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ABSTRACT
The study intended to find the potential of Black Soldier Fly (BSF) larvae as a sustainable
solution for managing municipal solid waste (MSW) in Uganda, a country grappling with
significant waste management challenges. Kampala generates an alarming 2,000 to 2,500 tons
of waste daily, yet only a fraction is effectively collected and processed, rendering traditional
disposal methods inadequate. The research primarily focused on analyzing the composition of
MSW, assessing the weight reduction over a nine-day composting period, and examining the
influence of moisture and temperature on waste processing efficiency. The study's
methodology combined both quantitative and qualitative approaches. Waste was collected
from Nakawa Market, sorted into organic, inorganic, and recyclable components, and
processed into uniform 1-2 cm particles. Simultaneously, BSF larvae were reared and
monitored, with experiments conducted using five-day-old larvae. The findings revealed that
the waste largely consisted of jackfruit and onion residues, which exhibited a moisture content
of 79% and a pH of 6.7. A preliminary fermentation process resulted in 275 kg of material at a
measured temperature of 24.95°C. Over the nine-day trial, weight reduction was consistently
monitored across 22 samples (12.5 kg each), following the addition of 0.003 kg of BSF larvae.
The experiment resulted in an average weight decline from 12.5 kg to 9.7 kg, demonstrating
statistically significant differences through ANOVA analysis (p < 0.05). Notably, temperature
variations were significant throughout the study, with an initial decrease followed by a peak of
37.5°C for one sample, highlighting the dynamic nature of microbial activity. A notable strong
negative correlation (r = -0.967) was identified, suggesting that as waste weight diminished,
temperature elevated. The relationship between moisture content and waste reduction index
(WRI) was also significant: moisture levels at or below 55% maintained a WRI below 1.5,
while levels between 60% and 80% peaked at a WRI of 2.5. Conversely, moisture content
above 80% led to a decrease in WRI. Waste reduction efficiency was found to be optimal
between 60-80% moisture, with temperature playing a pivotal role in the composting process
optimal at 30°C for enhanced decomposition rates. Recommendations for effective MSW
reduction include routine monitoring of environmental conditions, implementing preliminary
fermentation, and promoting aerobic conditions to enhance microbial activity and waste

management strategies in Uganda.
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CHAPTER ONE: INTRODUCTION

1.1 Background

Municipal solid waste (MSW) management is a critical global challenge, exacerbated by
increasing urbanization, population growth, and unsustainable waste disposal practices.
According to Kaza et al. (2018), approximately 2.01 billion tonnes of MSW are generated
annually, a figure projected to rise to 3.40 billion tonnes by 2050. Among this waste, organic
materials constitute a significant portion, accounting for 40-60% of MSW, particularly in low
and middle income countries. Inadequate disposal of organic waste leads to environmental
pollution and public health risks (Hoornweg & Bhada-Tata, 2012). Conventional waste
treatment methods, such as landfilling and incineration, contribute to environmental
degradation through greenhouse gas emissions, soil contamination, and resource inefficiency
(Hoornweg & Bhada-Tata, 2012). These challenges underscore the urgent need for sustainable
and cost-effective alternatives that align with the principles of a circular economy. One
promising approach involves the utilization of black soldier fly larvae (BSFL, Hermetia
illucens) for organic waste bioconversion. This method not only provides a viable solution for
waste reduction but also yields valuable biomass applicable in animal feed and other industries
(Diener et al., 2011).

The benefits of BSFL-mediated waste treatment are numerous. Unlike traditional composting
methods, BSFL operates at a significantly faster rate, requires less physical space, and
generates fewer greenhouse gas emissions, making it a compelling option for urban waste
management (Klenovsek et al., 2017). Several studies have demonstrated the larvae's ability to
efficiently degrade diverse organic waste streams, including restaurant leftovers (Manurung et
al., 2016), fruit and vegetable waste (Nguyen et al., 2015), and sewage sludge (Lalander et al.,
2015). For instance, research by Dortmans et al. (2017) reported that BSFL could reduce mixed
organic MSW by up to 58% within 15 days while simultaneously producing protein-rich larvae
suitable for animal feed. Further investigations by Mertenat et al. (2019) tested BSFL on
source-separated household food waste, revealing a 50-70% reduction in waste mass along
with high larval protein content (40-45% dry matter). Likewise, a study conducted by Rehman
etal. (2017) found that a mixer of BSFL and processed market waste, which primarily consisted
of fruit and vegetable scraps, achieving a notable 62% reduction in waste volume. Conversely,
a study by Shumo et al. (2019) indicated that while BSFL efficiently consumes starchy and
sugary waste, fibrous materials such as peels and husks require microbial or mechanical

pretreatment to enhance digestibility.



A critical aspect of the BSFL-mediated waste treatment process is the quality of the by-
products. The larvae produced are rich in protein (40-45%) and lipids (15-35%), making them
suitable for application in poultry, aquaculture, and livestock feed (Barragan-Fonseca et al.,
2017). Additionally, the residual frass generated from the treatment process demonstrates
potential as an organic fertilizer due to its high nitrogen, phosphorus, and potassium content
(Beesigamukama et al., 2020). However, the economic viability of BSFL-based MSW
treatment is influenced by factors such as larval yield, processing time, and market demand for
by-products (Surendra et al., 2020). However, the practice is highly utilized in developed
countries; Austria, Netherland, Ireland, and European Union (Kaza et al., 2018). In contrast,
nations such as India and China exhibit lower composting rates at 10% and 3%, respectively,
primarily due to concerns over contamination and inadequate waste management practices
(Pujaraetal., 2019; Ding et al., 2021). Furthermore, vermicomposting in Africa remains behind
global trends, processing only 5-10% of organic waste through this method (Asase et al., 2019).
In East Africa, Uganda faces both potential opportunities and significant challenges, as low
public awareness results in merely 2% of urban organic waste being composted (Kibuga et al.,
2020). Given the variability in organic MSW composition and the pressing need for effective
waste management solutions, this study aims to comprehensively evaluate the effectiveness of

BSFL in processing market municipal organic waste.

1.2 Problem statement

In Uganda, the management of MSW presents significant challenges due to rapid urbanization,
population growth, and inadequate waste management infrastructure (Kinobe et al., 2015). The
Kampala Capital City Authority (KCCA) reports that the city generates between 2,000 and
2,500 tons of waste daily, yet only manages to collect and dispose of 1,300 to 1,500 tons. This
results in approximately 50% of waste remaining uncollected or improperly disposed.
Traditional disposal methods, such as landfilling at Kiteezi, have become increasingly
ineffective, as the landfill has surpassed its carrying capacity. Initially occupying 29 acres upon
its establishment in 1996, Kiteezi was expanded by 6 acres in 2007 as a temporary measure to
prolong its lifespan (Mboowa et al., 2017); however, it is now an open dump (Aryampa, 2021).
The improper waste management contributes to nutrient pollution in water bodies, primarily
from nitrates and phosphates originating from various sources, including sewage and industrial
waste (Wamalwa, 2016). This leads to adverse environmental effects, such as eutrophication,

oxygen depletion, and potential health risks like methemoglobinemia in infants (Chhabra et al.,
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2021). Consequently, there is an urgent need to explore sustainable and environmentally
friendly waste treatment methods, such as Black Soldier Fly Larvae (BSFL), to improve waste

management practices in Uganda.

1.3 Main objective of the study
To assess the effectiveness of the use of Black Soldier Fly Larvae (BSFL) to manage solid

municipal waste

1.3.1 Specific Objectives
» To analyze and characterize the composition and properties of municipal solid waste
used for the study
» To find out the effect of BSFL on the reduction of MSW and analyze the differences in
weight over time.
» To assess moisture content and temperature effects on mixture of BSFL and waste over
time.
1.3.2 Research questions
» What are the components and properties of MSW used for this research?
» How effective are BSFL in reducing the volume and mass of MSW over a nine-day period?
> Is their statistically significant differences in waste reduction performance of BSFL under

varying optimal conditions (moisture and temperature)?

1.4 Research hypotheses

» Black soldier fly larvae significantly reduced the weight of municipal solid waste over time.

» There is no difference in Municipal Solid Waste reduction among the different levels of
moisture content over time.

» There is no difference in Municipal Solid Waste reduction among the different levels of

temperature over time.

1.5 Justification of the study

The integration of Black Soldier Fly (BSF) larvae into municipal solid waste management
presents a compelling solution that addresses multiple sustainability challenges, resonating
with the United Nations Sustainable Development Goal (SDGs) 12 and Uganda's Vision 2040
emphasizing environment protection. As waste generation rises due to population growth and

changing consumption patterns, using BSF larvae can effectively convert organic waste into
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valuable resources, thereby improving waste management practices (Shittu et al., 2021). The
frass produced by BSF larvae serves as a high-quality organic fertilizer, enhancing soil fertility
and promoting sustainable agriculture, which aligns with SDG 2: Zero Hunger (Chandrappa et
al., 2012). Furthermore, the larvae offer a nutritious protein source for livestock, containing
over 40% crude protein, thus reducing reliance on traditional feed sources and promoting
sustainable food systems (Bandari and Sheppard, 1987). This innovation not only supports
economic opportunities for farmers and entrepreneurs but also contributes to environmental
protection and resource management, advancing Uganda's commitment to fostering an

inclusive economy and sustainable practices as outlined in Vision 2040.

1.6 Significance of the study

The significance of this study lies in its potential to revolutionize MSW management in
Uganda, particularly within the rapidly urbanizing parts of the country. By closely examining
the effectiveness of BSFL in treating MSWSs as an alternative to traditional waste disposal
methods, the research aims to provide innovative solutions that could enhance waste
management practices. The study findings will catalyze economic growth by creating new job
opportunities within the waste management sector and fostering a market for organic fertilizers
derived from BSFL processing, benefiting local farmers and promoting sustainable agricultural
practices. The insights gained could inform policymakers and stakeholders, guiding the
development of effective, evidence-based waste management strategies that not only address
current challenges but also usher in a paradigm shift towards sustainable urban planning. By
highlighting the economic, environmental, and public health advantages of BSFL usage, this
research has the potential to drive forward a more sustainable and efficient waste management

system in Uganda, inspiring further research and innovation in the field.



CHAPTER TWO: LITERATURE REVIEW
2.1 General approaches to waste management
2.1.1 Landfill
Open dumping and landfills continue to be common methods of waste disposal around the
world. Engineered landfills, in particular, provide a more economical solution for keeping
waste away from the natural environment and human populations compared to open spaces.
By covering the waste with soil on a daily basis, these landfills help to deter scavenging by
wildlife and reduce the risk of air and groundwater contamination (Swati et al., 2019).
Furthermore, advancements in technology, such as bioreactors (Siddiqua et al., 2022) and
enzymes that biodegrade plastics (Lin et al., 2023), offer innovative strategies for waste
management. Additionally, projects focused on generating power from landfill gas present
interesting economic opportunities (Cudjoe et al., 2021). In Dhakashi, Bangladesh, Hossain et
al. (2022) conducted a thorough examination of the potential for biogas generation from a
combination of a mixed sewage treatment facility and landfill, taking into account factors like
population growth, energy needs, and financial limitations.
Unfortunately, the effectiveness of these methods is often diminished in developing nations
that lack the necessary infrastructure and trained personnel. For example, in India, unsorted
waste from various sources, including hospitals and households, is often mixed together,
resulting in toxic waste combinations (Swati et al., 2019). Additionally, landfill leachate poses
significant concerns (Khan et al., 2016), particularly regarding indicators of soil health; both
physical and chemical, as well as biological. A study by Kooch et al. (2023) in the Kirkania
forest region of northern Iran found that soil carbon and nitrogen mineralization, along with
populations of animals and microbes, were negatively impacted. While initiatives like green
landfills and integrated waste management aim to enhance waste processing, their success has
primarily been seen in developed regions, highlighting a significant opportunity for
improvement in low- and middle-income countries (Nanda and Berruti, 2021; Siddiqua et al.,
2022). Managing landfills effectively has emerged as a critical challenge for many countries in
Asia and Africa.
2.1.2 Heat treatments
Heat treatments like incineration, gasification, and pyrolysis play a crucial role in managing
waste effectively while generating energy. I find incineration particularly impressive due to its
capacity to greatly reduce waste volume while also producing electricity. Innovations such as
fluidized and flow-bed gasifiers really enhance the overall efficiency and quality of this

process. According to recent studies, incineration can reduce waste volume by up to 90% and
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mass by nearly 80% (Tian et al., 2023). On the other hand, pyrolysis offers a cleaner approach
by converting waste materials like tires into valuable products like crude oil, charcoal, and
syngas, without releasing harmful gases (Zerin et al., 2023). Additionally, both fluidized-bed
and flow-bed gasifiers excel in producing high-quality syngas and maximizing capacity
efficiency, respectively (Amin et al., 2023). That said, we also need to be aware of the
challenges these processes present, especially the generation of inorganic residues such as fly
ash, which raises serious environmental and disposal concerns (Pastapure et al., 2023). For
instance, higher heating rates during pyrolysis can lead to lower carbon porosity, which may
inhibit the release of volatiles and consequently diminish reactivity (Copik et al., 2023).
Despite ongoing research into improving residue stability and reducing heavy metals (Liu et
al., 2023), practical implementations are often limited, especially in open-air incineration
practices found in various developing regions (Chen et al., 2022; Pastapure et al., 2023; Xiang
etal., 2022). It's important to highlight that the benefits mentioned are primarily applicable to
properly managed heat treatment processes. In contrast, informal open-air treatments do not
leverage the advantages of incineration, highlighting a significant limitation in waste
management practices today.

2.1.3 New means of waste utilization

The idea has been highlighted, especially in the context of low-income urban areas, that waste
can Dbe transformed into valuable resources through processes of enrichment,
commercialization, and appropriate treatment (Kalkanis et al., 2022). This transformation can
facilitate the conversion of waste into energy and the production of fertilizers. A significant
portion of waste-to-energy generation relies on municipal solid waste (MSW), which, due to
its organic content, can also be processed to create fertilizers (Peng et al., 2023).

2.1.3.1 Waste to energy

While some developed nations express concerns regarding waste-to-energy projects, many
developing countries in Asia and Africa are increasingly adopting these systems to address
their energy needs (Hoang and Fogarassy, 2020). An analysis by Sondh et al. (2022) highlights
the importance of national policies and income levels, pointing out that legislation plays a
crucial role in shaping waste management practices, while also stressing the concept of turning
waste into valuable resources. The rise of waste-to-energy initiatives in developing regions is
closely tied to their specific energy requirements. Fluctuations in oil prices (Vu et al., 2019)
and a mismatch between energy supply and demand serve as significant motivators for these
initiatives (Amin et al., 2023). Furthermore, waste-to-energy generation aligns with sustainable

development goals, despite some inefficiencies in the treatment processes. This transition can
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reduce reliance on fossil fuels and chemical products while contributing positively to the
development of a global bio-economy (Varjani et al., 2022). Nevertheless, the effectiveness of
these technologies is largely influenced by the types and composition of solid waste present
(Varjani et al., 2022), which poses considerable challenges.

2.1.3.2 Waste to fertilizer

Regions with high levels of organic matter often consider transforming the main constituent
into fertilizers or biogas through anaerobic digestion, especially in research areas. For instance,
the organic composition of municipal solid waste (MSW) in cities across South Asia is
significantly greater than the one-quarter level typical in developed nations (Kabir and Kabir,
2022). The application of inorganic fertilizers has been associated with greenhouse gas
emissions and water body eutrophication, which can be mitigated by using organic fertilizers,
including lignocellulosic biomass (Chen et al., 2023). From a bioeconomic viewpoint, the
process of generating biofertilizers and bringing them to market is a suitable method for
recovering nutrients from waste, while also recycling 30% of non-renewable energy (Mishra
et al., 2023). However, mixed solid waste, particularly municipal waste from varied sources,
poses challenges for direct processing, primarily due to high pretreatment costs and energy
consumption. Recent developments have been made, such as Alam et al. (2022), which
examined energy generation, processing, and cost evaluation, based on a system dynamics (SD)
model. In this scenario, the collected waste can undergo effective recycling and reuse, and
uncollected waste does not need to be incinerated or relocated. Nevertheless, finding a practical
solution to this issue remains unresolved. Due to differences in economic progress, political
contexts, and social conditions across countries, the applicability of various processing
methods may vary. In conclusion, each treatment method presents its own advantages and
drawbacks, represented by the green and red rectangles, respectively. It is evident that
landfilling and thermal treatments are well-established with the benefit of simplicity, but they
also obstruct the implementation of innovative approaches to some degree. Regardless, where
conditions allow, the long-term advantages of exploring new models, such as pollution
reduction and resource conservation, should be emphasized. At the same time, the principles
of good practice must be highlighted to prevent counterproductive outcomes, beginning with
the sorting of MSW.

2.2 Composting

Composting is an effective method for managing municipal solid waste, where the organic
fraction of the waste undergoes a controlled decomposition process (Argun et al., 2017).

During this biological breakdown, microorganisms break down organic matter, potentially
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reducing the original volume by up to 50%. The end product of this process is known as
compost or humus, which has a texture and smell similar to potting soil and can serve as a soil
enhancer or mulch (Zuberer et al., 2021). This method allows for the simultaneous treatment
and recycling of both household waste and sewage sludge, providing an alternative as
regulations become more stringent regarding waste incineration and landfill usage (Wei et al.,
2017). The composting process generally involves several key steps: sorting and separating
materials, reducing their size, and digesting the organic waste (Sarc et al., 2013).

Sorting and shredding

The decomposable materials in waste are separated from glass, metal, and other inorganic items
through sorting operations. These processes rely on mechanical methods that utilize differences
in physical characteristics such as size, density, and magnetic properties. To create a uniform
mass of material, the waste is shredded or pulverized using equipment like hammer mills and
rotary shredders.

Digesting and processing

Pulverized waste can be composted using either the open windrow technique or in a mechanical
facility. Windrows consist of long, low piles of organic material that are mixed or turned every
few days to ensure proper air circulation for the microbes responsible for decomposing the
matter. Depending on moisture levels, the complete breakdown of the waste typically takes
between five to eight weeks. The activity of aerobic bacteria generates heat, which can raise
the temperature in a compost pile to around 65 °C (150 °F), effectively eliminating harmful
pathogens present in the waste. Open windrow composting requires a significant amount of
land, whereas enclosed mechanical composting systems can decrease land usage by about 85%.
These mechanical systems utilize closed tanks or digesters with rotating elements that mix and
aerate the shredded material. In such systems, the waste can be fully digested in about a week.
Once the compost has been fully digested, it undergoes several processing steps before being
suitable for use as mulch or a soil conditioner. This processing includes drying, screening, and
either granulating or pelletizing. These steps are essential for enhancing the compost's
marketability, which is a major challenge for composting as an effective waste management
strategy. The demand for digested compost in agriculture is generally low, largely due to the

high costs associated with transportation and competition from synthetic fertilizers.

2.2.1 Feedstocks



The growth of industry and urban expansion has led to a more complex makeup of Municipal
Solid Waste (MSW), as larger and more varied feedstock supply chains emerge. This
complexity further diversifies the properties of compost produced from these materials. MSW
is typically categorized into two main types: green waste and food waste. Green waste, which
includes garden debris, leaves, tree trimmings, and grass cuttings, generally features low
moisture content, a high level of organic matter (OM), and limited nutrients (Reyes-Torres et
al., 2018). The composition and characteristics of green waste can significantly differ
depending on geographical regions and seasonal changes, influenced by factors such as
climate, geography, and the types of vegetation present (Boldrin and Christensen, 2010; Reyes-
Torres etal., 2018). Taking Europe as a case study, we can identify four key biomes: temperate
forests, Mediterranean scrub forests, boreal forests, and tundra, each with distinct plant life and
geological traits. Specifically in Belgium, green waste is predominantly composed of pruning
materials in spring, shifting to grass clippings in summer, and mostly consisting of leaves
during winter (Vandecasteele et al., 2016). Likewise, in Denmark, winter months (December
to April) see an increased presence of woody materials in garden waste (Boldrin and
Christensen, 2010). In addition, the compost produced from green waste collected in spring
tends to have higher dry matter (DM) and organic matter contents, accompanied by lower pH
levels and electrical conductivity (EC) (Vandecasteele et al., 2016). These seasonal variations
also impact nitrogen (N) and potassium (K) concentrations, with higher levels typically
observed in late summer (Boldrin and Christensen, 2010). Most research on seasonal variability
in compost characteristics has been conducted in Europe, with limited data available regarding
seasonal trends in (sub)tropical regions, where temperatures and day lengths remain relatively
stable, but rainfall patterns can vary significantly throughout the year (Boldrin and Christensen,
2010).

Food waste, when compared to green waste, has a higher moisture content and a more favorable
nutrient profile, particularly with a lower carbon-to-nitrogen (C/N) ratio (Farrell and Jones,
2010). It is notably abundant in calcium (Ca) and magnesium (Mg), primarily sourced from
fruits and vegetables (Hanc et al., 2017). Like green waste, food waste exhibits variations in
nitrogen (N), phosphorus (P), and potassium (K) due to both spatial and temporal factors
(Cestonaro et al., 2019). The proximity of food production and its seasonal availability
significantly impact consumption patterns and the resulting waste generated. Additionally,
temporal variations in toxic elements (TE) can be observed, with significant fluctuations in

contaminant levels found in urban and family organic waste compared to other quality
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indicators (Hanc et al., 2011). Cultural eating habits, local agriculture availability, lifestyle
choices, economic factors, waste management systems, and industrial activities contribute to
the unique properties of food waste in different locations (Abdel-Shafy and Mansour, 2018;
Al-Dailami et al., 2022). It is also important to recognize spikes in food waste production
during major festivals like Christmas, Eid al-Fitr, and the Lunar New Year. For instance, during
the Christmas season alone, the UK generates approximately 270,000 tons of food waste
(Respect Food, 2022). These variations in the types of waste impact the quality of the final
compost. Generally, in Europe and North America, spring is considered an ideal season for
composting due to the high nutrient content and favorable conditions for rapid decomposition
(Hanc et al., 2017).

2.2.2 Composting technologies

Compost maturity is significantly influenced by technology, particularly the type of
composting system in use, whether it is open or semi-enclosed. A notable challenge in the
composting process is the loss of nutrients, which can occur through leaching or volatilization,
and this issue tends to worsen over time. Additionally, the application of immature compost
can be harmful, negatively affecting its market value and competitiveness, as it may exhibit
phytotoxic properties (Wang et al., 2021). Therefore, measuring and monitoring the
development of compost is essential to ensure that a high-quality end product is achieved.
Several factors influence the composting process, including temperature, the initial carbon-to-
nitrogen (C/N) ratio, aeration, porosity, moisture content, and pH levels (Shafawati and
Siddiquee, 2013). The objective of managing these conditions is to create an environment
conducive to the microbial breakdown of organic waste. Fungi are particularly important in the
process of humification; adequate water content is vital since dissolved organic matter serves
as an essential energy source. However, excessive moisture can lead to anaerobic conditions,
which can hinder fungal growth (Zhao et al., 2016). To prevent the development of anaerobic
conditions, it is recommended that compost moisture levels be maintained between 40% and
65% (Fourti, 2013). The aeration rate also plays a crucial role, with a rate of 3.25 L/kg DM
initial/min being ideal for promoting timely maturation and nitrogen retention within the
compost (Wang et al., 2021). In evaluating compost maturity, key indicators include a C/N
ratio of less than 15, cation exchange capacity (CEC) greater than 60 mEq/100 g, and an
electrical conductivity (EC) level at 50% ECO (Lopez et al., 2021). Additional metrics such as

the carbon-to-sulfur (C/S) ratio, water-soluble carbon (WSC) to organic nitrogen ratio, and
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Germination Index (GI) are also utilized to assess compost maturity and quality (Meena et al.,
2021).

Composting systems can be categorized based on their aeration methods and closure periods.
These include windrow systems, which may be turned or passively aerated; in-vessel systems,
such as silo-type and agitated bed designs; and aerated static piles (Chia et al., 2020). Research
comparing various approaches, such as turned piles and static forced-aerated piles, indicates
that turning the pile can lead to reduced variability and improved stability and maturity of
compost (Ruggieri et al., 2008). From an operational and sanitary standpoint, closed systems
like in-vessel composting outperform windrow systems due to their ability to maintain high
consistency, especially in mass composting (Cestonaro et al., 2022). Each method carries its
own benefits and drawbacks, particularly regarding costs, time commitments, and land
requirements. Therefore, combining different methods known as two-stage composting
systems, such as integrating windrow with in-vessel techniques is gaining popularity for
enhancing overall efficiency (Chia et al., 2020). The composting industry is evolving towards
more industrial practices, producing larger quantities of higher-quality compost. Key to this
advancement has been enhanced feedstock management and improved separation technologies.
For instance, air separation systems effectively eliminate plastics from compost by utilizing
aspirators that differentiate materials based on density and air flow patterns. A deeper
understanding of compost biogeochemistry, along with rigorous monitoring, is contributing to
the production of safer and more consistent compost products. In the UK, compliance standards
necessitate periodic sampling for pathogens, toxic substances, stability, physical contaminants,
and plant responses from every 2,500 tonnes of compost produced (PAS-100). This focus on
quality is fostering collaborations between compost producers and various industries, leading
to innovative blended compost materials designed for specific agricultural applications, such
as vegetable farming, general-purpose use, and mulching. Despite the significant attention on
industrial-scale composting, small-scale household composting remains crucial and effective,
capable of generating high-quality outcomes and contributing significantly to nutrient

sustainability (Barrena et al., 2014).

2.2.3 Strengths and opportunities
Municipal solid waste (MSW) compost enhances the nutrient profile of soil and increases soil
organic carbon (SOC), positively impacting soil microbial biomass and functionality.

Moreover, MSW compost is crucial in regulating carbon (C), nitrogen (N), and phosphorus (P)
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cycling by influencing the activity of specific enzymes. These include dehydrogenases,
cellulases, and B-glucosidases for carbon cycling; ureases and proteases for nitrogen
mineralization; and phosphatases for the removal of phosphate groups (Rastogi et al., 2019).
2.2.4 Modulating C, N, and P cycling

2.2.4.1.1 Carbon

Around 1.6 billion metric tons of greenhouse gas emissions, specifically carbon dioxide (CO2)
equivalents, are produced from municipal solid waste (MSW), primarily due to practices such
as open dumping and landfill disposal (Kaza et al., 2018). Composting serves as a practical and
cost-effective method for carbon sequestration, transforming unstable carbon into a stable
organic structure without the energy demands associated with other methods like biochar
production (Ye et al., 2023). During the decomposition phase, larger molecular compounds in
the composting materials break down into smaller units thanks to extracellular hydrolytic
enzymes. These smaller fragments can then be utilized by microorganisms for growth, leading
to the production of CO2, water, and various secondary metabolites through their metabolic
processes (Qiao et al., 2019). In the humification phase, these metabolic intermediates and
smaller molecules further react to create stable humus (Wei et al., 2022).

Introducing mature compost into the soil can facilitate carbon (C) sequestration through both
direct incorporation and indirect processes that lower carbon mineralization rates. For instance,
studies have shown that applying 10% municipal solid waste (MSW) compost can lead to a
2.8% increase in soil carbon content (Lopez et al., 2021). Furthermore, applying 15 t/ha of
compost can help maintain soil organic carbon (SOC) levels, enhance biological activity, and
boost vegetable crop yields (Morra et al., 2010). Long-term compost amendments also promote
the transformation of iron (Fe) oxides from crystalline forms to more short-range-ordered
structures, which improves mineral availability. This, in turn, fosters carbon binding, enhances
soil aggregation, and ultimately increases carbon sequestration (Huang et al., 2022).
Incorporating MSW compost into the soil has been linked to increased activity of
dehydrogenases and (-glucosidases, which leads to the formation of humic substances and
enhances organic matter stability (Garau et al., 2019). This stability benefits microbial
communities that are crucial for nutrient cycling (Pedra et al., 2007). Additionally, the presence
of low molecular weight acids in mature compost boosts mineral availability and reduces
carbon mineralization, promoting SOC sequestration (Yu et al., 2018). Evidence supporting
this includes comparisons showing lower mineralization rates in soils enriched with MSW

compost compared to those with sewage sludge (Pedra et al., 2007). Moreover, MSW compost
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has demonstrated a favorable carbon balance in intensive horticulture, based on data from a
seven-year trial in the Mediterranean region (Morra et al., 2021). Nevertheless, further research
is essential to understand the long-term stability of SOC sequestration. Accurately estimating
the storage potential of SOC over very long periods remains challenging, as no reliable methods
currently exist for assessing the amounts of persistent SOC over multiple decades or centuries
(Chenu et al., 2019).

2.2.4.1.2 Nitrogen

Throughout the composting process, nitrogen-containing compounds transform into soluble
organic molecules, including nitrogen-rich proteins, eventually leading to the creation of more
stable forms. This results in a decreased likelihood of mineralization (Oladeji et al., 2020).
Consequently, most forms of nitrogen in compost are found as stable organic compounds
(Oladeji et al., 2020). The release rate of inorganic nitrogen is primarily influenced by the
availability of carbon and nitrogen, particularly the carbon-to-nitrogen (C/N) ratio (Weber et
al., 2014). Compost with a high C/N ratio tends to undergo quick nitrogen mineralization and
ammonia (NH3) release, resulting in significant nitrogen loss (Jiang et al., 2011). When
municipal solid waste (MSW) compost is added to soil, nitrogen undergoes various
transformations, starting with ammonification (conversion of organic nitrogen to NH3),
followed by ammonification (conversion of NH3 to NH4+), nitrification (conversion of NH4+
to nitrite (NO2—), and then to nitrate (NO3—)), then denitrification (conversion of NO3— to
nitrogen gas (N2)), and anammox (conversion of NH4+ and NO2- into N2) (Manu et al.,
2021). Additionally, MSW compost can enhance urease activity, facilitating the breakdown of
urea into NH3 (Srivastava et al., 2016).

Upon the addition of compost to soil, the amines it contains are quickly mineralized and
oxidized by ammonia-oxidizing bacteria (Paranychianakis et al., 2013). A six-year study found
that applying MSW compost significantly boosted nitrate reductase activity (Srivastava et al.,
2016). Following the amendment with MSW compost, nitrate was initially immobilized, but
after 16 weeks, there was an increase in nitrate leaching concentrations, primarily attributed to
compost decomposition (Page et al., 2014; Oladeji et al., 2020). MSW compost also enhances
microbial respiration and nitrification, partly due to its calcium carbonate content (Castan et
al., 2016). Overall, MSW compost offers numerous benefits as a nitrogen fertilizer. However,

it's essential to manage it carefully to mitigate denitrification and prevent nitrogen losses in the
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form of nitrous oxide (N20) and nitrogen gas (N2) (Weber et al., 2014), a topic that will be

explored further in Section 5.4.

2.2.4.1.3 Phosphorus

To enhance the circularity of phosphorus (P) cycling, it is essential for crop production to make
the most of nutrient-rich waste materials. In municipal solid waste (MSW) compost,
approximately 70% of phosphorus is found in inorganic forms, while the remaining 30% is
organic (Turrion et al., 2018). Inorganic phosphorus primarily exists as calcium phosphates,
which may be in the form of soluble orthophosphates like Ca(H2PO4)2 or as slower-release
compounds such as apatites or Ca8H2(PO4)6. The soluble forms are more readily available to
plants at neutral pH, whereas the slower-release forms tend to be more mobile in acidic soils
(Lemming et al., 2019). Finer particle sizes typically result in higher extractable organic
phosphorus and overall phosphorus concentrations compared to coarser aggregates (Turrién et
al., 2018). Therefore, the size of the particles plays a crucial role in nutrient release.

The role of MSW compost in P cycling consists mainly of two processes: decomposition and
mobilization, facilitated by organophosphorus-degrading and inorganic phosphate-solubilizing
bacteria (Wei et al., 2018). When compost is applied to soil, the conversion of organic
phosphorus to inorganic phosphorus largely depends on biochemical processes. Soil
phosphatase activity is vital for this transformation and tends to increase with the addition of
MSW compost (Hargreaves et al., 2008). Additionally, the application of compost enhances
microbial and biological activity in the soil, including that of earthworms, which further
contributes to phosphorus release during the breakdown of organic matter (Mkhabela and
Warman, 2005).

The inclusion of organic matter (OM) in municipal solid waste (MSW) compost has the
potential to enhance phosphorus (P) mobilization. Throughout the composting process, the
acids generated from the decomposition of OM contribute to the increased solubility of
inorganic P (Wei et al., 2015). The mobilization of P in soil can occur through the formation
of complexes between OM and its breakdown products with active aluminum (Al) and iron
(Fe) (Mkhabela and Warman, 2005). Moreover, the interaction of OM in MSW compost with
calcium ions can produce complexes that elevate the levels of calcium phosphates in the soil

solution (Hosseinpur et al., 2012). The retention of P, driven by high soil organic carbon (SOC)
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and calcium carbonate concentrations, results in an increased fraction of carbonate phosphate

in soils that receive MSW compost (Turrion et al., 2018).

When MSW compost is applied, the introduced humic acid (HA) ions can displace phosphate
anions in the soil, while humus can form a protective coating over sesquioxide particles,
thereby enhancing P solubility (Mkhabela and Warman, 2005). The elevated pH resulting from
the application of MSW compost promotes the precipitation of exchangeable Al and Fe, which
can reduce P precipitation (Toundou et al., 2021). Conversely, the combination of high pH and
calcium in the soil can lead to the transformation of soluble P into calcium phosphates,
potentially limiting the mobility of compost-derived P (Lemming et al., 2019). Initially, when
compost is introduced to the soil, the breakdown of low-molecular-weight compounds
stimulates the growth of microorganisms that utilize dissociative P, gradually making it
available for plant uptake (Wei et al., 2015). Over time, however, the application of MSW
compost may enhance the soil's capacity to absorb P. Its low density and porous microstructure
also facilitate access to inorganic binding sites, promoting P absorption (Schefe et al., 2008).
To date, there has been a limited exploration of how P fraction characteristics change during
the composting of MSW and after its incorporation into soil. There is a pressing need for further
investigation into the interactions between soil and P from MSW compost across a wider array

of soil types and physicochemical conditions.

2.2.4.2. Remediation

One often overlooked benefit of municipal solid waste (MSW) compost is its ability to enhance
environmental health by reducing toxic and potentially harmful substances in both soil and
water. Thanks to its organic makeup, MSW compost serves as a valuable tool for remediation,
functioning both as an adsorbent and a source of electrons for redox-mediated breakdown of
organic pollutants. The effectiveness of MSW compost in absorbing trace elements (TE)
largely hinges on complexation and cation exchange processes. Its capacity to absorb these
contaminants also relies on the existing levels of TE, as there is a limited number of binding
sites along with varying affinities for different metals. For instance, lead (Pb) binds strongly,
while nickel (Ni) does not. This means that MSW compost with a high concentration of
exchangeable or organically bound Pb may be less effective in immobilizing other metals.
While examples of MSW compost in soil remediation are not extensive, studies have
demonstrated its efficacy in immobilizing Pb, copper (Cu), and zinc (Zn). Furthermore,

experiments have shown that applying 2% to 4% MSW compost to soil can reduce the mobility
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of cadmium (Cd), lead (Pb), zinc (Zn), and antimony, while boosting microbial activity and

overall catabolic performance, which is linked to an increase in soil pH.

Research has shown that composting the organic component of municipal solid waste (MSW)
can aid in creating sorbents that immobilize cadmium (Cd), lead (Pb), and zinc (Zn) in
contaminated waters and soils (Lima et al., 2022). The organic substances found in compost,
such as humic acid (HA) and fulvic acid (FA), are particularly effective at capturing trace
elements (TEs), playing a crucial role in the retention of metals (Saha et al., 2013).
Additionally, cation exchange capacity (CEC) and physical entrapment contribute to these
metal retention processes. For example, MSW compost demonstrated the ability to adsorb 94%
of Pb and 55% of Cd, indicating its effectiveness in metal immobilization (Lima et al., 2018).
Similarly, a study from Argentina revealed that applying MSW compost reduced the
concentrations of chromium (Cr), nickel (Ni), Pb, and Zn in lettuce (do Carmo et al., 2021).
Beyond metals, MSW compost also plays a role in breaking down organic pollutants,
enhancing the biodegradation of total petroleum hydrocarbons (TPH) by 68.5% when paired
with cultivated ryegrass (Yousaf et al., 2021). This improvement is linked to better microbial
nutrient availability, improved soil structure, and the release of catabolic enzymes. In terms of
microbial activity, the decomposition of MSW compost in soil promotes the growth of
microorganisms, particularly ligninolytic fungi, which help degrade polynuclear aromatic
hydrocarbons (PAHSs) through co-metabolism (Brimo et al., 2018). Research from Greece also
demonstrated that MSW compost could retain up to 90% of harmful compounds like benzene,
toluene, ethylbenzene, and xylenes from groundwater through physical absorption (Simantiraki
et al., 2013). Interestingly, the aerobic composting process can also aid in the degradation of
plastics in situ. Free radicals generated during composting through reduction-oxidation
reactions can partially oxidize and cleave plastic polymers (Xing et al., 2022). Numerous
studies have suggested that humus containing more alkanes can significantly improve soil
quality and agricultural productivity, while compost with a higher degree of humification is
particularly beneficial for remediating contaminated soils (Ye et al., 2023a).

2.2.5 Weaknesses and threats

2.2.5.1 Toxic elements

Municipal solid waste (MSW) compost can transform from a nutrient reservoir into a source

of pollutants when it contains high levels of metals and is applied to soils that are either

uncontaminated or minimally contaminated (Paradelo and Barral, 2012). During the aerobic
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composting process, trace elements (TES) present in organic waste tend to bind strongly to
organic matter (OM) and the compost matrix (Smith, 2009). Research indicates that fine
particle sizes (less than 0.8 mm) exhibit a higher concentration of TEs (Zhao et al., 2012). The
main source of TEs in MSW compost originates from the raw materials used, with only a small
portion coming from atmospheric deposition (Smith, 2009). In a study conducted in Shanghai,
China, waste from three MSW treatment facilities revealed that zinc (Zn), chromium (Cr),
copper (Cu), and lead (Pb) posed significant TE concerns (Zhang et al., 2008). Similarly,
research conducted in Brazil found that compost samples had troubling concentrations of
cadmium (Cd) and lead (Pb) that surpassed intervention thresholds. Notably, experimental
trials with lettuce demonstrated significant transfer of TEs to the crops (Asensio et al., 2018).
In Srinagar, India, levels of Zn, Cd, Pb, and nickel (Ni) in MSW compost also exceeded the
limits set by the Fertiliser Control Order (Hameed et al., 2021). Boron (B) is often overlooked
when assessing compost quality, and there are no established benchmarks for its concentration.
Nevertheless, a Canadian field trial indicated a dramatic increase of 96% in B levels in MSW
compost over a five-year timeframe (Abbey et al., 2021). B can become phytotoxic if its soil
concentration exceeds acceptable limits (2 mg/kg), as evidenced in the same study (Abbey et
al., 2021). Advanced analytical techniques like inductively coupled plasma mass spectrometry
enable the simultaneous measurement of around 50 elements (Hong et al., 2023). Given the
variable nature of feedstocks, implementing untargeted broad element screening of samples is

technically feasible and should be considered.

In various quality and safety standards, the measurement of arsenic (As) is not a requirement
(e.g., UK PAS-100). However, research has detected As in compost materials. An example is
a study conducted in India, which found that compost derived from kitchen waste contained
As at a concentration of 15 mg/kg (Mahongnao et al., 2023). The common reasoning for the
exclusion of As from testing is that its concentrations in compost are typically lower than those
found in soil and therefore do not pose a significant threat. Yet, it is important to note that
baseline soil concentrations of As in Southeast Asia can vary widely, ranging from 0.8 to 21
mg/kg (Lu et al., 2009). In the United States, As is ranked as the top substance on the Agency
for Toxic Substances and Disease Registry's (ATSDR) priority list, followed closely by lead
(Pb). This raises concerns about the lack of monitoring for As in composts, particularly when
feedstock contamination risks are significant and testing technologies are readily available.
Additionally, the rich organic content in municipal solid waste (MSW) compost can increase

the risk of As becoming bioavailable. The application of MSW compost may lead to elevated
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levels of dissolved organic carbon (DOC) in the soil, which can bind to iron oxides (FeOOH)
via ligand exchange. This interaction could hinder the adsorption of inorganic As species like
As(I11) and As(V) to active sites within the soil, leading to greater mobility of these arsenic
forms as DOC levels increase (Williams et al., 2011).

2.2.5.2 Microplastics

Microplastics present in organic solid waste can pose significant ecological threats, potentially
impacting both wildlife and humans due to bioaccumulation (Xing et al., 2022). Plastic
polymers that originate from the compost feedstock persist in the compost even after
processing. While larger plastic items (macroplastics; >25 mm) can be manually sorted out
from the feedstock, this technique is ineffective for extracting smaller plastic fragments in high-
throughput operations (Gui et al., 2021). The issue of plastic contamination in compost worsens
due to the generation of microplastics during the processing and separation of mixed waste
materials. Research on municipal solid waste (MSW) has indicated an average concentration
of microplastics at 24 particles per kg, which escalates to 17,407 particles per kg after the
mechanical treatment of the resulting compost (Sholokhova et al., 2022). This underscores a
significant increase in plastic particles resulting from the reduction in size of polymers during
both biotic and abiotic waste treatment processes. This surge primarily stems from the
mechanical forces applied during the shredding and separation of mixed waste (Sholokhova et
al., 2022; Tong et al., 2022), along with chemical degradation and partial microbial breakdown
of plastics or their byproducts (Gui et al., 2021). Though using pre-sorted waste as feedstock
can substantially diminish plastic contamination in compost (Rodrigues et al., 2020), effective
strategies to manage microplastic contamination in compost after its production remain
insufficient, resulting in the risk of environmental dissemination of microplastics (<5 mm) via
contaminated compost.

2.2.5.3 Organic pollutants

In addition to focusing on transformation elements (TESs) and plastics, it is equally crucial to
address organic pollutants, which present significant risks to both the environment and public
health. These organic contaminants require careful evaluation in waste composting practices.
For example, a study found that composted municipal solid waste (MSW) had a median
concentration of polycyclic aromatic hydrocarbons (PAHSs) at 1.9 mg/kg (Farrell and Jones,
2009). While some PAHSs can be broken down during composting, certain persistent organic
pollutants, such as polychlorinated biphenyls (PCBs) and dioxins, resist degradation (Lakhdar
et al., 2009). Compost created from MSW typically has higher levels of PAHs and PCBs
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compared to compost made from the biodegradable components of municipal waste or green
materials, with concentrations sometimes being as much as tenfold higher (Houot et al., 2012).
Research into the organic compounds produced during the composting of MSW identified that
toluene, ethylbenzene, 1,4-dichlorobenzene, p-isopropyltoluene, and naphthalene were among
the most prevalent (Srivastava et al., 2016). Although the decomposition process involving
microorganisms can mitigate the toxicity of these organic pollutants, their adsorption to organic
matter limits degradation effectiveness (Lashermes et al., 2010). The stabilization of organic
pollutants occurs when initial physical and chemical interactions lead to irreversible adsorption
(Barriuso et al., 2008). Consequently, these retained organic pollutants remain in the compost
and can later leach into the soil when the compost is applied, resulting in environmental
contamination (Houot et al., 2012).

2.2.5.4 Other threats

Composting municipal solid waste (MSW) comes with various risks, including potential air
pollution, inhibition of plant growth, and disruptions to microbial communities. One major
concern is the release of greenhouse gases (GHGs) during the composting process, which arises
from the energy used by the machinery in composting facilities as well as the natural
biodegradation processes that emit CO2, CH4, and N20. Ammonia (NH3) emissions are
another significant issue associated with MSW composting. In some composting plants, the
levels of NH3 in exhaust gases can reach high concentrations, with measurements showing up
to 1000 ppmv. Although there is limited data regarding nitrogen oxides (NO/N2) emissions
from composting processes, the loss of NH3 is well-documented. Furthermore, volatile organic
compounds (VOCs) are also released during composting, with emissions levels recorded at
around 400 ppm. The production of VOCs tends to be higher when the compost consists of a
greater amount of food waste. While these gaseous emissions can be mitigated using scrubber
systems, further research and validation in operational industrial composting settings is

necessary to optimize these solutions.

From a chemical standpoint, municipal solid waste (MSW) compost can be prone to elevated
salt levels, which can hinder plant growth (Hargreaves et al., 2008). Nonetheless, frequent
monitoring of electrical conductivity (EC) can help address this issue. A more complex concern
lies in biological control. Compost has the potential to spread invasive and problematic weed
species (Vaverkova et al., 2020). While composting typically involves heat treatment to
eliminate pathogens, there are still significant risks. A recent investigation indicated that the

composting process may actually enhance the presence of antibiotic resistance genes, such as
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aadA and intll, largely due to environmental stresses linked to the improper disposal of
pharmaceuticals and horizontal gene transfer (Tang et al., 2020). Our understanding of
antibiotics within MSW remains fragmented and necessitates further research. Food scraps
refer to unwanted remnants from cooking preparation and dining, which can include items like
banana peels, apple cores, vegetable trimmings, bones, eggshells, meat, and pizza crust.
Compostable paper, often referred to as food-soiled paper, typically originates from the kitchen
and is unsuitable for recycling due to contamination. Examples of compostable paper include
stained pizza boxes, uncoated paper cups and plates, used coffee filters, paper food cartons,

napkins, and paper towels, all of which are suitable for recycling in yard waste containers.

The rapid urbanization, industrial growth, technological advancements, and rising population
globally have created significant challenges related to the increasing generation of solid waste.
The burden of managing these vast amounts of waste continues to grow (Ferronato et al., 2019).
Over a billion tonnes of solid waste are produced each year, much of which is improperly
disposed of, resulting in various social, economic, and environmental issues (Vaish et al.,
2016). Effectively handling this massive waste volume presents a substantial challenge for
humanity (Sharma et al., 2019). Researchers worldwide are actively exploring innovative and
environmentally friendly technologies for waste management (Almalki et al., 2023). Among
these, biological methods, particularly vermicomposting, stand out as effective waste treatment
strategies. This process involves the collaboration between earthworms and microorganisms in
breaking down waste (Sharma et al., 2019). Vermicomposting is a natural bio-oxidative
decomposition method that operates optimally under mesophilic conditions and relies on the
biochemical activity of various microorganisms (Sharma et al., 2023). Different types of waste
can be composted using various earthworm species (Bhat et al., 2018). Through the combined
action of earthworms and microbes, waste is transformed into a nutrient-rich, odor-free, and
homogeneous product known as vermicompost (Azab et al., 2022). As earthworms digest waste
material, they enhance its physicochemical properties by promoting the breakdown of organic
matter (Ali et al., 2015). The microorganisms residing in the digestive tracts of earthworms
contribute significantly to the biochemical degradation of waste. Vermicompost serves as an
effective growth enhancer for plants, containing nutrients readily available to plants, a rich
microbial population, humic substances, growth hormones, and enzymes (Ceritoglu et al.,
2018). Numerous studies demonstrate that applying vermicompost as an organic fertilizer can
significantly boost crop growth and yields (Joshi et al., 2015). Additionally, vermicomposting
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promotes a circular bioeconomy by converting waste into beneficial products, ultimately

supporting the sustainable development of nations (Ashokkumar et al., 2022).

Vermicomposting has been shown to effectively reduce the levels of tetracycline resistance
genes, as well as those linked to quinolones and fluoroquinolones, in sewage sludge (Cui et al.,
2018; Huang et al., 2018). Additionally, the activity of earthworms influences both bacterial
and fungal diversity during the processing of complex materials through vermicomposting (Cui
et al.,, 2019; Dominguez et al., 2021; Gémez-Brandén and Dominguez, 2014), potentially
altering the main carriers of antimicrobial resistance genes (ARGs) throughout the process.
There is also evidence that the presence of earthworms can lead to a reduction in the abundance
of the integrase gene intll, which may impact the horizontal gene transfer (HGT) of ARGs
during vermicomposting (Li et al., 2021c; Yang et al., 2021). While vermicomposting does
influence ARG-carrying plasmids and integrons, some new ARG subtypes have been detected
within the final vermicompost, suggesting that HGT could still take place (Huang et al., 2020).
The effectiveness of this process appears to vary by species; for example, the endogeic
earthworm Metaphire guillelmi has been found to reduce ARGs more significantly than the
epigeic E. fetida in field fluvo-aquic soil used for corn cultivation (Yang et al., 2021). Based
on these findings, several mechanisms have been proposed as key factors driving the removal
of ARGs during vermicomposting due to earthworm activities: (i) shifts in microbial
community dynamics; (ii) alterations in the physical and chemical properties of the initial
feedstock, such as pH and organic matter quality; and (iii) a reduction in pathogenic bacteria
(Cui et al., 2019, 2020). All these elements could affect the bacterial hosts harboring ARGs
and/or the abundance of mobile genetic elements (MGEs) during vermicomposting, potentially
influencing ARG transfer (Huang et al., 2018). Research has indicated that maintaining a
temperature of 20°C is optimal for achieving reductions in ARG abundance in sludge processed
with E. fetida during vermicomposting (Cui et al., 2022a). Furthermore, the presence of
antibiotics such as tetracycline in sewage sludge has been associated with an increased presence
of related resistance genes in the final vermicompost (Xia et al., 2019). Despite the observed
decreases in ARG abundance during vermicomposting, it has been suggested that the final
product can still be enriched with these genes, making it unsuitable for certain agricultural

applications (Huang et al., 2020).

The elimination of antibiotic resistance genes (ARGSs) by earthworms has been noted in soil

systems enriched with organic manure. This can be seen in the gut microbiomes of various soil
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organisms, such as collembolans and enchytraeids, where there is a notable reduction in the
number and prevalence of ARGs (Zhu et al., 2021a). Additionally, specific bacterial genera,
including Microvirga, Sphingomonas, Methylobacterium, and Bacillus, found in the
earthworm gut, were shown to enhance the breakdown of sulfamethoxazole (SMX) by 35.7%
over 30 days during a vermicomposting process (Zhang et al., 2022c). The study also
highlighted that the bacterial community—aside from the genus Bacillus—entered soil through
earthworm casts, leading to further SMX degradation. Moreover, the levels of sull, sul2, and
intl genes increased in SMX-contaminated soil throughout the vermicomposting process with
E. fetida, which raises concerns about the horizontal gene transfer of antibiotic resistance
within the soil microbiome (Zhang et al., 2022c). However, the presence of antibiotic-resistant
bacterial hosts within the earthworm gut (Yang et al., 2023) poses a risk for the spread of ARGs
in soil (Lietal., 2021e). Consequently, it has been recommended that additional treatment steps
for vermicomposted sewage sludge be considered before it is applied to soil (Kui et al., 2020).
Vermicomposting is an ecologically innovative process that involves the collaboration between
earthworms and microorganisms to transform organic waste into nutrient-rich vermicompost.
Various species of earthworms, including red worms, tiger worms, and red wigglers, are tasked
with consuming organic materials such as flower waste, agricultural waste, and sewage sludge.
In ideal conditions—where temperatures are below 28°C, moisture levels are between 60% and
80%, and aerobic conditions are met—earthworms process organic waste, such as vegetable
scraps and industrial sludge, resulting in the production of a humus-like excrement. This
excretion, which is uniform in consistency, is generated through the earthworm'’s physical and
biochemical activities. The physical processes include aeration, fragmentation, and turnover,
while the biochemical processes involve the enhancement of nitrogen content and the transport

of various organic and inorganic substances along with enzymatic digestion.

This process is vital for transforming organic waste into essential nutrients for plants, including
nitrogen, calcium, phosphorus, and potassium. This transformation occurs through the
combined efforts of earthworms and microbes, resulting in nutrients that are more soluble and
beneficial to plants compared to those found in the original organic material. The conversion
process is facilitated by various enzymes in earthworms, including proteases, lipases, amylases,
cellulases, and chitinases. Earthworms contribute in two significant ways: they convert organic
or industrial sludge into vermicompost and help manage the pollution caused by the rapid
increase in population, urbanization, intensive agriculture, and industrial activities.

Vermicomposting can be performed on a household, community, or city scale using food waste

22



or other organic materials. Several factors impact the vermicomposting process, which can be
categorized into abiotic and biotic components. Abiotic factors include temperature, pH,
moisture, aeration, feed quality, light, and the carbon to nitrogen (C/N) ratio. Biotic factors
involve earthworm stocking density, microorganisms, and enzymes. Earthworms thrive in
temperatures ranging from 10°C to 28°C, prefer moisture levels between 12% to 34%, and
grow best in a pH range of 5 to 7. Their survival rate improves in darkness, making it preferable
to keep them in low-light conditions. The ideal C/N ratio for earthworms is between 20 and 30,
and they require oxygen for survival, necessitating good aeration in their environment. Manual
turning of waste mixtures can help maintain aeration. The quality of food is crucial for an
earthworm's growth and reproductive success. Factors influencing the food they consume
include the particle size of the waste mixture, the degree of organic waste degradation, salt
concentrations, and the C/N ratio. Smaller particles improve aeration, and earthworms typically
consume between 100 to 300 mg of food per gram of body weight daily. Stocking density of
earthworms significantly influences the vermicomposting process, affecting their respiration,
reproduction rates, feeding behavior, and burrowing activities. Additionally, microorganisms
are crucial for processing organic matter, working in collaboration with earthworms.
Earthworms are classified into three morphological categories: (1) Epigeic, (2) Endogeic, and
(3) Anecic.

2.3 Black soldier flies

The black soldier fly, scientifically known as Hermetia illucens, is a species commonly found
in tropical and warm temperate regions. Adults of this fly, resembling wasps, typically measure
15-20 mm in length. They are predominantly black, with females exhibiting a reddish
coloration at the tip of their abdomen and two translucent spots on the second segment, while
males have a bronzed abdomen. Native to tropical, sub-tropical, and warmer temperate areas,
the larvae of H. illucens are known for their insatiable appetite and ability to consume various
types of organic waste, including food and municipal waste. Unlike many other fly species,
black soldier flies do not tend to invade human habitats, which significantly reduces their risk
of spreading diseases. Additionally, they contribute to controlling housefly populations by
preventing them from laying eggs in the environments where black soldier fly larvae thrive.
These flies are generally associated with outdoor environments and livestock and are often
found in decaying organic materials like animal waste and plants. Adults can be identified by
their long antennae. This species is notably resilient, capable of surviving in challenging

environmental conditions such as drought, food shortages, and low oxygen levels. The black
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soldier fly has a wide distribution in areas ranging from approximately 45°N to 40°S latitude.
Its larvae thrive on decaying organic substances, including spoiled fruits and vegetables, animal
manure, and even human waste. Adult flies are relatively inactive and do not fly well. Females
typically mate two days after emerging and lay their eggs in dry crevices near food sources,
ensuring that the eggs are not placed directly on moist decaying material. Throughout their
adult life, black soldier flies do not feed, relying on stored body fat. Due to their behavior, they
pose no risk as disease vectors, as they avoid contact with decomposing organic matter. Upon
hatching, the larvae begin consuming waste, resulting in a significant reduction of around 55%
in the volume of dry waste. Thanks to their high densities and appetite, the larvae process fresh
materials rapidly while simultaneously suppressing bacterial growth, which helps minimize
unpleasant odors. In optimal conditions with abundant waste sources, these larvae can mature
efficiently. One of the key benefits of utilizing black soldier fly larvae in waste management is
their ability to convert significant amounts of carbon into insect protein and oils, as opposed to

merely breaking it down into carbon dioxide and methane.

1a: Adult, top view 1b: Adult, side view

3: Larvae feeding 4: Preptib?z
Figure 2. 1: Life stage of Black Soldier Fly

2.6 Greenhouse gas emission

The growth in population and increasing levels of prosperity are major factors contributing to
the generation of waste. Annually, around 2.01 billion metric tons of municipal solid waste
(MSW) are produced worldwide, and this figure is anticipated to double by 2059, raising
significant concerns for the future. A life cycle assessment of MSW management in relation to
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greenhouse gas (GHG) emissions reveals that over 50% of the waste collected is not adequately
handled; instead, it is often openly burned or disposed of in landfills, particularly in many
developing countries. Additionally, only about 10-40% of waste is subjected to recycling and
composting processes. The total GHG emissions, including methane (CH4), carbon dioxide
(CO2), and nitrous oxide (NO2), resulting from waste management make up approximately
5% of the total GHG emissions released into the atmosphere. Methane alone contributes to 1-
2% of these emissions during waste management activities. The release of these GHGs
exacerbates global warming and climate change, negatively impacting living organisms on
Earth. Thus, implementing sustainable management practices from waste collection through to
treatment and disposal with a strong focus on minimizing GHG emissions is essential for
preserving resources and protecting the environment. This review serves as a foundation for
policymakers at local, national, and regional levels to develop and implement strategies aimed

at reducing GHG emissions linked to MSW management.

A study examining the composting process and gas emissions related to food waste identified
the release of greenhouse gases (GHGs) such as carbon dioxide (CO2), methane (CHa), and
nitrous oxide (N2O) at various intervals: 2, 9, 16, 23, 30, 37, 44, 51, 61, 71, and 84 days into
the composting process. The total Global Warming Potential (GWP) was measured between
2.7 and 6.9 kg CO2 equivalent per kilogram of dry material. Another investigation compared
compost generated under controlled conditions to that produced under typical conditions,
revealing that the compost from community sources emitted 4.6 times more CH4 and 5.8 times
more N2O. The increased CH4 emissions were linked to insufficient aeration, while elevated
N20 levels were attributed to high moisture content in the compost (Quirds R, 2014). In a study
conducted in Depok City, Indonesia, greenhouse gas emissions from municipal solid waste
management were estimated, showing emissions for four different scenarios as 6,800; 25,700;
34,300; and 42,900 kg CO2 equivalent per day, respectively. Another research project focused
on the potential greenhouse gas emission reductions achievable through the use of Black
Soldier Fly Larvae (BSFL) as a carbon sink that could mitigate emissions from microbial
decomposition. In experiments, equal amounts of moist feed material were either consumed by
BSFL or allowed to decompose via microbes. The BSFL consumed the feed within 7 days,
whereas microbial decomposition took 45 days. The carbon mass balance indicated that with
BSFL, 28.54% of the initial carbon was lost as CO2, with minimal methane emissions. In the

absence of BSFL, the loss of original carbon rose to 48.62%. The larvae converted
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approximately 41% of the feed carbon into body mass, resulting in protein, edible oil, and
chitin (Perednia A., 2017).

2.7 Empirical review

2.7.1 Moisture content effects on BSFL and waste processing

The BSFL have emerged as a promising agent for organic waste decomposition, with
environmental benefits underscored by their efficient nutrient recycling capabilities. The
optimal moisture content is critical for their growth and efficiency, with studies indicating that
BSFL thrive in moisture levels ranging from 60% to 80%. Deviations from this optimal range
hinder growth and reduce waste reduction efficacy. A study by Diener et al. (2009) highlighted
that moisture levels below 50% lead to sluggish larval development due to insufficient
hydration, which is essential for metabolic processes. Conversely, excess moisture, typically
above 85%, create anaerobic conditions detrimental to both BSFL and the waste degradation
process. Specifically, the anaerobic environment led to the proliferation of harmful microbes,
thus degrading the quality of the end products. The interaction between moisture and microbial
activity plays a pivotal role; high moisture levels enhance microbial action, aiding BSFL
digestion, but beyond a certain threshold, it restricts oxygen diffusion, impeding the waste

processing capability.

Furthermore, Lalander et al. (2019) reinforced the significance of maintaining a fine balance
in moisture content by identifying an optimal moisture level of around 70% for both larval
biomass production and effective waste reduction. At this moisture level, BSFL not only thrive
but also accelerate the decomposition of organic matter, leading to the rapid transformation of
waste into valuable organic fertilizer. This finding emphasizes the necessity for precise
moisture management in BSFL systems to ensure maximum efficiency. The intricate interplay
between moisture and decomposition rates underscores the paramount importance of
maintaining optimal environmental conditions to harness the full potential of BSFL in waste
management. Continuous monitoring and adjustments in moisture content are vital in long-
term applications to avoid negative impacts resulting from desiccation or waterlogging,

highlighting the complexity of employing BSFL as a waste processing mechanism.

2.7.2 Temperature Effects on BSFL and Waste Processing
Temperature is another critical factor influencing the metabolism and efficiency of BSFL

during waste processing. Studies indicate that BSFL thrive at temperatures ranging from 25°C

to 35°C, with a peak development rate occurring at approximately 30°C. At this temperature,

26



larval activity accelerates, leading to improved rates of microbial activity and, consequently,
more efficient waste decomposition. Tomberlin et al. (2002) observed that temperatures below
20°C slow larval growth, while excessive heat above 35°C led to high mortality rates among
BSFL. The delicate balance of temperature is therefore crucial; maintaining it within the
optimal range can enhance the waste management process by reducing processing times and
increasing the efficiency of mass reduction. The interaction between temperature and waste
degradation is explicitly evident in the findings of Rehman et al. (2017), where the researchers
noted that at the optimal temperature of 30°C, BSFL could reduce the mass of waste by 50%
more rapidly compared to operations at 25°C. However, temperatures exceeding this threshold
not only posed risks of increased evaporation, a phenomenon leading to larval desiccation, but
also increased the metabolic stress on the larvae, ultimately hindering the waste conversion
process. This stresses the need for precise environmental control in BSFL systems to sustain
optimal temperature conditions while executing waste decomposition. When these factors are
managed effectively, BSFL not only contribute to waste management solutions but also stand
as a sustainable model for creating organic fertilizers, enriching the soil without the side effects
often associated with chemical fertilizers.
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CHAPTER THREE: MATERIALS AND METHODS

3.1 Introduction

This chapter details the methodology employed to investigate the effectiveness of BSFL in the
treatment of MSW. The methodology section is structured to illustrate the sequential steps
undertaken, from the collection and preprocessing of waste to the specific experimental designs
used to assess the impact of various environmental variables on waste decomposition. The
materials utilized in the study, including equipment and personal safety measures, are also
outlined to ensure clarity in the procedures followed.

3.2 Study design
An experimental research design was employed to evaluate the efficacy of Black Soldier Fly

Larvae in the treatment of municipal solid waste. The study was structured to investigate the
impact of key environmental variables; temperature and moisture content on the decomposition
process. Quantitative methods were utilized to quantify waste reduction rates, generating
measurable data to support the analysis. Concurrently, qualitative observations enriched the
numerical findings, providing a holistic understanding of the treatment process. The research
was conducted within controlled experimental settings, where waste samples were
systematically prepared and inoculated with BSFL, followed by exposure to varying
experimental conditions. Baseline measurements were established by recording the initial
weight, moisture content, pH, and temperature of each sample. Over a nine-day observation
period, samples were monitored with daily assessments documenting variations in substrate
weight, fluctuations in temperature, and changes in moisture levels. This approach ensured
comprehensive data collection and analysis, elucidating the effectiveness of BSFL in MSW

treatment.

3.2.1 Control of Temperature and Moisture in the Study Design

To ensure the reliability and validity of the experimental results, control of temperature and
moisture levels was implemented through a systematic approach. Temperature regulation was
achieved using environmental chambers, where samples were exposed to specific temperature
conditions of 15°C, 30°C, and 40°C. These temperature-controlled incubators maintained
stable thermal environments throughout the duration of the experiment, while a calibrated
digital thermometer was employed to accurately record the temperatures at the center of each
container. This method allowed for the detection of any deviations from the set parameters.

Furthermore, insulation measures were integrated by situating the experimental setup within a
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climate-controlled laboratory to mitigate external temperature fluctuations. A control group
maintained at ambient temperature facilitated the assessment of natural decomposition rates
without the intervention of Black Soldier Fly larvae, thereby providing a comparative baseline.
Moisture control was equally prioritized, with the substrate's moisture content adjusted to
predefined levels ranging from 50% to 90% using a precision moisture analyzer. The consistent
application of distilled water ensured that targeted moisture levels were upheld, while excess
moisture was managed through air-drying techniques or the incorporation of dry substrate. To
guarantee uniformity, organic waste samples were shredded to a consistent size of 1-2 cm and
homogenized prior to moisture adjustment, allowing for even distribution throughout the
experimental conditions. Daily verification of moisture levels, conducted with a moisture
meter, was critical, with necessary adjustments made whenever readings deviated by more than
+2%.

3.3 Materials
The equipment used for experimenting were proposed by Zurbrugg;

» Waste samples
Weighing scale
Thermometer

pH meter

Moisture analyzer
Sample containers
Laboratory balance

Data recording sheet

YV V. V V V V V V

Personal protective equipment (gloves, lab coat, goggles)
3.4 Methods

3.4.1 Waste collection and processing

A garbage truck from Nakawa Market was selected for a detailed waste management study.
The truck's contents were systematically emptied, and a thorough sorting of the waste
constituents was conducted, categorizing the materials into organic, inorganic, and recyclable
fractions. Following this initial segregation, the sorted waste was transported to the Bugolobi
KCCA recycling facility for a comprehensive secondary classification, aimed at validating and
quantifying the waste composition with enhanced accuracy. The recycling plant operates across

six specialized departments: sorting, waste reception, inoculation, harvesting, pupation, and
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breeding. Within the sorting department, the waste underwent an additional level of scrutiny to
identify and remove any inorganic or recyclable materials that may have been unintentionally
left behind during the preliminary sorting process at the truck level. To facilitate effective
treatment, the waste was subjected to examination to confirm the absence of hazardous
materials and inorganic substances. Subsequently, the waste was processed to reduce its
particle size to a diameter ranging from 1 to 2 cm, a dimension deemed critical as BSFL exhibit
limited capacity to process larger substrate particles. A shredding machine was utilized to
process 250 kg of organic waste, from which samples for subsequent experimentation were
extracted. Water was infused into the waste to expedite the shredding process, ensuring a
uniform consistency. After shredding, the quality of the resulting mixture was carefully
evaluated to ascertain its appropriate thickness for optimal processing. In instances where the
mixture demonstrated excessive liquidity, additional organic waste was added to achieve a

thicker consistency, thereby enhancing the quality of the compost produced.

3.4.2 Black Soldier Fly Larvae

The rearing of flies was performed in a designated nursery, distinctly segregated from the waste
treatment operations to maintain clear operational boundaries. This process consisted of four
phases: initially, adult flies were housed in cages for mating and egg laying, followed by
observation of the hatching process where the eggs developed into larvae. The larvae were
monitored until reaching five days of age (indicated as 5-DOL), at which point a significant
portion was transferred to the waste treatment section to assist in organic waste degradation.
The remaining larvae continued to receive nourishment until they reached the pre-pupae stage,
after which they were placed in dark cages to undergo pupation. This carefully controlled
environment facilitated their metamorphosis into adult flies, effectively completing the rearing
cycle and enabling the repetition of the process for sustainable waste management.
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Figure 3. 2: BSF treatment process

3.4.3 Procedures

A total of 22 samples were prepared including 5-day-old BSFL weighing 30 grams for each
sample, mixed with shredded organic substrates, and their initial weights recorded. Over a nine-
day period, ten samples were designated to evaluate the efficacy of BSFL in degrading MSW
under consistent temperature and moisture conditions, with daily observations conducted to
measure degradation rates through weight loss and visual inspections of the substrate volume.
Concurrently, three samples were assigned to study the impact of temperature variations on the
composting process, with environments maintained at 15°C, 30°C, and 40°C. Additionally, the
remaining nine samples were used to assess the effects of varying moisture content on
decomposition efficiency, with moisture levels set at 50%, 55%, 60%, 65%, 70%, 75%, 80%,
85%, and 90%. Throughout the nine days, daily measurements were meticulously recorded to
evaluate changes in substrate weight, enabling a comprehensive understanding of how these

critical factors influence the efficiency of BSFL in organic waste management.
3.4.4 Calculations

3.4.4.1 Determination of moisture content
A small proportion of the MSW weighing 150g (Initial Weight recorded as Wo) initially was
placed on a balance pan of the moisture analyzer machine, and then heated. After some time,

the analyzer automatically turned off, that is when moisture content in MSW has been
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thoroughly removed. After the machined cooled, it as well measured the final weight of the
sample (W1). Then the amount of moisture content in the MSW was calculated from the

formula below;

Wo — W,
———— ] %100 . e s €L

MC =
= (5

Where MC stands for moisture content.

3.4.4.2 Determination of potential hydrogen

The pH of the substrate was determined using a litmus test strip, which is designed to visually
indicate the acidity or alkalinity of a solution through a color change reaction. The test strip
consists of pH-sensitive dyes that react with hydrogen ions in the substrate, resulting in a color
transformation that corresponds to specific pH levels. To conduct the test, a small sample of
the substrate was placed in a clean container, and the litmus strip was immersed for a brief
period. The strip was then compared to a standardized pH color chart that correlates color

variations to pH values, allowing for accurate assessment of the substrate’s pH level.

3.4.4.3 Determination of temperature

The initial substrate temperature was accurately determined using a calibrated digital
thermometer, which was strategically positioned at the center of the sample to ensure uniform
measurement. Subsequently, we established specific experimental conditions by setting the
temperature of each sample to 15°C, 30°C, and 40°C. This temperature variation was carefully
chosen to examine their respective effects on the decomposition process, allowing for a
thorough analysis of thermal influences on substrate behavior.

3.4.4.3 Waste reduction rate
The amount of waste decomposed in specific time by use of BSFL was computed using the
Waste Reduction Index (WRI) method, for the different samples. The formulae below was used

to compute the WRI.

w

t

WRI =

£ 100 e e et eee e e e e eee e (1)

Where,

W= total quantity of feeding substrate used during the time t,
R= the residue left at harvesting time t
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Note: A higher WRI value indicates a better waste reduction efficiency (Irfarma Kabir Ahmed
et al., 2023).

3.5 Data analysis

The data collected during the study was organized and entered into a spreadsheet for efficient
analysis using SPSS (Statistical Package for the Social Sciences) for statistical analysis. To
clearly illustrate the discrete data, a line graph was created, complemented by descriptive
statistics that summarized key metrics such as means and standard deviations. To identify
optimal conditions for effective waste decomposition using BSFL, statistical methods,
including T-tests and ANOVA (Analysis of Variance) was used to compare means and evaluate

the influence of various independent variables on MSW reduction.
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CHAPTER FOUR: RESULTS

4.0 Introduction

This chapter evaluates the effectiveness of black soldier flies in treating municipal solid waste.

4.1 Characterization of municipal solid waste
The municipal solid waste designated for vermicomposting comprised predominantly of

jackfruit and onion residues sourced from local markets, with a moisture content of 72% and
pH of 6.7. Before composting process, the waste underwent fermentation, resulting in the
formation of a pastry weighing a total of 275 kg. Notably, this mass exhibited a temperature of
24.95°C.

Table 4. 1: MSW characteristics

MSW Composition
Properties Jack fruit Onion leftovers
Moisture Content (%) 72
Condition Fermented
Weight (kg per sample) 275
Temperature (°C) 24.95
Form Pastry
Potential Hydrogen 6.7

4.2 The effects of BSF larvae on the rate of weight reduction in MSW

In a study examining the decomposition of municipal solid waste (MSW), comprised ten
samples, each initially containing 12.5 kg of MSW mixed with 0.003 kg of larvae, were
analyzed over a nine-day period. During the first five days, all samples exhibited a partial
reduction in weight. By the ninth day, the weight changes recorded were as follows: Sample 1
decreased by 3.13 kg, Sample 2 by 2.93 kg, Sample 3 by 3.03 kg, Sample 4 by 2.43 kg, Sample
5 by 4.43 kg, Sample 6 by 2.03 kg, Sample 7 by 2.83 kg, Sample 8 by 3.03 kg, Sample 9 by
2.43 kg, and Sample 10 by 2.52 kg.
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Figure 4. 1: The effects of BSF larvae on the rate of weight reduction in MSW
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4.2.1 Descriptive Statistics of Composited Samples Over a Nine-Day Period

Table 2 Present a detailed analysis of the average weights of various samples after a nine-day
compositing process. Sample 1 exhibited the lowest average weight, recorded at 10.899 kgs,
accompanied by the highest variance of 3.071 kgs. In contrast, the other samples demonstrated
average weights that fell within a narrower range, specifically between 11.368 kgs and 11.842
kgs. This trend shows that sample 2 to sample 10 maintained relatively consistent weights
compared to sample 1. Furthermore, when examining the overall average weight of all samples,
a noteworthy decline was observed from an initial average of 12.503 kgs to a diminished 9.7
kgs by the end of the nine days. The variance analysis also sheds light on how the weight
distribution evolved over time. As the duration of the compositing process increased, the
standard deviation from the mean weight climbed steadily from 0.00 kg to 0.0565 kgs.

Table 4. 2: Descriptive Statistics of Composited Samples Over a Nine-Day Period

Summary Count Sum Average Variance
Sample 1 9 98.09 10.899 3.071
Sample 2 9 104.93 11.659 0.737
Sample 3 9 103.39 11.488 1.215
Sample 4 9 103.24 11.471 1.273
Sample 5 9 103.82 11.536 1.385
Sample 6 9 102.31 11.368 1.463
Sample 7 9 104.15 11.572 1.437
Sample 8 9 103.5 11.500 1.061
Sample 9 9 106.86 11.873 0.451
Sample 10 9 106.58 11.842 0.470
Summary Count Sum Average Variance
Day 1 10 125.3 12.503 0.000
Day 2 10 124.4 124 0.005
Day 3 10 124.2 12.4 0.006
Day 4 10 122.6 12.3 0.005
Day 5 10 121.2 12.1 0.008
Day 6 10 111.7 11.2 0.331
Day 7 10 106.8 10.7 0.362
Day 8 10 104.2 10.4 0.422
Day 9 10 96.5 9.7 0.565
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4.2.2 Statistical Analysis of Weight Differences Among Samples Using ANOVA

Interestingly, the differences among the samples were examined using ANOVA analysis. The
results presented in Table 3 indicated a significant difference between the samples, as the p-
value was found to be less than 0.05. This suggests that the variations in weights across the

samples are statistically significant.

Table 4. 3: Statistical Analysis of Weight Differences Among Samples Using ANOVA

Variation SS df MS F P-value F crit
Rows 5.973 9 0.664 5.101 2.47E-05 2.013
Columns 91.136 8 11.392 87.561 5.46E-34 2.070
Error 9.367 12 0.130

Total 106.4766 89

4.3 Effect of compositing process on temperature

Over the course of the nine-day compositing period, the temperature variations among the ten
samples were notable. As illustrated in Figure 2, a decrease in temperature was observed from
day 1 to day 2 for all samples. Despite this initial decline, a partial increase in temperature was
subsequently recorded across all samples. The highest temperature increase was recorded for
sample 5, which exhibited a rise of 37.5°C, while sample 4 demonstrated the smallest increase
at 31.65°C.
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Figure 4. 2: Temperature variation for nine days
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4.3.1 Analysis of temperature Variability in Composited Samples

Result in Table 4 show that the average temperature for the sample ranged between 26.011°C
to 28.2°C, with a varying variance ranging between 10.041°C to 26.064°C. The temperature of
the sample increased with the number of days from 24.95°C on day 1 to 34.62°C on the 9" day
of the process. However, it was noticed that the temperature between day 1 and day 2 slightly
decreased by 2.73°C. The variation from the average temperature was as well observed to have
increased from 0.112°C on day 1 to 3.122°C on the 9" day.

Table 4. 4: Analysis of temperature Variability in Composited Samples

Summary Count Sum Average  Variance
Sample 1 9 253.8 28.200 25.392
Sample 2 9 240.6 26.733 11.105
Sample 3 9 243.7 27.078 25.899
Sample 4 9 241.8 26.867 20.632
Sample 5 9 240.4 26.711 16.889
Sample 6 9 245.6 27.289 26.064
Sample 7 9 238.2 26.467 20.298
Sample 8 9 241.8 26.867 18.560
Sample 9 9 234.1 26.011 10.041
Sample 10 9 236.2 26.244 14.793
Day 1 10 249.5 24.95 0.112
Day 2 10 222.2 22.22 0.068
Day 3 10 227.9 22.79 0.110
Day 4 10 238.4 23.84 0.354
Day 5 10 253.3 25.33 1.311
Day 6 10 270.6 27.06 0.905
Day 7 10 289.7 28.97 2.449
Day 8 10 318.4 31.84 4.916
Day 9 10 346.2 34.62 3.122

4.3.2 Statistical Analysis of temperature Differences Among Samples

The results presented in Table 5 indicated a significant difference between the samples, as the
p-value was found to be less than 0.05. This suggests that the variations in temperature across
the samples is statistically significant.

39



Table 4. 5: Statistical Analysis of temperature Differences Among Samples

Source of Variation SS df MS F P-value F crit
Rows 29.860 9 3.318 2.647 0.010 2.0127
Columns 1427.124 8 178.391 142.301 5.78E-41 2.0698
Error 90.260 72 1.254

Total 1547.244 89

4.3.3 Effect of compositing process on temperature
Figure 3 illustrates a substantial negative correlation between the compositing process and

temperature, with a Pearson correlation coefficient of -0.967. This strong inverse relationship
indicates that as the weight of the MSW combined with BSLs decreases between nine (9) days,
the temperature within the mixer tends to increase. The data reveals a statistically significant
variation in temperature relative to changes in the composition of the waste mixture, as
evidenced by a p-value of 0.000.
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Figure 4. 3: Effect of compositing process on temperature
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4.3 Effect of moisture content on composting process

The findings presented in Figure 4 indicate a clear relationship between substrate moisture
content and WRI. Specifically, when the moisture content is 55% or lower, the WRI remains
below 1.5. As the moisture content increases to the range of 60-80%, the WRI rises
significantly, reaching a peak of 2.5. However, when the moisture content exceeds 80%, the

WRI tends to decrease, at around 1 or slightly higher.
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Figure 4. 4: Moisture content vs WRI

Figure 4.4 illustrates the waste reduction rate in the presence of Black Soldier Fly Larvae
(BSFL) over a period of nine days while varying the moisture content. At a moisture content
of 50-55%, the reduction in waste was minimal. The highest reduction was recorded when the
moisture content ranged from 60-80%. However, when the moisture content increased to 85-

90%, the rate of waste reduction slowed significantly.

41



— MC 50-55
13.000 — MC 60-80
w— W B5-90

12.000

11.000

Mixture (KG)

10.000

9.000

Day1 Day2 Day3 Dayd4 DayS Day6 Day7 Day8 Day9
Days

Figure 4. 5: Effect of moisture content on MSW over nine days

The ANOVA results presented in Table 4.6 indicate a significant statistical difference among
the groups categorized by moisture content, with a p-value of 0.050. This suggests that moisture
content notably affects waste reduction. Specifically, the group with moisture content ranging
from 60-80% exhibits a variation of 0.878 from an average value of 11.110, while the 50-55%
moisture content group shows a smaller variation of 0.228 from an average of 11.917.
Additionally, the 85-90% moisture content group has a variation of 0.295 from an average of
11.700.

Table 4. 6: Statistical difference between groups of moisture content

Groups Count Sum Average Variance

MC 50-55 9 107.255 11.917 0.228

MC 60-80 9 99.990 11.110 0.878

MC 85-90 9 105.330 11.703 0.295

ANOVA

Variation SS df MS F P-value F crit
Between Groups 3.148 2 1.574 3.371 0.050 3.403
Within Groups 11.208 24 0.467

Total 14.356 26
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4.4 Effect of temperature on composting process

The results from =Figure 4.6 illustrate the impact of temperature variations on the Waste
Reduction Index (WRI). Specifically, at a low temperature of 15°C, the WRI was measured at
0.135, indicating a low level of waste reduction effectiveness. As the temperature increased to
a moderate level of 30°C, the WRI rose significantly to 2.867, suggesting a much higher
efficiency in waste reduction at this temperature. However, when the temperature reached a
high level of 40°C, the WRI decreased again to 0.291, showing a drop in waste reduction

effectiveness.

2.867

WRI

0.13 291

15 30 40
Temperature (°C)

Figure 4. 6: Temperature against WRI

The results in Figure 4.7 indicate that temperature affects the decomposition process over the
9-day period. At 15°C, the compositing process was notably slow throughout, demonstrating
that lower temperatures hinder decomposition. In contrast, at 30°C, the decomposition was
highly effective and consistent for the entire duration, suggesting that this moderate
temperature promotes optimal microbial activity. Meanwhile, at 40°C, there was a marked
increase in decomposition rates from day 1 to 3, but this trend reversed, resulting in a slowdown

from day 3 to day 9.
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Figure 4. 7: Effect of temperature on MSW over nine days

The ANOVA results presented in Table 7 reveal a significant statistical relationship between
temperature variations and the decomposition process of MSW, highlighted by a p-value of
0.007. This effect is evidenced by measurements taken at three distinct temperatures; at 15°C,
the average weight of MSW was recorded at 12.458 kg, with a notably low variance of 0.003
kg. In contrast, at 30°C, the average weight dropped to 11.577 kg, accompanied by a higher
variance of 0.989 kg, which suggests increased variability in the decomposition process.
Finally, at 40°C, the average weight rebounded to 12.331 kg, while the variance decreased

significantly to 0.012 kg.

Table 4. 7: Statistical difference between groups of temperature

Groups Count Sum Average  Variance

15°C 9 112.120 12.458 0.003

30°C 9 104.190 11.577 0.989

40°C 9 110.980 12.331 0.012
ANOVA
Variation SS df MS F P-value Fcrit
Between Groups 4.085 2 2.042 6.105 0.007 3.403
Within Groups 8.030 24 0.335
Total 12.114 26
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CHAPTER FIVE: DISCUSSION OF RESULTS

5.1 Discussion of characteristics of MSW

The results indicate that the municipal solid waste designated for decomposition was primarily
composed of organic residues from jackfruit and onions, which are high in moisture content
(79%) and slightly acidic (pH of 6.7). This specific combination of materials is crucial, as
moisture content is a key factor influencing the decomposition process. High moisture levels
enhance microbial activity, facilitating the breakdown of organic matter (Zhang et al., 2019).
The slightly acidic pH is also favorable for earthworms, as they thrive in environments with a
pH range of 6.0 to 7.5 (Edwards & Bohlen, 1996). The fermentation process that the waste
underwent prior to experiment is noteworthy. Fermentation initiates the decomposing process,
lowering the Carbon: Nitrogen ratio, which is important for promoting microbial growth and
optimizing nutrient availability for the composting worms (Lazcano et al., 2008). Temperature
plays a crucial role in the composting process. The observed temperature of 24.95°C is
relatively low, because the fermentation process was still in its initial stages. In traditional
composting, higher temperatures are beneficial as they help in pathogen inactivation and
further breakdown of organic matter. However, in vermicomposting, earthworms thrive in
lower temperatures, and it is essential to strike a balance where aerobic conditions are

maintained without overheating (Dominguez & Edwards, 2010).

5.2 Effects of BSF larvae on the rate of weight reduction in MSW

The findings on decomposition of MSW using BSFL provide valuable insights into the weight
reduction trends and variations among different samples over a nine-day compositing period.
Initially, each sample contained 12.5 kg of MSW mixed with 0.003 kg of larvae, and by the
end of the study, a notable decrease in weight was observed. The weight changes recorded for
each sample varied individually, with Sample 5 showing the most significant reduction of 4.43
kg, while Sample 6 exhibited the least decrease at 2.03 kg. This variability suggests differing
rates of decomposition among the samples which maybe due to the biological agents involved
(Zheng et al., 2020). The average weight of all samples declined from an initial 12.53 kg to a
final average of 9.7 kg. This reduction highlights the effectiveness of BSFL in composting
MSW, thereby illustrating its potential in waste reduction. Examining the variance further
revealed that the standard deviation from the mean weight increased from 0.00 kg at the study’s
commencement to 0.0565 kg by its end. This increase in variability indicates that while some

samples decomposed more rapidly, others were less effective in their weight reduction,
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confirming that biological decomposition processes do not progress uniformly across all

samples (Yamato et al., 2019).

5.3 Effect of compositing process on temperature

The nine-day compositing period revealed significant temperature variations among the ten
samples, particularly illustrating an initial decline in temperature from day 1 to day 2 across all
samples, which indicate a temporary dip in microbial activity as organic materials begin their
decomposition (Belt et al., 2019). Following this decrease, a notable increase in temperature
was observed, especially in sample 5, which experienced a substantial rise of 37.5°C, likely
reflecting peak microbial metabolism, while sample 4 recorded a smaller increase of 31.65°C,
suggesting that variations in waste composition influence microbial efficiency (Scheu et al.,
2012; Etbah et al., 2021). The average temperature rose from 24.95°C on day 1 to 34.62°C by
the ninth day, with a variance indicating diverse responses among the samples, thus
highlighting the need to consider initial material properties in composting dynamics (Adhikari
et al., 2019). Additionally, the observed decrease of 2.73°C between the first two days,
alongside a rise in temperature variation from 0.11°C to 3.12°C by day 9, highlights the
complex interplay of physical and chemical changes within the compost pile that influence
microbial communities (Zhang et al., 2020). The statistical analysis revealing a p-value of less
than 0.05 further corroborates the significant differences in temperature among samples,
affirming that compost composition directly affects heat generation (de Bertoldi et al., 2011).
Lastly, the substantial negative correlation (Pearson coefficient of -0.967) between the weight
of municipal solid waste combined with BSFL and temperature reinforces the idea that as the
mass decreases over time, temperature increases, highlighting the critical role of material
balance in optimizing the composting process for effective waste management (Kumar et al.,
2020).

5.4 Effect of moisture content on composting process

The findings regarding the relationship between substrate moisture content and Waste
Reduction Index (WRI) provide significant insights into the optimal conditions for waste
processing using Black Soldier Fly Larvae (BSFL). As illustrated in Figure 4, the data suggest
that moisture content is a critical factor influencing the efficiency of waste reduction. The
statistical analysis provided in Table 6 confirms the variations in waste reduction due to
different moisture content levels, with a p-value of 0.051 indicating a significant difference

among the groups. The results show that the group with moisture content between 60-80%
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displays a variation of 0.878 from an average value of 11.110. In contrast, the 50-55% moisture
group shows a smaller variation (0.228 from an average of 11.917), and the 85-90% group
presents a variation of 0.295 from an average of 11.700. At moisture levels of 55% or lower,
the WRI remains below 1.5, indicating limited efficiency in waste reduction. This aligns with
previous studies, which demonstrate that insufficient moisture impairs the biological activity
and metabolic processes of BSFL, leading to suboptimal waste degradation (Diener et al.,
2011). Conversely, as the moisture content rises to the range of 60-80%, there is a marked
increase in WRI, peaking at 2.5. This peak highlight the effectiveness of an optimal moisture
range in enhancing the larvae's ability to process organic matter. Similar findings were reported
by Zhang et al. (2019), who noted that the metabolic rate and growth of BSFL are positively
correlated with moisture content, promoting greater waste reduction. However, it is noteworthy
that when the moisture content surpasses 80%, the WRI shows a decline, around 1 or slightly
above. This decrease is attributed to anaerobic conditions that arise in overly moist
environments, which inhibit the larvae’s growth and waste-processing capabilities (Riptan et
al., 2020).

5.5 Effect of temperature on composting process

The findings from the study on the impact of temperature on the composting process reveal
insights that align with prevailing literature, elucidating the relationship between temperature
and microbial activity in waste decomposition. The results indicate that the Waste Reduction
Index (WRI) peaked at 30°C, reinforcing the notion established by several studies that
moderate temperatures foster optimal conditions for microbial growth and enzymatic activity,
which are crucial for efficient composting (Zhang et al., 2019; Liu et al., 2020). Research has
long documented that microbial activity is highly sensitive to temperature fluctuations. At
lower temperatures, such as 15°C, the study observed notably slow decomposition rates, which
align with existing literature highlighting the detrimental effects of cooler conditions on
microbial metabolism. Hargreaves et al. (2008) found that temperatures below 20°C
significantly hinder microbial processes, leading to less efficient composting. Conversely, the
findings concerning the temperature of 40°C showcase a complex relationship typical of
thermophilic composting. While the study indicated an initial increase in decomposition rates
at this elevated temperature, a subsequent decline was observed, reflecting dynamics noted in
various research works on thermophilic conditions. Hollander et al. (2019) pointed out that
although thermophilic bacteria can thrive at higher temperatures, excessive heat can inhibit

microbial diversity and activity, potentially compromising the composting process. This is
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consistent with the observed decline in decomposition of MWS after several days, suggesting
that high temperatures encourage rapid initial decomposition, but without careful management,

they lead to a slowdown.
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CHAPTER SIX

CONCLUSION AND RECOMMENDATION
6.1 Conclusion

The characterization of municipal solid waste designated for decomposition reveals a favorable
combination of high moisture content and slightly acidic pH, which supports microbial activity
and earthworm health. The preliminary fermentation process enhances the suitability of the
waste for vermicomposting by lowering the C:N ratio and optimizing nutrient availability.
While the observed temperature is relatively low, indicating the early stages of decomposition,
it remains conducive, highlighting the importance of maintaining aerobic conditions without
overheating. The effects of BSFL on the decomposition of MSW demonstrates a reduction in
weight over the nine-day composting period. The variability in weight reduction among
different samples highlights the complex interactions between biological agents and waste
materials, indicating that factors such as the activity of the larvae play a crucial role in the
efficiency of decomposition. The nine-day compositing process demonstrated significant
temperature fluctuations among the samples, highlighting the intricate relationship between
microbial activity and waste composition. Moisture content between 60-80% maximizes the
WRYI, significantly enhancing the larvae's ability to degrade organic matter. In contrast,
inadequate moisture levels (55% or lower) impede biological activity, resulting in limited waste
processing effectiveness. Conversely, excessive moisture (above 80%) leads to anaerobic
conditions, which negatively affect larvae growth and waste management capabilities.
Moderate temperatures (around 30°C) significantly improve microbial activity and
decomposition rates, while lower temperatures hinder effectiveness and excessively high

temperatures can disrupt microbial diversity.

6.2 Recommendations

For effective reduction of MSW using the 5-DOL of BSL, the following are recommended;

¢ Regularly monitor and maintain moisture levels between 60-80%. This optimum range not
only enhances the efficiency of BSFL but also supports microbial activity essential for
vermicomposting.

e Maintain the composting temperature at 30°C to optimize microbial activity and enhance

decomposition efficiency.
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e Consider implementing a preliminary fermentation process for MSW before introducing it
to vermicomposting. This can help lower the carbon-to-nitrogen (C:N) ratio and improve
nutrient availability, making the waste more suitable for both earthworms and larvae.

e Ensure that aerobic conditions are maintained throughout the composting process. This can
be achieved by turning the compost regularly to promote aeration and prevent overheating,
which can hinder the composting process.

e Frequently monitor the temperature of the composting samples. Significant temperature
fluctuations can indicate varying levels of microbial activity and waste composition, which
may require adjustments in composting strategies.

o Keep track of the activity levels of BSFL during the composting period, as this is crucial in
optimizing the decomposition process. Adjust conditions as necessary to maximize their
efficiency.

e Prevent moisture levels from exceeding 80%, as this can create anaerobic conditions
detrimental to both larvae health and waste management effectiveness. Use drainage

solutions if necessary.

6.3 Areas of further research

Further research should focus on a comprehensive lifecycle analysis to evaluate the
environmental impacts of using BSFL for waste decomposition compared to traditional
composting methods.
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