Small-scale cryogenic biogas upgrading:
performance assessment and operational challenges
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take of biomethane related technologies.

The SEMPRE-BIO EBIEs

SEMPRE-BIO transforms cutting-edge biomethane innovations into real-
world solutions across 3 European Biomethane Innovation Ecosystems
(EBIEs). Within these EBIESs, several advanced biomethane technologies are
being tested, validated, and demonstrated at scale. The EBIEs are co-
developed to showcase effective retrofitting and scale-up strategies,
helping accelerate the deployment and adoption of next-generation
biomethane production technologies throughout Europe.
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Fig. 1. Case studies in Sempre-Bio project.

Small-scale biogas upgrading

A dairy farm in Adinkerke, Belgium (~900 cows) operates a farm-scale
anaerobic digestion (AD) system that provides full on-site electricity and heat
self-sufficiency. The system consists of two 2,700 m? reactors in series,
including a thermophilic post-digester. Feedstock includes 25,000 t/year of
cow manure and 5,000 t/year of other agricultural waste to enhance biogas
production. Biogas (50 Nm?%/h) is upgraded using an integrated cryogenic
process. After dehumidification and H,S removal, CO, is separated by deep-
temperature phase separation, producing a liquid CO, stream with potential
food-grade quality, while the remaining biomethane is liquefied. Routine
analyses of biogas, digestate, and the first liquid CO, batch were conducted
to assess process performance, operational stability, and valorization
potential, including integration with microalgae production.
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SEMPRE-BIO aims to demonstrate novel and cost-effective biomethane production solutions and pathways, deemed essential to achieve the
European Green Deal and climate and energy targets for 2030 and the net zero greenhouse gas emissions by 2050, and to increase the market up-

Stable biomethane production with
promising CO, recovery quality

The farm-scale AD system currently produces approximately 2,880 m? of biogas
per day, supported by the addition of yeast concentrate as a co-substrate to
enhance gas yields. The produced biogas contains an average of 55% CH,.

While H,S concentrations initially fluctuated and peaked at 2,500 ppm,
controlled iron chloride dosing successfully reduced levels to below 100 ppm,
enabling more stable upgrading conditions.

Since June 2025, the cryogenic upgrading unit has been operational, converting
biogas into bio-LNG while separating CO,, H,S, water, and ammonia. The
recovered liquid CO, achieved >99% purity, demonstrating the strong potential
of cryogenic upgrading for high-value CO, recovery and circular carbon
utilization.
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Fig. 3. Integration of a small-scale cryogenic biogas upgrading unit
into an existing farm-scale anaerobic digestion system.

Key lessons learned

Operational experience revealed three interconnected technical challenges

affecting long-term system stability and product quality:

« CO, purity is highly sensitive to process conditions: Small variations in
temperature, pressure, contaminant removal, or biogas composition can
shift phase boundaries, resulting in CH, carryover or solid contaminant
formation.

* Reliable desublimation and regeneration remain challenging at small scale:
Uneven CO, deposition, thermal stress, and incomplete sublimation can lead
to blockages, reduced process capacity, and increased downtime.

* Continuous operation requires precise thermal balancing: The low thermal
inertia of compact systems makes them highly sensitive to feed
fluctuations, increasing the risk of temperature drift, refrigeration cycling,
and unstable CO, inventories.

Further techno-economic and GHG impact assessments will support the

evaluation of system performance and its potential for delivering food-grade

liquid CO, within sustainable biomethane value chains.
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