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ABSTRACT: The impact of greenhouse gas (GHG) emission on global environmental sustainability is an issue of 

serious concern. This is because of the negative effects of these gases on the environment essentially on its contribution 

majorly to climate change. The aim of this study is to review the strategies, advantages, processes and current 

innovations of microbial interventions in waste management. Microorganisms are the best alternative to 

physicochemical methods of mitigating GHG. Methanotrophs, Phototrophs and some nitrogen fixing bacteria play 

critical role in this process by consuming GHS gases like carbon dioxide (CO2), methane (CH4) and nitrous oxide 

(N2O) as carbon and nitrogen source. Reduction of nitrous oxide by N2O reductase leads to the production of ammonia 

which is not a GHG while nitrogen fixing bacteria such as Nitrosomonas and Nitrobacter converts N2O to nitrite and 

nitrate used by most microbes for protein synthesis. Carbon dioxide is utilized by phototrophs to carry out 

photosynthesis while methanotrophs such as Methylobacter sp., Methylococcus sp. and Methylocella sp utilized 

methane. Therefore, understanding intervention principles and potentially manipulating microbial processes offers a 

promising means for mitigating microbial greenhouse gas production, consequently, offering solution to climate 

change and global warming through targeted intervention at the municipal solid waste dumps. Traditional waste 

management methods of landfill and open dumping are not targeted at mitigating these emissions of GHGs, posing a 

serious challenge to efforts being made in environmental sustainability. Microbial control, involving the use of specific 

bacteria and archaea, plays a crucial role in regulating GHG emissions from MSW dumps by enhancing methane 

oxidation, promoting carbon sequestration, and facilitating bioconversion into less harmful compounds Despite 

advancements in landfill technology, the microbial processes that drive GHG production and potential mitigation 

remain underutilized and poorly managed. There is a pressing need to explore and optimize biological strategies, 

particularly those involving microorganisms, to reduce the environmental impact of waste dumps. The outcome of 

this study could influence policy decisions, inform landfill engineering designs, and support the development of green 

technologies that reduce methane and carbon dioxide emissions from municipal solid waste sites. 
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Contribution/Originality 

Increase in global greenhouse gas generation due to 

the activities of methanogens and chemical reduction 

processes on municipal solid wastes is a global 

concern that requires urgent mitigation principles. The 

use of methanotrophs as depicted in this research 

offers immense contribution towards reduction of 

greenhouse gas emissions and consequently 

mitigating their negative effects of climate change. 

The authors accept responsibility for the originality of 

this work and declare their consents on its publication. 

 
Introduction. 

Municipal Solid Waste Management (MSWM) is the 

collection, transportation, processing, and disposal of 

solid waste generated in urban areas. Effective 

MSWM is crucial for environmental protection, public 

health, and resource recovery. Traditional disposal 
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methods, such as landfilling and open dumping, pose 

significant environmental risks. Modern approaches 

focus on the 4Rs: reduce, reuse, recycle, and recover 

energy [1]. Municipal solid waste (MSW) dumps are 

significant sources of greenhouse gases (GHGs), 

particularly methane (CH₄) and carbon dioxide (CO₂), 
which result from the anaerobic decomposition of 

organic matter [2]. These emissions contribute to 

global warming and climate change, necessitating 

innovative strategies to mitigate their impact. 

Microbial control, involving the use of specific 

bacteria and archaea, plays a crucial role in regulating 

GHG emissions from MSW dumps by enhancing 

methane oxidation, promoting carbon sequestration, 

and facilitating bioconversion into less harmful 

compounds [3]. Besides, these bacteria and archaea 

most of which are mainly photosynthetic utilizes CO2 

as carbon and energy source during photosynthesis [4]. 

Open dumps, especially in low- and middle-income 

countries like Nigeria, lack gas capture systems, 

exacerbating emissions and contributing significantly 

to climate change [5]. This review explores the role of 

microorganisms in controlling GHGs from waste 

dumps, discussing their metabolic pathways, 

applications in engineered landfill bio-covers, and 

potential for mitigating climate change effects. 

 

Microbial Communities and Waste Decomposition 

processes in Landfills 

Landfills are engineered facilities designed for the 

controlled disposal of municipal solid waste (MSW), 

typically involving layers of compacted waste covered 

by soil or synthetic liners to isolate waste from the 

environment[6]. Modern sanitary landfills include 

systems for leachate collection, gas recovery, and 

environmental monitoring, distinguishing them from 

open dumps. They are a common waste management 

solution worldwide but are also significant sources of 

greenhouse gases—mainly methane—due to the 

anaerobic decomposition of organic materials. 

Landfills are home to diverse and dynamic microbial 

populations that vary with depth, age, and waste 

composition. Dominant bacterial phyla of landfills 

include Firmicutes, Proteobacteria, and Bacteroidetes, 

while methanogenic archaea such as Methanosarcina 

and Methanobacterium are essential in anaerobic 

methane production. These communities adapt over 

time, significantly influenced by factors like 

temperature, pH, and moisture [7]. Although many 

microorganisms in the waste play important role in 

degrading persistent wastes, one of the most 

interesting microbes is methanotrophs, which play 

protection role in global warming and natural resource 

contamination. They utilize methane as their sole 

carbon and energy source[8]. Over 300 persistent 

biodegraded compounds such as aliphatics, alkanes, 

aromatics and chlorinated hydrocarbon are co-

metabolized by enzyme methane monooxygenase 

(MMO) from methanotrophs [9,10]. It is reported that 

some types of methanotrophs such 

as Methylobacter sp., Methylococcus sp. 

and Methylocella sp. are the principal decomposer of 

plastic degradation in simulated open dump site where 

methane is available in waste beds [8]. Because both 

methane and oxygen are available in a waste bed of a 

semi-aerobic landfill, there is a lot of methanotrophs 

residing in this type of landfill. This is because oxygen 

is a key factor in methane oxidation [11]. 

Methane monooxygenase (MMO) is an enzyme use by 

these methanotrophs in the oxidation of methane, this 

is usually all known aerobic methanotrophs first step 

in the conversion of methane into methanol by using 

MMO. In the second step the methanol further 

oxidized into formaldehyde, after which it has two 

options, first is to convert into biomass and other is the 

further oxidation into formate and then into CO2.Two 

iso-enzymes of MMO is known: soluble MMO 

(sMMO), found only as subset of known 

methanotrophs, and also membrane bound (or 

particulate) MMO (pMMO). The pMMO is located in 

specialized internal membrane structures, called ICMs 

[10]. sMMO and pMMO both have mixed function of 

oxidation, (that is one atom from O2 goes to methanol 

and the other to water), involving the input of 2 

electrons and 2 protons. 
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Figure 1: A flowchart of Methanotroph and Methanotrophic metabolism for methane utilization [10] 

 

Microbial communities play a critical role in breaking down organic and synthetic waste materials through aerobic 

and anaerobic processes. Recent studies by Liu et al. [12] have shown that bacteria such as Pseudomonas and fungi 

like Trichoderma are actively involved in decomposing plastics and organic matter in landfill environments, utilizing 

specialized enzymes to degrade complex polymers [12]. Enzymes such as catalase, oxidase, peroxidases and laccase 

are used to breakdown complex organic compounds into simpler biodegradable forms[13,14]. According to Xiaoli et 

al., [15] bacterial decomposition of organic waste occurs in five stages, with different gas compositions produced. 

These processes are driven by consortia of microorganisms that sequentially convert complex substrates into simpler 

compounds and gases like CO₂ and CH₄. Recent reviews highlight the importance of microbial synergy, particularly 

between fermentative bacteria and methanogens, for efficient waste-to-energy conversion [16,17]. The following five 

stages are involved in solid organic wastes decomposition:- 

1. Hydrolysis/Aerobic degradation: Solubilization of complex solid organic material by the enzymes excreted 

by hydrolytic microorganisms  

 C6H10O4 + 2H2O   →   C6H12O6 + 2H2 

2. Fermentation: Soluble organic components, including the hydrolysis products, converted into alcohols and 

organic acids 

 C6H12O6 →2CH3 CH2 OH + 2CO2 

 C6 H12 O6+ 2H2→       2CH3 CH2 OH + COOH + 2H 

 C6 H12 O6→     3CH3 COOH 

3. Acetogenesis: Also known as acidogenesis because bacteria anaerobically convert organic acids created by 

aerobic bacteria into the various class of acids such as acetic acid, lactic and formic acids along with alcohols 

(methanol and ethanol), CO2 and hydrogen 

 CH3 CH2 COO- + 3H2O  →   CH3 COO- + H 

 C6H12O6 + 2H2O           →               2CH3 COOH + 2CO2 

 CH3 CH2 OH + 2H2O      →             CH3 COO- + 2H2 
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4. Methanogenesis: products obtained after acetogenesis undergoes conversion into methane, hydrogen and 

carbon dioxide. It is the anaerobic process wherein a large amount of landfill gases is generated. 

 CO2 + 4H2   →        CH4 + 2H2O 

 2C2 H5 OH + CO2     →    CH4 + 2CH3 COOH 

 CH3 COOH     →       CH4 + CO2 

5. Oxidation: Here aerobic microorganisms convert the methane produced during the methanogenesis to water 

and carbon dioxide.  

 

Factors Influencing Microbial Activity 

Microbial activity in waste systems is regulated by multiple factors such as temperature, pH, oxygen levels, and the 

presence of inhibitors. Current research indicates that amending waste with materials like biochar improves microbial 

habitat quality and enzyme activity, thereby accelerating decomposition and enhancing compost quality [18]. Proper 

environmental control is essential to optimize microbial performance in both composting and anaerobic digestion. 

Heat is generated during the decomposition process due to the physical and chemical reactions taking place within the 

dump site. Temperature is especially important for the activity of microorganisms responsible for the decomposition 

of waste materials. The suitable temperature in the center of a household waste deposit is necessary to maintain optimal 

microbial activity. Higher temperatures promote efficient decomposition, while lower temperatures may slow down 

the process. This is usually divided into three phases: (a) Mesophilic (temperature > 25OC), wherein the metabolism 

of mesophilic microbes breaks down simple molecules like sugar and amino acids.; (b) Thermophilic (temperature > 

50OC), where organic matters like fat, cellulose and lignin are broken down by thermophilic microorganisms; (c) 

Maturation (temperature < 50OC), this is marked by increase microbial activities and a drop in temperature [19]. 

Additionally, moisture levels have been reported by Aliaa et al. [20] to impact the microbial activity, with an optimal 

range providing favorable conditions for microorganisms to thrive. Another independent group of factors include 

micro-moisture, oxygen concentration, and pH value. Micro-moisture availability significantly influences microbial 

activities during waste decomposition. Optimal moisture level is crucial; too little or too much can hinder microbial 

growth and activities, affecting the rate and efficiency of decomposition. Adequate oxygen levels promote aerobic 

decomposition, while anaerobic conditions favor the growth of different types of microorganisms that do not require 

oxygen. The pH value also plays a crucial role, especially in the proximity of "acidic heavy metal scarification”. 

Certain microorganisms thrive in acidic environments, while others prefer neutral or alkaline conditions. The pH level 

affects the microbial community composition, which in turn influences the breakdown of waste materials. Proper 

monitoring and regulation of pH levels can help optimize composting or waste management processes. Water 

requirement estimation is also essential to ensure efficient waste management[20]. 

Microbial Control Strategies  

Microbial control strategies in waste management focus on enhancing or regulating microbial populations to improve 

decomposition and reduce harmful emissions. Common methods include bioaugmentation, where specific strains such 

as Bacillus subtilis or Pseudomonas spp. are introduced to accelerate degradation. In a comprehensive research 

conducted by Li et al., [21] he reported that microbial additives such as consortia of Bacillus, Lactobacillus, and 

Actinomycetes are increasingly used to accelerate composting. These additives enhance organic matter breakdown, 

stabilize nitrogen content, and reduce odor emissions. Huang et al., [22] also reported that combination of microbial 

inoculants with amendments like biochar has been found to significantly boost enzymatic activity and compost 

maturity [22]. Biostimulation, which involves optimizing environmental conditions like pH, moisture, and nutrient 

levels [23] also enhances microbial activities. Bioventing techniques involve controlled stimulation of airflow by 

delivering oxygen to unsaturated (vadose) zone in order to increase activities of indigenous microbes for 

bioremediation. In bioventing, amendments are made by adding nutrients and moisture to increase bioremediation. 

That will achieve microbial transformation of pollutants to a harmless state. This technique has gained popularity 

among other in-situ bioremediation techniques [24]. Biosparging technique is similar to bioventing in that, air is 

injected into soil subsurface to improve microbial activities which stimulate pollutant removal from polluted sites. 

However, in bioventing, air is injected into saturated zone, which can help in upward movement of volatile organic 

compounds to the unsaturated zone to stimulate biodegradation process. The efficiency of biosparging depends on 

two major factors specifically soil permeability and pollutant biodegradability [25].  Recent advances also explore 

genetically engineered microbes for more efficient organic waste conversion [26]. 

Bio-covers and Bio-filters for Methane Oxidation 

An inexpensive way to reduce greenhouse-active methane emissions from existing Municipal Solid Waste (MSW) 

landfills is to exploit the natural process of microbial methane oxidation through improved landfill cover design. 

Landfill top covers, which optimizes environmental conditions for methanotrophic bacteria and enhance biotic 

methane consumption, are often called ‘bio-covers’ and function as vast bio-filters [27]. Bio-covers, usually composed 
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of compost or soil enriched with methanotrophs, encourage microbial oxidation of methane to carbon dioxide, a less 

potent greenhouse gas [28]. The aerobic microbial oxidation of CH4 occurs in the biosphere wherever CH4 and oxygen 

(O2) are present at the same location. In landfill covers CH4 and O2 may appear at the same depth due to emission of 

CH4 from the waste and diffusion of O2 from ambient air, which provides needed conditions for the development of 

methanotrophic bacteria [29]. Aerobic CH4 oxidation proceeds according to the following overall reaction, producing 

a significant amount of heat: 

 CH4 + 2 O2 → CO2 + 2 H2O + heat ΔG° = -780kJ/mol CH4 

 

The reaction is carried out by the methanotrophic bacteria (or methanotrophs), which are unique in their ability to 

utilize CH4 as a carbon and energy source. Landfill cover soils can exhibit high capacities for CH4 oxidation. Very 

high rates of CH4 oxidation in landfill cover soils (>100 μg CH4 g-1 h-1 and >200 g CH4 m-2 d-1 in batch and column 

experiments, respectively) have been reported [29]. Similarly, biofilters, which channel landfill gas through beds 

colonized by methanotrophic bacteria such Methylosinus trichosporium, Methylobacter album, Methylomicrobium sp, 

have shown methane oxidation efficiencies up to 90% under optimized conditions [18]. 

Other Innovative Approaches for Reducing Greenhouse Gas Emissions 

Emerging strategies for reducing GHG emissions from waste systems include anaerobic digestion for biogas recovery, 

waste-to-energy technologies, and carbon capture from composting units. Integration of these technologies with 

circular bioeconomy models—where waste is converted into biofuels, fertilizers, or construction materials—is gaining 

attention for its dual environmental and economic benefits [30,31]. 

Microbial-based strategies are emerging as effective approaches for controlling GHG emissions from MSW dumps. 

Methanotrophic bacteria are being utilized to oxidize methane in landfill cover soils, significantly reducing CH₄ 
emissions before they escape into the atmosphere [29]. Anaerobic digestion using specialized microbial consortia can 

process organic waste into biogas, offering both emissions reduction and renewable energy generation [3]. 

Additionally, microbial electrochemical technologies are under investigation for converting waste-derived organics 

into electricity while reducing GHGs [32]. These approaches integrate well with circular bioeconomy models by 

recovering energy and nutrients from waste while curbing emissions. 

Limitations of microbial control strategies. 

Alfonso [25] reported some limitations to microbial control of waste compounds that are biodegradable. This method 

is susceptible to rapid and complete degradation.  

1. Specificity 

Biological processes are highly specific. Important site factors mandatory for successful degradation include; the 

presence of metabolically capable microbial populations, suitable environmental growth conditions, and appropriate 

levels of nutrients and contaminants. 

2. Scale up limitation 

It is difficult to scale up bioremediation process from batch and pilot scale studies applicable to large scale field 

operations. 

3. Technological advancement 

More research is required to develop modern engineer bioremediation technologies that are suitable for sites with 

composite combinations of contaminants that are not equally distributed in the environment. It may be present as 

solids, liquids and gases forms. 

4. Time taking process 

Bioremediation takes longer time compare to other treatment options, such as excavation and removal of soil from 

contaminated site. 

5. Regulatory uncertainty 

We are not certain to say that remediation is 100% completed, as there is no accepted definition of clean. As such, 

performance evaluation of bioremediation is difficult, and there is no acceptable end point for bioremediation 

treatments [25]. 

Advantages of Microbial control of greenhouse gases from municipal solid waste. 

Microbial interventions present a promising, low-cost strategy for reducing greenhouse gas emissions from municipal 

solid waste dumps. By harnessing the natural metabolic pathways of methanotrophs and anaerobic microbes, it is 

possible to significantly reduce methane and CO₂ outputs during and after waste decomposition [3, 29]. Integrating 

microbial systems into landfill design or retrofit projects can enhance environmental performance, especially when 

combined with energy recovery technologies. To fully realize these benefits, continued investment in research, 

monitoring, and scalable deployment is necessary. 

Also, microbial control technologies contribute directly to sustainable waste management by lowering emissions, 

producing renewable energy, and enhancing nutrient recovery from organic waste [30]. These approaches support 
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circular economy goals by converting waste liabilities into environmental assets. Moreover, microbial systems are 

often adaptable, low-cost, and suitable for decentralized or low-resource settings—making them especially relevant 

for developing countries with unmanaged or open dumps [31]. However, success depends on proper operational 

conditions and integration with broader waste handling strategies. 

Challenges and Prospects 

Microbial solutions for GHG control in MSW dumps hold promise due to their low-cost, nature-based foundations 

and compatibility with existing waste management systems [30]. However, challenges include maintaining optimal 

conditions (e.g., moisture, pH, temperature) to support microbial activity, which can be inconsistent in real landfill 

environments [29]. Moreover, scaling microbial treatments to large or unmanaged dumpsites is technically complex 

and may require infrastructure upgrades. Regulatory gaps, limited field validation, and variability in microbial 

performance across sites pose further limitations to widespread adoption [31]. Microbes hold significant promise for 

mitigating greenhouse gas (GHG) emissions through various natural processes and biotechnological 

applications. Microorganisms play a vital role in the global fluxes of key biogenic GHGs like carbon dioxide, methane, 

and nitrous oxide. By understanding and manipulating these microbial processes, we can potentially reduce emissions 

and even sequester greenhouse gases. Below are some GHGs and microbial prospect in their mitigation 

• Carbon Dioxide (CO2): 

Microbes are central to carbon cycling, both as producers and consumers of CO2. Understanding and optimizing these 

processes can influence atmospheric CO2 levels.  

• Methane (CH4): 

Methanogens produce methane, while methanotrophs consume it. Microbial communities in various ecosystems, like 

wetlands and agricultural lands, can be managed to enhance methane oxidation and reduce emissions.  

• Nitrous Oxide (N2O): 

Microbial nitrification and denitrification processes in soil and water release N2O. Research focuses on manipulating 

these processes to reduce N2O emissions, particularly in agricultural settings.  

• Bioremediation: 

Microbes can convert toxic pollutants into less harmful substances, including water, carbon dioxide, and other 

compounds. 

• Bioaugmentation: 

Introducing specific microbial strains to enhance the degradation of pollutants or GHGs in a particular environment.  

Future Directions for Research and Development 

Future research should focus on engineering microbial communities with enhanced methane oxidation and carbon 

sequestration capacities for landfill environments [3]. Development of bioaugmentation techniques—adding specific 

strains to boost microbial performance—could enhance consistency and scalability. Smart monitoring technologies 

(e.g., biosensors, AI-assisted gas tracking) are also needed to optimize microbial systems in real-time [32]. 

Additionally, long-term field trials and life cycle assessments are essential to evaluate the environmental and economic 

viability of microbial GHG control in diverse waste management contexts [30]. 

Recommendations to Policy Makers, Researchers, and Practitioners 

1. Policy Makers should promote microbial technologies through funding, regulatory incentives, and inclusion 

into national climate programme and waste management policies. 

2. Researchers must focus on strain development, bioaugmentation techniques, and field-scale testing across 

varied landfill conditions to close knowledge gaps. 

3. Practitioners should integrate microbial controls into landfill operation protocols, train personnel on 

biological treatment methods, and adopt real-time monitoring systems for effectiveness and compliance. 

Conclusion 

This paper x-rayed the microbial control of greenhouse gases from municipal solid waste dumps and it focused on 

understanding the processes, advantages, challenges and mitigation measure of using microbes to control greenhouse 

gases. The research indicated dump sites as home to microbial populations which convert complex substrates to 

simpler compound and gases which contribute largely to greenhouse gases. The control of the activities of these 

microorganisms will serve as good way to control greenhouse gases emission 

 

The findings revealed that modern sanitary waste management approach of leachate collection is ineffective for 

greenhouse gas emission control as they are also source of greenhouse gases and hence the need to research on more 

effective way of reducing greenhouse gases emission. 

 

Bioaugmentation and biostimulation have proven to be effective in regulating microbial population to improve 

decomposition and reduce harmful emissions. More so, genetically engineered microbes, Biocover and biofilters can 
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be introduce to dump sites for efficient organic waste conversion from methane to carbon dioxide a less potent 

greenhouse gas by improving microbial habitat quality and enzyme activity, thereby accelerating decomposition and 

enhancing compost quality. This study, also showed anaerobic digestion using specialized microbial consortia as a 

sustainable and innovative method of converting solid organic waste into biogas, offers reduced emission and 

renewable energy generation. 
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