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Introduction

The growing production of organic waste from municipal, agricultural, and industrial sources represents a
major global challenge (Viscardi and Colicchia, 2024). Anaerobic digestion (AD) is a mature and sustainable
technology for converting organic residues into biogas, a renewable energy carrier (Adnane et al., 2025). Biogas
mainly consists of methane (CHa4) and carbon dioxide (CO2), together with trace contaminants such as hydrogen
sulfide (H2S), siloxanes, hydrogen, and water vapor, which can negatively affect its energy quality and final
applications (Cieri et al., 2022).

Although conventional upgrading technologies - such as water scrubbing, chemical absorption, and
membrane separation - are effective, they are often energy-intensive and associated with higher costs and
environmental burdens (Ashokkumar et al., 2025). Consequently, biological upgrading approaches are receiving
increasing attention due to their lower energy demand and improved sustainability (Oliva et al., 2024). In
particular, microalgal-based biogas upgrading is a promising option, as microalgae can capture CO: via
photosynthesis while generating valuable biomass, supporting circular economy strategies (Agostini et al., 2024).

The study presents and discusses the development and experimental validation of an advanced integrated
biotechnological system for sustainable biogas upgrading, designed not only to remove CO:- but also to valorise it
through its conversion into algal biomass, which can be subsequently exploited as an energy carrier. The system
was tested using biogas produced from three different waste-derived substrates representative of agricultural
(barley straw, BS), urban (organic fraction of municipal solid waste, OFMSW), and industrial sectors (spent coffee
grounds, SCGs), thereby assessing the robustness and versatility of the proposed technology under different biogas
compositions.

Material and methods

Experimental analyses were designed and carried out through the execution of two consecutive phases:
production of biogas (Phase 1) and biological upgrading (Phase 2). For Phase 1, three different feedstocks -
OFMSW, SCGs, and BS - were selected as representative of distinct waste sectors. Each substrate was mixed with
an inoculum obtained from slurry digestate (SD) collected from a full-scale buffalo farm and thus characterized
(Table 1). Anaerobic digestion experiments were conducted in 1 L laboratory-scale reactors operated under
mesophilic conditions (35 £ 1 °C), with continuous mechanical mixing at 500 rpm.

Table 1. Characterization of the input mixtures used for anaerobic digestion (mean values).

Substrate Temperature pH Redox potential Conductivity TS VS COD
[°C] [mV] [uS/cm] [%] [%TS] [mgO2/1]

OFMSW 38.20 6.86 -260.60 5870 8.05 80.53 55392

SCGs 20.30 7.56 -17.20 10540 8.46 60.00 75000

BS 21.60 8.19 -37.70 11490 3.95 78.46 29240

The reactors were initially subjected to a short start-up period (2 days), followed by a steady-state phase
operated in semi-batch mode with daily feeding (two weeks). During the experimental period, the digestate was
monitored daily in terms of temperature, pH, redox potential, electrical conductivity, total solids (TS), volatile
solids (VS), and chemical oxygen demand (COD), while biogas production and composition were simultaneously
measured, focusing on CHa, CO:, H2S, and H2 concentrations.

For Phase 2, an advanced integrated bio-based system, named upBIO, was developed. The system consisted
of a gas—liquid absorption column hydraulically coupled with a microalgal photobioreactor (PBR) with a working
volume of 47 L. The biogas streams produced during Phase 1 were introduced at the bottom of the absorption
column at a constant flow rate of 0.4 L-min™" using a vacuum pump, promoting the transfer of CO: and other acid
gases from the gaseous to the liquid phase. The liquid stream was continuously circulated to the photobioreactor,
which was inoculated with the microalgal species Chlorella vulgaris. The PBR was operated under controlled
conditions, including a temperature of 28 °C and artificial illumination provided by four LED lamps at an average
light intensity of 111.8 pmol'm™=-s™, following a 12 h light / 12 h dark photoperiod. Prior to upgrading
experiments, microalgae were cultivated in Bold’s Basal Medium until stable growing conditions were achieved.
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For each biogas composition, a series of 30-minute upgrading tests was carried out through the upBIO
system. Ten experimental runs were performed for each biogas type, resulting in a total of 30 tests. Inlet and outlet
gas streams were analyzed by gas chromatography to evaluate CHa4 enrichment and CO:, H-S, and H> removal
efficiencies by comparing gas compositions before and after treatment. At the end of each experimental campaign,
microalgal biomass production was quantified, and its lipid content was analyzed in order to assess the potential
of the produced biomass for energetic valorization within a circular economy perspective.

Results and discussion

Figure 1 shows the average inlet and outlet gas composition for the OFMSW-derived biogas treated with

the upBIO system.

100

-

80

60
N

== ouT
40

Gas composition (% v/v)

20
o lj‘
H2 CHa H2S co2

Figure 1. Average gas composition (% v/v) of OFMSW-derived biogas before (IN) and after (OUT) upgrading in
upBIO system.

For the OFMSW-derived biogas, the inlet stream was characterized by a methane concentration of 85.31%
and a carbon dioxide content of 13.67%, with hydrogen present at approximately 1.03% and negligible hydrogen
sulfide. After treatment, the outlet gas composition reached 98.48% CHa, while CO: and H2S were completely
removed and hydrogen slightly increased to 1.51%. Overall, the upgrading process resulted in a methane
enrichment of approximately +15.4% and 100% CO: biofixation. Comparable upgrading performances were
observed for biogas produced from spent coffee grounds and barley straw, despite differences in initial gas
compositions linked to substrate characteristics. The production of algal biomass was quantified at the end of each
experiment, indicating its potential as an alternative energy carrier.

Conclusions

The research provides both scientific and practical insights for researchers, technology developers, and
industry stakeholders, contributing to the advancement of biological biogas upgrading technologies. The outcomes
support improved process efficiency and promote sustainable and circular pathways for the valorization of organic
waste within waste-to-energy systems.
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