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Abstract

(1) Background: Compost plays a crucial role in promoting sustainable agriculture. With waste
management becoming a significant concern for authorities, transforming waste into compost
provides an effective and environmentally friendly solution. Microorganisms, especially bacteria, are
central to decomposing waste and converting it into valuable organic nutrients, thereby supporting
the sustainable development of agricultural systems (2) Methods: This article synthesizes key
insights from research published in high-ranking, reputable scientific journals worldwide on bacteria
and compost, complemented by the author’s practical experience at Kume Sangyou Compost
Company in Hiroshima Prefecture, Japan (3) Results: pH, aeration, temperature, moisture, nutrient
content, electrical conductivity (EC), particle size, toxic chemicals, and radiation have been
recognized as key factors that warrant careful consideration during the composting process (4)
Conclusions: This article provides a valuable resource on composting and constitutes a strategic
contribution to the advancement of sustainable agricultural development.

Keywords: compost; bacteria; pH; air; temperature; moisture; nutrients; electrical conductivity (EC);
material size; toxic chemical; radiation

1. Introduction

Sustainable agriculture has become a critical focus in the face of global environmental challenges,
food security concerns, and socio-economic development [1]. It ensures long-term food security [2]
by maintaining stable and efficient production while conserving natural resources, thereby
safeguarding supplies for current and future generations [3]. By minimizing reliance on toxic
chemicals and employing natural methods, sustainable agriculture protects safe and healthy food
sources [4]. It significantly contributes to environmental preservation and ecosystem protection by
limiting pesticide and chemical fertilizer use and preventing land over-exploitation [5]. Maintaining
soil fertility, water quality, and biodiversity is essential for the long-term sustainability of agricultural
production [6]. Furthermore, sustainable agriculture enhances resource efficiency through optimized
use of land, water, and energy, while advanced farming technologies help preserve these resources
and reduce environmental impacts [7]. It also plays a role in climate change adaptation and mitigation
by lowering greenhouse gas emissions through low-carbon practices and increasing the resilience of
crops and livestock to extreme weather events such as droughts, floods, and storms [8]. Economically,
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sustainable agriculture supports growth by improving farmers’ livelihoods, generating stable
incomes, and fostering green entrepreneurship [9]. Moreover, it is vital for rural and social
development, promoting inclusive growth, strengthening local communities, and enhancing quality
of life in agricultural areas [10]. By encouraging cooperative formation, facilitating knowledge
exchange, and advancing sustainable community development models, sustainable agriculture also
fosters local community development in harmony with nature [11].

Compost is a mixture of organic materials, primarily plant-based, that serves as a fertilizer to
improve the physical, chemical, and biological properties of soil [12]. It is typically produced through
the decomposition of organic matter, including manure, food waste, and plant residues, yielding
nutrient-rich substances that enhance soil fertility and promote the proliferation of beneficial
microorganisms. Bacteria are considered the primary drivers of the composting process, working
alongside fungi, nematodes, and protozoa to facilitate organic matter degradation [13]. Compost is
widely applied to improve soil quality, deter pests, reduce dependence on chemical fertilizers, lower
production costs, and enhance crop yield efficiency [14]. Its benefits include supplying essential
nutrients, improving soil structure, increasing humus content, suppressing soil-borne pathogens, and
reducing the incidence of agricultural diseases [15]. Composting is also recognized as an effective
strategy for managing organic waste, such as food scraps and plant residues, while substantially
reducing environmental pollution [16]. As an environmentally preferable alternative to landfill
disposal, composting mitigates methane emissions generated under anaerobic conditions and
contributes to environmental and economic sustainability [17]. Compost is utilized in diverse
applications, including stream reclamation, land restoration, landfill cover, and wetland construction,
and is produced via an aerobic process that recycles organic waste into nutrient-rich soil amendments
[18]. During composting, temperatures can exceed 55 °C, sufficient to inactivate numerous pathogens
and weed seeds, thereby producing a safer and more effective product for agricultural use [19].
Handling composted material at 50-70 °C (122-158 °F), where microorganisms have fully digested
the organic matter, is considered safe, as these temperatures inactivate most pathogens and render
oocysts non-viable [20]. Compost products have been shown to suppress plant pathogens and crop
diseases, including Fusarium oxysporum, Rhizoctonia spp, and Pythium debaryanum [21]. Compost
extracts contain diverse microbiota and enzymes capable of inhibiting fungal plant pathogens [22].
Additionally, compost serves as a reservoir of biocontrol microorganisms, such as Bacillus subtilis,
Bacillus licheniformis, and Penicillium chrysogenum, which play important roles in suppressing plant
diseases in agriculture [23]. Therefore, a comprehensive understanding and further advancement of
the composting process are essential for enhancing sustainability in agricultural practices.

The annual production of vast amounts of waste poses unprecedented challenges to the global
environment. From expansive urban landfills to floating marine garbage patches, the worldwide
accumulation of waste highlights significant concerns regarding environmental sustainability [24]. A
recent United Nations Environment Program (UNEP) report indicates a rising trend in global
pollution, particularly in regions relying on open dumping and incineration as primary waste
disposal methods [25]. These practices not only contribute to greenhouse gas emissions but are also
major sources of toxic pollutants, adversely affecting soil, water, and air quality [26]. In 2017, total
global waste generation was approximately 20 billion tons, equivalent to 2.63 tons per capita per year.
Under a business-as-usual scenario, global waste production is projected to reach 46 billion tons by
2050 [27]. Municipal solid waste (MSW) generation is expected to increase from 2.1 billion tons in
2023 to 3.8 billion tons by 2050. In 2020, the direct global cost of waste management was estimated at
approximately USD 252 billion, rising to USD 361 billion when hidden costs associated with pollution,
health impacts, and climate change are included. Without significant improvements in waste
management, this figure could nearly double by 2050, reaching an estimated USD 640.3 billion
annually [28]. The implementation of zero-waste strategies and the enhancement of global waste
management systems are essential to mitigate environmental pollution, reduce greenhouse gas
emissions, and protect public health [29]. Anaerobic decomposition of organic waste in landfills
generates substantial methane [30], and illegal waste disposal can lead to leaching of toxic chemicals
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into soil, water, and air, causing long-term ecological damage, biodiversity disruption, and adverse
effects on the human food chain [31]. Consequently, converting waste into compost represents a
highly advantageous strategy, as it addresses environmental challenges while simultaneously
promoting sustainable agricultural development

Bacteria are ubiquitous, predominantly free-living, single-celled organisms that belong to the
extensive domain of prokaryotic microorganisms [32]. As one of the earliest life forms on Earth, they
typically measure only a few micrometers in length [33]. Bacteria inhabit diverse environments,
including soil, freshwater and marine systems, acidic hot springs, radioactive waste sites, and even
the deep biosphere within Earth’s crust [34]. They play crucial roles in multiple stages of nutrient
cycling, including the decomposition of organic matter and the fixation of atmospheric nitrogen into
bioavailable forms for plants, thereby supporting overall ecosystem productivity [35]. In extreme
environments such as hydrothermal vents and cold seeps, extremophilic bacteria sustain life by
converting dissolved compounds, including hydrogen sulfide and methane, into usable energy [36].
Soil represents a major bacterial reservoir, with a few grams harboring approximately one billion
bacterial cells. These microorganisms are essential for soil ecology due to their capacity to decompose
toxic compounds and recycle vital nutrients [37]. In compost, bacteria are the most abundant and
functionally significant microorganisms, playing a central role in organic matter decomposition and
soil enrichment through nutrient recycling [38]. They process carbon and nitrogen and release
nutrients available to plants, including nitrogen, phosphorus, and magnesium [39]. Bacteria colonize
both the surfaces and internal tissues of plants and animals; although a small fraction is pathogenic,
the majority are beneficial, performing essential functions in maintaining environmental balance [40].
Remarkably, bacteria are also present in the atmosphere, with a single cubic meter of air potentially
containing up to one hundred million bacterial cells [41]. Bacteria are central to the composting
process; without their activity, organic waste cannot be converted into humus, a nutrient-rich
material that nourishes plants and improves soil structure and fertility [42]. In composting, bacteria
are generally classified as aerobic or anaerobic, with their predominance determined by the specific
composting conditions [43]. This study focuses on aerobic composting, which occurs in the presence
of ample oxygen [44]. During aerobic composting, bacteria decompose organic materials into carbon
dioxide (COy,), water, heat, and humus [45]. The resulting compost is a stable organic material with
minimal phytotoxic effects on plants [46]. Heat generated during this process accelerates the
decomposition of proteins, lipids, and complex carbohydrates, including cellulose and hemicellulose
[47], while also reducing composting duration and effectively eliminating numerous pathogens and
weed seeds [48]. Although some nutrients may be lost during aerobic composting, this method is
generally more efficient and advantageous than anaerobic composting [49]. A major benefit of aerobic
composting is its ability to fully decompose organic matter into CO, and water, producing stable
humus [50], while high temperatures help eliminate harmful pathogens and weed seeds [51,52].
However, the process requires careful regulation of environmental factors, as these directly influence
composting efficiency and outcomes [53]. Therefore, this study emphasizes the key factors and
essential knowledge necessary to establish optimal conditions for aerobic bacterial growth,
highlighting critical aspects of composting that contribute to environmental protection, high-quality
compost production, and sustainable agricultural development

2. Materials and Methods

This article presents a comprehensive synthesis of knowledge derived from leading and
reputable global sources. Data and information were obtained from high-quality scientific databases,
including the Science Citation Index (SCI), Science Citation Index Expanded (SCIE), and the Institute
for Scientific Information (ISI), which curate peer-reviewed research from a wide range of journals
worldwide. The study draws on a curated collection of 218 scientific articles published between 2000
and 2025. Sources were selected from internationally recognized publishers to ensure academic rigor
and reliability, including Springer, Elsevier, Wiley-Blackwell, Taylor & Francis, Oxford University
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Press, Cambridge University Press, University of Chicago Press, Inder Science Publishers, and
Edward Elgar Publishing.

3. Results

3.1. pH and Bacteria in Composting

The growth of each bacterial group depends on a specific pH range, as pH directly influences
membrane permeability, metabolic activity, and enzyme function [54]. Based on their pH preferences,
bacteria are generally classified into three main groups. Acidophilic bacteria grow optimally in acidic
environments, typically at a pH of 4-6 [55]. Neutrophilic bacteria, which include most bacteria and
protozoa, thrive in near-neutral conditions (pH 6-8), but their growth is strongly inhibited below pH
4 or above pH 9 [56]. Alkaliphilic bacteria prefer alkaline environments with pH values between 9
and 11 and are commonly found in coastal and saline habitats [57].

The pH of the medium affects bacterial activity by altering the metabolic balance between the
cell and its environment, which can ultimately lead to cell death. Each bacterial species has an optimal
pH range, generally between 5.5 and 8.5, with most growing best around neutral pH (approximately
7), since the intracellular pH of living cells is usually neutral [58]. pH influences membrane
permeability, metabolism, enzyme activity, and ATP synthesis; thus, maintaining an optimal pH
environment is essential for microbial growth and development [59].

Most bacteria and protozoa are neutrophilic, growing best at pH 6-8, and generally cannot grow
below pH 4 or above pH 9 due to inhibition of enzyme activity by excess H* or OH- ions [60]. Few
bacteria but most fungi are acidophilic, thriving at pH 4-6, where H* ions stabilize the plasma
membrane without accumulating intracellularly, allowing the cytoplasm to remain near neutral [61].
In contrast, many bacteria tolerate alkaline pH (9-11). These alkaliphilic species are often found in
lakes and alkaline soils and maintain a neutral cytoplasm by actively accumulating H* ions from the
environment [62].

During composting, pH management is critical for enhancing microbial activity and degradation
rates. Composting organic household waste at 60 °C showed improved degradation when lime was
added to maintain pH above 7, preventing acidification [63]. Recent studies demonstrated that
keeping the process temperature below 40 °C until the pH of condensate exceeded 5 shortened the
duration of the initial acidic phase [64]. Low pH has been repeatedly linked to stagnation in microbial
activity during composting [65]. A typical transition from mesophilic to thermophilic conditions
coincides with a shift from acidic (pH 4.5-5.5) to alkaline (pH 8-9) [66]. Centrally collected household
waste often exhibits an initial acidity of pH 4.5-6 due to short-chain organic acids, mainly lactic and
acetic acid [67], whose concentrations increase during the early composting phase [68]. Studies
consistently report that reduced microbial activity in the initial mesophilic stage is associated with
this low pH environment [69].

Table 1 identified the bacterial types present in the compost pile and guided pH adjustment to
create optimal conditions for microbial activity, thereby improving production efficiency. Studies
have shown that liming compost to prevent the pH from dropping below 7, particularly during the
early stage in laboratory-scale reactors, accelerates the degradation of organic matter compared with
systems without pH control [70]. Microorganisms involved in composting, when cultured in a liquid
medium of proteins and glucose, exhibited pH dependence with an optimum range of 7-8, while
glucose decomposition proceeded rapidly across a broader range of pH 6-9 [71]. In another study,
inoculation with Bacillus licheniformis significantly enhanced carbon turnover by shortening the low-
pH phase during composting at 60 °C in a laboratory-scale reactor [72].

Table 1. Classify bacteria according to pH of composting environment.

pH Bacteria References
pH=4-6 Acidophilic bacterial Lorenzo et al., 2018
pH=6-8 Neutrophil bacterial Pinel et al., 2021
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pH=9-11 Alkaliphilic bacterial Kanekar et al., 2022

Anaerobic conditions were found to increase the net production of short-chain fatty acids and
decrease pH, with a marked shift toward higher acetic acid content and reduced levels of other fatty
acids when aeration was stopped in the later stages [73]. Furthermore, rapidly increasing the
temperature to 55 °C while maintaining a low pH (5.1-5.5) resulted in markedly reduced respiration
activity compared with naturally self-heated material. Experiments also indicated that the low-pH
phase persisted longer under oxygen-limited conditions, with O, concentrations of about 1-2.5% in
the compost gas [74].

3.2. Air and Bacteria in Composting

The mechanism of organic composting is a natural biological purification process driven by
aerobic microorganisms [75]. Aerobic bacteria thrive in oxygen-rich environments, where they
decompose organic matter into carbon dioxide (CO,), water, nitrate, sulfate, and biomass [76,77].
Supplying sufficient oxygen accelerates this process, making aerobic composting the most widely
adopted method globally [78]. During the early stages, large amounts of oxygen are required; if
oxygen is insufficient, microbial activity and decomposition slow down [79,80]. Stirring while
composting further aids by dissipating excess heat, water vapor, and toxic gases [81].

Free air space (FAS) is a critical factor in composting and must be properly managed [82].
Oxygen availability determines microbial activity and strongly influences fermentation and
decomposition efficiency [83]. Adequate air content and movement within the compost ensure
sufficient oxygen supply, remove carbon dioxide and excess moisture, and prevent heat buildup [84].
Maintaining appropriate air-filled porosity (AFP) is essential for pore connectivity and gas exchange
[85]. Air circulation also regulates compost pile temperature and supports aerobic microbial growth
[86]. Oxygen levels decline rapidly during composting as bacteria consume it, with oxygen
consumption nearly equivalent to carbon dioxide production [87]. As oxygen decreases, aerobic
activity diminishes and anaerobic decomposition increases, often producing strong odors,
particularly in nutrient-rich materials such as livestock manure or meat and fish residues [88].

Regular aeration, especially by turning the compost pile, replenishes oxygen and accelerates
decomposition [89]. Aerated static pile (ASP) technology is a widely applied method at multiple
scales [90]. ASP systems supply oxygen directly to the compost mass, enabling beneficial microbes to
function effectively without mechanical stirring [91]. The air supply also regulates temperature,
preventing overheating that can kill microbes [92]. Compared with anaerobic or traditional aerobic
composting, ASP shortens incubation time [93] and produces compost with higher nutritional value
through better mixing and temperature control [94].

If aeration is inadequate, anaerobic zones form, causing odor problems [95]. Conversely,
excessive aeration increases operational costs, removes heat, and may yield substandard compost
containing pathogens [96]. Among aeration methods stirring, inserting pipes, or air blowing the latter
is most effective, provided airflow is carefully controlled [97]. A reasonable airflow rate is typically
5-10 m?® per ton of material per hour [98].

3.3. Temperature and Bacteria in Composting

Bacteria are single-celled microorganisms whose growth and activity are strongly influenced by
temperature, making it a critical factor in the composting process [99]. Temperature directly affects
bacterial enzyme systems that drive the decomposition of organic matter. Under favorable
conditions, enzymes function efficiently; when temperatures are unfavorable, enzymatic activity is
disrupted, causing bacterial inactivation or death [100]. Each group of microorganisms thrives within
a specific temperature range, and based on this preference, bacteria are classified into three main
groups.

In the initial stage of composting (0—40 °C), mesophilic bacteria dominate. Commonly found in
topsoil, they are responsible for the early breakdown of organic matter [101]. As the temperature rises
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above 40 °C, thermophilic bacteria become predominant, with species of the genus Bacillus being
especially abundant [102]. The diversity of Bacillus species peaks between 50-55 °C but declines
sharply at 60 °C or higher. When conditions become unfavorable, these bacteria form endospores—
thick-walled, highly resistant structures that allow survival under heat, cold, desiccation, or nutrient
limitation. Endospores germinate when conditions improve, allowing the bacteria to become
metabolically active again [103]. At the highest composting temperatures, species belonging to the
genus Thermus have also been detected [104].

As the compost cools, mesophilic bacteria recolonize during the maturation phase. The diversity
and abundance of these microbial communities depend on spores and surviving populations both
within the compost and from the surrounding environment. Generally, a longer curing or maturation
phase supports greater microbial diversity [105].

Table 2 illustrates the types of bacteria active across different temperature ranges, highlighting
the critical role of temperature regulation in composting efficiency. The data show that 40-55 °C
provides optimal conditions for the growth of mesophilic and thermophilic bacteria, particularly
Bacillus species. At higher temperatures (above 55 °C up to 121 °C), only Thermus species can survive.
These elevated temperatures are effective for eliminating pathogens, pests, and weed seeds,
emphasizing the importance of tailoring temperature control to composting objectives [106].

Table 2. Classify bacteria according to temperature of composting environment.

Temperature Bacteria References
0-40°C Mesophilic bacteria Adekunle et al., 2011
40-50°C Thermophilic bacteria Hassen et al., 2001
50-55°C Bacilli species Ringel-Scaia et al., 2019
55-121°C Thermus Finore et al., 2023

At low temperatures, bacterial metabolism slows or ceases, which may cause cell death,
although many bacteria can persist in a dormant state for extended periods [107]. Conversely, high
temperatures inactivate bacteria, with resistance varying by species and whether cells exist in
vegetative or spore form [108]. Vegetative bacteria are typically inactivated at 56-60 °C within 30
minutes and die almost instantly at 100 °C, whereas spores tolerate harsher conditions, surviving at
121 °C for 15-30 minutes in an autoclave and requiring 170 °C for 30-60 minutes to be destroyed
[109].

The mechanisms of high-temperature inactivation include protein coagulation [110], enzyme
denaturation [111], alterations in plasma membrane permeability [112], disruption of
physicochemical balance due to accelerated biochemical reactions, and nucleic acid release [113]. In
composting, the mesophilic phase occurs optimally at 20-45 °C, followed by a thermophilic phase at
50-70 °C [114]. Sustained high temperatures during aerobic incubation are indicative of vigorous
microbial activity. Most pathogens are inactivated at 255 °C, while weed seeds are destroyed at
approximately 62 °C. Controlled mixing can therefore be used to regulate pile temperature and
ensure both effective decomposition and sanitation [115].

3.4. Moisture and Bacteria in Composting

All microorganisms require water to survive, as it dissolves nutrients and enables their transport
into cells. In composting, bacteria play a vital role in decomposing organic matter, often forming a
thin water film on material surfaces to facilitate this process [116]. Generally, higher moisture content
supports greater microbial activity, with optimal growth observed at around 80% relative air
humidity and above 20% environmental humidity [117]. Moisture is essential for sustaining microbial
metabolism and all life processes; therefore, composting materials should be maintained at
appropriate moisture levels to optimize microbial growth and activity [118].

Table 3 shows that the optimal moisture content for bacterial growth during composting is 50—
60%. Maintaining this range is essential for efficient decomposition, while a final moisture content of
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at least 30% is recommended as the minimum threshold [119]. Moisture levels above 65% are
unfavorable, as excess water reduces aeration, creates anaerobic conditions, and leads to odor,
nutrient loss, and the proliferation of harmful microorganisms. Conversely, if moisture falls below
30%, microbial activity is greatly restricted, slowing down the process. A practical way to assess
proper moisture is by holding the compost in the palm: it should feel moist but not release water
droplets. For best results, composting should begin at 50-60% moisture and gradually decrease to
about 30% by the end of the process [120].

Table 3. Bacterial response according to environmental moisture.

Moisture Bacterial response References
Lower than 30% Limit bacteria activity Liu et al., 2020
50-60% Advantages of bacteria activity Tiquia et al., 1996
More than 65% Bacilli species Stone et al., 2016

3.5. Nutrients and Bacteria in Composting

Bacteria require four main elements for effective composting: carbon, nitrogen, phosphorus, and
potassium, with carbon and nitrogen being the most critical [121]. The carbon-to-nitrogen (C/N) ratio
plays a central role in regulating microbial activity and ensuring nutrient availability for plants [122].
Bacterial cells have a C/N ratio of approximately 8:1; carbon serves as both an energy source and
structural component, while nitrogen is essential for protein synthesis [123]. Maintaining a proper
C/N ratio not only enhances composting efficiency but also reduces nutrient losses and supports
environmental sustainability [124].

An excess of carbon slows decomposition because microbes lack sufficient nitrogen for protein
production, while an excess of nitrogen leads to ammonia emissions, unpleasant odors, and nutrient
loss [125]. Nitrogen-rich “greens” include materials such as grass, food scraps, and fresh leaves, while
carbon-rich “browns” include woody residues, paper, stalks, and dry leaves [126]. Browns primarily
supply energy through oxidation, which generates heat [127], while greens provide nitrogen to
support microbial growth and metabolic activity [128]. Woody materials, which are rich in lignin,
decompose more slowly but improve compost structure and aeration, while fruit and vegetable
residues, rich in cellulose, break down more quickly [129]. Mixtures that include woody components
are particularly effective because they provide both structural support and oxygen diffusion [130].
Rapid decomposition of nitrogen-rich materials can sometimes cause odors; however, this can be
mitigated by balancing with additional carbon-rich inputs [131].

Table 4 shows that the most suitable C/N ratio for composting is between 25:1 and 30:1, which
serves as an important guideline for adjusting input materials to optimize the process. When the ratio
falls below 20:1, excess nitrogen is lost as ammonia or nitrous oxide, causing odor problems.
Conversely, ratios above 40:1 restrict microbial growth and slow fermentation [132]. Several studies
have reported the optimal C/N ratio for decomposition to be in the range of 30:1-35:1. Ratios below
this threshold result in nitrogen losses, while higher ratios extend the composting time [133].

Table 4. Bacterial response according to environmental C: N Ratio.

C: N Ratio Bacterial response References
25:1 to 30:1 Optimal Azim et al., 2018
Higher than 40:1 Restricted Brinton et al., 2000
Less than 20:1 Odor problems Stark et al., 2008

Nonetheless, satisfactory composting can still occur within a broader range of 20:1-40:1, and in
some cases up to 50:1, provided that other conditions are well managed. Maintaining a C/N ratio
above 15:1 helps minimize nitrogen losses and ammonia emissions [134]. Overall, the most effective
ratio for efficient composting lies between 25:1 and 35:1, although successful composting is still
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possible across a wider spectrum when carbon-rich and nitrogen-rich inputs are properly balanced
[135]

3.6. Electrical Conductivity (EC) and Bacteria in Composting

Electrical conductivity (EC) is an important index influencing bacterial growth because it reflects
the concentration of mineral salts, nutrients, and the osmotic environment in which bacteria operate
[136]. EC measures the ability of a solution to conduct electricity and is directly related to its dissolved
salt content, also referred to as salinity or ion concentration. It serves as an indicator of soluble salt
concentration in soil or water, which in turn affects plant nutrient availability, microbial activity, crop
yield, and quality [137,138].

Within a certain range, conductivity increases with ion concentration and decreases when ions
are depleted, typically expressed in units of mS/cm or dS/m [139]. EC is affected by multiple factors,
including ionic concentration, soil type, clay content, moisture, porosity, salinity, and temperature
[140]. It reflects the number of ions surrounding the diffusion layer of soil colloids and thus provides
a direct measure of the energy available for plant growth [141].

Both excessively high and low EC values can negatively affect crops and microbial activity. Low
EC suggests insufficient nutrient availability, while high EC can create osmotic stress that limits water
and nutrient uptake [142,143]. Optimal EC thresholds vary depending on crop type, compost
composition, and growth stage [144].

Table 5 shows that EC values of 0.2-2.2 mS/cm are generally suitable for crop growth, though
optimal ranges vary by crop type. For most plants, EC values between 0.8-1.8 mS/cm are ideal and
should not exceed 2.5 mS/cm [145]. Leafy vegetables typically prefer EC of 1.6-1.8 mS/cm, while fruit
trees thrive at 2-2.2 mS/cm [146]. EC serves as a key indicator during composting and fermentation,
as bacterial activity both influences and is influenced by EC, affecting the decomposition of organic
matter [147].

Table 5. Bacterial response according to environmental electrical conductivity.

Electrical Conductivity Plant type References
0.8 - 1.8 mS/cm General Plants Jacobs et al., 2005
1.6 - 1.8 mS/cm Vegetables Amalfitano et al., 2017
2-22mS/cm Fruit trees Karam et al., 2005
Below 0.2 mS/cm Deficient Maestre et al., 2019

During the plant life cycle, energy requirements differ between the growth and decomposition
phases [148]. Prolonged deviations of soil EC from the optimal range can limit plant growth, trigger
tissue decomposition, and increase susceptibility to disease and rot [149,150]. Healthy plant
development depends on adequate nutrient availability, which is closely linked to appropriate soil
EC and ion concentrations [151,152]. Low or suboptimal EC can reduce nutrient availability, leading
to poor plant biomass and accelerated decomposition [153].

Soil EC is influenced by cultivation practices, irrigation, land use, fertilizers, compost, and soil
amendments, while intrinsic factors such as soil minerals, climate, and texture are less modifiable
[154,155]. Measuring EC provides a reliable estimate of nutrient availability and ion concentration in
the soil solution, helping guide management practices to maintain optimal conditions for plant
growth [156-158]. In general, higher salinity increases EC, indicating greater concentrations. Soil EC
typically ranges from 0.2 to 1.2 mS/cm, corresponding to nutrient levels suitable for plant uptake,
while values below 0.2 indicate deficiencies and above 1.2 suggest excessive nutrient concentrations
[159,160].

3.7. Material Size and Bacteria in Composting

Table 6 shows that smaller material size, better heat and moisture retention, and a larger C/N
ratio positively affect the composting process [161]. Particle sizes below 15 mm reduce aeration and
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oxygen diffusion, limiting microbial efficiency in degrading lignocellulose, while sizes above 30 mm
slow the overall composting rate [162]. Aerobic decomposition occurs primarily on material surfaces,
so increasing surface area accelerates microbial activity and decomposition [163,164]. The optimal
particle size for composting is generally 15-30 mm in diameter, with methods such as chopping,
grinding, or sieving used to achieve this range [165]. Appropriate material size improves air,
moisture, and temperature conditions for microbial growth, making it a decisive factor in the rate
and efficiency of bacterial decomposition.

Table 6. Material size and fermentation efficiency after 48 day (Mishra et al., 2022).

Material size ~ Heat retention Moisture C/N ratio
5-15 mm 7 days 23.37% 16.91
15-30 mm 8 days 22.86% 15.05
3045 mm 4 days 21.84% 18.13
45-75 mm 3 days 20.80% 20.99

3.8. Toxic Chemical and Bacteria in Composting

Toxic substances are a critical factor affecting the growth and activity of aerobic microorganisms
during composting, influencing both the effectiveness and safety of the final product [166]. Heavy
metals and certain organic compounds can inhibit microbial growth through adsorption onto organic
matter, flocculation, precipitation, and complexation with impurities [167]. Mercury and copper are
particularly toxic because they form complexes with enzymes and metabolic compounds [168].
Organic complexes containing sulfur and nitrogen may compete with trace elements required as
enzymatic cofactors [169]. Additionally, phenols, plastics, and surfactants can damage microbial cells
or cause genetic alterations. Therefore, composting practices should minimize the inclusion of
plastics, nylon, and other non-biodegradable wastes to protect microbial activity and ensure product
quality [170].

3.9. Radiation and Bacteria in Composting

Sunlight affects bacterial growth due to its ultraviolet (UV) component, particularly
wavelengths between 200-300 nm, with 253.7 nm exhibiting strong antiseptic effects [171]. X-rays
and radioactive elements can also inhibit microbial growth, with a and  radiation being bactericidal,
while y radiation has minimal effect [172,173]. The mechanism involves absorption of radiation by
bacterial protoplasm and nucleic acids, leading to inhibition of DNA replication or irreversible DNA
damage, ultimately causing cell death [174,175].

Studies show that avoiding UV-A exposure during composting promotes higher-quality
compost, with a longer thermophilic period, optimal particle-size distribution, adequate moisture
and aeration, favorable pH, strong enzyme activity, and rapid humification [176]. During the
mesophilic and cooling phases, bacterial diversity and abundance (measured by ACE and Shannon
indices) were highest under no blue light, while lignin-degrading microorganisms such as
Flavobacterium, Acaulium, and Acremonium increased, indicating improved microbial community
structure [177]. Therefore, composting should be carried out in shaded or cool environments to
minimize exposure to direct sunlight and harmful UV radiation, ensuring optimal microbial activity
and compost quality.

4. Discussion

Recently, composting has been recognized as a sustainable strategy for maintaining agricultural
ecosystems in an environmentally safe manner. This method reduces carbon emissions, improves
land use, and converts various organic solid wastes into stable, nutrient-rich products suitable for
agricultural application under controlled conditions [178]. Composting is defined as the biological
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decomposition of organic matter under aerobic conditions, resulting in a stable, humus-like product
facilitated by diverse microbial communities whose dynamics vary temporally and spatially [179].

The final compost should be free of pathogens and viable seeds, stable, and suitable for use as a
soil amendment [180]. Decomposition occurs through the successive activities of different bacterial
groups, generating microbial biomass, heat, and a stabilized substrate with reduced carbon and
nitrogen content [181,182]. Soil amendment with composted organic material is a long-established
practice worldwide, with well-documented long-term benefits for soil fertility [183].

Composting not only diverts organic waste from disposal facilities but also transforms it into a
valuable nutrient-rich amendment for agricultural, horticultural, and landscaping applications [184].
This controlled aerobic process relies on resident microbial communities to mediate biodegradation,
converting organic inputs into a homogeneous, plant-available material under optimal moisture and
temperature conditions [185,186]. Overall, composting represents an effective and highly sustainable
solution for organic waste management and agricultural development.

Figure 1 shows the combined results. Optimal conditions and environmental factors are essential
for bacterial growth, leading to the best composting outcomes. There are many factors that affect the
growth and development of bacteria during composting. These elements are interconnected and
linked together to help bacteria decompose input materials [187]. Bacteria have shown that they play
an important role in composting [188]. So, the studies of bacteria in composting are very important.
Composting is microbial decomposition of biodegradable materials, and it is governed by
physicochemical, physiological, and microbiological factors. The importance of microbial
communities during composting has been demonstrated by many studies [189].

DECOMPOSITION
RATE/ COMPOST
QUALITY

Figure 1. Overview diagram of factors affecting microbial growth during organic waste composting.

Among the factors highlighted in the research results, pH plays a crucial role in maintaining the
stability of the decomposition process and supporting bacterial fermentation [190]. Most bacteria
thrive in neutral pH conditions, and extreme pH levels can inhibit their growth [191]. Therefore,
monitoring and adjusting pH is essential. Various methods, such as mixing ingredients, adding lime
powder, or using other by-products for neutralization, can be applied [192]. pH is checked daily for
all input and output materials. Moreover, compost pits are regularly monitored and adjusted
throughout the composting process to maintain optimal conditions.

Air is another critical factor. All living organisms, including bacteria, require oxygen to survive
and function effectively [193]. In compost production, the presence of aerobic bacteria and sufficient
oxygen is a prerequisite for successful fermentation [194]. Air supply is managed through mixing
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techniques, aeration systems, and proper ingredient blending, all of which influence the efficiency of
composting [195]. Staff carefully monitor oxygen levels in compost pile. 24 hours air-blowing system
ensures continuous oxygen supply, while regular mixing improves ventilation and oxygen
distribution. Insufficient oxygen or poor mixing can favor the growth of anaerobic bacteria,
compromising the quality of compost produced via aerobic methods. Consequently, air management
is given high priority to ensure an effective and reliable composting process.

Temperature is a critical factor in composting, as each type of bacterium operates optimally
within a specific range [196]. Excessively high temperatures can kill bacteria, while low temperatures
may trigger spore formation or dormancy [197], significantly affecting the fermentation process.
Temperature adjustments can be made according to the fermentation stage or environmental
conditions [198].

At the factory, temperature is continuously monitored 24/7 to assess fermentation activity. High
temperatures indicate vigorous decomposition, whereas low temperatures suggest slowing microbial
activity. Bacterial activity is usually highest in the early stages, generating substantial heat, which
gradually decreases toward the end of composting. Temperature is often used to determine the
duration and transition points of each composting stage.

Ambient environmental temperature also influences the process. Seasonal variations, such as
summer and winter, affect composting speed and the timing of raw material handling for organic
fertilizer production. Higher temperatures in summer accelerate decomposition, while lower winter
temperatures slow the process. Therefore, interventions to control compost pit temperature are
essential to maintain optimal fermentation conditions.

Moisture is an essential factor in composting, as it directly affects bacterial growth and the
efficiency of the decomposition process [199]. Bacteria are single-celled organisms whose cytoplasmic
systems rely heavily on adequate humidity [200]. Low moisture can cause cytoplasmic dehydration,
leading to bacterial death [201]. Conversely, excessive moisture promotes the development of
unpleasant odors and the growth of harmful bacteria, which can interfere with fermentation [202].

During composting, moisture levels are monitored daily in the compost pits. This factor is
closely linked to the biochemical integrity of bacterial cells. Insufficient moisture can easily kill
bacteria due to the sensitivity of their cell structures to osmotic and dialysis effects. Excessive
moisture, on the other hand, can result in odor problems and the proliferation of pathogenic bacteria,
reducing the quality of the compost. Therefore, careful management of water content is critical: water
is added when humidity is too low, and dry materials are incorporated when moisture is excessive
to maintain an optimal balance.

In composting, nutritional factors serve as the source of raw materials for the fermentation
process [203]. These materials provide carbon and nitrogen essential for bacterial growth and
development [204]. Careful management of the carbon-to-nitrogen balance is necessary to ensure the
quality of the final product [205]. If there is an excess of nitro element, compost leads to strong acidity
in compost, but if there is an excess of carbon, it leads to high basicity and bacteria cannot synthesize
nutrients [206]. The source of raw materials or nutrients to nourish bacteria is a decisive factor for the
quality of compost. We always carefully select and calculate to ensure the balance of nitrogen and
carbon ratios. Carbon sources such as wood, hay, and rice husks are the main materials. Meanwhile,
the main nitrogen-rich raw materials are meat and leftover food. All of them are selected and mixed
in a suitable ratio to create the most favorable conditions for bacteria to grow. Industrial sludge or
confectionery, leftover fruits often contain many compounds and nutrients, which are also
considered and selected by us to mix during the production process.

Electrical conductivity is a factor of trace elements present in composting [207]. EC in an
environment that is too high or too low will lead to osmotic pressure or dialysis with the cytoplasm
[208]. The result is harmful effects on bacteria. Besides, the EC value will affect the quality of compost
and the nutrient synthesis mechanism of plants [209]. Conductivity is a factor that we must check
every day in the production process. This is a factor directly related to the quality of fertilizer and the
growth mechanism of bacteria. If the conductivity is high, this shows that the product has a high
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amount of salt and many heavy metal elements, which will make it difficult for bacteria to grow and
easily die, leading to the fertilizer being produced being harmful to the soil and plants. Conductivity
is always a factor that we check along with temperature, humidity and pH. We closely monitor all
these factors so that we can adjust them appropriately by mixing methods and adding ingredients
for balance.

The next factor that needs to be considered in composting is the size of the material [210].
Basically, the material needs to be reduced so it is easier for the decomposition process as well as the
decomposition activities of bacteria can become easier [211]. Large materials lead to slow
decomposition and difficult oxidation, directly affecting compost quality [212]. The size of the raw
material will directly affect the decomposition rate, so before composting, we always process the raw
material to the appropriate size. With easily decomposable and small-sized raw materials, we do not
need to cut them. Wood bark is a carbon factor that we use small crushers with suitable sizes. This
will help the fermentation process faster. Bacteria decompose more easily, and the quality of compost
will be better.

Another factor is always considered toxic substances in the production process because most
bacteria are strongly influenced by toxins, which will poison the cytoplasmic system, affecting the
body's health, cell multiplication and bacterial culture [213]. Even if bacteria can absorb or decompose
toxic substances, the quality of compost is able to seriously affect. Because of the residual toxic content
in compost, agricultural products are poisoned [214]. One of the most important factors is that we
will pay close attention not to put toxic substances into composting materials. Because toxic
substances will make bacteria die quickly and toxic residues will make the quality of compost very
poor. Plastic, toxic chemicals, materials containing toxic metals, plastics, are all carefully screened by
us before putting into composting.

Radiation, particularly ultraviolet (UV) light, can inhibit bacterial growth by damaging or
mutating cells [215,216]. Therefore, in composting, it is crucial to control environmental conditions
and prevent direct sunlight exposure [217]. To address this, compost fermentation areas are equipped
with roofs or covers, especially during the early stages when decomposition is most active, ensuring
that UV rays do not impair bacterial activity [218].

The effective management of all factors pH, oxygen, temperature, moisture, nutrients, electrical
conductivity, material size, toxins, and radiation (Table 7) creates optimal conditions for bacterial
growth, maximizing the efficiency of aerobic fermentation and producing high-quality compost.
Achieving the best combination of these elements is essential for a successful composting process.

Table 7. Summary of factors affecting bacterial growth in compost production.

Factors Optimal Range Impact on bacterial Notes
68 (n?utrophlhc Effects on membrane Adjust with lime or
bacteria); e . . .
pH . o permeability, metabolism, alkaline/acidic agents
acidophilic 4-6; enzyme activit as needed
alkaliphilic 9-11 Y Y '
T tu
Mesophilic: 20— rrf;ge:jne:c to
Temperature 45 °C; Thermophilic: Affects metabolic rate, o tim?ijze
p 50-70 °C; Thermus: enzymes, microbial growth p .. .
55 °C decomposition and kill
pathogens

Humidit 50-60% initially, Maintain metabolic activity,
Y down to ~30% final idecomposition rate

Bal i
25:1-35:1 optimal; alance energy and protein,

Manual test: material is
moist but not leaking

Use N-rich “greens”

/N ratio 20:1-40:1 acceptable E)rsesvent odor, limit nitrogen and C-rich “browns”
Electrical 0.8-1.8 mS/cm for Too high/low EC affects Monitor EC during
Conductivity plants; do not microbial metabolism and  incubation; adjust with
(EC) exceed 2.5 mS/cm  plant growth. organic material
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. . . 15-30 mm optimal; Influence of surface area, Cut, crush, screen to
Material size . s . . .
3-50 mm acceptable aeration, decomposition rate achieve optimal size

Limit heavy metals, Eliminate non-

. . Enzyme inhibition, gene ]
Poison  phenols, plastics, - . V8 biodegradable waste,
mutation, microbial death

surfactants plastic
Avoid direct Store in shade or cool
UV 253.7 nm, X-ray, «, B kill .
Light/UV  exposure to sunlight . oy Aray, A P place; avoid UV-A and
microorganisms .
and UV rays blue light
AFP and FAS
Oxy adequate; maintain Provide O, for aerobic Rotate, turn or use ASP
(aeration) 5-10 m3/h/ton if microorganisms, reduce odor to adjust air

using air blowing

All factors are carefully studied based on scientific research and our long-standing production
experience, resulting in a process where scientific knowledge and practical expertise are fully
integrated to ensure consistent, efficient compost production.

5. Conclusions

Research on bacteria has significantly contributed to various fields, including composting.
Creating and maintaining optimal conditions is essential for bacterial growth and effective
composting. Neutral pH around 7 provides a favorable environment, while well-ventilated air
ensures adequate oxygen supply (5-10 m3/ton of material per hour). Optimal moisture ranges from
50-60%, and a carbon-to-nitrogen (C/N) ratio of 25:1-35:1 is most effective for decomposition.
Electrical conductivity (EC) between 0.2-2.2 mS/cm, appropriately sized raw materials (15-30 mm),
and the absence of toxic chemicals, blue light, and UV-A radiation further support bacterial activity.
Optimizing these factors promotes bacterial growth and development, which is key to producing
high-quality compost and improving productivity. This study highlights the critical parameters that
must be carefully managed to maximize efficiency in the composting process. These guidelines can
positively contribute to advancing composting practices, protecting the environment, and producing
high-quality agricultural products.
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