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Abstract

Ex-situ hydrogen biomethanation technologies enable the conversion of surplus renewable electricity into grid-
compatible methane (CH4) by reacting hydrogen (Hz) and carbon dioxide (CO:) mediated by hydrogenotrophic
methanogens, providing a flexible and efficient energy storage solution.

In this study, an ex-situ H. biomethanation process was investigated in a lab-scale, fed-batch mesophilic
reactor (38°C) inoculated with digested sewage sludge and operated under anaerobic conditions. The system
employed a cyclic operational strategy consisting of sequential gas feeding, reaction, and discharge phases.
Hydrogen was supplied during the feeding phase via pressure-controlled injection, raising the reactor pressure
from 1100 to 1400 mbar(a), while CO- addition was regulated according to the dissolved CO- concentration in the
liquid phase, thereby enhancing gas—liquid mass transfer and promoting methane production. This configuration
enabled progressive adjustment of dissolved CO: setpoints to support microbial adaptation and process
stabilization. The operational strategy integrates intermittent gas feeding, cyclic gas discharge, and pressure-based
control, enabling simultaneous regulation of gas—liquid mass transfer, microbial conversion kinetics, and methane
composition. By combining pressure-controlled hydrogen dosing with dissolved-phase CO: regulation, the system
establishes a reactor-state-oriented control framework that decouples gas supply from fixed stoichiometric
constraints. Linking substrate dosing to dynamic process variables provides operational guidance for enhanced
hydrogen mass transfer and supports the design of intensified and scalable ex-situ biomethanation

The experimental period was structured into three operational phases characterized by progressively
decreasing dissolved CO: setpoints (from 25 to 2 mg L), in the liquid phase, corresponding to start-up, adaptation,
and stable operation. This phased design allowed systematic evaluation of microbial acclimation and process
robustness under progressively intensified hydrogen feeding conditions.

The biological methanation process is primarily evaluated through methane evolution rate (MER) and CHa
concentration, which reflect methane productivity and product gas quality and are affected by reactor types,
operating conditions, and substances (Rafrafi et al., 2021). Previous studies investigating different reactor
configurations, including up-flow reactors, bubble column reactors, and continuous stirred tank reactors, have
reported outlet methane concentrations typically in the range of 88-96%. However, in systems operated under
continuous or semi-continuous gas feeding regimes, elevated residual H. concentrations and significant gas—liquid
mass transfer limitations are frequently observed. These constraints can adversely affect methane purity and reduce
the MER, as highlighted by (Rachbauer et al., 2016).In contrast to continuous regimes, the fed-batch strategy
adopted in the present study can enhance methane productivity by introducing standby phases that allow microbial
recovery, stabilization of VFA concentrations, and maintenance of an optimal pH range (Xirostylidou et al., 2024).

In our system, despite a temporary accumulation of volatile fatty acids (VFAs) up to 3 g L™! and a decrease
in pH during the second stage, continuous monitoring of the system enabled timely adjustment of operational
parameters. By progressively reducing the CO: injection rate based on dissolved CO. measurements, process
stability was quickly restored, VFA concentrations stabilized at 1.04 g L', and the pH recovered to 7.7.

Under pseudo-steady-state conditions (final stage) with repetitive cycles, the average CH4 concentration
reached 93.5%, the H- utilization efficiency was 99%, and the methane evolution rate (MER) was 3.95 NL CH4
Lt d* (Figure 1). These sustained high values highlight the effective implementation of the process in this study,
demonstrating superior performance compared with previously reported.

Overall, the results highlight that cyclic operation combining complete mixing, pressure-controlled Ha
injection, and dissolved CO2-based regulation significantly enhances biological conversion efficiency, enabling
stable and high-purity ex-situ H. biomethanation.
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Figure 1. Methane evolution rate (A), Gas concentration in headspace, H, efficiency over time
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