Contribution to biogas production in the anaerobic digestion process
through numerical model predictions
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The transition towards low-carbon energy systems has increased the pressure on all infrastructure sectors to reduce
greenhouse gas emissions and improve energy efficiency. Wastewater treatment plants (WWTP) are typically
among the largest individual consumers of electricity within municipal water services. Simultaneously, WWTP
accumulate organic matter with considerable energy potential, primarily in the form of sewage sludge (Twi-
Yeboah et al., 2024). As climate and energy policies advance toward net-zero targets, sewage sludge is
increasingly regarded as a strategic resource for renewable gas production through anaerobic digestion, rather than
solely as waste.

Sewage sludge is the semi-solid by-product of urban wastewater treatment. Primary sludge results from the
sedimentation of settleable solids, whereas secondary sludge originates from biological processes and consists
mainly of microbial biomass. In many WWTP, these streams are combined and may also include tertiary or
chemically precipitated fractions (Nikiema et al., 2022).

Global annual sewage sludge generation is currently estimated at roughly 53 million t dry solids (DS), and
projections indicate it could increase to about 160 million t (DS) in the future as wastewater collection and
treatment capacity continues to expand. (Feng et al., 2023). In the European Union, approximately 6.8 million t in
2022 and 5.4 million t in 2023 of WWTP sludge, expressed on a dry solids (DS) basis, were produced (Eurostat,
2025). According to ERSAR (2026), Portugal produced approximately 596,000 t of sewage sludge in 2024, with
41.5 million kWh of biogas valorised in WWTP, highlighting their potential in renewable energy generation.

However, achieving high levels of energy recovery depends on sludge production and treatment. Also,
operational parameters at the digester scale — including organic loading rate, hydraulic retention time, temperature
regime, pre-treatment strategies, and parameters optimization — can substantially affect process stability and
methane production. Given the complexity and non-linearity of these interactions, there is a clear motivation to
use numerical models as decision support tools in the design, optimization, and control of sludge digestion systems
(Mo et al., 2023).

Among the commercially available simulation tools, GPS-X is one of the most widely used in both research
and practice. GPS-X offers several model libraries, including the MANTIS2 whole-plant model, which provides
a comprehensive description of carbon, nitrogen, and phosphorus transformations, resource recovery processes,
and side-stream treatment options (Hydromantis, 2026).

The present study aims to advance the understanding of AD applied to mixed sludge, with a specific focus
on methane production and process resilience. Numerical simulation of a full-scale WWTP anaerobic digester will
be used to quantify the system’s sensitivity to realistic disturbances, including variations in organic loading rate,
temperature, sludge age and feed composition. For each parameter, the effects biogas yield and methane fraction
will be quantified, and operational strategies to maximise methane recovery.

The methodology will involve simulating multiple scenarios to assess how oscillations in sludge
characteristics and key process parameters affect biogas production. To ground the model in operational reality,
time-series data from a full-scale WWTP reported by Ozgiin (2018) were extracted from published graphs using
WebPlotDigitizer (2026), and these digitised datasets were then used as reference benchmarks against which the
simulation outputs were compared. By optimising the selected variables, the study seeks to increase biogas yield
while preserving process stability and overall efficiency. The results are expected to clarify the link between sludge
management decisions and energy recovery performance, supporting more sustainable and energy-efficient
WWTP operation.
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Figure 1. Scheme used by GPS-X for anaerobic digestion simulation (Hydromantis, 2026).



The comparison of measured and simulated WWTP methane flows shows that the model accurately
captures both low (=900-1,200 m*/d) and high (=1,400-1,850 m?/d) production phases, with deviations mostly
moderate and occasional outliers likely due to short-term disturbances or influent variability. Overall, the model
is suitable for methane assessment and scenario testing, though improved transient data and sludge characterisation
would enhance predictive accuracy.
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Figure 2. Comparison between the measured WWTP and the simulated methane flow.
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