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This study aimed to valorize waste and enhance the efficiency of methane
production from excess sludge generated in the wastewater treatment processes of
the paper industry. The sludge consists of primary sludge (PS), which is recalcitrant with
a high carbon-to-nitrogen (C/N) ratio, and secondary sludge (SS), which is nutrient-rich
but has a low C/N ratio. Using each sludge type alone results in poor biogas yields;
therefore, this research focused on anaerobic co-digestion (AnCoD) of PS and SS, and
developed a two-stage continuously stirred tank reactor (Two-stage CSTR) to improve
stability and performance of the process.

The research was conducted in four phases: (1) evaluation of the effect of PS:SS
sludge ratios on biodegradability; (2) determination of biochemical methane potential
(BMP) and biokinetics; (3) operation of a Two-stage CSTR to assess stability and
efficiency; and (4) techno-economic assessment of scaling up the system for industrial
application. Batch experiments revealed that the PS:SS sludge ratio of 1:3 achieved
the most favorable results both in terms of organic matter biodegradation efficiency
and methane production, with the shortest hydrolysis period (1.6 days), organic matter
biodegradation reaching 57.55%, and a maximum methane production rate of 1,750
mL/day. The Two-stage CSTR further improved process performance: task separation
between reactors enhanced operational stability, increased a maximum methane
output to 3,060 mL/day, achieved total volatile solids (TVS) removal of 84-99%, and
converted 12% of organic carbon into biogas. Microbial community analysis confirmed
functional specialization, with Bacillus cereus dominating the first reactor to support
hydrolysis and acidogenesis, while Bacillus megaterium and Bacillus firmus prevailed

in the second reactor to drive acetogenesis and methanogenesis.




At the industrial scale potential assessment, results indicated that excess
sludge can be converted into both biogas and refuse-derived fuel (RDF). Biogas
production required only 3.9 MWh/day of external electricity, resulting in a payback
period of only 3 years, while RDF, although economically viable, had a payback period
much longer than the project’s lifespan. Both pathways demonstrated substantial
potential to reduce greenhouse gas emissions and to promote circular economy
practices in the paper industry. In conclusion, this study demonstrates that the
combination of PS sludge and SS sludge at an optimal ratio, coupled with the use of
a Two-stage CSTR, significantly improves anaerobic digestion efficiency, stabilizes
process performance, and enhances methane yields. Techno-economic evaluation

confirms the feasibility and sustainability of scaling.
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