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Abstract 

The increasing demand for sustainable energy sources and effective waste management has driven significant 

interest in bio-fuel generation from unconventional and renewable sources. One particularly promising 

approach is the utilization of sewage sludge produced during wastewater treatment processes. Sewage sludge 

is an abundant, nutrient-rich, and often underutilized by-product that poses serious environmental challenges 

when disposed of improperly, such as landfilling or incineration. However, with the growing focus on 

environmental sustainability and the circular economy, converting this waste into valuable bio-fuels presents 

a practical and eco-friendly solution. This study explores the potential of transforming sewage sludge into 

bio-fuels using advanced conversion technologies such as anaerobic digestion, pyrolysis, gasification, and 

hydrothermal liquefaction. Anaerobic digestion enables the breakdown of organic matter in the absence of 

oxygen, producing biogas primarily composed of methane, which can be used for heating or electricity 

generation. Pyrolysis and gasification, on the other hand, involve thermal decomposition at high temperatures 

to produce syngas, bio-oil, and biochar—each with significant energy value. The journal also highlights the 

chemical and physical composition of sludge, its inherent energy potential, and how pre-treatment methods 

can enhance conversion efficiency. Despite the promising prospects, challenges such as high moisture content, 

variability in sludge composition, and operational costs of conversion technologies hinder large-scale 

implementation. Nonetheless, the integration of sludge-to-biofuel systems in existing wastewater treatment 

plants can not only recover energy but also reduce greenhouse gas emissions and dependence on fossil fuels. 

Overall, this approach aligns with circular economy principles by transforming waste into a renewable and 

sustainable energy resource.  

Keywords: Anaerobic digestion; Renewable energy source; Bio-fuel generation; Sustainable development; 

Circular economy goals. 

 

1. Introduction  

The increasing demand for sustainable energy has 

intensified global efforts to convert organic waste 

into renewable fuels. Among the promising 

technologies, anaerobic digestion (AD) has gained 

prominence due to its ability to biologically convert 

complex organic matter into biogas, primarily 

composed of methane (CH₄) and carbon dioxide 

(CO₂) (Appels et al., 2008). However, conventional 

AD processes often suffer from slow kinetics, 

particularly in the hydrolysis and methanogenesis 

stages, leading to long retention times and reduced 

methane yields (Ward et al., 2008). To address these 

limitations, recent research has explored the 

integration of thermochemical processes with 

biological systems. One such approach involves the 

hydrogenotrophic methanation of CO₂ using 

molecular hydrogen (H₂) and metal-based catalysts 

like nickel (Ni), which can operate efficiently under 

elevated temperature and pressure conditions 

(Rönsch et al., 2016). This reaction, widely known as 

the Sabatier reaction, offers a highly selective and 

efficient route to produce methane from CO₂ and H₂ 

(CH₄ + 2H₂O), particularly when catalyzed at 

temperatures between 200–400°C and pressures 
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above 25 bar (Götz et al., 2016) [1]. This paper 

proposes a hybrid approach that strategically 

decouples methanogenesis from the traditional AD 

pathway and replaces it with a chemical catalytic 

methanation step. The biological process is used only 

up to the acetogenesis stage, where volatile fatty 

acids (VFAs) such as acetic acid and gases like CO₂ 

and H₂ are generated. Thereafter, the process is 

shifted to a high-temperature, high-pressure catalytic 

reactor, where the addition of external hydrogen and 

the presence of a Ni-based catalyst drive the rapid 

conversion of acetate and CO₂ to methane. This novel 

integration not only enhances the methane yield but 

also allows better control over reaction conditions, 

bypassing the microbial limitations inherent in 

traditional methanogenesis. Such an approach aligns 

with the ongoing transition toward Power-to-Gas 

(P2G) systems, where renewable electricity is used to 

generate green hydrogen that can be utilized to 

upgrade biogas into high-purity methane (Lecker et 

al., 2017). In this study, we investigate the feasibility 

of this chemo-biological hybrid pathway, focusing on 

reaction conditions, catalyst efficiency, and hydrogen 

utilization, with the goal of creating a more robust 

and scalable methane production process from 

sewage sludge [2]. 

2. Method 
This study presents a two-stage methane production 

strategy that integrates biological anaerobic digestion 

(AD) up to the acetogenesis stage, followed by a 

novel thermochemical methanation process. The 

approach is entirely theoretical and based on 

literature-supported assumptions, with an emphasis 

on the feasibility of enhancing methane yield by 

decoupling the biochemical methanogenesis step and 

replacing it with catalytic hydrogenation. In the first 

stage, municipal sewage sludge is assumed to 

undergo standard anaerobic digestion. The process 

includes hydrolysis, acidogenesis, and acetogenesis, 

where complex organic matter is converted into 

volatile fatty acids, hydrogen, and carbon dioxide. 

Methanogenesis is deliberately excluded from the 

system to prevent microbial conversion of 

intermediates and to preserve acetate and CO₂ for the 

subsequent synthetic step. The biological process is 

assumed to operate under mesophilic conditions, with 

the temperature maintained around 43 ± 1°C and the 

pH within the neutral range of 6.8–7.2. A hydraulic 

retention time of seven days is considered, aligning 

with widely used digester setups for municipal waste. 

The resulting mixture comprising primarily acetic 

acid, dissolved CO₂, and trace hydrogen forms the 

input for the second phase of the system. The second 

stage, which represents the innovative aspect of this 

study, involves catalytic methanation under 

thermochemical conditions [4][5]. A fixed-bed 

stainless steel reactor is conceptually modeled, 

packed with 5 wt% nickel catalyst supported on 

alumina. This setup is designed to facilitate the 

hydrogenation of both acetic acid and CO₂ using 

externally supplied hydrogen gas. The reactor is 

proposed to operate at 200°C, with the system 

pressurized to 25 bar of hydrogen. The two key 

reactions considered in this process are: 

● Sabatier Reaction: 
 CO₂ + 4H₂ → CH₄ + 2H₂O 
 

● Acetate Methanation: 

 CH₃COOH + 4H₂ → 2CH₄ + 2H₂O 

These reactions are thermodynamically favorable 

under the specified conditions and supported by 

catalytic literature. The contact time between the gas 

mixture and the catalyst is assumed to be 

approximately two hours, based on conversion times 

reported in previous studies involving nickel-based 

methanation (Rönsch et al., 2016). Figure 1 shows 

Flow Chart of Entire Process. The proposed 

configuration assumes ideal mixing and conversion 

conditions, with no biological interference during the 

second stage. Although no experimental trials were 

conducted, the study uses established kinetic and 

thermodynamic data to assess feasibility. Hydrogen 

efficiency is calculated as the ratio of methane 

produced to hydrogen consumed, normalized by 

stoichiometric requirements [3]. For future 

implementation, product gases would be analyzed via 

gas chromatography, and intermediate acids could be 

quantified using HPLC, as indicated in related 

literature (Goeppert et al., 2012). This 

methodological framework, although conceptual, is 

designed to be reproducible by researchers aiming to 

evaluate or experimentally validate high-efficiency 
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bio-synthetic hybrid methane systems. It attempts to 

bridge the gap between slow biological 

methanogenesis and faster, controllable 

thermochemical reactions by integrating a catalytic 

pathway directly into the anaerobic treatment 

process. Table 1 shows Theoretical Input Parameters. 

 

 
Figure 1 Flow Chart of Entire Process 

 

Table 1 Theoretical Input Parameters 

PARAMETER STAGE 
VALUE / 

RANGE 

Substrate 

Anaerobic 

Digestion 

(AD) 

Municipal 

sewage sludge 

Temperature AD 43 ± 1 °C 

pH Range AD 6.8 – 7.2 

Retention Time AD 7 days 

Major Products 

(Biological) 
AD 

Acetate 

(CH₃COOH), 

H₂, CO₂ 

Catalyst Methanation 5 wt% Ni/Al₂O₃ 

Hydrogen 

Partial Pressure 
Methanation 25 bar H₂ 

Estimated 

Reactor 

Pressure 

Methanation >25 bar 

Reactor 

Temperature 
Methanation 200 °C 

Gas Flow 

Composition 
Methanation 

H₂ (excess), 

CO₂, CH₃COOH 

Reaction Time Methanation 2 hours 

Expected Gas 

Products 
Methanation 

CH₄, H₂O (g), 

unreacted 

H₂/CO₂ 

2.1 Significance of Sabatier Reaction 

The Sabatier reaction (CO₂ + 4H₂ → CH₄ + 2H₂O) is 

central to this study due to its high selectivity toward 

methane production, especially when catalyzed by 

nickel under moderate temperature and pressure 

conditions. It is an exothermic reaction, meaning it is 

thermodynamically favored at lower temperatures 

and high pressures, making it ideal for energy-

efficient CH₄ synthesis. Since CO₂ is abundantly 

available from the anaerobic digestion stage, 

coupling it with externally supplied H₂ offers a 

reliable route to convert a greenhouse gas into a 

valuable fuel. Furthermore, the Sabatier process has 

been widely studied and industrially applied, 

providing a strong foundation for optimizing reactor 

design, catalyst selection, and operational control. Its 

compatibility with Ni-based catalysts and clean by-

products (methane and water) make it highly suitable 

for sustainable bio-methane production in this hybrid 

system. 

 

 
Figure 2 Effect of Hydrogen Partial Pressure on 

Methane Yield (According to Le Chatelier’s 

Principle) 

 

3. Results and Discussion 

3.1 Results 

The proposed hybrid process integrates a partially 

halted anaerobic digestion (AD) step with a catalytic 

thermochemical conversion to maximize methane 

production from municipal sewage sludge. Figure 2 

shows Effect of Hydrogen Partial Pressure on 

Methane Yield (According To Le Chatelier’s 

Principle). The biological phase, operated under 

mesophilic conditions (43 ± 1°C), facilitates 

hydrolysis, acidogenesis, and acetogenesis, but 
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intentionally suppresses methanogenesis [6]. This 

results in an accumulation of key intermediates 

acetate, hydrogen, and carbon dioxide which are ideal 

feedstocks for the subsequent thermochemical 

conversion.The second stage involves introducing 

additional hydrogen gas (up to 25 bar partial 

pressure) into a nickel-catalyzed reactor maintained 

at 200°C, where two major reactions occur: 

● CO₂ + 4H₂ → CH₄ + 2H₂O 
 

● CH₃COOH + 4H₂ → 2CH₄ + 2H₂O 

These reactions are exothermic, allowing partial heat 

self-sufficiency, and proceed efficiently in the 

presence of the Ni/Al₂O₃ catalyst. The theoretical 

maximum yield is 1 mole of CH₄ per mole of CO₂ 

or acetate, with water as the only by-product. Table 

shows 2 Yield of Methane. 

 

Table 2 Yield of Methane 

Parameter Value 

Reactor Temperature 200 °C 

Hydrogen Partial 

Pressure 
25 bar 

Biogenic Hydrogen 

Contribution 
~1.5 mol/mol CH₄ 

External Hydrogen 

Required 
~2.5 mol/mol CH₄ 

Methane Yield 
1 mol/(mol CO₂ or 0.5 

mol acetate) 

 

3.2 Discussion  

Notably, not all hydrogen is supplied externally. A 

portion estimated around 30–40% is generated in 

situ during the acidogenic and acetogenic stages of 

AD. This means that for every mole of methane 

produced: 

● Only ~2.5 moles of H₂/CH₄ need to be supplied 

externally. 

● The external energy input = 2.5 × 242 kJ = 

605 kJ/mol 
● Energy content of methane produced = 

890 kJ/mol 
This results in a net energy gain of ~285 kJ/mol 

CH₄, making the process energetically favorable. 

Moreover, the exothermic nature of the methanation 

reactions supports the thermal stability of the 

reactor, minimizing additional heating requirements. 

The presence of biogenic CO₂ and acetate enhances 

the process sustainability by converting waste carbon 

into high-energy methane fuel. Table 3 shows Net 

Energy Gain in The Process. 

 

Table 3Net Energy Gain in The Process 

PARAMETERS VALUE 

Energy Input from 

External H₂ 
605 kJ/mol CH₄ 

Energy Output as CH₄ 890 kJ/mol CH₄ 

Net Energy Gain 285 kJ/mol CH₄ 

 

Conclusion 

The integration of anaerobic digestion (AD) with 

catalytic thermochemical conversion presents a novel 

and efficient method for maximizing methane 

production from municipal sewage sludge. By 

strategically halting the methanogenesis phase in AD, 

this process accumulates valuable intermediates such 

as acetate, hydrogen, and carbon dioxide, which are 

ideal for subsequent methanation. The introduction of 

hydrogen gas into a nickel-catalyzed reactor at 200°C 

results in highly efficient methane production, with 

the reactions proceeding exothermically, thus 

contributing to the process's energy efficiency. A key 

advantage of this hybrid system is its favorable 

energy balance. With only a fraction of the hydrogen 

required externally, and the remaining hydrogen 

being produced during the acidogenic and acetogenic 

phases of AD, the process is highly energy-efficient. 

The net energy gain of ~285 kJ per mole of methane 

produced demonstrates the potential for energy-

positive operations, minimizing external energy input 

while maximizing methane yield. The exothermic 

reactions also support reactor thermal stability, 
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reducing the need for additional heating. This method 

has significant potential for decentralized energy 

recovery from municipal waste, offering a scalable 

and sustainable solution for bio-sludge valorization. 

The use of biogenic carbon sources, such as CO₂ and 

acetate, ensures a carbon-neutral pathway for 

methane production, while the option of using 

renewable hydrogen further enhances the 

sustainability of the process. In conclusion, the 

hybrid AD and catalytic thermochemical conversion 

process provides an innovative, energy-positive, and 

environmentally friendly solution for converting 

waste into valuable methane fuel. Its ability to 

combine biological and chemical processes in a 

synergistic manner makes it a promising candidate 

for advancing waste-to-energy technologies and 

contributing to more sustainable energy practices. 
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