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Introduction

Composting technologies have evolved significantly, driven by the need for sus-
tainable waste management and nutrient recovery. Recent advancements focus
on enhancing efficiency and minimizing environmental impact through innovative
approaches. Sensor networks and automated control systems are being integrated
to optimize key parameters such as temperature, moisture, and oxygen levels,
leading to improved compost quality and faster decomposition rates [1]. The ap-
plication of artificial intelligence and machine learning is further revolutionizing
composting by analyzing vast datasets to predict and maintain optimal conditions
for microbial activity, thus accelerating composting cycles and improving compost
quality [2].

Beyond conventional composting, biological methods like vermicomposting are
gaining traction. This approach utilizes specific earthworm species to enhance
the biodegradation of challenging organic wastes, including materials with persis-
tent organic pollutants, through synergistic action with microbial decomposition [3].
Bioaugmentation strategies, involving the introduction of specialized microbial in-
oculants, are also proving effective in accelerating aerobic composting processes,
improving temperature regulation, and reducing odor emissions, thereby ensuring
the stability and maturity of the final compost product [4].

A comprehensive approach to organic waste management involves the integra-
tion of composting with other biological processes, such as anaerobic digestion
(AD). Combining these techniques can create robust waste-to-energy and resource
recovery systems, where composting can pre-treat or post-treat digestate to en-
hance nutrient utilization and product stabilization [5]. Furthermore, the design of
composting reactors is undergoing innovation, with advanced configurations like
forced aeration systems and agitated beds being developed to improve aeration,
mixing, and temperature control, leading to faster and more uniform composting

[6].

In cases involving recalcitrant organic compounds, advanced oxidation processes
(AOPs) are being explored as pre- or post-treatment steps in composting. AOPs
can effectively break down complex molecules, making them more amenable to
microbial decomposition and enhancing pathogen elimination, thereby combining
chemical and biological methods for more effective waste treatment [7]. The choice
of bulking agents also plays a crucial role in compost quality and greenhouse gas
(GHG) emissions. Research is comparing traditional materials with novel agents
like biochar and agricultural residues to assess their impact on mitigating emis-
sions and improving compost characteristics [8].

The implementation of sensors and Internet of Things (IoT) technologies is central
to the modern composting landscape. These technologies enable real-time mon-

itoring and control of composting parameters such as temperature, moisture, pH,
and gas concentrations, facilitating data collection, analysis, and remote manage-
ment of facilities, which ultimately enhances efficiency and compost quality [9].
Finally, enzymatic strategies are being employed to accelerate the composting of
difficult-to-decompose lignocellulosic materials. Specific enzymes can break down
lignin and cellulose, speeding up the composting process and improving humifica-
tion, through pre-treatment or direct addition to composting mixtures [10]. These
diverse advancements collectively point towards a future of more efficient, sustain-
able, and environmentally conscious composting practices.

Description

The study of composting technologies is increasingly focused on achieving greater
efficiency and sustainability in waste management and resource recovery. Inno-
vations in sensor networks allow for real-time monitoring of critical parameters like
temperature, moisture, and oxygen levels, which is crucial for the automated con-
trol and optimization of composting processes. This leads to enhanced quality of
the compost produced and a reduced environmental footprint [1]. In parallel, the
integration of artificial intelligence and machine learning is transforming the field
by enabling the analysis of extensive datasets to predict optimal conditions for
microbial activity, thereby accelerating composting cycles and improving the qual-
ity of the final compost product. The economic feasibility and scalability of these
advanced control systems are also being considered for industrial applications [2].

Beyond traditional composting methods, vermicomposting has emerged as a valu-
able biological approach. This technique leverages the activity of specific earth-
worm species to enhance the biodegradation of complex organic wastes, including
those containing persistent organic pollutants or plastics. The synergistic interac-
tion between earthworm activity and microbial decomposition facilitates a more
complete breakdown of challenging materials, resulting in nutrient-rich vermicom-
post [3]. Bioaugmentation, the application of specialized microbial inoculants, is
another significant strategy for improving aerobic composting. This method aids in
accelerating the composting process, enhancing temperature regulation, and miti-
gating odor emissions, while also ensuring the stability and maturity of the compost
[4].

A holistic approach to managing organic waste involves synergistic combinations
of different biological processes. The integration of composting with anaerobic
digestion (AD) presents a comprehensive waste-to-energy and resource recovery
solution. Composting can be used as a pre-treatment or post-treatment step for
digestate, improving nutrient utilization and stabilizing the end product. The com-
bined benefits of these processes maximize resource recovery and minimize en-
vironmental impact [5]. Significant advancements are also being made in reactor
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design. Novel configurations, such as forced aeration systems and agitated beds,
are being developed and evaluated to optimize aeration, mixing, and temperature
control, leading to faster and more uniform composting of various organic waste
streams [6].

For managing wastes containing recalcitrant organic compounds, advanced oxida-
tion processes (AOPs) are being investigated. These processes can be applied as
pre- or post-treatments in composting to break down complex molecules, making
them more susceptible to microbial degradation and ensuring thorough pathogen
elimination. This represents a powerful integration of chemical and biological treat-
ment methods for enhanced waste management [7]. The selection of appropriate
bulking agents is also a critical factor influencing compost quality and greenhouse
gas (GHG) emissions. Research is actively comparing traditional bulking agents
with innovative materials like biochar and agricultural residues to quantify GHG
emissions and assess their potential for mitigation and compost improvement [8].

Furthermore, the deployment of sensors and Internet of Things (loT) technologies
is revolutionizing the real-time monitoring and control of composting operations.
A variety of sensors are employed to measure essential parameters, and loT plat-
forms facilitate data collection, analysis, and remote management, leading to in-
creased efficiency, reduced energy consumption, and assured compost quality [9].
Lastly, enzymatic strategies are proving effective in accelerating the composting of
recalcitrant lignocellulosic materials. The identification and application of specific
enzymes can significantly speed up the decomposition of lignin and cellulose, en-
hancing humification and overall compost quality through pre-treatment or direct
addition [10]. These multifaceted advancements collectively underscore the dy-
namic progress in composting science and technology.

Conclusion

Current composting technologies are undergoing rapid advancement, focusing on
sustainability and resource recovery. Innovations include the integration of sensor
networks and Al for optimized process control, enhancing efficiency and compost
quality. Biological methods like vermicomposting and bioaugmentation are be-
ing explored for degrading challenging wastes and accelerating decomposition.
The combination of composting with anaerobic digestion offers a comprehensive
waste-to-energy solution. Advances in reactor design and the application of ad-
vanced oxidation processes are further improving efficiency and pollutant removal.
The impact of bulking agents on compost quality and emissions is being studied,
while sensor and loT technologies enable real-time monitoring and control. Finally,
enzymatic strategies are accelerating the breakdown of lignocellulosic materials,
leading to improved composting outcomes. These developments collectively aim
for more efficient, environmentally sound, and resource-effective composting prac-
tices.
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