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INTRODUCTION

Palm oil production remains a major agro-
industrial driver in tropical economies, particu-
larly Indonesia and Malaysia, while simultane-
ously generating large volumes of palm oil mill 
effluent (POME) – a high-strength wastewater 
enriched in organic matter, suspended solids, 
and nitrogenous compounds. When inadequate-
ly managed, POME poses substantial risks to 
aquatic ecosystems and can undermine regional 
environmental performance metrics, particularly 

in rapidly expanding production landscapes (Ka-
caribu et al., 2025). The dominant treatment ap-
proach in many mills is a multi-stage open-pond 
system due to its operational simplicity and low 
capital cost; however, ponding systems are land-
intensive and can act as persistent hotspots of 
methane (CH₄) emissions during anaerobic pro-
cessing stages (Mahapatra et al., 2022).

Methane emissions from POME ponds arise 
primarily from anaerobic decomposition of la-
bile organic substrates and subsequent metha-
nogenesis, and therefore represent an important 
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climate-relevant externality of wastewater manage-
ment. Recent syntheses of POME treatment tech-
nologies emphasize that conventional pond sys-
tems, although effective for reducing bulk pollut-
ants, may release significant CH₄ unless emission 
control (e.g., biogas capture, engineered oxidation 
zones, or hybrid upgrades) is implemented (Domi-
nic and Baidurah, 2022; Khan et al., 2025). More-
over, techno-economic and sustainability-focused 
assessments increasingly frame POME treatment 
not only as an effluent compliance challenge but 
also as a resource recovery and ESG issue, where 
methane control can strongly influence overall en-
vironmental outcomes (Junaidi et al., 2025).

Although CH₄ formation is often discussed as 
a function of organic loading, emerging evidence 
indicates that methane dynamics in high-strength 
wastewaters are regulated by multiple interacting 
water-quality controls. Chemical oxygen demand 
(COD) represents total oxidizable organic mat-
ter, but its relationship with methane is frequently 
non-linear because COD aggregates chemically 
distinct fractions with different biodegradability 
and fermentation pathways. In POME, bulk COD 
can be conceptualized as a mixture of (i) readily 
biodegradable soluble COD that rapidly ferments 
into volatile fatty acids (VFAs), (ii) slowly bio-
degradable particulate COD associated with sus-
pended solids and requiring hydrolysis, and (iii) 
inert/refractory COD that is poorly convertible 
under anaerobic conditions. Consequently, meth-
ane generation is expected to track the bioavail-
able fraction rather than total COD alone, and 
systems may display inverse or weak COD–CH₄ 
relationships when refractory fractions dominate 
or when rapid acidogenesis transiently suppresses 
methanogens (e.g., via VFA accumulation and pH 
depression) (Li et al., 2024).

Total suspended solids (TSS) can further am-
plify methanogenesis by providing particulate 
substrates and protective micro-niches that sustain 
anaerobic consortia. Suspended solids also prolong 
hydrolysis–fermentation sequences, potentially in-
creasing precursor availability for methane forma-
tion in upstream ponds. In parallel, nitrogen trans-
formations can play a central regulatory role. Am-
monia nitrogen (NH₃–N / NH₄⁺–N) is a proxy for 
protein degradation and ammonification, and it can 
influence buffering capacity and microbial com-
munity function. Recent anaerobic digestion stud-
ies and reviews highlight that nitrogen availability 
and ammonia stress/selection can shift methano-
genic pathways and process stability, underscoring 

the need to explicitly consider dissolved nitrogen 
when interpreting methane dynamics in high-or-
ganic-load systems (Kumar et al., 2022; Chen et 
al., 2024). In addition, contemporary POME re-
search increasingly explores process upgrades that 
couple pollutant removal with biological transfor-
mation pathways (including algal–bacterial sys-
tems), reinforcing that water-quality evolution and 
methane formation are tightly coupled within pond 
ecologies (Djarot et al., 2024).

Despite this progress, the coupled behavior 
of COD, TSS, and NH₃–N as predictors of CH₄ 
flux across sequential pond stages (anaerobic → 
facultative → maturation) remains insufficiently 
resolved for tropical POME pond trains. In partic-
ular, few field studies explicitly test whether nitro-
gen-linked indicators can outperform bulk COD as 
predictors of methane hotspots along the treatment 
gradient. To address this gap, the present study in-
tegrates spatially resolved CH₄ flux measurements 
(floating closed chamber) with concurrent water-
quality monitoring to quantify how COD, TSS, 
and NH₃–N jointly regulate methane emissions 
across distinct functional ponds. By linking pol-
lutant removal performance, water-quality trans-
formations, and methane flux dynamics, this work 
provides a process-oriented basis for low-emission 
POME management strategies that align treatment 
efficiency with climate mitigation objectives.

MATERIALS AND METHODS

Study site and experimental design

This study was conducted at a full-scale 
palm oil mill effluent (POME) treatment facil-
ity operated by PT. XYZ in Central Kalimantan, 
Indonesia. The facility employs a conventional 
open-pond treatment system operated under con-
tinuous-flow conditions, consisting of a series of 
anaerobic, facultative, and maturation ponds ar-
ranged sequentially to achieve progressive reduc-
tions in organic load and suspended solids prior to 
discharge. Such pond-based systems remain the 
dominant POME treatment technology in tropical 
palm oil–producing regions due to their opera-
tional simplicity and low energy demand.

To capture spatial variability along the treat-
ment train, four representative ponds were se-
lected based on their functional roles within the 
system: Pond 1 (raw influent receiving pond), 
Pond 2 (early anaerobic stage with high organic 
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loading), Pond 5 (intermediate pond reflecting 
partial stabilization), and Pond 8 (final polishing 
pond characterized by lower organic load and in-
creased oxidation potential). This selection was 
designed to represent a longitudinal gradient in 
redox conditions, substrate availability, and mi-
crobial activity, thereby enabling assessment of 
how methane emissions and water quality evolve 
across successive treatment stages.

Within each pond, three sampling locations 
were established along the main flow path (inlet, 
center, and outlet) to account for spatial heteroge-
neity in physicochemical conditions and gas ex-
change processes. Field measurements were con-
ducted during the morning period (08:00–10:00 
local time) under relatively stable meteorological 
conditions in order to minimize the influence of 
short-term diurnal variability on methane flux es-
timates. Methane flux measurements and water-
quality sampling were performed concurrently 
at each location to ensure direct linkage between 
emission dynamics and effluent characteristics at 
the time of observation.

Pond geometry and hydraulic context

To support a process-based interpretation of 
methane emissions under continuous-flow opera-
tion, pond geometry was quantified using GIS-
derived planimetric measurements. Pond surface 
areas (A, m²) were delineated from georeferenced 
pond polygons, yielding 3,315.78 m² (Pond 1), 
2,184.41 m² (Pond 2), 6,349.85 m² (Pond 5), and 
8,641.35 m² (Pond 8). During the monitoring 
period, the ponds operated at a relatively stable 
mean water depth of 4 m, consistent with routine 
facility operation.

Operational pond volumes (V, m³) were es-
timated as a function of surface area and mean 
water depth according to:

	 𝑉𝑉 = 𝐴𝐴 × 𝐻𝐻 (1) 
 
𝐻𝐻𝐻𝐻𝐻𝐻 =  𝑉𝑉

𝑄𝑄 (2) 
 
𝐿𝐿𝑥𝑥 =  𝑄𝑄×𝐶𝐶𝑥𝑥

𝐴𝐴  (3) 
 
𝐹𝐹 =  𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑 × 𝑉𝑉
𝐴𝐴 × 𝑀𝑀

𝑅𝑅×𝑇𝑇 (4) 
 
𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝐹𝐹 × 𝐴𝐴 (5) 
 

	 (1)

where:	H is the mean water depth (m). 

Based on this relationship, estimated op-
erational volumes were 13,263.12 m³ (Pond 1), 
8,737.64 m³ (Pond 2), 25,399.40 m³ (Pond 5), and 
34,565.40 m³ (Pond 8) (Table 1).

Because the treatment train operates under 
continuous-flow conditions, hydraulic retention 
time (HRT, days) is conceptually defined as:

	

𝑉𝑉 = 𝐴𝐴 × 𝐻𝐻 (1) 
 
𝐻𝐻𝐻𝐻𝐻𝐻 =  𝑉𝑉

𝑄𝑄 (2) 
 
𝐿𝐿𝑥𝑥 =  𝑄𝑄×𝐶𝐶𝑥𝑥

𝐴𝐴  (3) 
 
𝐹𝐹 =  𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑 × 𝑉𝑉
𝐴𝐴 × 𝑀𝑀

𝑅𝑅×𝑇𝑇 (4) 
 
𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝐹𝐹 × 𝐴𝐴 (5) 
 

	 (2)

where:	Q is the average inflow rate (m³ d⁻¹). 

Although detailed flow records were not 
available for all ponds during the sampling win-
dow, this formulation is provided to frame the 
role of pond geometry and hydraulic regime in 
regulating treatment progression and methane 
dynamics. Differences in pond surface area and 
volume imply variations in buffering capacity, 
potential retention time, and gas exchange area, 
which are critical factors influencing methane 
production and emission at the pond scale.

Surface loading framework

Under continuous-flow operation, areal (sur-
face) loading rates provide a mechanistic descrip-
tor of substrate delivery to stabilization ponds and 
are commonly used to interpret biological process 
intensity in pond-based treatment systems. For any 
water-quality parameter x (COD, TSS, or NH₃–N), 
the areal loading rate (Lx, g m⁻² d⁻¹) is defined as:

	

𝑉𝑉 = 𝐴𝐴 × 𝐻𝐻 (1) 
 
𝐻𝐻𝐻𝐻𝐻𝐻 =  𝑉𝑉

𝑄𝑄 (2) 
 
𝐿𝐿𝑥𝑥 =  𝑄𝑄×𝐶𝐶𝑥𝑥

𝐴𝐴  (3) 
 
𝐹𝐹 =  𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑 × 𝑉𝑉
𝐴𝐴 × 𝑀𝑀

𝑅𝑅×𝑇𝑇 (4) 
 
𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝐹𝐹 × 𝐴𝐴 (5) 
 

	 (3)

where:	Cₓ is the measured concentration (g m⁻³), 
Q is the average inflow rate (m³ d⁻¹), and 
A is the pond surface area (m²). 

Areal loading integrates hydraulic input, 
substrate concentration, and pond geometry, and 
therefore provides a more process-relevant metric 
than concentration alone for interpreting anaero-
bic activity and methane formation.

In the present study, detailed flow records 
(Q) were not available for all ponds during the 

Table 1. GIS-derived pond geometry and derived operational volumes (mean depth = 4 m)

Pond Functional stage Surface area,
A (m²)

Mean depth,
H (m)

Estimated volume,
V (m³)

Pond 1 Raw influent / upstream 3,315.78 4.0 13,263.12

Pond 2 Early anaerobic 2,184.41 4.0 8,737.64

Pond 5 Intermediate 6,349.85 4.0 25,399.40

Pond 8 Final polishing 8,641.35 4.0 34,565.40
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monitoring period; therefore, areal loading rates 
are presented as a conceptual framework rather 
than as fully quantified variables. This formula-
tion is used to support interpretation of emission 
patterns by highlighting that methane fluxes are 
expected to respond to the rate of bioavailable 
substrate delivery per unit area and effective re-
tention conditions, rather than to bulk water-
quality concentrations alone. Accordingly, pond 
geometry-scaled metrics (e.g., pond-wide meth-
ane emissions) are employed to complement flux-
based analyses.

Methane flux measurement

Methane emissions were quantified using 
the floating closed chamber technique, a widely 
applied method for estimating gas fluxes at the 
water–air interface in aquatic and wetland eco-
systems (Rocher-Ros et al., 2023). The chamber 
was constructed from transparent acrylic with di-
mensions of 50 × 50 × 50 cm, providing a head-
space volume of approximately 125 L, and was 
equipped with a floating collar to ensure stability 
and airtight sealing during deployment (Figure 1).

At each sampling location, the chamber 
was gently placed on the water surface and de-
ployed for 30 minutes. Headspace gas samples 
(10 mL) were collected at 0, 5, 10, 15, 20, 25, 
and 30 minutes using gas-tight polypropylene sy-
ringes. Samples were immediately injected into 
pre-evacuated 10 mL glass vials sealed with butyl 
rubber septa and stored for laboratory analysis.

Methane concentrations were analyzed with-
in 48 hours using a gas chromatograph equipped 
with a flame ionization detector (GC-FID; Agi-
lent 7890A) and a Porapak Q column (2 m × 3 
mm), with high-purity nitrogen as the carrier 
gas. The injector, oven, and detector tempera-
tures were set at 120 °C, 50 °C, and 250 °C, re-
spectively. Calibration curves were established 
using certified CH₄ standards ranging from 50 to 
10,000 ppm, yielding coefficients of determina-
tion (R²) greater than 0.999. Methane fluxes (F, 
mg m⁻² h⁻¹) were calculated from the linear rate 
of increase in headspace methane concentration 
over time according to:

	

𝑉𝑉 = 𝐴𝐴 × 𝐻𝐻 (1) 
 
𝐻𝐻𝐻𝐻𝐻𝐻 =  𝑉𝑉

𝑄𝑄 (2) 
 
𝐿𝐿𝑥𝑥 =  𝑄𝑄×𝐶𝐶𝑥𝑥

𝐴𝐴  (3) 
 
𝐹𝐹 =  𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑 × 𝑉𝑉
𝐴𝐴 × 𝑀𝑀

𝑅𝑅×𝑇𝑇 (4) 
 
𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝐹𝐹 × 𝐴𝐴 (5) 
 

	 (4)

where:	dC/dt is the rate of concentration change 
(ppm h⁻¹), V is the chamber headspace 
volume (L), A is the chamber footprint 
area (m²), M is the molar mass of CH₄ (16 
g mol⁻¹), R is the universal gas constant 
(0.0821 L·atm·mol⁻¹·K⁻¹), and T is the ab-
solute temperature (K). 

The assumption of linear concentration in-
crease was evaluated for each deployment, and 
only flux estimates with R² > 0.90 were retained 
for subsequent analysis to ensure data reliability. 
Hourly methane fluxes were converted to daily 
rates (mg m⁻² d⁻¹) by multiplying by 24 for con-
sistency with result presentation and inter-pond 
comparisons.

Figure 1. Gas sampling in POME ponds
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Pond-wide methane emission rate

To account for differences in pond size under 
continuous-flow operation, a pond-wide methane 
emission rate was estimated by scaling the mean 
areal methane flux by pond surface area:

	

𝑉𝑉 = 𝐴𝐴 × 𝐻𝐻 (1) 
 
𝐻𝐻𝐻𝐻𝐻𝐻 =  𝑉𝑉

𝑄𝑄 (2) 
 
𝐿𝐿𝑥𝑥 =  𝑄𝑄×𝐶𝐶𝑥𝑥

𝐴𝐴  (3) 
 
𝐹𝐹 =  𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑 × 𝑉𝑉
𝐴𝐴 × 𝑀𝑀

𝑅𝑅×𝑇𝑇 (4) 
 
𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝐹𝐹 × 𝐴𝐴 (5) 
 

	 (5)

where:	Epond is the total methane emission from 
an individual pond (mg d⁻¹), F is the 
mean CH₄ flux expressed on a daily basis 
(mg m⁻² d⁻¹), and A is the pond surface 
area (m²). 

This metric integrates spatial variability in 
flux with pond geometry and provides a pond-
scale estimate of methane release that comple-
ments areal flux comparisons.

Although Epond does not explicitly incorpo-
rate hydraulic inflow (Q) and therefore does not 
represent a true surface loading rate, it serves as 
a practical geometry-scaled proxy for evaluating 
the relative contribution of individual ponds to 
total methane emissions under steady operational 
conditions. This approach is particularly useful 
where detailed flow records are unavailable, al-
lowing emission interpretation to explicitly con-
sider pond size and operational scale.

Water quality analysis

Concurrent with methane flux measurements, 
surface water samples were collected at approxi-
mately 30 cm depth using pre-cleaned 1 L poly-
ethylene bottles to characterize water-quality con-
ditions influencing methanogenic processes. Sam-
ples were stored in insulated cool boxes at 4 °C 
immediately after collection and analyzed within 
24 hours to minimize physicochemical alteration.

Three key water-quality parameters were 
quantified to represent complementary biogeo-
chemical controls on methane production. Total 
suspended solids (TSS) were determined gravi-
metrically following APHA Standard Method 
2540D, using pre-combusted Whatman GF/C 
filters (0.45 μm). Filters were dried at 105 °C for 
24 hours and weighed to the nearest 0.1 mg to es-
timate particulate-associated substrates and po-
tential micro-anaerobic niches. Chemical oxygen 
demand (COD) was measured using the standard 
dichromate reflux method with H₂SO₄–K₂Cr₂O₇ 
digestion and spectrophotometric detection at 
600 nm, representing the total oxidizable or-
ganic fraction in the effluent. Ammonia nitrogen 

(NH₃–N) was quantified using the indophenol 
blue method with absorbance measured at 640 
nm, serving as an indicator of nitrogen mineral-
ization and buffering capacity. At the near-neu-
tral pH conditions typical of POME, NH₃–N pre-
dominantly occurs as NH₄⁺ and therefore reflects 
dissolved inorganic nitrogen availability relevant 
to methanogenic activity.

All analyses were performed in triplicate, in-
cluding reagent blanks and calibration standards, to 
ensure analytical accuracy and precision. Quality 
assurance and quality control procedures followed 
the Standard Methods for the Examination of Wa-
ter and Wastewater (Bridgewater et al., 2017).

Data processing and statistical analysis

All measurements were summarized as mean 
± standard deviation (SD). Differences in water-
quality parameters and methane fluxes among 
ponds were evaluated using one-way analysis of 
variance (ANOVA), followed by Tukey’s honest-
ly significant difference (HSD) post-hoc test at a 
significance level of p < 0.05. Prior to ANOVA, 
data distributions were visually inspected and 
tested for approximate normality and homogene-
ity of variances to confirm test assumptions.

To explore potential emission drivers, Pear-
son correlation analysis was used to assess bi-
variate relationships between methane flux and 
individual water-quality variables (TSS, COD, 
and NH₃–N). In addition, multiple linear regres-
sion was applied to identify dominant predic-
tors of methane emissions and to evaluate their 
combined explanatory power. Where appropriate, 
variables were log-transformed to improve lin-
earity and stabilize variance. Variance inflation 
factors (VIFs) were calculated to assess multicol-
linearity among predictors, with VIF values < 5 
indicating acceptable independence.

All statistical analyses and graphical visual-
izations were performed using R software (ver-
sion 4.5.1). Core statistical procedures were con-
ducted using the packages car, stats, and MuMIn, 
while data handling and visualization were sup-
ported by tidyverse, ggplot2, ggpubr, corrplot, 
reshape2, lme4, and networkD3. The integration 
of spatially explicit sampling, multivariate statis-
tical analysis, and process-based interpretation 
provided a robust analytical framework for link-
ing pollutant removal efficiency, water-quality 
transformations, and methane emission dynamics 
within the POME pond system.
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RESULT

Methane flux variability across pond stages

The selected ponds represent distinct treatment 
stages with substantially different surface areas 
and operational volumes (Table 1). Given the uni-
form mean water depth (4 m), pond volume scaled 
directly with surface area, ranging from 8.7 × 10³ 
m³ (Pond 2) to 3.46 × 10⁴ m³ (Pond 8). This geo-
metric gradient provides an engineering context 
for interpreting spatial variations in water quality 
and methane emissions along the treatment train, 
as larger downstream ponds generally offer greater 
buffering capacity and potentially longer effective 
retention under continuous-flow operation.

Methane fluxes (CH₄) varied significantly 
among ponds (Figure 2). The highest mean ar-
eal flux was observed in Pond 2 (early anaerobic 
stage; 4,931.3 mg m⁻² h⁻¹), followed by Pond 1 
(3,523.5 mg m⁻² h⁻¹), while substantially lower 
fluxes occurred in Pond 8 (2,758.5 mg m⁻² h⁻¹) 
and Pond 5 (1,799.5 mg m⁻² h⁻¹). One-way ANO-
VA confirmed that differences among ponds were 
statistically significant (p < 0.05), as indicated by 
distinct letter groupings (a–d) in Figure 2. This 
spatial pattern reflects a transition from strongly 
anaerobic, methanogenesis-dominated conditions 
in upstream ponds toward increasingly oxidative 
and substrate-limited environments in down-
stream treatment stages.

Pond-scale methane emissions

Although areal methane fluxes declined 
downstream (Figure 2), scaling fluxes by pond 
surface area revealed a contrasting pattern at the 
pond scale (Table 2). When expressed as pond-
wide methane emissions (Eₚₒₙd), Pond 8 exhib-
ited the highest total methane release (572.09 kg 
d⁻¹), despite having a lower areal flux than Pond 
2. This outcome reflects the large surface area of 
Pond 8, which amplifies total emissions under 
continuous operation.

In contrast, Pond 2, while displaying the 
highest areal methane flux, contributed a smaller 
pond-wide emission (258.53 kg d⁻¹) due to its 
comparatively limited surface area. Intermediate 
values were observed for Pond 1 (280.40 kg d⁻¹) 
and Pond 5 (274.24 kg d⁻¹). These results dem-
onstrate that pond geometry strongly modulates 
total methane emissions, and that mitigation strat-
egies based solely on areal fluxes may underesti-
mate the contribution of large downstream ponds 
within multi-pond POME treatment systems.

COD and methane flux dynamics

Consistent with the spatial decline in methane 
fluxes, chemical oxygen demand (COD) concen-
trations decreased markedly along the treatment 
train (Figure 3a). The highest COD levels were 
observed in the upstream ponds, with maximum 

Figure 2. Mean CH4 flux by pond
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concentrations in Pond 2, followed by Pond 1, 
while substantially lower COD concentrations 
occurred in the downstream ponds (Pond 5 and 
Pond 8). One-way ANOVA confirmed that COD 
concentrations differed significantly among ponds 
(p < 0.05), indicating progressive organic matter 
removal across successive treatment stages.

In parallel, methane fluxes exhibited a declin-
ing trend from upstream anaerobic ponds toward 
downstream polishing ponds (Figure 3b), reflect-
ing reduced methanogenic activity under increas-
ingly oxidative and substrate-limited conditions. 
However, despite this general co-decreasing pat-
tern, the relationship between COD concentration 
and methane flux was not proportional across 
ponds. Notably, Pond 2 displayed the highest 
methane flux despite not having the highest COD 
concentration, whereas downstream ponds with 
measurable residual COD showed substantially 
lower CH₄ emissions.

Correlation analysis of water quality and 
methane flux

The relationships between water-quality pa-
rameters and methane fluxes are summarized in 
Figure 4 using a Pearson correlation heatmap. 
Methane flux exhibited a strong positive correla-
tion with ammonia nitrogen (NH₃–N; r > 0.8) and 

with total suspended solids (TSS; r > 0.7), indi-
cating that nitrogen availability and particulate-
associated substrates are closely linked to methane 
production across the pond system. In contrast, the 
correlation between methane flux and chemical 
oxygen demand (COD) was weaker and negative, 
reinforcing that bulk organic load alone does not 
adequately explain methane emission patterns.

The strong CH₄–NH₃–N association sug-
gests that ammonification intensity and nitro-
gen-driven microbial processes play a central 
role in regulating methanogenesis under tropical 
POME conditions. Ammonia nitrogen reflects 
the extent of protein degradation and nitrogen 
mineralization, processes that generate metha-
nogenic precursors and contribute to buffering 
capacity favorable for methanogenic Archaea. 
Similarly, the positive correlation between CH₄ 
flux and TSS highlights the importance of par-
ticulate organic matter, which provides both fer-
mentable substrates and micro-anaerobic niches 
that sustain methanogenic consortia even under 
partially oxidative conditions.

By contrast, the weak inverse relationship be-
tween CH₄ flux and COD supports the interpreta-
tion that COD integrates heterogeneous organic 
fractions, including refractory components that 
are poorly convertible to methane or are pref-
erentially utilized through non-methanogenic 

Table 2. Pond-wide methane emissions derived from areal fluxes (Figure 2) and GIS-based pond areas

Pond Mean CH₄ flux,
F (mg m⁻² h⁻¹)

Area,
A (m²)

Mean CH₄ flux
(mg m⁻² d⁻¹)

Epond
(mg d⁻¹)

Epond
(kg d⁻¹)

1 3,523.5 3,315.78 84,564.0 280,395,620 280.40

2 4,931.3 2,184.41 118,351.2 258,527,545 258.53

5 1,799.5 6,349.85 43,188.0 274,237,322 274.24

8 2,758.5 8,641.35 66,204.0 572,091,935 572.09

Figure 3. COD and CH4 flux trend across pond system
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respiratory pathways. Together, these correla-
tion patterns indicate that methane emissions in 
POME pond systems are governed more strongly 
by substrate bioavailability and nitrogen-asso-
ciated microbial dynamics than by total organic 
content, providing a mechanistic explanation for 
the non-linear COD–CH₄ relationships observed 
along the treatment gradient.

Figure 4. Pearson correlation heatmap show-
ing relationships among total suspended solids 
(TSS), chemical oxygen demand (COD), ammo-
nia nitrogen (NH₃–N), and methane flux (CH₄). 
Color intensity indicates correlation strength (r), 
with positive values shown in blue.

Bivariate relationships between methane flux 
and water-quality parameters

Bivariate relationships between methane flux 
and individual water-quality parameters are pre-
sented in Figure 5. At the bivariate level, methane 
flux showed a strong positive association with 
COD (Figure 5a; R = 0.93, p = 1.3 × 10⁻⁵), indi-
cating that ponds receiving higher organic loads 
also tended to exhibit higher methane emissions. 
This pattern reflects the role of organic matter 
availability in supporting anaerobic microbial 
metabolism under upstream pond conditions.

Similarly, methane flux was positively cor-
related with TSS (Figure 5b; R = 0.91, p = 5.1 
× 10⁻⁵), suggesting that particulate-associated 
organic matter and suspended solids contribute 
to enhanced methanogenic activity. Suspended 

solids likely provide both fermentable substrates 
and micro-anaerobic niches that facilitate meth-
ane production within the water column.

The strongest bivariate relationship was ob-
served between methane flux and ammonia ni-
trogen (NH₃–N) (Figure 5c; R = 0.96, p = 6.3 × 
10⁻⁷). Methane emissions increased consistently 
with rising ammonia concentrations, highlighting 
the dominant role of nitrogen mineralization and 
ammonification processes in regulating methano-
genesis across the pond system. Elevated NH₃–N 
reflects intensified protein degradation and en-
hanced buffering capacity, both of which favor 
methanogenic activity.

Importantly, while COD exhibited a positive 
relationship with methane flux at the bivariate 
level, subsequent multivariate regression analy-
sis revealed a negative COD coefficient when 
controlling for TSS and NH₃–N. This divergence 
indicates that the apparent positive COD–CH₄ 
relationship is partly driven by collinearity with 
particulate matter and nitrogen availability, and 
that bulk COD alone does not represent effective 
substrate bioavailability for methanogenesis. To-
gether, these results demonstrate a hierarchy of 
controls on methane emissions (NH₃–N > TSS > 
COD) once interacting water-quality factors are 
jointly considered.

Carbon mass balance between COD removal 
and methane emission

The carbon mass balance analysis presented 
in Figure 6 demonstrates that, despite substantial 
organic matter removal along the POME treat-
ment train, only a minor fraction of removed 
carbon was converted into methane (CH₄–C). 
When expressed on a carbon basis, the amount of 
CH₄–C emitted was markedly lower than the total 
COD removed, indicating that methanogenesis 
accounted for only a limited share of the overall 
carbon transformation.

The large discrepancy between COD removal 
and CH₄–C emission implies that most organic 
carbon was processed through non-methanogenic 
pathways, including oxidation to CO₂, incorpora-
tion into microbial biomass, and persistence as 
slowly biodegradable or refractory organic mat-
ter. This finding is consistent with the observed 
decline in methane fluxes along downstream 
ponds, where increasing oxygen availability and 
microbial competition favor aerobic and faculta-
tive metabolic pathways over methanogenesis.

Figure 4. Correlation heatmap of water quality and 
CH4 flux
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Figure 5. Bivariate relationships between methane flux and water-quality parameters: (a) CH₄ flux versus 
COD, (b) CH₄ flux versus TSS, and (c) CH₄ flux versus ammonia nitrogen (NH₃–N). Solid lines represent linear 

regression fits with shaded 95% confidence intervals

Figure 6. Comparison of total COD removal and methane carbon (CH₄–C) emission, illustrating that only 
a small fraction of removed organic carbon is released as methane, while the majority is processed via non-

methanogenic pathways

Importantly, although CH₄–C represented a 
relatively small proportion of the total carbon re-
moved, its climatic significance remains dispro-
portionate due to the high global warming potential 
of methane. Thus, even modest fractions of carbon 
diverted toward methanogenesis can contribute 

substantially to greenhouse gas emissions from 
POME treatment systems. These results under-
score that pollutant removal efficiency and green-
house gas mitigation are not necessarily coupled, 
and that effective carbon removal does not auto-
matically translate into low climate impact.
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Pollutant removal efficiency and methane 
response

Pollutant removal efficiencies across the 
POME treatment system are summarized in Fig-
ure 7. Overall, COD exhibited the highest re-
moval efficiency (93.1%), followed by ammonia 
(41.0%), whereas TSS showed comparatively 
lower removal (13.9%). These differences re-
flect the progressive degradation of soluble or-
ganic matter and nitrogenous compounds along 
the treatment train, while a substantial fraction of 
suspended solids remained within the system.

The observed reductions in COD and am-
monia coincided with a general downstream de-
cline in methane fluxes, indicating that improved 
treatment performance is broadly associated 
with reduced methanogenic activity. However, 
the relatively low removal of TSS suggests that 
particulate-associated substrates may persist and 
continue to support methane formation under fa-
vorable anaerobic microconditions, even where 
bulk water quality improves.

Carbon flow partitioning and methane 
contribution

Carbon flow partitioning within the treat-
ment system is illustrated by the Sankey diagram 
(Figure 8). The diagram shows that the majority 
of influent COD was removed during treatment, 
with most of the removed carbon directed toward 

non-methanogenic pathways, including oxidation 
to CO₂ and incorporation into microbial biomass. 
In contrast, methane emissions accounted for only 
a minor fraction of the processed carbon, consis-
tent with the carbon mass balance results (Figure 
6). These results emphasize that high COD re-
moval efficiency does not necessarily imply low 
greenhouse gas impact, as a small diversion of 
carbon toward methanogenesis can still contribute 
disproportionately to climate forcing.

Trade-off between water quality 
improvement and methane emissions

The relationship between treatment efficiency 
and methane emissions is further illustrated in 

Figure 7. Pollutant removal efficiency

Figure 8. Sankey diagram
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Figure 9, which depicts a trade-off between COD 
removal efficiency and CH₄ flux across pond 
stages. Upstream anaerobic ponds exhibited rela-
tively high methane fluxes but limited COD re-
moval, whereas downstream ponds achieved sub-
stantially higher COD removal efficiencies while 
emitting less methane on an areal basis.

This pattern highlights a key design dilemma 
in pond-based POME treatment systems: condi-
tions that favor rapid anaerobic degradation of 
organic matter can also stimulate methane pro-
duction, whereas increased oxidation and stabi-
lization downstream reduce methane emissions 
but may shift carbon toward non-methanogenic 
pathways. Effective mitigation therefore requires 
balancing pollutant removal objectives with 
emission control strategies rather than optimiz-
ing either in isolation.

Multivariate controls on methane emissions

Results of the multiple regression analysis 
are presented in Table 3. The log-linear model 
explained a large proportion of the variance in 

methane flux (R² ≈ 0.90), indicating strong pre-
dictive performance. All predictors were statisti-
cally significant (p < 0.001). Ammonia nitrogen 
emerged as the strongest positive predictor of CH₄ 
flux, followed by TSS, whereas COD exhibited a 
significant negative coefficient when controlling 
for the other variables. The resulting model was 
expressed as:

	
log(CH4) = 7.79 − 0.26 log(COD) + 

+ 0.0796 log (TSS) + 0.0535(NH3 − N) 
 
 

	 (6)

The negative COD coefficient contrasts with 
the positive COD–CH₄ association observed in 
bivariate analysis, indicating that the apparent 
influence of COD is mediated by its covariance 
with particulate matter and nitrogen availability. 
Once these interacting factors are accounted for, 
methane emissions are governed primarily by ni-
trogen mineralization processes and particulate-
associated substrates, rather than by bulk organic 
load alone. This result confirms the hierarchy of 
methane controls identified in the correlation and 
bivariate analyses (NH₃–N > TSS > COD).

Figure 9. Trade off between water quality imporvement and CH4 emissions

Table 3. Multiple regression analysis

Term Estimate Std. error Statistic P. value Conf. low Conf. high

(Intercept) 7.79 0.169 46.1 5.44E-11 7.4 8.18

Log (COD) -0.26 0.0366 -7.11 1.01e- 4 -0.344 -0.176

Log (TSS) 0.0796 0.00871 9.13 1.66e- 5 0.0595 0.0997

Ammonia 0.0535 0.00474 11.3 3.41e- 6 0.0426 0.0644
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DISCUSSION

This study elucidates the complex controls 
on methanogenesis within a tropical POME pond 
system, governed by interacting biogeochemical 
and engineering factors, particularly ammonia ni-
trogen (NH₄⁺), TSS, and COD. The pronounced 
decline in CH₄ fluxes from upstream anaerobic 
ponds to downstream maturation ponds reflects a 
well-defined ecological and redox gradient, tran-
sitioning from strictly anaerobic to increasingly 
oxidative conditions. Under low redox potential, 
methanogenic Archaea dominate carbon mineral-
ization through acetoclastic and hydrogenotrophic 
pathways (Mand and Metcalf, 2019; Kurth et al., 
2020). In contrast, enhanced oxygen availability in 
facultative and maturation ponds promotes metha-
notrophic activity, resulting in substantial CH₄ oxi-
dation and reduced net methane emissions (Su et 
al., 2022). This spatial pattern aligns with microbial 
succession theory in natural and engineered treat-
ment systems, where methanogenesis is progres-
sively replaced by aerobic and facultative processes 
along the treatment continuum (Yu et al., 2021).

Because the POME treatment system oper-
ates under continuous loading, methane dynam-
ics must be interpreted within an engineering 
framework that integrates pond hydraulics, areal 
substrate delivery, and retention capacity (Lv et 
al., 2022). Although this study primarily relates 
methane fluxes to contemporaneous water-quali-
ty concentrations, pond geometry (Table 1) indi-
cates substantial differences in buffering volume 
and potential hydraulic retention time (HRT) 
across treatment stages. In pond-based treatment 
systems, methane production is regulated not 
only by substrate concentration but also by (i) ar-
eal loading rates of COD, TSS, and nitrogen and 
(ii) effective retention time, which together con-
trol contact duration for hydrolysis, fermentation, 
and methanogenesis, as well as the development 
of oxidative zones downstream (Lu et al., 2023). 
While flow-rate data (Q) were not available dur-
ing the monitoring period, the inclusion of stan-
dard loading and HRT formulations provides a 
reproducible analytical framework and highlights 
the importance of integrating routine hydraulic 
monitoring with greenhouse gas measurements 
in future POME studies (Zheng and Lam, 2024).

The incorporation of pond-wide methane 
emission estimates (Eₚₒₙd) adds an engineering-
relevant perspective beyond conventional areal 
flux comparisons. Scaling methane fluxes by pond 

surface area demonstrates that large downstream 
ponds can contribute substantially to total methane 
emissions despite exhibiting lower areal fluxes, a 
pattern also reported in waste stabilization ponds 
and lagoon-based wastewater systems (Rocher-
Ros et al., 2023). This finding underscores that 
methane mitigation strategies should not rely sole-
ly on reducing fluxes per unit area, but must also 
explicitly consider pond geometry, surface extent, 
and system configuration when assessing green-
house gas impacts in multi-pond POME treatment 
systems (Mahapatra et al., 2022).

From a biogeochemical standpoint, ammonia 
nitrogen emerged as the dominant predictor of 
methane flux. Ammonia reflects active ammonifi-
cation and protein decomposition, supplying meth-
anogenic precursors such as acetate, CO₂, and H₂ 
(Yan et al., 2020). In addition, elevated NH₄⁺ con-
centrations enhance alkalinity and buffer pH with-
in the optimal range for methanogenic Archaea 
(approximately 6.8–7.5), thereby stabilizing meth-
anogenic activity (Park et al., 2018; Ajayi-Banji 
and Rahman, 2022). The strong and consistent re-
lationship between NH₃–N and CH₄ emissions ob-
served in this study confirms that nitrogen cycling 
exerts a first-order control on methane production 
in tropical POME systems characterized by high 
organic and protein loads (Chen et al., 2020).

Total suspended solids also showed a signifi-
cant positive influence on methane flux. Suspend-
ed solids serve both as a reservoir of particulate 
organic substrates and as micro-anaerobic habi-
tats that protect methanogenic communities from 
oxygen intrusion (Frehland et al., 2020). Com-
plex organic compounds within TSS undergo hy-
drolysis and fermentation to produce volatile fat-
ty acids (VFAs), which act as key intermediates 
for methanogenesis (Lukitawesa et al., 2020). 
Consequently, TSS persistence within the system 
can sustain methane production even as bulk wa-
ter quality improves. These findings indicate that 
TSS control is not only critical for effluent com-
pliance but also represents an effective lever for 
greenhouse gas mitigation (Lu et al., 2023).

In contrast, multivariate regression analysis re-
vealed a significant negative association between 
COD and methane flux once ammonia and TSS 
were accounted for. This result challenges the con-
ventional assumption of a direct linear relationship 
between organic load and methane production (Lv 
et al., 2022). Several mechanisms likely underpin 
this pattern. First, a substantial fraction of COD 
in POME consists of refractory compounds, such 
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as lignin-derived and humic substances, which 
are poorly biodegradable under anaerobic condi-
tions (Moravia et al., 2021). Second, high-COD 
environments can intensify electron competition 
between methanogens and other microbial groups, 
including denitrifiers and sulfate reducers, which 
may suppress methanogenesis under certain redox 
conditions (Sela-Adler et al., 2017). Third, rapid 
acidogenesis under high organic loading can lead 
to VFA accumulation and localized pH inhibition 
of methanogenic Archaea (Zhang et al., 2020). 
These mechanisms collectively indicate that sub-
strate bioavailability and C/N balance, rather than 
bulk COD alone, govern methane emission poten-
tial in POME pond systems.

Carbon mass balance analysis further dem-
onstrated that most removed organic carbon was 
transformed into CO₂ and microbial biomass rath-
er than methane. Although CH₄–C represented 
only a small fraction of the total processed car-
bon, its climatic relevance is disproportionate due 
to methane’s high global warming potential (ap-
proximately 28 times that of CO₂ over 100 years; 
Noviyanto et al., 2025). The Sankey analysis con-
firmed that methanogenesis constitutes a minor 
but environmentally significant carbon pathway, 
consistent with previous findings in tropical pond-
based treatment systems (Flickinger et al. 2020).

Finally, the trade-off analysis highlights a fun-
damental design dilemma in pond-based POME 
treatment: conditions that enhance anaerobic 
degradation and pollutant removal can simulta-
neously stimulate methane production. Effective 
mitigation therefore requires integrated strategies 
that balance treatment performance with emission 
control. Potential approaches include intermittent 
or localized aeration to enhance methane oxida-
tion, promotion of methanotrophic biofilms, and 
pond design modifications that increase oxidative 
zones without compromising treatment efficiency 
(Huang et al., 2021; Zheng and Lam, 2024).

CONCLUSIONS

This study shows that methane emissions from 
tropical POME pond systems are governed pri-
marily by ammonia nitrogen and TSS, while bulk 
COD is not a reliable predictor once interacting 
water-quality factors are considered. Elevated am-
monia and TSS enhance methanogenesis through 
nitrogen mineralization, buffering effects, and 
particulate-associated anaerobic microhabitats, 

whereas COD reflects heterogeneous organic 
fractions with limited bioavailability.

Methane fluxes declined along the treatment 
continuum from anaerobic to downstream ponds, 
indicating a transition toward increased meth-
ane oxidation under more oxidative conditions. 
By integrating spatial flux measurements, pond-
scale emission estimates, carbon mass balance, 
and multivariate analysis, this study provides a 
mechanistic linkage between pollutant removal, 
nitrogen dynamics, and greenhouse gas emissions 
in continuous-flow POME systems.

The identification of ammonia as the domi-
nant regulator of methane emissions offers new 
insight into coupled carbon–nitrogen controls on 
methanogenesis in tropical wastewater treatment. 
These findings emphasize that high treatment 
efficiency does not automatically equate to low 
climate impact, highlighting the need to integrate 
nitrogen management, solids control, and meth-
ane mitigation strategies in sustainable POME 
treatment design.
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