic Anaerobic Digestion of OFMSW. Chem. Eng. |. 2013, 219, 443-449. [CrossRef]

6. Prashanth Kumar, C.; Rena; Meenakshi, A.; Khapre, A.S.; Kumar, S.; Anshul, A.; Singh, L.; Kim, S.-H.; Lee, B.-D.; Kumar, R.

Bio-Hythane Production from Organic Fraction of Municipal Solid Waste in Single and Two Stage Anaerobic Digestion Processes.
Bioresour. Technol. 2019, 294, 122220. [CrossRef] [PubMed]


https://www.eea.europa.eu/publications/bio-waste-in-europe
http://doi.org/10.1016/j.wasman.2021.07.013
http://www.ncbi.nlm.nih.gov/pubmed/34304021
http://doi.org/10.1016/j.jclepro.2014.11.012
http://doi.org/10.1016/j.biortech.2021.126180
http://doi.org/10.1016/j.cej.2012.12.090
http://doi.org/10.1016/j.biortech.2019.122220
http://www.ncbi.nlm.nih.gov/pubmed/31606597

Int. |. Environ. Res. Public Health 2023, 20, 312 11 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Lin, L.; Xu, E; Ge, X,; Li, Y. Improving the Sustainability of Organic Waste Management Practices in the Food-Energy-Water
Nexus: A Comparative Review of Anaerobic Digestion and Composting. Renew. Sustain. Energy Rev. 2018, 89, 151-167. [CrossRef]
Lasaridi, K.-E.; Manios, T.; Stamatiadis, S.; Chroni, C.; Kyriacou, A. The Evaluation of Hazards to Man and the Environment
during the Composting of Sewage Sludge. Sustainability 2018, 10, 2618. [CrossRef]

Déportes, I; Benoit-Guyod, J.-L.; Zmirou, D. Hazard to Man and the Environment Posed by the Use of Urban Waste Compost: A
Review. Sci. Total Environ. 1995, 172, 197-222. [CrossRef] [PubMed]

Ayilara, M.S.; Olanrewaju, O.S.; Babalola, O.O.; Odeyemi, O. Waste Management through Composting: Challenges and Potentials.
Sustainability 2020, 12, 4456. [CrossRef]

Awasthi, S.K.; Sarsaiya, S.; Awasthi, M.K; Liu, T.; Zhao, J.; Kumar, S.; Zhang, Z. Changes in Global Trends in Food Waste
Composting: Research Challenges and Opportunities. Bioresour. Technol. 2020, 299, 122555. [CrossRef]

Shan, G.; Li, W.; Gao, Y.; Tan, W.; Xi, B. Additives for Reducing Nitrogen Loss during Composting: A Review. ]. Clean. Prod. 2021,
307, 127308. [CrossRef]

Chen, T.; Zhang, S.; Yuan, Z. Adoption of Solid Organic Waste Composting Products: A Critical Review. J. Clean. Prod. 2020,
272,122712. [CrossRef]

Yin, Y;; Yang, C.; Li, M,; Zheng, Y.; Ge, C.; Gu, J; Li, H,; Duan, M.; Wang, X.; Chen, R. Research Progress and Prospects for Using
Biochar to Mitigate Greenhouse Gas Emissions during Composting: A Review. Sci. Total Environ. 2021, 798, 149294. [CrossRef]
[PubMed]

Walling, E.; Trémier, A.; Vaneeckhaute, C. A Review of Mathematical Models for Composting. Waste Manag. 2020, 113, 379-394.
[CrossRef] [PubMed]

Li, H.; Chen, X.-H.; Mo, C.-H.; Huang, Y.-H.; He, M.-Y,; Li, Y.-W.; Feng, N.-X,; Katsoyiannis, A.; Cai, Q.-Y. Occurrence and
Dissipation Mechanism of Organic Pollutants during the Composting of Sewage Sludge: A Critical Review. Bioresour. Technol.
2021, 328, 124847. [CrossRef] [PubMed]

In-Vessel Composting System for Converting Food and Green Wastes into Pathogen Free Soil Amendment for Sustainable
Agriculture | Elsevier Enhanced Reader. Available online: https://reader.elsevier.com/reader/sd/pii/S0959652616311593?
token=1D07DFC525D7D443B0BBC4CCC2BA A4ECC82A77B554B654 ACF648B801018F21753E137B4B73C306211C3E7DEB5
1EF2F0A&originRegion=eu-west-1&originCreation=20220106141223 (accessed on 6 January 2022).

Makan, A.; Assobhei, O.; Mountadar, M. Initial Air Pressure Influence on In-Vessel Composting for the Biodegradable Fraction of
Municipal Solid Waste in Morocco. Int. |. Environ. Sci. Technol. 2014, 11, 53-58. [CrossRef]

Martalo, G.; Bianchi, C.; Buonomo, B.; Chiappini, M.; Vespri, V. Mathematical Modeling of Oxygen Control in Biocell Composting
Plants. Math. Comput. Simul. 2020, 177, 105-119. [CrossRef]

Cekmecelioglu, D.; Demirci, A.; Graves, R.E.; Davitt, N.H. Applicability of Optimised In-Vessel Food Waste Composting for
Windrow Systems. Biosyst. Eng. 2005, 91, 479-486. [CrossRef]

Mason, 1.G.; Milke, M.W. Physical Modelling of the Composting Environment: A Review. Part 1: Reactor Systems. Waste Manag.
2005, 25, 481-500. [CrossRef]

Lim, L.Y,; Bong, C.P.C; Lee, C.T.; Klemes, ]J.].; Sarmidi, M.R.; Lim, ].S. Review on the Current Composting Practices and the
Potential of Improvement Using Two-Stage Composting. Chem. Eng. Trans. 2017, 61, 1051-1056. [CrossRef]

Cesaro, A.; Russo, L.; Belgiorno, V. Combined Anaerobic/Aerobic Treatment of OFMSW: Performance Evaluation Using Mass
Balances. Chem. Eng. J. 2015, 267, 16-24. [CrossRef]

Jara-Samaniego, J.; Pérez-Murcia, M.D.; Bustamante, M.A.; Pérez-Espinosa, A.; Paredes, C.; Lépez, M.; Lopez-Lluch, D.B.;
Gavilanes-Teran, I.; Moral, R. Composting as Sustainable Strategy for Municipal Solid Waste Management in the Chimborazo
Region, Ecuador: Suitability of the Obtained Composts for Seedling Production. J. Clean. Prod. 2017, 141, 1349-1358. [CrossRef]
Wei, Y.; Wang, N.; Lin, Y; Zhan, Y.; Ding, X.; Liu, Y.; Zhang, A.; Ding, G.; Xu, T.; Li, J. Recycling of Nutrients from Organic Waste
by Advanced Compost Technology- A Case Study. Bioresour. Technol. 2021, 337, 125411. [CrossRef] [PubMed]

Mazumder, P.; Pm, A.; Jyoti; Khwairakpam, M.; Mishra, U.; Kalamdhad, A.S. Enhancement of Soil Physico-Chemical Properties
Post Compost Application: Optimization Using Response Surface Methodology Comprehending Central Composite Design. J.
Environ. Manag. 2021, 289, 112461. [CrossRef] [PubMed]

Jain, M.S.; Kalamdhad, A.S. Soil Revitalization via Waste Utilization: Compost Effects on Soil Organic Properties, Nutritional,
Sorption and Physical Properties. Environ. Technol. Innov. 2020, 18, 100668. [CrossRef]

Cesaro, A.; Russo, L.; Farina, A.; Belgiorno, V. Organic Fraction of Municipal Solid Waste from Mechanical Selection: Biological
Stabilization and Recovery Options. Environ. Sci. Pollut. Res. 2016, 23, 1565-1575. [CrossRef]

Montejo, C.; Costa, C.; Marquez, M.C. Influence of Input Material and Operational Performance on the Physical and Chemical
Properties of MSW Compost. |. Environ. Manag. 2015, 162, 240-249. [CrossRef]

Cattle, S.R.; Robinson, C.; Whatmuff, M. The Character and Distribution of Physical Contaminants Found in Soil Previously
Treated with Mixed Waste Organic Outputs and Garden Waste Compost. Waste Manag. 2020, 101, 94-105. [CrossRef]

Alvarez, M.D,; Sans, R.; Garrido, N.; Torres, A. Factors That Affect the Quality of the Bio-Waste Fraction of Selectively Collected
Solid Waste in Catalonia. Waste Manag. 2008, 28, 359-366. [CrossRef]

Echavarri-Bravo, V.; Thygesen, H.H.; Aspray, T.J. Variability in Physical Contamination Assessment of Source Segregated
Biodegradable Municipal Waste Derived Composts. Waste Manag. 2017, 59, 30-36. [CrossRef]


http://doi.org/10.1016/j.rser.2018.03.025
http://doi.org/10.3390/su10082618
http://doi.org/10.1016/0048-9697(95)04808-1
http://www.ncbi.nlm.nih.gov/pubmed/8525355
http://doi.org/10.3390/su12114456
http://doi.org/10.1016/j.biortech.2019.122555
http://doi.org/10.1016/j.jclepro.2021.127308
http://doi.org/10.1016/j.jclepro.2020.122712
http://doi.org/10.1016/j.scitotenv.2021.149294
http://www.ncbi.nlm.nih.gov/pubmed/34332388
http://doi.org/10.1016/j.wasman.2020.06.018
http://www.ncbi.nlm.nih.gov/pubmed/32580105
http://doi.org/10.1016/j.biortech.2021.124847
http://www.ncbi.nlm.nih.gov/pubmed/33609883
https://reader.elsevier.com/reader/sd/pii/S0959652616311593?token=1D07DFC525D7D443B0BBC4CCC2BAA4ECC82A77B554B654ACF648B801018F21753E137B4B73C306211C3E7DEB51EF2F0A&originRegion=eu-west-1&originCreation=20220106141223
https://reader.elsevier.com/reader/sd/pii/S0959652616311593?token=1D07DFC525D7D443B0BBC4CCC2BAA4ECC82A77B554B654ACF648B801018F21753E137B4B73C306211C3E7DEB51EF2F0A&originRegion=eu-west-1&originCreation=20220106141223
https://reader.elsevier.com/reader/sd/pii/S0959652616311593?token=1D07DFC525D7D443B0BBC4CCC2BAA4ECC82A77B554B654ACF648B801018F21753E137B4B73C306211C3E7DEB51EF2F0A&originRegion=eu-west-1&originCreation=20220106141223
http://doi.org/10.1007/s13762-013-0434-6
http://doi.org/10.1016/j.matcom.2020.04.011
http://doi.org/10.1016/j.biosystemseng.2005.04.013
http://doi.org/10.1016/j.wasman.2005.01.015
http://doi.org/10.3303/CET1761173
http://doi.org/10.1016/j.cej.2014.12.110
http://doi.org/10.1016/j.jclepro.2016.09.178
http://doi.org/10.1016/j.biortech.2021.125411
http://www.ncbi.nlm.nih.gov/pubmed/34153865
http://doi.org/10.1016/j.jenvman.2021.112461
http://www.ncbi.nlm.nih.gov/pubmed/33831758
http://doi.org/10.1016/j.eti.2020.100668
http://doi.org/10.1007/s11356-015-5345-2
http://doi.org/10.1016/j.jenvman.2015.07.059
http://doi.org/10.1016/j.wasman.2019.09.043
http://doi.org/10.1016/j.wasman.2007.01.005
http://doi.org/10.1016/j.wasman.2016.10.049

Int. |. Environ. Res. Public Health 2023, 20, 312 12 of 14

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Bernstad, A.; la Cour Jansen, J. Separate Collection of Household Food Waste for Anaerobic Degradation-Comparison of Different
Techniques from a Systems Perspective. Waste Manag. 2012, 32, 806-815. [CrossRef] [PubMed]

Bernstad, A.; Malmquist, L.; Truedsson, C.; la Cour Jansen, J. Need for Improvements in Physical Pretreatment of Source-Separated
Household Food Waste. Waste Manag. 2013, 33, 746-754. [CrossRef] [PubMed]

Jank, A ; Miiller, W.; Schneider, L.; Gerke, F; Bockreis, A. Waste Separation Press (WSP): A Mechanical Pretreatment Option for
Organic Waste from Source Separation. Waste Manag. 2015, 39, 71-77. [CrossRef] [PubMed]

Petersen, F.; Hubbart, J.A. The Occurrence and Transport of Microplastics: The State of the Science. Sci. Total Environ. 2021,
758,143936. [CrossRef]

Vithanage, M.; Ramanayaka, S.; Hasinthara, S.; Navaratne, A. Compost as a Carrier for Microplastics and Plastic-Bound Toxic
Metals into Agroecosystems. Curr. Opin. Environ. Sci. Health 2021, 24, 100297. [CrossRef]

Gui, J; Sun, Y,; Wang, J.; Chen, X.; Zhang, S.; Wu, D. Microplastics in Composting of Rural Domestic Waste: Abundance,
Characteristics, and Release from the Surface of Macroplastics. Environ. Pollut. 2021, 274, 116553. [CrossRef]

Xu, Z.; Sui, Q.; Li, A,; Sun, M.; Zhang, L.; Lyu, S.; Zhao, W. How to Detect Small Microplastics (20-100 Mm) in Freshwater,
Municipal Wastewaters and Landfill Leachates? A Trial from Sampling to Identification. Sci. Total Environ. 2020, 733, 139218.
[CrossRef]

Edo, C.; Fernandez-Pifias, F.; Rosal, R. Microplastics Identification and Quantification in the Composted Organic Fraction of
Municipal Solid Waste. Sci. Total Environ. 2021, 813, 151902. [CrossRef]

Bandini, F; Frache, A.; Ferrarini, A.; Taskin, E.; Cocconcelli, P.S.; Puglisi, E. Fate of biodegradable polymers under industrial
conditions for anaerobic digestion and aerobic composting of food waste. J. Polym. Environ. 2020, 28, 2539-2550. [CrossRef]
Brandli, R.C.; Bucheli, T.D.; Kupper, T.; Furrer, R.; Stahel, W.A; Stadelmann, FX.; Tarradellas, J. Organic Pollutants in Compost
and Digestate. Part 1. Polychlorinated Biphenyls, Polycyclic Aromatic Hydrocarbons and Molecular Markers. J. Environ. Monit.
2007, 9, 456-464. [CrossRef]

Brandli, R.C.; Kupper, T.; Bucheli, T.D.; Zennegg, M.; Huber, S.; Ortelli, D.; Miiller, J.; Schaffner, C.; Iozza, S.; Schmid, P; et al. Or-
ganic Pollutants in Compost and Digestate. Part 2. Polychlorinated Dibenzo-p-Dioxins, and -Furans, Dioxin-like Polychlorinated
Biphenyls, Brominated Flame Retardants, Perfluorinated Alkyl Substances, Pesticides and Other Compounds. J. Environ. Monit.
2007, 9, 465-472. [CrossRef] [PubMed]

Yadav, I.C; Devi, N.L.; Syed, ].H.; Cheng, Z.; Li, ].; Zhang, G.; Jones, K.C. Current Status of Persistent Organic Pesticides Residues
in Air, Water, and Soil, and Their Possible Effect on Neighboring Countries: A Comprehensive Review of India. Sci. Total Environ.
2015, 511, 123-137. [CrossRef] [PubMed]

Rigby, H.; Smith, S.R. Nitrogen Availability and Indirect Measurements of Greenhouse Gas Emissions from Aerobic and Anaerobic
Biowaste Digestates Applied to Agricultural Soils. Waste Manag. 2013, 33, 2641-2652. [CrossRef] [PubMed]

Gnagwar, S.; Singh, S.; Mahajan, S.; Verma, S.K. Design and fabrication of waste food composting machine. Int. Res. J. Eng.
Technol. 2019, 6, 5.

Bernal, M.P; Alburquerque, J.A.; Moral, R. Composting of Animal Manures and Chemical Criteria for Compost Maturity
Assessment. A Review. Bioresour. Technol. 2009, 100, 5444-5453. [CrossRef]

Cerda, A.; Artola, A.; Font, X; Barrena, R.; Gea, T.; Sanchez, A. Composting of Food Wastes: Status and Challenges. Bioresour.
Technol. 2018, 248, 57-67. [CrossRef]

Oviedo-Ocania, E.R.; Torres-Lozada, P.; Marmolejo-Rebellon, L.F.; Hoyos, L.V.; Gonzales, S.; Barrena, R.; Komilis, D.; Sanchez,
A. Stability and Maturity of Biowaste Composts Derived by Small Municipalities: Correlation among Physical, Chemical and
Biological Indices. Waste Manag. 2015, 44, 63-71. [CrossRef]

Yang, F; Li, G.; Shi, H.; Wang, Y. Effects of Phosphogypsum and Superphosphate on Compost Maturity and Gaseous Emissions
during Kitchen Waste Composting. Waste Manag. 2015, 36, 70-76. [CrossRef]

Petric, I.; AvdihodZi¢, E.; Ibri¢, N. Numerical Simulation of Composting Process for Mixture of Organic Fraction of Municipal
Solid Waste and Poultry Manure. Ecol. Eng. 2015, 75, 242-249. [CrossRef]

Fong, M.; Wong, ].W.C.; Wong, M.H. Review on evaluation of compost maturity and stability of solid waste. Shanghai Env. Sci.
1999, 18, 91-93.

Zhu, N.; Deng, C.; Xiong, Y.; Qian, H. Performance characteristics of three aeration systems in the swine manure composting.
Bioresour. Technol. 2004, 95, 319-326. [CrossRef] [PubMed]

Zhang, S.; Wang, J.; Chen, X.; Gui, J.; Sun, Y.; Wu, D. Industrial-Scale Food Waste Composting: Effects of Aeration Frequencies
on Oxygen Consumption, Enzymatic Activities and Bacterial Community Succession. Bioresour. Technol. 2021, 320, 124357.
[CrossRef] [PubMed]

Wang, Y.; Tang, Y.; Li, M.; Yuan, Z. Aeration Rate Improves the Compost Quality of Food Waste and Promotes the Decomposition
of Toxic Materials in Leachate by Changing the Bacterial Community. Bioresour. Technol. 2021, 340, 125716. [CrossRef] [PubMed]
Xu, Z,; Qi, C; Zhang, L.; Ma, Y.; Li, J.; Li, G.; Luo, W. Bacterial Dynamics and Functions for Gaseous Emissions and Humification
in Response to Aeration Intensities during Kitchen Waste Composting. Bioresour. Technol. 2021, 337, 125369. [CrossRef] [PubMed]
Wagqas, M.; Nizami, A.S.; Aburiazaiza, A.S.; Barakat, M.A.; Rashid, M.L; Ismail, LM.I. Optimizing the Process of Food Waste
Compost and Valorizing Its Applications: A Case Study of Saudi Arabia. J. Clean. Prod. 2018, 176, 426-438. [CrossRef]
Ermolaev, E.; Sundberg, C.; Pell, M.; Smars, S.; Jonsson, H. Effects of Moisture on Emissions of Methane, Nitrous Oxide and
Carbon Dioxide from Food and Garden Waste Composting. J. Clean. Prod. 2019, 240, 118165. [CrossRef]


http://doi.org/10.1016/j.wasman.2012.01.008
http://www.ncbi.nlm.nih.gov/pubmed/22321897
http://doi.org/10.1016/j.wasman.2012.06.012
http://www.ncbi.nlm.nih.gov/pubmed/22819597
http://doi.org/10.1016/j.wasman.2015.02.024
http://www.ncbi.nlm.nih.gov/pubmed/25761398
http://doi.org/10.1016/j.scitotenv.2020.143936
http://doi.org/10.1016/j.coesh.2021.100297
http://doi.org/10.1016/j.envpol.2021.116553
http://doi.org/10.1016/j.scitotenv.2020.139218
http://doi.org/10.1016/j.scitotenv.2021.151902
http://doi.org/10.1007/s10924-020-01791-y
http://doi.org/10.1039/B617101J
http://doi.org/10.1039/B617103F
http://www.ncbi.nlm.nih.gov/pubmed/17492092
http://doi.org/10.1016/j.scitotenv.2014.12.041
http://www.ncbi.nlm.nih.gov/pubmed/25540847
http://doi.org/10.1016/j.wasman.2013.08.005
http://www.ncbi.nlm.nih.gov/pubmed/24035244
http://doi.org/10.1016/j.biortech.2008.11.027
http://doi.org/10.1016/j.biortech.2017.06.133
http://doi.org/10.1016/j.wasman.2015.07.034
http://doi.org/10.1016/j.wasman.2014.11.012
http://doi.org/10.1016/j.ecoleng.2014.12.003
http://doi.org/10.1016/j.biortech.2004.02.021
http://www.ncbi.nlm.nih.gov/pubmed/15288275
http://doi.org/10.1016/j.biortech.2020.124357
http://www.ncbi.nlm.nih.gov/pubmed/33166884
http://doi.org/10.1016/j.biortech.2021.125716
http://www.ncbi.nlm.nih.gov/pubmed/34385125
http://doi.org/10.1016/j.biortech.2021.125369
http://www.ncbi.nlm.nih.gov/pubmed/34139565
http://doi.org/10.1016/j.jclepro.2017.12.165
http://doi.org/10.1016/j.jclepro.2019.118165

Int. |. Environ. Res. Public Health 2023, 20, 312 13 of 14

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Guo, R;; Li, G;; Jiang, T.; Schuchardt, F.; Chen, T.; Zhao, Y.; Shen, Y. Effect of Aeration Rate, C/N Ratio and Moisture Content on
the Stability and Maturity of Compost. Bioresour. Technol. 2012, 112, 171-178. [CrossRef]

Rasapoor, M.; Adl, M.; Pourazizi, B. Comparative Evaluation of Aeration Methods for Municipal Solid Waste Composting from
the Perspective of Resource Management: A Practical Case Study in Tehran, Iran. . Environ. Manag. 2016, 184 Pt 3, 528-534.
[CrossRef]

Chan, M.T.; Selvam, A.; Wong, ].W.C. Reducing Nitrogen Loss and Salinity during ‘Struvite’ Food Waste Composting by Zeolite
Amendment. Bioresour. Technol. 2016, 200, 838-844. [CrossRef]

Xie, X.-Y.; Zhao, Y.; Sun, Q.-H.; Wang, X.-Q.; Cui, H.-Y,; Zhang, X.; Li, Y.-J.; Wei, Z.-M. A Novel Method for Contributing to
Composting Start-up at Low Temperature by Inoculating Cold-Adapted Microbial Consortium. Bioresour. Technol. 2017, 238,
39-47. [CrossRef] [PubMed]

Ajmal, M,; Shi, A.; Awais, M.; Mengqi, Z.; Zihao, X.; Shabbir, A.; Faheem, M.; Wei, W.; Ye, L. Ultra-High Temperature Aerobic
Fermentation Pretreatment Composting: Parameters Optimization, Mechanisms and Compost Quality Assessment. J. Environ.
Chem. Eng. 2021, 9, 105453. [CrossRef]

Chen, Z.; Zhao, W,; Xing, R; Xie, S.; Yang, X.; Cui, P,; L1, J.; Liao, H.; Yu, Z.; Wang, S.; et al. Enhanced in Situ Biodegradation of
Microplastics in Sewage Sludge Using Hyperthermophilic Composting Technology. J. Hazard. Mater. 2020, 384, 121271. [CrossRef]
[PubMed]

Sun, Y.; Ren, X,; Rene, E.R.; Wang, Z.; Zhou, L.; Zhang, Z.; Wang, Q. The Degradation Performance of Different Microplastics and
Their Effect on Microbial Community during Composting Process. Bioresour. Technol. 2021, 332, 125133. [CrossRef] [PubMed]
Brandli, R.C.; Bucheli, T.D.; Kupper, T.; Mayer, J.; Stadelmann, EX.; Tarradellas, J. Fate of PCBs, PAHs and Their Source
Characteristic Ratios during Composting and Digestion of Source-Separated Organic Waste in Full-Scale Plants. Environ. Pollut.
2007, 148, 520-528. [CrossRef]

Kupper, T.; Bucheli, T.D.; Brandli, R.C.; Ortelli, D.; Edder, P. Dissipation of Pesticides during Composting and Anaerobic Digestion
of Source-Separated Organic Waste at Full-Scale Plants. Bioresour. Technol. 2008, 99, 7988-7994. [CrossRef] [PubMed]

Hou, L.; Zhang, H.; Wang, L.; Chen, L.; Xiong, Y.; Xue, X. Removal of Sulfamethoxazole from Aqueous Solution by Sono-Ozonation
in the Presence of a Magnetic Catalyst. Sep. Purif. Technol. 2013, 117, 46-52. [CrossRef]

Graga, J.; Murphy, B.; Pentlavalli, P.; Allen, C.C.R,; Bird, E.; Gaffney, M.; Duggan, T.; Kelleher, B. Bacterium Consortium Drives
Compost Stability and Degradation of Organic Contaminants in In-Vessel Composting Process of the Mechanically Separated
Organic Fraction of Municipal Solid Waste (MS-OFMSW). Bioresour. Technol. Rep. 2021, 13, 100621. [CrossRef]

Lin, C.; Cheruiyot, N.K.; Hoang, H.-G.; Le, T.-H.; Tran, H.-T.; Bui, X.-T. Benzophenone Biodegradation and Characterization of
Malodorous Gas Emissions during Co-Composting of Food Waste with Sawdust and Mature Compost. Environ. Technol. Innov.
2021, 21, 101351. [CrossRef]

Mihai, E-C.; Plana, R.; Taherzadeh, M.].; Aswathi, M.K,; Ezeah, C. Chapter 45-Bioremediation of Organic Contaminants Based
on Biowaste Composting Practices. In Handbook of Bioremediation; Hasanuzzaman, M., Prasad, M.N.V.,, Eds.; Academic Press:
Cambridge, MA, USA, 2021; pp. 701-714. ISBN 978-0-12-819382-2.

Huang, W.-Y,; Ngo, H.-H.; Lin, C.; Vu, C.-T.; Kaewlaoyoong, A.; Boonsong, T.; Tran, H.-T.; Bui, X.-T.; Vo, T.-D.-H.; Chen, J.-R.
Aerobic Co-Composting Degradation of Highly PCDD/F-Contaminated Field Soil. A Study of Bacterial Community. Sci. Total
Environ. 2019, 660, 595-602. [CrossRef]

Cesaro, A.; Belgiorno, V.; Guida, M. Compost from Organic Solid Waste: Quality Assessment and European Regulations for Its
Sustainable Use. Resour. Conserv. Recycl. 2015, 94, 72-79. [CrossRef]

Cesaro, A.; Conte, A ; Belgiorno, V.; Siciliano, A.; Guida, M. The Evolution of Compost Stability and Maturity during the Full-Scale
Treatment of the Organic Fraction of Municipal Solid Waste. J. Environ. Manag. 2019, 232, 264-270. [CrossRef]

Siles-Castellano, A.B.; Lépez, M.].; Lopez-Gonzalez, ].A.; Sudrez-Estrella, F; Jurado, M.M.; Estrella-Gonzalez, M.].; Moreno, J.
Comparative Analysis of Phytotoxicity and Compost Quality in Industrial Composting Facilities Processing Different Organic
Wastes. J. Clean. Prod. 2020, 252, 119820. [CrossRef]

Estrella-Gonzalez, M.].; Suarez-Estrella, F.; Jurado, M.M.; Lépez, M.].; Lopez-Gonzalez, J.A ; Siles-Castellano, A.B.; Mufioz-Mérida,
A.; Moreno, J. Uncovering New Indicators to Predict Stability, Maturity and Biodiversity of Compost on an Industrial Scale.
Bioresour. Technol. 2020, 313, 123557. [CrossRef] [PubMed]

Benisek, M.; Kukucka, P.; Mariani, G.; Suurkuusk, G.; Gawlik, B.M.; Locoro, G.; Giesy, ].P; Blaha, L. Dioxins and Dioxin-like
Compounds in Composts and Digestates from European Countries as Determined by the in Vitro Bioassay and Chemical Analysis.
Chemosphere 2015, 122, 168-175. [CrossRef] [PubMed]

Langdon, K.A.; Chandra, A.; Bowles, K.; Symons, A.; Pablo, F.; Osborne, K. A Preliminary Ecological and Human Health Risk
Assessment for Organic Contaminants in Composted Municipal Solid Waste Generated in New South Wales, Australia. Waste
Manag. 2019, 100, 199-207. [CrossRef] [PubMed]

Jiang, G.; Chen, P; Bao, Y.; Wang, X.; Yang, T.; Mei, X; Banerjee, S.; Wei, Z.; Xu, Y.; Shen, Q. Isolation of a Novel Psychrotrophic
Fungus for Efficient Low-Temperature Composting. Bioresour. Technol. 2021, 331, 125049. [CrossRef]

Oudart, D.; Robin, P; Paillat, ].M.; Paul, E. Modelling Nitrogen and Carbon Interactions in Composting of Animal Manure in
Naturally Aerated Piles. Waste Manag. 2015, 46, 588-598. [CrossRef]

Onwosi, C.O.; Igbokwe, V.C.; Odimba, ].N.; Eke, L.E.; Nwankwoala, M.O.; Iroh, L.N.; Ezeogu, L.I. Composting Technology in
Waste Stabilization: On the Methods, Challenges and Future Prospects. J. Environ. Manag. 2017, 190, 140-157. [CrossRef]


http://doi.org/10.1016/j.biortech.2012.02.099
http://doi.org/10.1016/j.jenvman.2016.10.029
http://doi.org/10.1016/j.biortech.2015.10.093
http://doi.org/10.1016/j.biortech.2017.04.036
http://www.ncbi.nlm.nih.gov/pubmed/28433916
http://doi.org/10.1016/j.jece.2021.105453
http://doi.org/10.1016/j.jhazmat.2019.121271
http://www.ncbi.nlm.nih.gov/pubmed/31611021
http://doi.org/10.1016/j.biortech.2021.125133
http://www.ncbi.nlm.nih.gov/pubmed/33857867
http://doi.org/10.1016/j.envpol.2006.11.021
http://doi.org/10.1016/j.biortech.2008.03.052
http://www.ncbi.nlm.nih.gov/pubmed/18455393
http://doi.org/10.1016/j.seppur.2013.05.014
http://doi.org/10.1016/j.biteb.2020.100621
http://doi.org/10.1016/j.eti.2020.101351
http://doi.org/10.1016/j.scitotenv.2018.12.312
http://doi.org/10.1016/j.resconrec.2014.11.003
http://doi.org/10.1016/j.jenvman.2018.10.121
http://doi.org/10.1016/j.jclepro.2019.119820
http://doi.org/10.1016/j.biortech.2020.123557
http://www.ncbi.nlm.nih.gov/pubmed/32512428
http://doi.org/10.1016/j.chemosphere.2014.11.039
http://www.ncbi.nlm.nih.gov/pubmed/25522853
http://doi.org/10.1016/j.wasman.2019.09.001
http://www.ncbi.nlm.nih.gov/pubmed/31542720
http://doi.org/10.1016/j.biortech.2021.125049
http://doi.org/10.1016/j.wasman.2015.07.044
http://doi.org/10.1016/j.jenvman.2016.12.051

Int. |. Environ. Res. Public Health 2023, 20, 312 14 of 14

82.

83.

84.

85.

86.

87.

88.

Ma, S.; Xiong, J.; Cui, R; Sun, X.; Han, L.; Xu, Y.; Kan, Z.; Gong, X.; Huang, G. Effects of Intermittent Aeration on Greenhouse Gas
Emissions and Bacterial Community Succession during Large-Scale Membrane-Covered Aerobic Composting. J. Clean. Prod.
2020, 266, 121551. [CrossRef]

Fang, C.; Yin, H.; Han, L.; Ma, S.; He, X.; Huang, G. Effects of Semi-Permeable Membrane Covering Coupled with Intermittent
Aeration on Gas Emissions during Aerobic Composting from the Solid Fraction of Dairy Manure at Industrial Scale. Waste Manag.
2021, 131, 1-9. [CrossRef]

Cao, Y.; Wang, X.; Bai, Z.; Chadwick, D.; Misselbrook, T.; Sommer, S.G.; Qin, W.; Ma, L. Mitigation of Ammonia, Nitrous Oxide
and Methane Emissions during Solid Waste Composting with Different Additives: A Meta-Analysis. J. Clean. Prod. 2019, 235,
626—635. [CrossRef]

Yuan, J.; Li, Y,; Chen, S.; Li, D.; Tang, H.; Chadwick, D.; Li, S.; Li, W.; Li, G. Effects of Phosphogypsum, Superphosphate, and
Dicyandiamide on Gaseous Emission and Compost Quality during Sewage Sludge Composting. Bioresour. Technol. 2018, 270,
368-376. [CrossRef] [PubMed]

Thomson, A.; Price, G.W.; Arnold, P.; Dixon, M.; Graham, T. Review of the Potential for Recycling CO2 from Organic Waste
Composting into Plant Production under Controlled Environment Agriculture. . Clean. Prod. 2022, 333, 130051. [CrossRef]

Di Maria, F; Micale, C.; Contini, S.; Morettini, E. Impact of Biological Treatments of Bio-Waste for Nutrients, Energy and
Bio-Methane Recovery in a Life Cycle Perspective. Waste Manag. 2016, 52, 86-95. [CrossRef] [PubMed]

Le Pera, A.; Sellaro, M.; Bencivenni, E.; D’Amico, F. Environmental Sustainability of an Integrate Anaerobic Digestion-Composting
Treatment of Food Waste: Analysis of an Italian Plant in the Circular Bioeconomy Strategy. Waste Manag. 2022, 139, 341-351.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.jclepro.2020.121551
http://doi.org/10.1016/j.wasman.2021.05.030
http://doi.org/10.1016/j.jclepro.2019.06.288
http://doi.org/10.1016/j.biortech.2018.09.023
http://www.ncbi.nlm.nih.gov/pubmed/30243244
http://doi.org/10.1016/j.jclepro.2021.130051
http://doi.org/10.1016/j.wasman.2016.04.009
http://www.ncbi.nlm.nih.gov/pubmed/27095293
http://doi.org/10.1016/j.wasman.2021.12.042

	Introduction 
	Industrial Composting: Main Features and Technical Challenges 
	Main Features of the Industrial Composting Process 
	Technical Challenges 
	Organic Waste as a Source of Contaminants 
	The Influence of Process Conditions in Driving Composting Sustainability 


	Enhancing Compost Quality and Reducing Gaseous Emissions: The Role of Research 
	Persistent and/or Emerging Organic Contaminants 
	Gaseous Emissions 

	Critical Analysis of Reviewed Studies and Concluding Remarks 
	References

