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Executive Summary

This report evaluates methane slip in biogas production, focusing on the innovative Slope Bottom
Reactor developed under Project J10727 by Vaasa University of Applied Sciences, co-funded by the
European Union. Methane slip, the unintended release of methane during biogas production, is a
major environmental concern due to methane’s high global warming potential. The innovative Slope
Bottom Reactor, a novel batch-type reactor with a sloped bottom and integrated wet reactor features,
is designed to minimize methane slip while addressing challenges associated with difficult
feedstocks. This report compares the Slope Bottom Reactor’s performance against five common
biogas reactor types: Covered Anaerobic Lagoon, Plug Flow Digester, Complete Mix Biogas Plant,
Batch Digesters, and Induced Blanket Reactors. Through detailed analysis, the innovative Slope
Bottom Reactor demonstrates superior methane slip reduction due to its gas tight design, solid
concrete construction, and advanced sealing mechanisms. The report concludes with
recommendations for implementing the innovative Slope Bottom Reactor to enhance biogas
production efficiency and environmental sustainability.

1. Introduction

Biogas production is an important renewable energy technology that converts organic waste, such as
agricultural residues and manure, into methane rich biogas for heat, electricity, or biomethane fuel.
However, a significant challenge in biogas systems is methane slip, the unintended release of
methane gas into the atmosphere during production processes. Methane, a strong greenhouse gas,
has a global warming potential of 25-28 times that of carbon dioxide over a 100-year period, making
its control critical for environmental sustainability (IPCC, 2014). Methane slip destroys the climate
benefits of biogas plants and can lead to regulatory non-compliance under frameworks like the EU’s
Methane Strategy (European Commission, 2020).

Project J10727, titled “Farm-scale biomethane production plant for challenging raw materials” is an
initiative led by Vaasa University of Applied Sciences, co-funded by the European Union. Running from
March 1, 2024, to August 31, 2025. The project aims to develop an innovative biogas reactor, The
Slope Bottom Reactor which optimized for difficult feedstocks, such as greenhouse waste containing
plastics and sand. The Slope Bottom Reactor combines dry and wet digestion principles, featuring a
sloped bottom for liquid management, gas tight concrete construction, and advanced sealing
mechanisms to achieve a methane slip rate below 0.5%, far surpassing industry standards.



This report provides a comprehensive evaluation of the Slope Bottom Reactor’s design and
performance in reducing methane slip, comparing it against five common biogas reactor types:
Covered Anaerobic Lagoon, Plug Flow Digester, Complete Mix Biogas Plant, Batch Digesters, and
Induced Blanket Reactors. It explores the technical, environmental, and economic advantages of the
Slope Bottom Reactor, supported by detailed visuals to illustrate its design and performance. The
report concludes with recommendations for adopting the Slope Bottom Reactor to advance
sustainable biogas production in farm-scale applications.

2. Methane Slip: Definition and Importance
2.1 Environmental Impact of Methane

Methane (CH,) is a potent greenhouse gas with a Global Warming Potential of 25-28 times that of CO,
over a 100-year period, and up to 84 times over a 20-year period due to its short atmospheric lifetime
(IPCC, 2014). In biogas production, methane slip occurs when methane, the primary component of
biogas, escapes capture and is released into the atmosphere. Even small amounts of methane slip
can offset the climate benefits of biogas as a renewable energy source, as a 1% methane loss can
equate to a significant increase in equivalent CO, emissions. The EU’s Methane Strategy highlights
reducing methane emissions to meet 2030 climate targets, making methane slip a priority for biogas
plant operators (European Commission, 2020).

2.2 Sources of Methane Slip in Biogas Production
Methane slip occurs at various stages of biogas production:

e Feedstock Handling: Leaks during loading and unloading due to open systems or poor
sealing.

o Reactor Operation: Escapes through inadequate seals, structural weaknesses, or pressure
fluctuations in continuous systems.

e Gas Collection and Processing: Losses during biogas purification (e.g. incomplete scrubbing)
or storage.

e Maintenance: Temporary leaks during reactor maintenance or component replacement.

Industry studies estimate that methane slip in standard biogas plants ranges from 1-10% of produced
methane, with higher rates in open or poorly sealed systems (Liebetrau et al., 2017). The Slope Bottom
Reactor addresses these issues through its innovative design, as detailed in Section 4.



3. Overview of Project J10727: Farm-Scale Biomethane Production
3.1 Project Objectives

Project J10727, funded by the EU and supported by the Federation of Ostrobothnia, aims to develop a
farm-scale biomethane production plant tailored for challenging raw materials. The project, running
from March 1, 2024, to August 31, 2025, has three primary objectives:

1. Design a Slant-Based Reactor: Develop the Slope Bottom Reactor to minimize methane slip
(<0.5%) and optimize energy efficiency for feedstocks like greenhouse waste with plastics and
sand.

2. Develop an Affordable Amine Scrubber: Create a cost-effective biogas purification system
using amine-water solutions, constructed with materials like fiberglass to reduce costs.

3. Explore Sustainable Construction: Utilize low carbon “green” concrete to reduce lifecycle
greenhouse gas emissions from reactor construction.

3.2 Stakeholders and Regional Impact

The project targets manufacturers, investors, and farmers, with indirect benefits for waste
management companies and the scientific community. By enabling efficient processing of
challenging feedstocks, the Slope Bottom Reactor supports the regional transition from peat-based
energy to renewable biogas in Ostrobothnia, Finland, aligning with the EU goals. The project’s
outcomes are expected to create economic opportunities for local farmers through biogas sales and
waste-to-value, while contributing to global climate goals.

4. Slope Bottom Reactor Design

The Slope Bottom Reactor is a hybrid batch type reactor combining dry and wet digestion processes,
designed to address the challenges of methane slip and feedstock impurities.

4.1 Structural Features

o Sloped Bottom: The reactor’s base is angled to direct liquids (percolation fluid and water) to
collect canals at the lowest level, facilitating impurity separation and efficient liquid
management.

e Gas-Tight Construction: Constructed with high-strength, low-carbon concrete and equipped
with heavy metal, container-style doors featuring advanced sealing mechanisms (rubber or
silicone gaskets) to prevent methane leakage.

e Integrated Wet Reactor: A secondary wet reactor section enables liquid circulation to wash
biomass, enhancing digestion efficiency and reducing impurities.
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Cross-Section of the Slope Bottom Reactor, Highlighting Gas-Tight Doors and Liquid Collection
Canals.

4.2 Operational Mechanism

o Batch Operation: The SBRis filled with 400-500 m® of feedstock a few times per year, allowing
controlled digestion cycles that minimize pressure fluctuations and leaks.

¢ Liquid Recirculation: External tanks and valves manage liquid levels, recirculating percolation
fluid to the wet reactor to enhance microbial activity and remove impurities like plastics and
sand.

¢ Gas Collection: Biogas is collected through piping at the reactor’s top, directed to an amine
scrubber for CO, removal, producing high purity biomethane.

3D Model of the Slope Bottom Reactor, Showcasing Integrated Dry and Wet Reactor Design.
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The SBR’s gas tight door lock mechanism(3D Image), and main parts shown above, ensure a sealed
environment to minimize methane slip.

4.3 Sustainability Features

¢ Low-Carbon Concrete: The SBR uses green concrete, incorporating alternative binders like fly
ash or slag, reducing lifecycle emissions by approximately 40% compared to traditional
concrete (480 kg CO, eq/m®vs. 800 kg CO, eq/m°) (Flower & Sanjayan, 2007).

« External Technical Components: Pumps, valves, and heat exchangers are placed outside the
reactor to eliminate internal leak points and simplify maintenance.

o Energy Efficiency: The amine scrubber, constructed with cost effective fiberglass, minimizes
energy use during biogas purification, enhancing overall sustainability.

5. Comparison of Biogas Reactor Types

This section compares the Slope Bottom Reactor with five standard biogas reactor types, based on
descriptions from anaerobic-digestion.com (2025), focusing on design, feedstock suitability, and

methane slip characteristics.

5.1 Covered Anaerobic Lagoon

Covered Anaerobic Lagoon Design
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o Description: A large, open lagoon covered with a flexible membrane to capture biogas.

o Methane Slip Issues: High risk due to imperfect sealing of the cover, exposure to
environmental factors, and difficulty maintaining consistent pressure. Leaks are common at
cover edges or during maintenance.

o Feedstock Suitability: Suitable for liquid manure but struggles with solids or impurities like
plastics.

5.2 Plug Flow Digester

Plug Flow Digester Design
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¢ Description: A long, narrow tank where feedstock moves in a plug-like flow, typically used for
dairy manure.

¢ Methane Slip Issues: Moderate risk due to continuous operation, which can lead to leaks at
inlet and outlet points or during mixing. Sealing challenges arise with high solid feedstocks.

¢ Feedstock Suitability: Limited to semi liquid feedstocks, less effective for complex materials.

5.3 Complete Mix Biogas Plant

Complete Mix Biogas Reactor
Also known as a CSTR (Continuously Stirred Tank Reactor).
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« Description: A fully mixed tank ensuring uniform digestion, suitable for a variety of feedstocks.

¢ Methane Slip Issues: Moderate to high risk due to mechanical mixing, which can create
pressure fluctuations and potential leaks at seals or agitator shafts.

o Feedstock Suitability: Handles mixed feedstocks but requires additional pretreatment for

impurities.

5.4 Batch Digesters

o Description: Operates in discrete batches, filled and sealed until digestion is complete.

¢ Methane Slip Issues: Low to moderate risk, as sealing is critical during the batch cycle. Poorly

designed doors or seals can lead to significant leaks.

o Feedstock Suitability: Flexible but may require manual impurity removal, increasing labor

costs.

5.5 Induced Blanket Reactors
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Description: Uses a sludge blanket to treat wastewater, with biogas captured above.

Methane Slip Issues: Moderate risk due to open top designs and potential gas escape during
sludge settling or maintenance.

Feedstock Suitability: Best for wastewater, less effective for solid or impure feedstock.

6. Methane Slip in Standard Reactors

6.1 Common Challenges

Standard biogas reactors face several challenges in controlling methane slip:

Sealing Limitations: Flexible covers (e.g., lagoons) and mechanical seals (e.g., complete mix
plants) are subject to wear, leading to leaks at edges or joints.

Feedstock Impurities: Plastics, sand, or other contaminants disturb digestion, causing
incomplete methane capture and gas accumulation.

Operational Variability: Continuous systems (plug flow, complete mix) experience pressure
fluctuations, increasing leak risks during operation.

Maintenance Challenges: Frequent maintenance in open or complex systems (e.g., lagoons,
induced blanket reactors) results in temporary leaks.

6.2 Quantitative Analysis

Industry studies report methane slip in standard reactors ranging from 1-10% of produced methane
(Liebetrau et al., 2017). Covered Anaerobic Lagoons often exhibit the highest slip (5-10%) due to their
open design, while Batch Digesters have lower slip (1-3%) but are still limited by seal quality. The table
below summarizes methane slip and leak paths.

Typical
Reactor Type Methane Slip Main Leak Path Contributing Factors
(%)
Slope Bottom . . Solid concrete, heavy metal gas-tight
<0.5% None (gas-tight design)
Reactor (SBR) doors, external components
Covered 5_10% Cover edges, Flexible membrane wear,
Anaerobic Lagoon ’ maintenance openings environmental exposure
Plug Flow o0 50 Inlet/outlet points, mixing |[Continuous operation, pressure
— 0
Digester system fluctuations
Complete Mix 370 Agitator shafts, Mechanical mixing, frequent
— 0
Biogas Plant mechanical seals maintenance




Door seals,
Batch Digesters [|[1-3% . . Poor seal design, manual handling
loading/unloading

Induced Blanket 360 Open-top design, sludge |Gas escape during maintenance,
Reactors ° settling wastewater processing

Comparison of Methane Slip and Leak Paths Across Biogas Reactor Types.

7. Advantages of the Slope Bottom Reactor for Methane Slip Reduction

The Slope Bottom Reactor’s superior methane slip performance is illustrated in the following bar
graph, comparing it to standard biogas reactor types.

Comparison of Methane Slip Percentages Across
Biogas Reactor Types
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7.1 Gas-Tight Design

¢ The SBR’s high-strength concrete walls and heavy metal, container-style doors with
rubber/silicone gaskets ensure a fully sealed environment, eliminating leaks common in
flexible covers or mechanical seals.

¢ The door lock mechanism, featuring multiple locking bolts, maintains consistent pressure,
preventing methane escape during batch cycles.

7.2 Sloped Bottom Efficiency

¢ The sloped bottom directs liquids to collection canals, preventing gas entrapment and
ensuring complete digestion, reducing unprocessed methane emissions.

¢ Liquid management minimizes feedstock blockages, enhancing microbial activity and
methane yield.



7.3 Batch Operation Control

¢ Controlled batch cycles (400-500 m?, 2-3 times per year) allow accurate monitoring and
sealing, minimizing operational leaks compared to continuous systems.

o Externalvalves adjust liquid levels, reducing pressure fluctuations that cause leaks.
7.4 Impurity Management

e Integration with a wet reactor enables liquid recirculation to wash biomass, filtering impurities
like plastics and sand.

¢ Thisreduces digestion disruptions, ensuring efficient methane production and capture.

The SBR’s liquid recirculation and impurity filtration systems, integrated with an amine scrubber,
ensure efficient methane capture, as shown below.

Slope Bottom Reactor

Liquid Feed/ Raw Biogas

Liquid Collection Canals Gas-Tight Seal
Liquid Flow Biogas Collection
Filter Pump Heat Exchanger Valve Valve Control Biomass Amine Scrubber
\ \ | ) —
Filtered Liquid%‘ Heating Flow Control Biomethane
Liquid Tank Output
Recirculation Regenerated Amine

Wet Reactor

Process Flow Diagram of the Slope Bottom Reactor, Illustrating Liquid Recirculation and Gas Capture.

7.5 External Component Placement

e Alltechnical components (pumps, valves, heat exchangers) are housed outside the reactor,
eliminating internal leak points.

o External placement simplifies maintenance, reducing temporary leaks during repairs.

e Allcomponents such as pumps, fans, valves, and sensors are automatically operated through
the PLC system and fully monitored using SCADA HMI integration.



8. Environmental and Economic Impacts

8.1 Environmental Benefits

¢ Reduced Methane Emissions: The SBR’s methane slip of <0.5% significantly lowers the
plant’s greenhouse gas footprint, aligning with EU climate goals (European Commission,
2020).

¢ Low-Carbon Construction: Green concrete reduces lifecycle emissions by 40% (480 kg CO,
eq/m®vs. 800 kg CO, eg/m®), enhancing sustainability (Flower & Sanjayan, 2007).

o Waste Valorization: The SBR processes challenging feedstocks, reducing landfill waste and
associated methane emissions.

LIFECYCLE EMISSIONS COMPARISON: GREEN VS.
TRADITIONAL CONCRETE

m Traditional Concrete: 62.5% (800 kg CO, eq/m® mGreen Concrete: 37.5% (480 kg CO, eq/m®)

8.2 Economic Advantages

¢ Increased Biogas Yield: Enhanced methane capture increases biomethane production,
improving revenue for farm scale plants.

o Cost-Effective Purification: The amine scrubber, constructed with fiberglass, reduces
purification costs compared to traditional steel based systems.

¢ Reduced Waste Disposal Costs: Processing challenging feedstocks like greenhouse waste
lowers disposal expenses, creating additional economic value.



9. Conclusion

The Slope Bottom Reactor developed under Project J10727 represents a significant advancement in
biogas production technology, particularly in minimizing methane slip. Its gas tight concrete
construction, sloped bottom design, and integration with a wet reactor enable superior methane
capture compared to standard reactors like Covered Anaerobic Lagoons, Plug Flow Digesters,
Complete Mix Plants, Batch Digesters, and Induced Blanket Reactors. By achieving methane slip rates
below 0.5%, the SBR performs industry standards, offering both environmental and economic
benefits. Its ability to handle challenging feedstocks further enhances its applicability for farm scale
biogas plants. The project’s focus on green concrete and cost-effective amine scrubbing supports its
role as a sustainable solution for renewable energy production. The SBRis ready to set a new
benchmark for biogas reactors, making it the best choice for minimizing methane slip and advancing
a low carbon future.
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