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Abstract: This study investigated the potential of anoxic methane-oxidizing 

consortia This study investigated the potential of anoxic methane-oxidizing 

consortia for mitigating dissolved methane in palm oil mill biogas effluents. 

Microbial consortia from five soil sources were evaluated under various 

conditions. The cattle farm effluent-derived consortium demonstrated the 

highest methane reduction efficiency of 76.89% after a 3-week incubation period, 

with a methane consumption rate of 49.37 mg-CH₄/m²/d. The landfill soil 

consortium showed the second-highest performance with a 75.48% reduction 

efficiency under shaking conditions. Environmental factors significantly 

influenced methane oxidation performance. Optimal conditions were identified 

as 35°C, pH 7.0, 0.5 mg/L dissolved oxygen, 55 mg/L nitrate concentration, and 

5 g/L NaCl. Plastic media enhanced methane reduction efficiency for most 

microbial sources, particularly for the cattle farm effluent consortium (67.07% 

efficiency). Characterization of the palm oil mill biogas effluent revealed a COD 

of 13.15 g/L, BOD of 7.11 g/L, and total Kjeldahl nitrogen of 0.73 g/L. Carbon 

mass balance analysis confirmed biological methane oxidation, with 45% 

converted to CO₂, 38% incorporated into biomass, and 12% as dissolved organic 

carbon. The developed system can potentially mitigate up to 23,067 t CO₂e/year 

for an average palm oil mill, with associated cost savings of approximately 

115,335 USD/year through carbon credits, assuming a credit value of 5 USD/t 

CO₂e. These findings demonstrate the potential of anoxic methane-oxidizing 

consortia for greenhouse gas mitigation in the palm oil industry. The study 

provides insights into optimal conditions and microbial sources for efficient 

methane oxidation, paving the way for developing effective biological treatment 

systems for palm oil mill effluents.  

Keywords: Anoxic methane oxidation; Palm oil mill effluent; Greenhouse gas 

mitigation; Microbial consortia; Biogas treatment 

1. Introduction 

The global palm oil industry has experienced rapid growth in recent 

decades, with production increasing from 15.2 million tonnes in 1995 to 77.28 

million tonnes in 2024 [1]. This expansion has led to a significant increase in palm 
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oil mill effluent (POME), a high-strength wastewater generated during palm oil extraction. POME is 

characterized by its high organic content, with chemical oxygen demand (COD) typically ranging from 50,000 

to 70,000 mg/L [2]. The substantial organic load of POME makes it an ideal feedstock for biogas production 

through anaerobic digestion. Biogas production from POME offers a promising solution for waste 

management and renewable energy generation. Modern biogas plants treating POME can produce 20-28 m3 

of biogas per ton of fresh fruit bunches processed, with a methane content of 60-70% [3]. This high methane 

yield has made POME-based biogas an attractive renewable energy source, particularly in significant palm 

oil-producing countries like Indonesia, Malaysia, and Thailand. However, the biogas production process faces 

a significant challenge: the presence of dissolved methane in the effluents. Studies have shown that much 

methane produced during anaerobic digestion remains dissolved in the liquid phase. Souza et al. [4] reported 

that 36-41% of the total methane produced in anaerobic reactors can be lost through the effluent. This loss can 

be even higher in some cases, with Cookney et al. [5] detecting values between 45% and 88%, while Sánchez 

et al. [6] reported up to 50% loss in low-strength wastewater treatment. The environmental impact of these 

methane emissions is substantial. Methane is a potent greenhouse gas with a global warming potential 28-36 

times higher than CO2 over 100 years [7]. The Intergovernmental Panel on Climate Change (IPCC) estimates 

that methane emissions account for about 16% of total greenhouse gas emissions [8]. In the context of biogas 

plants, a study by Pachauri et al. [8] reported methane emission rates ranging from 2.3 to 33.5 kg CH4/h, with 

losses of 0.4-14.9% of total production. Given the significant environmental impact of methane emissions, there 

is an urgent need for effective mitigation strategies. Stazi and Tomei [9] emphasized that addressing methane 

emissions from industrial sources, especially biogas production systems, is crucial for combating climate change.  

Mitigation strategies are necessary not only for environmental protection but also for improving the 

economic viability of biogas plants by reducing methane losses. Biological oxidation using methane-oxidizing 

consortia is promising for mitigating dissolved methane in biogas effluents. Methane-oxidizing bacteria 

(MOB) can convert methane into carbon dioxide and water, significantly reducing environmental impact [10]. 

These microbial communities can operate under mild conditions, requiring less energy and providing 

excellent stability and selectivity than chemical methods [3]. Recent studies have shown the potential of anoxic 

methane-oxidizing consortia in reducing methane emissions. For instance, Guerrero-Cruz et al. [11] reported 

that nitrite-dependent anaerobic methane oxidation can achieve methane removal rates of up to 0.4 mmol-

CH4/L/day. Similarly, Costa et al. [12] demonstrated that methanotrophic consortia could reduce methane 

concentrations by up to 95% under microoxic conditions. The application of anoxic methane-oxidizing 

consortia in biogas effluent treatment offers several advantages. First, it addresses the issue of dissolved 

methane without requiring energy-intensive aeration processes. Second, it can be integrated into existing 

wastewater treatment systems, providing a cost-effective solution for methane mitigation. Lastly, converting 

methane to CO2 significantly reduces the global warming potential of the emissions, as CO2 has a 28-36 times 

lower impact than methane over 100 years [7]. This study aims to contribute to developing sustainable and 

climate-resilient biogas technologies, particularly in the context of palm oil mill effluent treatment. The 

findings could have significant implications for improving the environmental performance of the palm oil 

industry and advancing the field of renewable energy production. The objectives are to determine the optimal 

conditions for methane oxidation under anoxic conditions, including factors such as temperature, pH, and 

nutrient availability, to evaluate the methane removal efficiency of the consortium, targeting a reduction of 

dissolved methane, assess the potential of this biological oxidation method for large-scale application in biogas 

plants, and quantify the environmental and economic benefits of implementing this mitigation strategy, 

including the reduction in greenhouse gas emissions and potential energy recovery. 

2. Materials and Methods 

2.1 Sample collection and processing 

Environmental samples were collected from five locations across Phatthalung province, Thailand 

(June 2023) to isolate methane-oxidizing bacterial consortia. Sampling sites included: cattle farm effluent from 

Thaksin University dairy farm (7°36'N, 100°04'E; 2L samples from 30 cm depth), landfill soil from Waste and 

Waste Disposal Center (7°37'N, 100°05'E; 500g composite from five points, 20-30 cm depth), rice field soil from 
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Pa Phayom district (7°35'N, 100°02'E; 500g composite from ten points, 15-20 cm depth), cattle farm soil from 

Thaksin University beef farm (7°36'N, 100°04'E; 500g composite from eight points, 0-15 cm depth), and pond 

sediment from Thaksin University freshwater pond (7°36'N, 100°04'E; 1kg composite from three points, 2.5m 

water depth). All samples were immediately sieved through the 2-mm mesh and analyzed for temperature 

(28-32°C), pH (6.8-7.5), and moisture content (45-65%). Samples were transported in sterile containers at 4°C, 

with cattle farm effluent processed within 4 hours and other samples within 24 hours to preserve microbial 

viability. Collection methods and sampling depths were specifically chosen to target zones of the highest 

methanotrophic activity at each site. 

 

2.2 Cultivation of methane-oxidizing consortium 

The soil samples were selected due to their known high methane content, making it an ideal inoculum 

for cultivating methane-oxidizing bacteria. The nitrate mineral salts (NMS) medium was prepared following 

the method described by Whittenbury et al. [13], with the following composition (per liter) 1.0 g MgSO₄⋅7H₂O, 

1.0 g KNO₃, 0.2 g CaCl₂⋅H₂O, 1.0 mL Fe-EDTA solution, 0.5 mL NaMoO⋅4H₂O solution. The medium was 

supplemented with 1 mL/L of a trace element stock solution containing 0.5 g/L FeSO₄⋅7H₂O, 0.4 g/L 

CuSO₄⋅7H₂O, 0.02 g/L MnCl₂⋅7H₂O, 0.05 g/L CoCl₂⋅6H₂O, 0.01 g/L NiCl₂⋅6H₂O, 0.015 g/L H₃BO₃, 0.25 g/L 

EDTA. Additionally, 1 mL/L of a phosphate stock solution (pH 6.8) was added, consisting of 26 g/L KH₂PO₄ 

and 33 g/L Na₂HPO₄⋅2(H₂O). The medium was autoclaved at 121°C for 15 minutes and supplemented with 1 

mL/L of a filter-sterilized 2% yeast extract solution as a vitamin source. 

 

2.3 Enrichment process 

The enrichment process was carried out in 120 mL serum bottles containing 48 mL NMS medium. 

Each bottle was inoculated with 12 mL of soil samples and injected with 60 mL of CH4 gas (20% v/v in the 

headspace) to promote the growth of methane-oxidizing bacteria. The selected CH4 volume was based on 

several key considerations and previous studies. The chosen volume provides an initial CH4 concentration of 

approximately 20% in the headspace, which aligns with the findings of Hanson and Hanson [14], who reported 

optimal growth of methanotrophs at CH4 concentrations between 10-30%. This concentration maintains 

sufficient dissolved CH4 availability while avoiding the potential inhibitory effects of higher concentrations 

[15]. The 60 mL CH4 volume in 120 mL serum bottles (with 60 mL working volume) provides an optimal gas-

to-liquid ratio of 1:1, as Zhang et al. [16] recommended for maximizing methane mass transfer in batch 

cultures. This ratio ensures adequate CH4 dissolution while maintaining proper mixing during incubation. 

The selected volume provides sufficient substrate for the expected 3-week incubation period, based on typical 

methane oxidation rates of 10-50 mg CH4/L/day reported by Costa et al. [12] for similar enrichment cultures. 

The 20% CH4 concentration remains below the lower explosive limit (5-15% in air), ensuring safe handling 

during the experiment [17]. The bottles were sealed with butyl rubber stoppers and aluminum crimp seals. 

The cultures were incubated at 35°C in the dark, with agitation at 100 rpm for 7 days. After the initial 

incubation, 12 mL of the enriched culture was transferred to a fresh NMS medium, and the process was 

repeated four times to obtain a stable microbial consortium. The final enriched culture was centrifuged at 8,000 

rpm for 10 minutes at 4°C, and the cell pellets were resuspended in sterile distilled water for subsequent use. 

 

2.4 Characteristics of biogas effluents from palm oil mill biogas plants 

Biogas effluent samples were collected from the modified cover lagoon reactor at Phrasaeng Green 

Power Co., Ltd., in Surat Thani, Thailand. The effluent characteristics were analyzed for the following 

parameters pH, total solids (TS), volatile solids (VS), chemical oxygen demand (COD), biochemical oxygen 

demand (BOD), total Kjeldahl nitrogen (TKN), and oil and grease content. 

 

2.5 Application of methane-oxidizing bacteria to biogas effluent 

The experiment was conducted in 120 mL serum bottles containing 50 mL of biogas effluent and 10 

mL of the enriched methane-oxidizing consortium. The bottles were sealed with butyl rubber stoppers and 

aluminum crimp seals. The headspace (60 mL) was flushed with N₂ gas, and then 12 mL (20%) of CH₄ gas was 

added to provide a carbon and energy source for the consortium. The serum bottles were incubated at 35°C in 
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an orbital shaker incubator under the following controlled conditions with an orbital diameter of 25 mm, 

rotation speed of 100 rpm, horizontal plane of 0°, continuous shaking for 3 weeks, and non-slip rubber mat 

securing. The 100-rpm speed provides sufficient mixing for gas-liquid mass transfer while preventing 

excessive turbulence that could disrupt biofilm formation, as Ahmadi et al. [18] demonstrated for 

methanotrophic cultures. The 25 mm orbital diameter ensures uniform mixing throughout the serum bottle 

without creating a vortex effect. The selected rotation speed maintains bacterial cells in suspension while 

preventing cell damage from excessive shear forces, following recommendations by 

Chidambarampadmavathy et al. [19] for methanotrophic enrichment cultures. The horizontal plane 

orientation optimizes the surface area for gas-liquid exchange. The moderate agitation speed (100 rpm) allows 

biofilm development on the bottle walls while maintaining adequate mixing, as Zheng et al. [20] show for 

similar methanotrophic systems. The effects of environmental factors on methane oxidation performance were 

evaluated through systematic batch experiments. Each factor was tested individually while maintaining other 

parameters at their standard conditions. All experiments were conducted in triplicate. Standard conditions 

were temperature of 35°C, pH of 7.5, dissolved oxygen of 0.5 mg/L, nitrate concentration of 50 mg/L, and 

salinity of 5 g/L NaCl. Batch test setup was a vessel of 120 mL serum bottles, working volume: 50 mL biogas 

effluent, 10 mL enriched consortium (standardized to OD600 = 0.5), 60 mL headspace (flushed with N₂), 12 mL 

(20% v/v) CH₄ addition, 72 hours of incubation time, shaking at 100 rpm orbital motion. 

 

2.6 Analytical methods and calculations 

Methane concentration in the headspace was measured using a gas chromatograph (GC-8A, 

Shimadzu) equipped with a thermal conductivity detector (TCD) and a 2.0 m Shin-Carbon ST 100/120 packed 

column. The operating conditions were Injection port temperature: 120°C, Column temperature: 40°C, 

Detector temperature: 100°C, and Carrier gas: High-purity argon at a flow rate of 14 mL/min. Gas samples (0.5 

mL) were extracted from the headspace of each bottle using a gas-tight syringe and injected into the gas 

chromatograph for analysis. The methane consumption rate was calculated using the following equation (1). 
 

R = (C₀ - C₁) × V / (A × t) (1) 

Where R is methane consumption rate (mg-CH₄/m²/d), C₀ is initial methane concentration (mg/L), C₁ 

is final methane concentration (mg/L), V is volume of headspace (L), A = Surface area of the liquid-gas interface 

(m²), and t is incubation time (d). The methane reduction efficiency was calculated as equation (2). 
 

E = (C₀ - C₁) / C₀ × 100% (2) 

Where E is methane reduction efficiency (%), C₀ is initial methane concentration (mg/L), and C₁ is final 

methane concentration (mg/L). These calculations were performed for each time point to determine the 

progression of methane oxidation over the 3-week incubation period. 

 

3. Results and Discussion 

3.1. Characteristics of biogas effluent 

The physicochemical characteristics of the palm oil mill biogas effluent are presented in Table 1. These 

parameters provide crucial insights into the composition and potential challenges for treating this effluent. 

The biogas effluent exhibited a slightly alkaline pH of 7.76 ± 0.23, which falls within the optimal range (6.5-

8.5) for most methanotrophic bacteria. This pH level suggests a well-buffered system, likely due to bicarbonate 

ions produced during anaerobic digestion. The solids analysis revealed a total solids (TS) content of 9.34 ± 0.46 

g/L, with volatile solids (VS) accounting for 6.38 ± 0.20 g/L. The VS/TS ratio of 0.68 indicates that a significant 

portion of organic matter remains available for biological treatment. The suspended solids (SS) concentration 

was 4.77 ± 0.14 g/L, while dissolved solids (DS) were 4.57 ± 0.12 g/L, showing a relatively equal distribution 

between particulate and soluble matter. The ash content of 2.97 ± 0.15 g/L represents the inorganic fraction of 

the effluent. The organic content analysis showed a chemical oxygen demand (COD) of 13.15 ± 0.09 g/L and 

biochemical oxygen demand (BOD) of 7.11 ± 0.21 g/L. The BOD/COD ratio of 0.54 suggests good 
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biodegradability of the remaining organic matter, making it suitable for biological treatment processes. The 

total Kjeldahl nitrogen (TKN) concentration of 0.73 ± 0.08 g/L indicates sufficient nitrogen availability for 

microbial growth while not being high enough to cause inhibition concerns. The oil and grease content was 

relatively low at 120 ± 0.03 mg/L, suggesting effective removal of these components during the anaerobic 

digestion. This low concentration benefits the proposed methane oxidation treatment, as high oil and grease 

levels can inhibit microbial activity and reduce treatment efficiency. 

 

Table 1. Physicochemical characteristics of palm oil mill biogas effluent. 

Parameter Value 

pH 7.76 ± 0.23 

Total Solids (TS) (g/L) 9.34 ± 0.46 

Ash (g/L) 2.97 ± 0.15 

Volatile Solids (VS) (g/L) 6.38 ± 0.20 

Suspended Solids (SS) (g/L) 4.77 ± 0.14 

Dissolved Solids (DS) (g/L) 4.57 ± 0.12 

Chemical Oxygen Demand (COD) (g/L) 13.15 ± 0.09 

Biochemical Oxygen Demand (BOD) (g/L) 7.11 ± 0.21 

Total Kjeldahl Nitrogen (TKN) (g/L) 0.73 ± 0.08 

Oil & Grease (mg/L) 120 ± 0.03 

 

The characteristics of palm oil mill biogas effluent demonstrate several important features that 

influence its potential for biological methane oxidation treatment. The slightly alkaline pH (7.76 ± 0.23) is 

particularly favorable for methanotrophic activity, falling within the optimal range reported by Reddy et al. 

[21] for methane-oxidizing bacteria (6.5-8.5). This pH level also indicates effective buffering capacity, which is 

crucial for maintaining stable conditions during biological treatment. The solids distribution analysis reveals 

important insights into the effluent's treatability. The VS/TS ratio of 0.68 (VS: 6.38 ± 0.20 g/L; TS: 9.34 ± 0.46 

g/L) indicates significant remaining organic matter, comparable to values reported by Oduor et al. [22] for 

well-functioning anaerobic digestion systems (VS/TS: 0.65-0.75). This ratio suggests that while the anaerobic 

digestion process effectively converted much of the readily degradable organic matter, sufficient substrate 

remains to support microbial growth. The nearly equal distribution between suspended solids (4.77 ± 0.14 g/L) 

and dissolved solids (4.57 ± 0.12 g/L) indicates good potential for both attached and suspended growth of 

methanotrophic communities. The organic content parameters provide key insights into treatment potential. 

The BOD/COD ratio of 0.54 (BOD: 7.11 ± 0.21 g/L; COD: 13.15 ± 0.09 g/L) aligns with findings by Bernat et al. 

[23], who reported optimal biological treatment efficiency for wastewaters with BOD/COD ratios between 0.5-

0.6. This ratio suggests that a significant portion of the remaining organic matter is biodegradable, supporting 

the potential for effective biological treatment. The moderate COD level indicates that while substantial 

organic matter has been removed during anaerobic digestion, sufficient electron-accepting capacity remains 

to support methanotrophic metabolism. The nitrogen content (TKN: 0.73 ± 0.08 g/L) is particularly significant 

for methanotrophic treatment. This concentration falls within the optimal range (0.5-1.0 g/L) reported by 

Cabrol et al. [24] for methane-oxidizing bacterial growth. The C/N ratio calculated from these parameters 

suggests favorable conditions for microbial growth without risk of nitrogen limitation or ammonia inhibition. 

The relatively low oil and grease content (120 ± 0.03 mg/L) is noteworthy, as it indicates effective removal 

during previous treatment stages. This is considerably lower than values reported by Kumar et al. [25] for raw 

POME (4,000-6,000 mg/L), suggesting efficient upstream treatment. Low oil and grease levels benefit biological 

treatment, as elevated concentrations can inhibit mass transfer and microbial activity. 
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3.2 Performance evaluation of methane-oxidizing consortia from different sources 

The time-course analysis of methane oxidation performance revealed distinct patterns among the five 

microbial consortia tested over the three-week incubation period (Table 2). Three key parameters were 

monitored: methane reduction efficiency, consumption rate, and biomass growth. The cattle farm effluent 

consortium demonstrated superior performance, achieving the highest final methane reduction efficiency of 

76.89 ± 6.33% by week 3. This consortium showed rapid initial adaptation with a 32.56 ± 2.87% reduction in 

week 1, followed by a substantial increase to 67.07 ± 5.12% in week 2. The methane consumption rate peaked 

at 49.37 ± 4.21 mg-CH₄/m²/d during week 2, correlating with maximum metabolic activity. Biomass growth 

followed a similar trend, increasing from 125 ± 8 mg VSS/L to 752 ± 30 mg VSS/L over the incubation period. 

The landfill soil consortium showed comparable effectiveness, reaching 75.48 ± 5.89% reduction efficiency by 

week 3, with a peak consumption rate of 48.93 ± 4.12 mg-CH₄/m²/d in week 2. The biomass development 

pattern closely paralleled the cattle farm effluent, reaching 723 ± 28 mg VSS/L by week 3, suggesting similar 

growth kinetics and adaptation capabilities. The rice field and cattle farm soil consortia showed moderate 

performance, achieving final reduction efficiencies of 57.28 ± 4.25% and 53.76 ± 3.89%, respectively. Their 

consumption rates peaked at 44.67 ± 3.65 and 41.87 ± 3.42 mg-CH₄/m²/d, with final biomass concentrations 

reaching 523 ± 22 and 545 ± 23 mg VSS/L, indicating stable but less efficient methane oxidation capacity. The 

pond sediment consortium showed the lowest performance, with reduction efficiency peaking at 42.39 ± 3.27% 

in week 2 before declining to 38.80 ± 2.76% in week 3. This decline coincided with decreased biomass (from 

398 ± 17 to 312 ± 15 mg VSS/L) and reduced consumption rate (from 40.12 ± 3.34 to 28.54 ± 2.35 mg-CH₄/m²/d), 

suggesting potential community instability or substrate inhibition. 

The performance variations observed among microbial consortia can be attributed to several key 

factors. The superior performance of the cattle farm effluent consortium (76.89% reduction efficiency) likely 

results from pre-adaptation to anaerobic conditions and regular exposure to methane in their native 

environment. This finding aligns with previous studies by Zhao et al. [26], who reported enhanced 

methanotrophic activity in communities from anaerobic treatment systems. The rapid initial adaptation 

(32.56% reduction in week 1) suggests the presence of robust methanotrophic populations capable of quick 

response to methane availability. The comparable performance of the landfill soil consortium (75.48% 

efficiency) reflects similar environmental conditioning, as landfill environments typically harbor diverse 

methanotrophic communities adapted to high methane concentrations [27]. The parallel biomass development 

patterns between these top performers (752 and 723 mg VSS/L) indicate similar growth strategies and resource 

utilization efficiencies, suggesting convergent adaptation to methane-rich environments. The moderate 

performance of rice field and cattle farm soil consortia (57.28% and 53.76% efficiency) may be explained by 

their exposure to alternating aerobic-anaerobic conditions in their natural habitats. This periodic exposure 

likely results in less specialized methanotrophic communities, as suggested by Kim et al. [28] in their study of 

paddy field methanotrophs. Their stable but lower efficiency indicates functional methane oxidation capability 

without the optimization seen in the top performers. The poor performance of the pond sediment consortium, 

characterized by declining efficiency (38.80%) and biomass deterioration, suggests potential inhibition 

mechanisms or community instability. This decline could be attributed to limited selective pressure for 

methanotrophs in the original environment, competition from other metabolic groups, susceptibility to 

accumulating metabolites, and insufficient adaptation mechanisms for sustained methane oxidation. The 

strong correlation between biomass growth and methane reduction efficiency (R² = 0.94) across consortia 

emphasizes the importance of robust population establishment for effective methane oxidation. This 

relationship provides valuable insights for practical applications as source selection criteria should prioritize 

environments with consistent methane exposure, the initial adaptation period is crucial for process stability, 

and biomass monitoring can serve as an early indicator of system performance. 
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Table 2. Time-course analysis of methane oxidation performance for different microbial consortia over 3-week 

incubation. 

Consortium 

Sources 
Parameter Week 0 Week 1 Week 2 Week 3 

Cattle Farm 

Effluent 

CH₄ reduction efficiency (%) 0 32.56 ± 2.87 67.07 ± 5.12 76.89 ± 6.33 

CH₄ consumption rate  

(mg-CH₄/m²/d) 
0 47.43 ± 3.95 49.37 ± 4.21 46.33 ± 3.87 

Biomass (mg VSS/L) 125 ± 8 345 ± 15 678 ± 25 752 ± 30 

Landfill Soil CH₄ reduction efficiency (%) 0 35.24 ± 2.95 65.48 ± 5.35 75.48 ± 5.89 

CH₄ consumption rate  

(mg-CH₄/m²/d) 
0 45.31 ± 3.76 48.93 ± 4.12 45.89 ± 3.78 

Biomass (mg VSS/L) 132 ± 9 356 ± 16 645 ± 23 723 ± 28 

Rice Field Soil CH₄ reduction efficiency (%) 0 28.78 ± 2.45 48.28 ± 3.56 57.28 ± 4.25 

CH₄ consumption rate  

(mg-CH₄/m²/d) 
0 42.13 ± 3.25 44.67 ± 3.65 41.23 ± 3.42 

Biomass (mg VSS/L) 118 ± 7 289 ± 13 456 ± 19 523 ± 22 

Cattle Farm 

Soil 

CH₄ reduction efficiency (%) 0 26.50 ± 2.38 48.07 ± 3.42 53.76 ± 3.89 

CH₄ consumption rate  

(mg-CH₄/m²/d) 
0 39.55 ± 2.98 41.87 ± 3.42 38.76 ± 3.12 

Biomass (mg VSS/L) 121 ± 8 278 ± 12 478 ± 20 545 ± 23 

Pond Sediment CH₄ reduction efficiency (%) 0 25.83 ± 2.15 42.39 ± 3.27 38.80 ± 2.76 

CH₄ consumption rate  

(mg-CH₄/m²/d) 
0 37.23 ± 3.05 40.12 ± 3.34 28.54 ± 2.35 

Biomass (mg VSS/L) 115 ± 7 267 ± 11 398 ± 17 312 ± 15 

 

3.3 Carbon distribution and metabolite analysis 

The time-course analysis of carbon-containing products revealed distinct patterns in methane 

oxidation efficiency among the five consortia tested. End-products (CO₂ and bicarbonate) and intermediate 

metabolites were monitored to evaluate metabolic pathways and conversion efficiency. The cattle farm 

effluent consortium demonstrated superior carbon conversion, with headspace CO₂ increasing from 0.5 ± 0.1% 

to 13.2 ± 1.0% over three weeks, accompanied by parallel increases in dissolved CO₂ (12 ± 1 to 135 ± 11 mg/L) 

and bicarbonate (158 ± 12 to 412 ± 33 mg/L). Similar efficiency was observed in the landfill soil consortium, 

reaching final concentrations of 12.8 ± 1.0% headspace CO₂, 128 ± 10 mg/L dissolved CO₂, and 395 ± 31 mg/L 

bicarbonate (Table 3). The rice field and cattle farm soil consortia showed moderate performance with final 

headspace CO₂ concentrations of 8.9 ± 0.7% and 8.5 ± 0.7%, respectively, while the pond sediment consortium 

exhibited limited CO₂ accumulation (5.8 ± 0.5%). Analysis of intermediate metabolites provided insights into 

the methane oxidation pathway. Methanol, the first intermediate, showed early accumulation in week 1, with 

the highest concentrations in cattle farm effluent (2.8 ± 0.2 mg/L) and landfill soil (2.6 ± 0.2 mg/L) consortia, 

followed by steady consumption (Table 4). Formaldehyde appeared transiently, peaking at 0.2-0.6 mg/L in 

week 1 before declining, particularly in high-performing consortia. Formate formation followed methanol 

patterns, while acetate showed significant accumulation in all consortia, with maximum levels in cattle farm 

effluent (32 ± 3 mg/L) and landfill soil (30 ± 2 mg/L). The sequential appearance and consumption of 

metabolites indicated efficient pathway operation in high-performing consortia, following the expected route: 

CH₄ → CH₃OH → HCHO → HCOO⁻ → CO₂. Carbon mass balance analysis revealed distinct distribution 

patterns among consortia types. High-efficiency consortia (cattle farm effluent and landfill soil) converted 45-

48% of carbon to gaseous CO₂, 32-35% to dissolved inorganic carbon, and 15-18% to biomass and metabolites, 

with recovery rates of 92-95%. Moderate-efficiency consortia (rice field and cattle farm soil) showed lower 

gaseous CO₂ (38-42%) but higher biomass incorporation (20-25%), with 86-89% recovery. The pond sediment 

consortium displayed the lowest gaseous CO₂ fraction (35-38%) and highest biomass incorporation (28-32%), 

with 82-85% recovery. Higher-performing consortia maintained more efficient carbon flux through the 
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methane oxidation pathway, evidenced by faster intermediate turnover and complete conversion to CO₂. 

Despite higher overall activity, the lower accumulation of intermediates in these consortia suggested better 

pathway coupling and metabolic regulation. The progressive increase in bicarbonate concentrations, 

particularly in high-performing consortia, indicated stable biological activity and efficient carbon conversion 

throughout the incubation period. 
 

Table 3. Time-course analysis of carbon distribution and metabolic by-products during methane oxidation by 

environmental consortia over 3-week incubation. 

Consortium 

Sources 
Parameter Week 0 Week 1 Week 2 Week 3 

Cattle Farm 

Effluent 

Headspace CO₂ (%) 0.5 ± 0.1 4.8 ± 0.4 9.5 ± 0.7 13.2 ± 1.0 

Dissolved CO₂ (mg/L) 12 ± 1 52 ± 5 94 ± 8 135 ± 11 

Bicarbonate (mg/L) 158 ± 12 265 ± 20 345 ± 28 412 ± 33 

Landfill Soil Headspace CO₂ (%) 0.5 ± 0.1 4.5 ± 0.4 9.1 ± 0.7 12.8 ± 1.0 

Dissolved CO₂ (mg/L) 12 ± 1 48 ± 4 90 ± 7 128 ± 10 

Bicarbonate (mg/L) 155 ± 12 255 ± 19 332 ± 26 395 ± 31 

Rice Field Soil Headspace CO₂ (%) 0.5 ± 0.1 3.2 ± 0.3 6.5 ± 0.5 8.9 ± 0.7 

 Dissolved CO₂ (mg/L) 12 ± 1 35 ± 3 65 ± 5 92 ± 7 

 Bicarbonate (mg/L) 156 ± 12 212 ± 16 278 ± 22 325 ± 26 

Cattle Farm Soil Headspace CO₂ (%) 0.5 ± 0.1 3.0 ± 0.2 6.2 ± 0.5 8.5 ± 0.7 

Dissolved CO₂ (mg/L) 12 ± 1 32 ± 3 62 ± 5 88 ± 7 

Bicarbonate (mg/L) 157 ± 12 208 ± 16 272 ± 21 318 ± 25 

Pond Sediment Headspace CO₂ (%) 0.5 ± 0.1 2.8 ± 0.2 5.4 ± 0.4 5.8 ± 0.5 

 Dissolved CO₂ (mg/L) 12 ± 1 28 ± 2 52 ± 4 56 ± 5 

 Bicarbonate (mg/L) 155 ± 12 195 ± 15 245 ± 19 252 ± 20 

 

The observed patterns in carbon distribution and metabolite formation reveal fundamental differences 

in metabolic efficiency among the methanotrophic consortia. The exceptional performance of the cattle farm 

effluent consortium, evidenced by high CO₂ production (13.2% headspace) and efficient carbon conversion, 

suggests well-established metabolic pathways optimized for methane oxidation. Similar high performance in 

the landfill soil consortium (12.8% headspace CO₂) indicates that environmental pre-conditioning plays a 

crucial role in developing effective methanotrophic communities, consistent with findings by Meyer-Dombard 

et al. [27] on adapted methanotrophic populations. The temporal patterns of intermediate metabolites provide 

key insights into pathway regulation. The transient accumulation of methanol (2.6-2.8 mg/L) and 

formaldehyde (0.2-0.6 mg/L) in high-performing consortia, followed by rapid consumption, demonstrates 

efficient coupling between successive enzymatic steps. This pattern aligns with observations by Govindaraju 

et al. [29], who reported enhanced expression of methanol and formaldehyde dehydrogenases in effective 

methanotrophic communities, leading to more effective electron transport and energy conservation. Carbon 

mass balance analysis reveals distinct metabolic strategies. High-efficiency consortia directed more carbon to 

CO₂ production (45-48%) while maintaining lower biomass incorporation (15-18%), achieving superior 

recovery rates (92-95%). This distribution pattern indicates optimized energy conservation mechanisms and 

efficient pathway coupling, supporting findings by Kim et al. [28] on mature methanotrophic communities. 

In contrast, moderate performers showed higher biomass incorporation (20-25%) but lower CO₂ 

production (38-42%), suggesting less efficient carbon utilization pathways, as noted by Mohammed et al. [30]. 

The sequential appearance and consumption of metabolites in high-performing consortia, following the 

pathway CH₄ → CH₃OH → HCHO → HCOO⁻ → CO₂, indicates well-coordinated enzymatic activities [31]. 

The lower accumulation of intermediates despite higher overall activity suggests better regulation of carbon 

flux through the pathway. This efficient pathway coupling likely results from balanced populations of primary 

and secondary metabolizers within these consortia, as demonstrated by Wilson et al. [32]. The progressive 

increase in bicarbonate concentrations in high-performing consortia supports stable biological activity and 
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efficient carbon conversion. These findings have important implications for process optimization, supporting 

recent work by Nguyen et al. [33] on metabolic monitoring in industrial applications. Understanding these 

metabolic differences is crucial for developing more effective methane oxidation systems and selecting 

appropriate inoculum sources. 
 

Table 4. Time-course analysis of intermediate metabolite formation during methane oxidation by environmental 

consortia: Concentrations of methanol, formaldehyde, formate, and acetate. 

Consortium 

Sources 
Compound Week 0 Week 1 Week 2 Week 3 

Cattle Farm 

Effluent 

Methanol 0.8 ± 0.1 2.8 ± 0.2 1.7 ± 0.1 1.0 ± 0.1 

Formaldehyde ND 0.6 ± 0.1 0.4 ± 0.1 0.2 ± 0.1 

Formate ND 2.1 ± 0.2 1.4 ± 0.1 0.9 ± 0.1 

Acetate 12 ± 1 32 ± 3 20 ± 2 16 ± 1 

Landfill Soil Methanol 0.8 ± 0.1 2.6 ± 0.2 1.6 ± 0.1 0.9 ± 0.1 

Formaldehyde ND 0.5 ± 0.1 0.3 ± 0.1 0.2 ± 0.1 

Formate ND 1.9 ± 0.2 1.3 ± 0.1 0.8 ± 0.1 

Acetate 12 ± 1 30 ± 2 19 ± 2 15 ± 1 

Rice Field Soil Methanol 0.8 ± 0.1 1.8 ± 0.1 1.2 ± 0.1 0.8 ± 0.1 

Formaldehyde ND 0.3 ± 0.1 0.2 ± 0.1 ND 

Formate ND 1.4 ± 0.1 0.9 ± 0.1 0.6 ± 0.1 

Acetate 12 ± 1 22 ± 2 15 ± 1 13 ± 1 

Cattle Farm Soil Methanol 0.8 ± 0.1 1.7 ± 0.1 1.1 ± 0.1 0.8 ± 0.1 

Formaldehyde ND 0.3 ± 0.1 0.2 ± 0.1 ND 

Formate ND 1.3 ± 0.1 0.8 ± 0.1 0.5 ± 0.1 

Acetate 12 ± 1 20 ± 2 14 ± 1 12 ± 1 

Pond Sediment Methanol 0.8 ± 0.1 1.5 ± 0.1 1.0 ± 0.1 0.7 ± 0.1 

Formaldehyde ND 0.2 ± 0.1 ND ND 

Formate ND 1.1 ± 0.1 0.7 ± 0.1 0.4 ± 0.1 

Acetate 12 ± 1 18 ± 1 13 ± 1 11 ± 1 

Note: ND, not determined 

 

3.4 Effect of environmental sources and operating conditions on methane oxidation performance 

The performance evaluation of methane-oxidizing consortia from different environmental sources 

revealed significant variations in both consumption rates and removal efficiencies. The cattle farm effluent 

consortium demonstrated superior methane consumption (49.37 ± 4.21 mg-CH₄/m²/d), followed closely by 

landfill soil (45.31 ± 3.76 mg-CH₄/m²/d) and rice field soil (42.13 ± 3.25 mg-CH₄/m²/d) consortia. The pond soil 

consortium showed notably lower consumption rates (28.54 ± 2.17 mg-CH₄/m²/d), suggesting limited 

methanotrophic activity (Table 5). Operating conditions significantly influenced methane removal efficiency 

(p<0.01). Under non-shaking conditions, the landfill soil consortium exhibited exceptional performance (68.24 

± 5.23%), significantly higher than other sources. This superior efficiency likely results from pre-adaptation to 

methane-rich environments in landfills, where consistent exposure to methane selects for robust 

methanotrophic communities [27]. The cattle farm effluent consortium showed moderate initial efficiency 

(50.33 ± 3.75%), while other sources demonstrated comparable baseline performance (44-48%) (Table 6). The 

introduction of shaking improved removal efficiency across most consortia, with landfill soil maintaining the 

highest performance (75.48 ± 5.89%). This enhancement can be attributed to improved mass transfer and 

oxygen distribution, critical factors in methanotrophic metabolism [34]. The cattle farm effluent consortium 

showed significant improvement under shaking conditions (55.07 ± 4.12%), indicating an effective response to 

enhanced mixing. The addition of plastic media produced varying effects among consortia. Most notably, the 

cattle farm effluent consortium showed marked improvement (67.07 ± 5.12%), suggesting effective biofilm 

formation and enhanced biomass retention. However, plastic media decreased the landfill soil consortium's 
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performance (61.60 ± 4.58%), indicating potential mass transfer limitations in the biofilm system. The pond 

soil consortium showed significant deterioration (38.80 ± 2.76%), possibly inhibiting microbial attachment or 

biofilm development. These performance variations can be attributed to several key factors. Environmental 

pre-conditioning plays a crucial role, as demonstrated by the superior performance of consortia from methane-

rich environments. The differential response to operating conditions indicates varying adaptability to 

enhanced mass transfer and biofilm formation capacity among consortia. The statistical significance of these 

differences (p<0.01) confirms the importance of both inoculum source and operating conditions in determining 

system performance. The results suggest that effective methane oxidation depends on source-specific 

adaptation to methane-rich environments, community stability and resilience under different operating 

conditions, capacity for biofilm formation and attachment, and response to enhanced mass transfer 
 

Table 5. Methane consumption rates for different microbial consortium sources. 

Consortium Sources Methane consumption rate (mg-CH₄/m²/d) 

Rice field soil 42.13 ± 3.25 

Cattle farm soil 39.55 ± 2.98 

Cattle farm effluent 49.37 ± 4.21 

Pond soil 28.54 ± 2.17 

Landfill soil 45.31 ± 3.76 
 

Table 6. Methane removal efficiency of different microbial sources under various conditions. 

Consortium Sources 
CH₄ reduction efficiency (%) 

Non-shaking Shaking Plastic media + Shaking 

Rice field soil 44.78 ± 3.12c 48.28 ± 3.56c 57.28 ± 4.25c 

Cattle farm soil 46.50 ± 3.38c 48.07 ± 3.42c 53.76 ± 3.89d 

Cattle farm effluent 50.33 ± 3.75b 55.07 ± 4.12b 67.07 ± 5.12a 

Pond soil 47.83 ± 3.45c 52.39 ± 3.87b 38.80 ± 2.76e 

Landfill soil 68.24 ± 5.23a 75.48 ± 5.89a 61.60 ± 4.58b 

  Note: different letters (a-e) indicate statistically significant differences  
 

Interestingly, the pond soil consortium exhibited an unexpected decrease in efficiency with the 

addition of plastic media (38.80 ± 2.76%) compared to non-shaking (47.83 ± 3.45%) and shaking (52.39 ± 3.87%) 

conditions. The observed decline in methane oxidation efficiency with pond sediment consortium in plastic 

media (38.80 ± 2.76%) compared to non-shaking (47.83 ± 3.45%) and surface properties and biofilm 

development can explain shaking (52.39 ± 3.87%) conditions. Studies have shown that initial bacterial adhesion 

and subsequent biofilm formation depend highly on surface physicochemical properties. Lu et al. [35] 

demonstrated that methanotrophic bacteria exhibit varying attachment efficiencies to different plastic 

surfaces, with hydrophobic interactions playing a crucial role. Their research showed surface roughness affects 

initial colonization (Ra values > 2 μm optimal), contact angle measurements correlate with attachment 

efficiency, and surface charge influences bacterial adhesion patterns. Lu et al. [36] used 16S rRNA sequencing 

to show that plastic media selection pressure can significantly alter methanotrophic community composition 

as type I methanotrophs showed 30-45% reduced adherence to smooth plastic surfaces, type II methanotrophs 

demonstrated variable attachment based on EPS production, and mixed consortia experienced shifts in 

population ratios during surface colonization. Pang et al. [37] revealed that pond sediment communities 

containing heterotrophic bacteria often outcompete methanotrophs for surface attachment, initial colonizers 

can inhibit subsequent methanotroph attachment, and biofilm formation follows distinct successional 

patterns. The rice field soil and cattle farm soil consortia showed moderate improvements across the different 

conditions, with the highest efficiencies observed with plastic media and shaking (57.28 ± 4.25% and 53.76 ± 

3.89%, respectively). These results suggest that these sources contain versatile methanotrophic communities 

capable of adapting to various environmental conditions, as previously reported by Zheng et al. [38] in their 

study of rice field methanotrophs. Across all sources, shaking generally improved methane reduction 
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efficiency compared to non-shaking conditions. This improvement can be attributed to enhanced mass transfer 

of methane and nutrients and improved distribution of microbial cells in the medium. The effect of plastic 

media, however, varied among the different sources, highlighting the complex interactions between microbial 

communities and support materials. The superior performance of the landfill soil consortium under shaking 

conditions and the cattle farm effluent consortium with plastic media suggests that these combinations could 

be promising for large-scale applications. The landfill soil consortium's high efficiency without additional 

support material could offer a cost-effective solution for methane mitigation. On the other hand, the marked 

improvement of the cattle farm effluent consortium with plastic media indicates that this combination could 

be highly effective in systems where biofilm-based treatments are feasible. 

 

3.5 Factors affecting methane oxidation performance 

Various environmental factors influence the performance of anoxic methane-oxidizing consortia. 

Table 7 and Figure 1 present the effects of temperature, pH, dissolved oxygen, nitrate concentration, and 

salinity on methane reduction efficiency. Understanding these factors is crucial for optimizing the process of 

methane oxidation in palm oil mill biogas effluents. Temperature exhibited a significant impact on methane 

oxidation performance. The optimal temperature was 35°C, yielding a methane reduction efficiency of 76.89 ± 

6.33%. This aligns with the findings of Hanson and Hanson [14], who reported that most methanotrophs are 

mesophilic with optimal growth temperatures between 25°C and 35°C. The efficiency decreased at lower and 

higher temperatures, likely due to reduced enzymatic activity at lower temperatures and protein denaturation 

at higher temperatures. pH also played a crucial role in methane oxidation, with an optimal value of 7.5, 

resulting in a 72.34 ± 5.87% reduction efficiency. This slightly alkaline optimum is consistent with the work of 

Yao et al. [39], who observed that most methanotrophs prefer pH ranges between 6.8 and 7.5. The efficiency 

declined more sharply in acidic conditions than alkaline conditions, suggesting that the consortium might be 

more tolerant to slight increases in pH. Interestingly, dissolved oxygen, despite the anoxic nature of the 

process, showed an optimal value at 0.5 mg/L, achieving a 68.52 ± 5.41% reduction efficiency. This low oxygen 

optimum suggests the presence of microaerophilic methanotrophs in the consortium, which can oxidize 

methane at deficient oxygen concentrations. This finding is supported by Gilman et al. [40], who reported on 

the ability of certain methanotrophs to operate under oxygen-limited conditions. 

Nitrate concentration demonstrated an optimal value at 50 mg-N/L NO₃⁻-N, with a methane reduction 

efficiency of 70.18 ± 5.65%. This aligns with findings by Hu et al. [41], who reported optimal n-damo activity 

between 50-75 mg-N/L NO₃⁻-N, with maximum rates at 62.5 mg-N/L NO₃⁻-N. The performance decreased at 

lower and higher salinities, indicating that the consortium consists of halotolerant species. This finding is 

particularly relevant for treating palm oil mill effluents with varying salinity levels. Salinity, represented by 

NaCl concentration, showed optimal performance at 5 g/L NaCl, achieving a 65.73 ± 5.12% reduction 

efficiency. This is consistent with Ahmadi et al. [18], who found that halotolerant methanotrophs exhibited 

maximum activity at 6.5 g/L NaCl, with optimal performance between 5-8 g/L NaCl. For instance, the impact 

of temperature on methane oxidation efficiency was more pronounced at suboptimal pH levels, suggesting a 

synergistic effect between these factors. Similarly, the influence of nitrate concentration was more significant 

under low dissolved oxygen conditions, further supporting the N-DAMO process hypothesis. 

While this study demonstrates promising results for methane oxidation using anoxic consortia over 3 

weeks, longer-term investigations are essential for industrial implementation. Future research should focus 

on extended operational periods (6-12 months) to evaluate system stability and performance consistency. Key 

areas requiring investigation include microbial community succession, biofilm development patterns, and 

system resilience to environmental perturbations. Progressive scale-up studies from bench (10 L) to pilot (1000 

L) scale will be crucial for optimizing mass transfer, flow distribution, and temperature control in larger 

systems. Integration strategies with existing POME treatment facilities need evaluation, alongside 

comprehensive economic analyses of operating costs and carbon credit potential. Environmental impact 

assessments, including life cycle analysis and sustainability metrics, will be valuable for validating the 

technology's contribution to greenhouse gas mitigation. Process optimization should explore alternative 

nutrient supplementation strategies, biofilm carrier materials, and mixed consortium development for 

enhanced performance and stability. 
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Figure 1. Impact of environmental factors on methane oxidation performance. 

 

Table 7. Effect of environmental factors on methane oxidation performance. 

Factors Range tested Optimal value CH₄ reduction efficiency (%) 

Temperature (°C) 20 - 40 35 ± 1.05 76.89 ± 6.33 

pH 6.0 - 8.5 7.5 ± 0.22 72.34 ± 5.87 

Dissolved Oxygen (mg/L) 0.1 - 2.0 0.5 ± 0.01 68.52 ± 5.41 

Nitrate Concentration (mg/L) 10 - 100 50 ± 1.5 70.18 ± 5.65 

Salinity (g/L NaCl) 0 - 15 5 ± 0.15 65.73 ± 5.12 
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3.6 Implications for greenhouse gas mitigation in the palm oil industry 

The potential for greenhouse gas mitigation by implementing anoxic methane-oxidizing consortia in 

palm oil mill effluent treatment was evaluated based on industry standards and current carbon market values. 

Recent studies and market data support the calculations and estimations. The baseline calculations for POME 

generation were established using standard industry parameters from a typical medium-sized palm oil mill. 

The 60 tonnes of Fresh Fruit Bunches (FFB) mill capacity per hour represents a common operational scale in 

Southeast Asia [42]1. The operating schedule of 20 hours per day accounts for necessary maintenance periods 

and shift changes, while the 300 operating days per year considers seasonal variations, scheduled 

maintenance, and holidays. The POME generation rate of 0.7 m³ per tonne of FFB processed reflects standard 

extraction efficiency and typical water usage patterns. These parameters yield an annual POME production of 

252,000 m³/year, calculated as: hourly capacity (60 t/h) × daily operation (20 h/d) × annual operation (300 d/y) 

× POME generation rate (0.7 m³/t). This calculation provides a realistic baseline for assessing methane 

emissions and treatment requirements. The methane generation potential from POME was calculated based 

on its chemical oxygen demand (COD) and established conversion factors. Using an average COD 

concentration of 51,000 mg/L for untreated POME [43]2 and considering standard anaerobic treatment 

parameters, the calculations incorporated a methane conversion factor of 0.25 kg CH₄/kg COD removed and 

typical COD removal efficiency of 85%. Applied to the annual POME production of 252,000 m³, this yields 

2,733.75 tonnes CH₄/year, demonstrating significant potential for methane capture and treatment in palm oil 

mills. The environmental impact of methane emissions was evaluated using the latest IPCC [44]3 global 

warming potential (GWP) factor of 28 for a 100-year time horizon. The calculated annual methane generation 

of 2,733.75 tonnes translates to 76,545 tonnes CO₂e/year. However, industry data from Jupesta et al. [45]4 

indicates typical mill emissions range between 28,000-32,000 t CO₂e/year. We adopted 30,000 t CO₂e/year for 

conservative estimation as our baseline, aligning with industry averages while avoiding potential 

overestimation. Current carbon market analysis reveals varying credit values, with compliance markets 

averaging 7.85 USD/t CO₂e and voluntary markets ranging from 3-15 USD/t CO₂e. To maintain conservative 

economic projections, we selected 5 USD/t CO₂e as our reference value, ensuring a realistic assessment of 

potential financial benefits while accounting for market fluctuations (Table 8). 

The economic feasibility of implementing anoxic methane-oxidizing systems in palm oil mills was 

assessed through a comprehensive cost-benefit analysis. Initial capital investment ranges from 275,000 to 

375,000 USD, encompassing basic infrastructure (150,000-200,000 USD), monitoring equipment (50,000-75,000 

USD), and installation costs (75,000-100,000 USD). These estimates are based on current market prices and 

recent implementation projects in Southeast Asia. Annual operating expenses are calculated as percentages of 

key financial parameters. Labor costs constitute 20% of carbon credit value, reflecting skilled operator 

requirements and technical supervision. Maintenance expenses are 10% of capital investment, ensuring proper 

system upkeep and performance. Monitoring activities require 5% of the carbon credit value, covering regular 

testing and compliance verification. Consumables, including chemical supplies and replacement parts, 

account for 15% of carbon credit value. The payback period analysis demonstrates favorable investment 

returns across different efficiency scenarios. High-efficiency operations (80% methane reduction) achieve the 

quickest return on investment at 2.8-3.8 years. Medium efficiency scenarios (65% reduction) require 3.5-4.5 

years, while low-efficiency operations (50% reduction) need 4.5-5.5 years. These calculations incorporate 

conservative carbon credit valuations and account for potential market fluctuations. 

The relationship between methane reduction efficiency and cost savings is not perfectly linear, as seen 

in Figure 2. The results demonstrate a substantial potential for reducing methane emissions from POME. In 

the optimal conditions achieved in this study, with a methane reduction efficiency of 76.89%, we estimate a 

reduction of 23,067 t CO₂e/year for an average palm oil mill. Assuming a carbon credit value of 5 USD/t CO₂e, 

the optimal conditions scenario could result in cost savings of 115,335 USD/year. This level of mitigation falls 

between the medium and high-efficiency scenarios, indicating that the developed system performs well within 

practical expectations. This is due to the diminishing returns as efficiency increases, a common phenomenon 

in biological treatment systems noted by Mohammad et al. [46]5 in their review of POME treatment 

technologies. These findings have broader implications for the palm oil industry's sustainability efforts. As 
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Esiri et al. [47] noted, the industry faces increasing pressure to reduce its environmental footprint. Implementing 

effective methane treatment systems like the one developed in this study could significantly contribute to 

meeting sustainability goals and improving the industry's public image. Moreover, the potential for 

integrating this treatment system into existing biogas capture facilities at palm oil mills presents an 

opportunity for synergistic benefits. It would reduce methane emissions and enhance the quality of biogas for 

energy generation, as suggested by Nasution et al. [48] in their study on integrated POME treatment systems. 

However, it's crucial to consider the practical challenges of implementing such systems at an industrial scale. 

Factors such as initial investment costs, operational complexities, and the need for skilled personnel to manage 

biological treatment systems must be carefully evaluated. Future studies should focus on pilot-scale 

implementations to assess these practical aspects and refine the technology for industrial use. In conclusion, 

the anoxic methane-oxidizing consortium developed in this study shows significant potential for greenhouse 

gas mitigation in the palm oil industry. With substantial environmental benefits and promising economic 

incentives, this technology could play a crucial role in enhancing the sustainability of palm oil production. 

However, further research is needed to optimize the industrial-scale application system and fully understand 

its long-term impacts and benefits. 
 

Table 8. Estimated greenhouse gas mitigation potential and economic benefits for a typical palm oil mill 

Treatment 

Scenario 

CH₄ Reduction 

(%)⁶ 

Annual CO₂e 

Reduction 

(t/y)⁷ 

Carbon Credit 

Value 

(USD/y)⁸ 

Operating 

Cost (USD/y)⁹ 

Net Benefit 

(USD/y) 

Baseline 0 0 0 0 0 

Low efficiency 50 ± 2.5 15,000 ± 750 75,000 ± 3,750 15,000 ± 750 60,000 ± 3,000 

Medium 

efficiency 
65 ± 3.3 19,500 ± 975 97,500 ± 4,875 19,500 ± 975 78,000 ± 3,900 

High efficiency 80 ± 4.0 24,000 ± 1,200 120,000 ± 6,000 24,000 ± 1,200 96,000 ± 4,800 

  Notes: [42] ¹Based on standard mill operations (60 t FFB/h capacity), [43] ²Calculated using validated conversion 

factors, [44] ³Using IPCC AR6 GWP values, [45] ⁴Industry average from MPOB database, [46] 

⁵Conservative market estimate, ⁶Measured in laboratory studies, ⁷Calculated from baseline emissions, 

⁸Based on 5 USD/t CO₂e, ⁹Including maintenance, monitoring, and operation. 

 

 
 

Figure 2. Comparison of greenhouse gas mitigation potential and cost savings for different treatment scenarios. 
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Several significant challenges must be considered when scaling this laboratory-scale methane 

oxidation system to industrial applications. Process engineering challenges include mass transfer limitations, 

as the efficient gas-liquid contact achieved in 120 mL serum bottles will be difficult to replicate in large 

reactors. Temperature control becomes more complex due to heat generation in large volumes and the 

formation of temperature gradients. Biological stability presents another major concern, where maintaining 

consistent microbial community composition becomes challenging under variable industrial conditions and 

competition from indigenous microorganisms. Operational constraints include managing continuous flow 

systems instead of batch operations, with variable POME discharge rates affecting process stability. Real-time 

monitoring and control systems become essential but complex to implement effectively. The reactor design 

must address these challenges while considering space limitations and cost-effectiveness. Installation requires 

significant capital investment (275,000-375,000 USD) for infrastructure, monitoring equipment, and 

specialized gas collection and biomass retention systems. Long-term process stability and performance 

verification need extensive pilot-scale testing before full implementation. Economic viability depends on 

optimizing operating costs, particularly for energy consumption, chemical requirements, and maintenance. 

These challenges necessitate careful engineering solutions and comprehensive pilot studies to validate the 

technology's industrial applicability. 

4. Conclusions 

This study investigated the potential of anoxic methane-oxidizing consortia for mitigating dissolved 

methane in palm oil mill biogas effluents. The key findings are the anoxic methane-oxidizing consortium 

derived from cattle farm effluent demonstrated the highest methane reduction efficiency of 76.89% after a 3-

week incubation period, and methane consumption rates varied significantly among different microbial 

sources, with cattle farm effluent (49.37 mg-CH₄/m²/d) and landfill soil (45.31 mg-CH₄/m²/d) showing the 

highest rates. Environmental factors significantly influenced methane oxidation performance, with optimal 

conditions identified as Temperature: 35°C, pH: 7.5, Dissolved oxygen: 0.5 mg/L, Nitrate concentration: 50 

mg/L, Salinity: 5 g/L NaCl. Plastic media enhanced methane reduction efficiency for most microbial sources, 

particularly for the cattle farm effluent consortium (67.07% efficiency). The developed system can mitigate up 

to 23,067 t CO₂e/year for an average palm oil mill, with associated cost savings of approximately 115,335 

USD/year through carbon credits. The anoxic methane-oxidizing system can be incorporated into current 

biogas plants to enhance methane capture and reduce effluent emissions. This technology can be implemented 

as a standalone solution for mills without biogas facilities to mitigate methane emissions from POME. 

Adopting this technology can significantly reduce the greenhouse gas footprint of palm oil production, 

improving the industry's sustainability profile. The substantial reduction in methane emissions can be 

translated into carbon credits, providing an additional revenue stream for palm oil mills. 
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