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Executive Summary

The BIOMETHAVERSE project addresses one of the key challenges of the European energy transition:
the large-scale, cost-effective, and sustainable production of biomethane as a renewable substitute
for fossil natural gas. In line with the objectives of SET Plan Action 8, the project aims to diversify the
technological portfolio for biomethane production, improve the efficiency and economic
competitiveness of emerging pathways, and accelerate their market uptake across Europe.

To meet these objectives, BIOMETHAVERSE develops, implements, and assesses five innovative
biomethane production pathways across five demonstration sites in France, Greece, Italy, Sweden,
and Ukraine. The demonstrators extend beyond the current state of the art by integrating biological,
electrochemical, and thermochemical processes with renewable electricity and hydrogen, while also
improving the valorisation of biogenic feedstocks and CO: streams. The portfolio covers in-situ and
ex-situ electromethanogenesis, thermochemical catalytic methanation, ex-situ biological
methanation, syngas biological methanation, and in-situ biological methanation via hydrogen
injection into anaerobic digesters.

This deliverable (D3.4) presents the consolidated process simulation models of the key physico-
chemical phenomena underpinning the BIOMETHAVERSE technologies. Building on Deliverable D3.2,
it expands and updates the modelling framework to reflect revised plant configurations and to
include all relevant process blocks for each demonstrator. The models are intentionally designed to
be flexible and scalable: as ongoing experimental campaigns generate additional operational data,
the same modelling structure can be updated through revised inputs (e.g., operating conditions,
conversion levels, gas compositions, and equipment performance) to progressively refine outputs
and improve representativeness.

Because some experimental activities are still ongoing, and because certain demonstrator
configurations may evolve as implementation progresses, the numerical results reported in D3.4
should be considered intermediate rather than final. The modelling framework is consolidated, but
key parameters will be further calibrated and validated as new data become available. Importantly,
the fFlowsheet models developed here also constitute the technical backbone for the next project
phase, where the demonstrator concepts will be upscaled and optimised toward realistic, full-scale
commercial configurations.

For each demonstration site, the report provides:
- aconcise description of the technologies and processes involved;
- adetailed process flowsheet developed primarily in Aspen Plus;
- the main modelling assumptions and data sources;

- aharmonised set of Key Performance Indicators (KPIs) to support cross-comparison across
pathways.

Process modelling in Aspen Plus relies on fundamental mass and energy balances, appropriate
thermodynamic packages, and, where relevant, reaction stoichiometry and kinetic representations
to capture behaviour under realistic operating conditions. The approach is harmonised as far as
possible across demonstrators while still accounting for site-specific features, feedstocks,
technology readiness levels, and data availability. Where demonstrator data exist, they are
incorporated directly; where gaps remain, transparent literature-based or theoretical assumptions
are applied to ensure consistency and traceability.

A common KPI framework is used to assess performance, including electricity demand, hydrogen
and/or feedstock consumption, conversion metrics, and overall process efficiencies.

In addition, a preliminary techno-economic assessment is provided for the three demonstrators
supported by more mature cost datasets (Greek ETM, Swedish ESB, and Ukrainian IBM).
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The economic evaluation follows the National Renewable Energy Laboratory (NREL) methodology to
estimate the Levelized Cost of Biomethane (LCOB) and is complemented by sensitivity analyses on
the most influential parameters (notably CAPEX and energy-input prices such as hydrogen and
electricity). Early results indicate that the dominant cost drivers are pathway-specific: in some
configurations, LCOB is strongly driven by hydrogen economics (reflecting the tight coupling
between hydrogen supply and biomethane output), while in other cases the economics can be
primarily CAPEX-driven, with electricity costs playing only a marginal role when they represent a
small share of total costs. This underscores that improving competitiveness will generally require
targeted interventions, such as CAPEX reduction through design optimisation and standardisation,
higher utilisation rates, improved process efficiency, and, where relevant, access to lower-cost
hydrogen, rather than relying on a single universal lever.

Overall, D3.4 delivers a core project outcome: a comprehensive and coherent set of Aspen Plus-based
process models for the BIOMETHAVERSE technology portfolio, integrating project-generated
experimental data with carefully selected literature inputs to enable consistent evaluation and
comparison.

The modelling results confirm the technological diversity of the BIOMETHAVERSE pathways and
reinforce that no single route is universally optimal; instead, performance and feasibility depend on
local conditions, available feedstocks, energy prices, infrastructure constraints, and integration
opportunities. Thermochemical methanation shows very high conversion potential but remains
sensitive to hydrogen availability and cost. Biological routes offer operational flexibility and
promising integration potential, though they face scale-up and mass-transfer challenges.
Electromethanogenesis and in-situ biological methanation can synergise with existing anaerobic
digestion assets but require further long-term validation to confirm stable performance under real
operating regimes.

This deliverable establishes a technically sound and harmonised foundation for the next
BIOMETHAVERSE activities. The consolidated flowsheets, modelling assumptions, and preliminary
KPIs provide the basis for forthcoming optimisation and upscaling to commercial scale, more robust
techno-economic assessments, and the integration of environmental and social sustainability
evaluations, ultimately supporting informed decision-making and accelerating the deployment of
innovative biomethane technologies across Europe.

Co-funded by the
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1. BIOMETHAVERSE AND DELIVERABLE CONTENT

BIOMETHAVERSE aims to diversify the technology basis for biomethane production in Europe,
increase its cost-effectiveness, contribute to the uptake of biomethane technologies, and support
the priorities of the SET Plan Action 8.

To meet these goals, Five innovative biomethane production pathways will be demonstrated in
five European countries: France, Greece, Italy, Sweden, and Ukraine.

The five selected demonstrators go beyond the state of the art and thus beyond technologies already
implemented at commercial scale and rely on:

In-situ and Ex-Situ ElectroMethanoGenesis (EMQG): Electricity enhanced biomethane
production (by ENGIE, France);

Ex-situ Thermochemical/catalytic Methanation (ETM): Thermochemical/catalytic upgrading
of biogas using hydrogen (by BLAG, Greece);

Ex-Situ Biological Methanation (EBM): Biological upgrading of biogas using hydrogen,
including feedstock pre-treatment via ozonolysis (by CAP, Italy);

Ex-Situ Syngas Biological methanation (ESB): Biological methanation of syngas from
thermal gasification (by RISE, Sweden);

In-situ Biological Methanation (IBM): Hydrogen integration in the AD reactor (by MHP,
Ukraine).

The project’'s objectives will be achieved through the implementation and consolidation of the
following founding pillars:

Demonstration of Innovative Biomethane Pathways;
Assessment and Optimisation of Innovative Biomethane Pathways;
Replicability, Planning Decisions, Market Penetration, and Policy Dimension;

Dissemination, Exploitation & Communication.

Co-funded by the
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9 Partners
u Countries with demonstrators

Figure 1 — BIOMETHAVERSE Countries and Partners

The present report aims to present the final configuration of each BIOMETHAVERSE demonstration
plant and to provide a comprehensive overview of their design and operational characteristics, as
derived from the consolidated process simulation models developed within the project. For each
installation, a concise description is provided, highlighting the key technical features and specificities
that distinguish the individual systems.

It is noted that one demonstrator requires further in-depth analysis due to the complexity of its
process management and operation and lack of experimental data due to the delays in the plant
construction (Greek demonstrator), while another demonstrator is expected to undergo significant
configuration updates following the shutdown of the associated gasification unit (Swedish
demonstrator). These aspects are duly accounted for within the modelling framework and will be
further addressed in subsequent project activities.

This deliverable builds upon and complements Deliverable D3.2 by extending the modelling
framework to include all process components and updated plant configurations. A dedicated
modelling section describes the assumptions adopted, their relevance to process design, and the
underlying physico-chemical models used to represent the BIOMETHAVERSE technologies.

Mass and energy balances are developed using the process models implemented in Aspen Plus and
are based on design and/or and operational data provided by the partners, ensuring consistency with
actual or planned operating conditions. In fact, where data are not yet available, theoretical
modelling approaches, aligned with expected process behaviour and literature data, are applied.

The simulation models constitute a core outcome of this deliverable and are designed to be flexible
and scalable, enabling the evaluation of new plant configurations or operational conditions through
updated input data from ongoing and future experimental campaigns. The models are also suitable
for representing realistic full-scale industrial configurations, providing a robust basis for scale-up and
optimization activities.

Furthermore, Key Performance Indicators (KPIs) are calculated for all pilot units and compared to
assess efficiency, reliability, and scalability across the demonstration sites. The report also introduces
the methodological framework for the techno-economic assessment, supporting future upscaling,
optimization, and decision-making processes.
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Finally, an overall discussion based on these preliminary modelling results enables a comparative
evaluation of the technologies and identifies their respective strengths, weaknesses, and aspects
requiring further development in the subsequent deliverable dedicated to process upscaling and
optimization.
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2. METHODS

The mass and energy balances of the demonstration plants have been estimated by means of the
ASPEN Plus software. This tool is the leading process simulation software in the chemical industry
and presents an extensive database for the chemical and physical properties of compounds and
several pre-build processes blocks useful for the simulations of the typical units of chemical systems
(such as pumps, compressors, reactors, heat exchangers). The different systems were thus modeled
as a combination of Aspen Plus blocks, using Kinetic reactors, Gibbs reactors, or Rstoick blocks to
simulate the different reactions occurring during the methanation process. The main assumptions
used during the process modeling are based on experimental and literature data gathered in the
project (see deliverable D2.2, BIOMETHAVERSE 2024), or taken from recent literature (Chauvy et al.
2020; Geppert et al. 2016; Dionisi et al. 2017)

A set of Key Performance Indicators (KPIs) was identified to evaluate and compare the energy
performances of the different systems:

e Specific electric consumption — enel [kWhel/kWhuhv,sm]: Total electric consumption of the
system (including the auxiliaries such as pumps and compressors) per kWh of biomethane
produced. Given the different scales of the pilots, some of them may be represented in a
different unit of measure (e.g. Whe/Whttv,sm)

Equation 1 en, = L
q o= Gom * LHV

Where P« [kW] represents the total electric power consumption of the system, Gsm [kg/h] the

mass flow rate of the produced biomethane and LHVsm [MJ/kg] the lower heating value of

biomethane.

e Hydrogen consumption — consyz [kgnz/kWhinvem]: hydrogen consumption per kWh of
biomethane produced.

Equation 2 CONnSy, = L
q H2 = Gt * HHVy

Where HHVem [MJ/kg] is the lower heating value of the biomethane. This indicator can be

then tailored to the different pilots to evaluate the specific consumption of other goods,

such as digestate, syngas, sludge, and biomass.

e Energy efficiency of plant - n [%]: Total energy efficiency of plant, calculated as the ratio
between energy output (biomethane lower heating value, LHV [MJ/kg], multiplied by the
mass flow Gawm [kg/h]) and the energy input, comprehensive of the chemical energy of the
feedstock (lower heating value of the feedstock, LHV [MJ/kg], multiplied by mass flow
Gfeedstock OF the biomass [kg/s]) and the electrical consumption of the system.

Gfeedstock * LHeredstock + Pel

Equation 3 U]

The techno-economic assessment has been conducted primarily on the basis of cost information
provided by the project partners, particularly for specialized equipment such as reactors, electrodes,
and digesters. For standard industrial machinery, including compressors, pumps, and heat
exchangers, cost estimations were developed using methodologies and reference data from the
Turton handbook (Analysis, Synthesis, and Design of Chemical Processes), a widely recognized
resource in the chemical and process engineering sectors.

Co-funded by the
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For the financial analysis, the NREL methodology for the Levelized Cost of Biomethane/Biogas
(LCOB) calculation ensures a robust and consistent evaluation framework. The main assumptions
applied in this assessment are summarized in Table 1, while the principal financial indicators used in
the analysis are described below:

e The LCOB represents the unit cost of fuel such that the Net Present Value (NPV) equals zero
over the lifetime of the system. It can be represented in €/kWh or €/Nm?, depending on the
chosen reference unit. In this report, energy output was selected as the basis rather than the
volumetric flow, and the LCOB is expressed following Equation 4

n Lt + M.+ F,
=1 (1+7r)t
E;

n
=11+ 1)t

Equation 4 LCOB =

Where It is the investment expenditures in the time interval ¢, M:and F: are the operational
and maintenance expenditures and fuel/electricity consumption associated to the process.
E: [kwh] is the energy produced, in the form of biogas or biomethane, while r and n are the
discount rate and the expected lifetime of the system.

Asimplified estimation of OPEX has been performed at this stage, with several cost
components aggregated or not explicitly accounted for, as the plants operate at pilot
scale and a more detailed breakdown would not be representative of future full-scale
operation.

Other economic indicators, not evaluated in the present report but to be included in the upscaling
process, are described here:

e The Net Present Value (NPV) accounts for the time value of money and is commonly used to
compare the expected returns of different investment projects. Unlike the LCOB, which
determines the energy price that results in a zero NPV, it considers fixed selling prices,
typically close to the prevailing market value, to evaluate the profitability and rate of return
of a project. Furthermore, NPV analysis can be applied to assess the project’s sensitivity to
variations in the selling price of the product and to relate the resulting rates of return to the
corresponding LCOB values.

n
Ry
i NPV = —] E —_—
Equation 5 %4 t+t_1 A+t

Where the R:is the net cash flow in a given year ¢, accounting for all revenues and expenses,
and ris the discount rate.

e PT (Payback Time) is the year t at which the cumulative cash flows switch from negative to
positive. It can be evaluated using the Simple Payback Time (SPT) approach in which annual
cash flows are assumed to be constant over the entire lifetime of the system. In this way, it
is simply calculated following Equation 6:

I
Equation 6 SPT = |=|
CF

Where /¢ is the initial investment, and the CF is the average cash flow through the system's
lifetime. Alternatively, it is possible to evaluate the Discounted Payback Time (DPT) that
takes into account the discount rate r. In this approach, the initial investment cost is first
determined, followed by the estimation of the expected annual cash flows. The present value
of each cash flow is then calculated and cumulatively offset against the initial investment.

Co-funded by the

Page 11 of 45 European Union




D DiOVETHAy e

uni

The DPT corresponds to the number of years required for the cumulative discounted cash
flows to exceed the initial investment.

¢ IRR (Internal Rate of Return) indicates the annualized rate of return a project or investment
is expected to generate. A higher IRR signals a more attractive investment opportunity, as
this metric provides a consistent basis for ranking and comparing different projects across
investment alternatives.

Table 1 — Financial parameters

PARAMETER VALUE

Engineering, Procurement, Construction 20% OF BEC (Bare Erected Cost) = EPCC

services (Engineering, Procurement and Construction
Cost)

Process Contingency 5%-20% of BEC

Project Contingency 20% of BEC+EPC + Process contingency (EPCC +
Process and Project Contingency = Total Plant
Cost (TPQ))

Pre-Production costs 2% of TPC

Inventory Capital 0.5% of TPC

Financing Cost 2.7% of TPC

Other’'s Owner Costs 15% of TPC

Discount Rate r 10%

Equity — Debt 50% - 50%

Debt Interest rate 5.5%

Debt Repayment time 20 years

Yearly inflation rate 2%

In Table 1, a summary of the financial parameters used in the techno-economic analysis of the
upscaled process, considering 8000 h/y operation.

The analysis presented in this report, being based on demonstration-scale plants with highly specific
scale-related cost structures, requires further investigation at larger scales. This will be necessary to
assess whether the trends identified in this study remain valid during the upscaling process, or
whether additional variables may become dominant in determining the overall economic
performance of the technology.
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3. FRENCH INNOVATIVE BIOMETHANE
DEMONSTRATOR

DEMONSTRATION: In-Situ and Ex-Situ  Electro-methanogenesis (EMG): an
electrochemical/biochemical route to produce biomethane from CO. and renewable
electricity

e Production pathway: electrochemical in combination with biochemical
e Inputs: CO: + electricity + water

The anaerobic digestion plant of ENGIE is located at Evron, in the
Mayenne region, it produces around 2,300,000 m? of CHa4 per year (21
GWh, gas consumption of 5,000 persons). Around 220 Nm3/h are
injected into the natural gas grid. Biogas is produced from 30,000
tons per year of agro-industrial and agricultural residues. The plant
has a 9,000 m? digestion volume with a hydraulic retention time
higher than 50 days. The digestate is valorized through land-
spreading (3,000 ha, 21 farms).

3.1. Brief Technology Description

Electro-methanogenesis (EMG) is known as a fast-developing process that can produce biomethane
directly from COz and renewable electricity. The basic principle of this technology is to boost the AD
microorganism’s metabolism by applying a voltage on two electrodes, integrated either directly in
the digestate (in-situ), or in a system using biogas as an input (ex-situ). In both cases, the electrodes
are covered by electroactive biofilms, capable of exchanging electrons with solid material.

Within the reactor, CO2 reduction into CH4 occurs thanks to the microbial biofilm’s ability to act as a
catalyst for these reduction reactions. Protons (H*) and CO: are thus combined to yield CH4 and
water. In an optimally operating plant, no surplus H: is generated, so the theoretical reaction
efficiency is higher than that of electrolysis followed by biomethanation.

Two configurations will be evaluated:

- The first configuration has the electrodes in the digester (single chamber), which is then
called a bio-electrochemically-improved anaerobic digester (1c-AD-BES). The electrodes
increase the overall biogas production of the AD plant by fostering both oxidative and
reductive processes in AD. A 1c-AD-BES will be implemented to produce biogas with a
biomethane content up to 70-80%.

- The second configuration, the classic EMG reactor, has two compartments (double chamber)
separated by a proton exchange membrane (2c-AD-BES). Here, water is split on the anode,
and CO: is reduced to CH4 on the microbial cathode under the applied voltage. A 2c-AD-BES
can be used for the biogas upgrading to high-purity biomethane (>95%) and power-to-gas
applications, by bio-electrocatalytically converting the remaining biogas CO: share.
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3.2. Demo configuration Flowsheeting

PMP-WAT
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= =
4

5— D

Figure 2 — EMG: Aspen Plus flowsheeting

Figure 2 reports the Preliminary flowsheet of ElectroMethanoGenesis (EGM) pilot plant developed
in the AspenPlus software. In this case, the main inlet stream is a digestate (300 |/d, produced by the
upstream anaerobic digester) that is partially (100 |/d) sent to the first electrochemical digester (1c-
AD-MEC), while the remaining is sent to the second electrochemical digester (2c-AD-MEC). The
system water consumption has been evaluated considering a stoichiometric ratio with respect to CO2
contentin the biogas stream at the outlet of the first reactor. In the first reactor, the volumetric flow
of digestate can produce around 213 |/d of biogas, enhancing the decomposition of the remaining
organic matter contained in the digestate.

As described by the recent literature available (Geppert et al. 2016), the main reactions occurring in
the Ffirst reactor are reported in Equation 7 and Equation 8. At the anode (Equation 7) side we have
the decomposition of organic matter (acetic acid), and then at the cathode (Equation 8) the formation

of methane.
Equation 7 CH;COOH + 2H,0 — 4H, + 2C0,
Equation 8 4H, + CO, - CH, + 2H,0

The biogas is then sent to the cathode (Equation 9) side of the second reactor, in which CO; reacts
with H+ produced at the anode (Equation 10) side through water electrolysis.

Equation 9 4H, + C0O, » CH, + 2H,0

Equation 10 2H,0 - 2H, + 0,
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Table 2 summarizes the main stream in place during the process, highlighting the mass and energy
balances, supported by the substrate characteristics for the plant, reported in

Table 3.

Table 2 — EMG: Process streams

Stream T P CHs CO2 H H:0 Volum Mas LHV Powe

eflow s r
Flo
w
°C bar %m0 % % % mot  L/h kg/h  [MJ/kg] W
{ mol mol
WATER 20.0 1.0 1.00 0.01 0.01 0.00
0 0
DIG-1C 350 1.0 417 416 0.28 327.2
0 0 0
BIOGAS 350 1.0 67 33 8.91 0.01 21.10 51.84
0 0 % %
DIC-2C 350 1.0 8.34 8.32 0.28 654.4
0 0 0
FINAL- 350 1.0 09 00 0.0 0.01 9.63 0.01 45.67 76.72
BM 0 0 0 3 6

The results presented herein represent a combination of the most recent experimental trial data and
theoretical calculations. In the coming months, more reliable and stable operational data are
expected to become available, which will support more detailed process modeling, scale-up studies,
and a comprehensive techno-economic assessment. This report outlines the modeling methodology,
the flowsheeting and the economic analysis framework, presenting the current status of the
demonstrator development.

Table 3 - EMG: Digestate characteristics

Parameter Value U.M.
pH 7.9 -
CODtot 20.6 g/L
TS 50.3 g/L
VS 32 g/L
Alkalinity 9.72 mg/L

Considering an energy consumption of 64.5 kWh/d, as communicated by the demonstrator
developers, the key performance indicators (KPIs) of the overall plant are reported in Table 4. The
specific digestate consumption does not account for the feed entering the second chamber, which is
assumed to be subsequently processed and converted into biogas. Furthermore, the relatively low
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efficiency observed is attributable to the use of an already processed substrate, with the process
primarily aimed at recovering additional chemical energy from residual biomass.

Table 4 — EMG: KPlIs

Parameter Value U.M.
Specific Digestate consumption -  54.2 kgpic/kWhgm
CONSpIG

Specific Electric consumption - 9.7  kWel/kWgm
€Nel

Efficiency - n 23% -

For this specific process, no external hydrogen consumption is required as the power is directly
provided by electrodes inserted into the electrobiological system. This feature eliminates the need
for dedicated hydrogen production, handling, and storage systems, thereby reducing associated
operational complexity and safety risks.
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4. GREEK INNOVATIVE BIOMETHANE
DEMONSTRATOR

DEMONSTRATION: Ex-Situ - Thermochemical/catalytic Methanation (ETM)
e Production pathways: thermochemical
e Inputs: Biogas + hydrogen

. . s The Biogas Lagadas S.A. (BLAG) plant is located in Kolchiko -

B : ‘ Lagadas, in the Central Macedonia Region. The plant exploits
around 70,000 tonnes/y of livestock and agro-industrial waste,
yielding 8,400 MWh of electricity and 70,000 tonnes of organic
soilimprover suitable for fertilizing 2,000 ha of agricultural land.
The capacity is 290 Nm3cna/h with 2 fermenters of 4,500 m3
active volume for biomass each and 10,000 m? of biogas buffer
capacity. The total flow is 500 Nm3/h at 100 mbar.

4.1. Brief Technology Description

The technology concerns the conversion of CO2 contained in the biogas to biomethane through its
reaction with renewable hydrogen in a catalytic reactor.

Pressure+Catalyst

Equation 11 CO, + 4AH, ——————— CH, + 2H,0 AHyggx = —165 k]/kmol

The catalytic reactor can handle a mixture of methane and carbon dioxide (raw biogas); thus, no
separation of the biogas is required before conversion. The reaction takes place at high pressure and
temperature. The individual stages of the whole process include:

e Acleaning and compressing step of the biogas
e catalytic methanation reaction,
e processing of the final biomethane stream.

The final product is biomethane that already meets pipeline quality gas standards (e.g., 96-98 vol.%
CHa).

4.2. Demo configuration Flowsheeting

Figure 3 — ETM: AspenPlus flowsheeting

A process flowsheet of the ex situ thermochemical methanation (ETM) technology was simulated
using Aspen Plus, starting from a biogas stream and a hydrogen feed supplied in stoichiometric
proportion with respect to the CO2 content of the biogas. Three reactors were modeled according to
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the specifications provided by the demonstrator developers(see Deliverable D2.2, BIOMETHAVERSE
2024), including reactor dimensions and catalyst loading.

The main technical challenge associated with this technology arises from the highly exothermic
nature of the methanation reaction and the consequent need to control reactor temperatures to
prevent catalyst thermal stress, deactivation, and the formation of undesired by-products. To
address this issue, the reactors were designed to use the biogas stream itself as a heat transfer
medium, supported by heat and pressure controls at the input and output streams. This approach
allows the reactor temperature to reach levels suitable for CO2 and Hz conversion to methane, while
simultaneously cooling the biogas stream at the reactor outlet.

A schematic representation of the first reactor, along with the corresponding biogas temperature
inlet and outlet, is shown in the Figure 4, with the HX-1 to be used only for start-up purposes.

500 °C
]

REACTOR-1

o

300°C
]
H2 FROM PEM ﬁ

UNIT
CDSR-1

BIOGAS FROM l \,\/

AD AND -
COMPRESSION - |

UNIT -
HX-1 Start Up: 250 °C
Steady State: 40 °C

Figure 4 — ETM: Cooling configuration 1%t reactor

Given the strongly exothermic nature of the process and the associated challenges in temperature
control, additional tubes are installed within the reactor, as highlighted in green in Figure 5. These
tubes are designed to be filled with a supplementary cooling medium, thereby enhancing heat
removal and enabling more effective control of the reactor temperature in case the only biogas is

@ & @

- T T

Figure 5 — ETM: Reactor configuration

For modelling purposes, three configurations have been run in Aspen Plus, while the main modelling
methodology is described in the previous deliverables (BIOMETHAVERSE 2025a; 2025b):
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e Use of biogas as the only cooling medium, no additional flow used (Conf1)
e Use of air as an additional cooling fluid to be filled within the additional tubes (Conf2)

e Use of boiling water as cooling fluid (Conf3)

In particular, the temperature control is more challenging than expected with kinetics found in the
open literature (Koschany et al. 2016). In Table 5 a summary of the temperature in the first reactor
for each configuration, compared with the expected ones.

Table 5 — ETM: Summary of different configuration results from modelling

Conf1 Conf2 Conf3 Design U.M.

Biogas In 40 40 40 40 °C
Biogas Out 154.6 165.37 295.44 500 °C
TF-IN 500 508.53 N/A 500 °C
TF-OUT 407.66 460.89 N/A 250 °C
Max T inside 154.6 165.366 624.7 <500 °C
reactor
Methane 0.40% 0.65% 64.50% 18% %
Conversion
Air In N/A  516.67 N/A N/A °C
N/A 30 N/A N/A m3/h
Air Out N/A 460.87 N/A N/A °C
N/A 30 N/A N/A m3/h
Water In N/A N/A 180.4 N/A °C
N/A  N/A 6 N/A ka/h
Water Out N/A N/A 180.4 N/A °C
N/A  N/A 6 N/A kg/h

As observed, the thermal energy content of the raw biogas is insufficient to adequately initiate the
methanation reaction, resulting in low methane conversion. In the simulation, a dummy heat
exchanger was introduced to represent a biogas inlet temperature of 500 °C, as designed. The use of
air as a heat transfer medium did not lead to a significant improvement in conversion. On the other
hand, employing boiling water at 10 bar and 180.4 °C as a cooling and heat transfer medium resulted
in substantially higher conversion levels, although the associated reactor temperatures exceeded the
recommended operational limits. To address these issues, potential design improvements include
increasing the biogas inlet temperature to facilitate reaction initiation and reducing the catalyst
loading when boiling water is employed, in order to better control the reactor temperature.

The results obtained from kinetic modelling differ from the expected outcomes based on the
operational and design parameters. This discrepancy reflects the high complexity of the process, as
well as the challenges associated with its operational management. A fine-tuning of the model will
therefore be required once additional experimental results become available.

With upcoming running tests, the feasibility of temperature management within the reactors will be
clearly assessed. At this stage, the preliminary techno-economic assessment has been carried out
based on the theoretical information provided by the project partners, as reported in Table 6.
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Table 6 — ETM: Process streams

Stream T P CH, CO; H: H:0 Volume LHV Power
flow
°C bar Y6mol Y6mol %bmol %bmol m3/h [MJ/kg] kw
BG-IN 20.00 1.01 60.0% 40.0% 6.00 17.69 33.48
BG-OUT 20.00 10.00 60.0% 40.0% 0.59 17.69 33.48
H: 20.00 1.01 100.0% 9.60 119.96 26.79
BIOGASIN-1 40.00 10.00 23.1% 15.4% 61.5% 15.60

BIOGASOUT- 500.00 10.00 29.8% 12.2% 48.7% 9.2% 14.30
1

BIOGAS 250.00 10.00 32.9% 13.4% 53.7% 9.2% 13.00
COOLED -1

BIOGASIN-2 40.00 10.00 32.9% 13.4% 53.7% 13.00
BIOGASOUT- 500.00 10.00 41.5% 9.6% 385% 10.4% 11.70
2

BIOGAS 250.00 10.00 41.5% 9.6% 385% 10.4% 10.50
COOLED-2

BIOGASIN-3 40.00 10.00 46.3% 10.8% 43.0% 10.50
BIOGASOUT- 500.00 10.00 56.3% 6.7% 26.6% 10.5% 9.53
3

BIOGAS 250.00 10.00 62.9% 7.4% 29.7% 8.53
COOLED-3

BIOMETHANE 40.00 10.00 97.1% 0.6% 2.3% 5.53 49.40 50.50

Table 7 — ETM: KPIs

Parameter Value U.M.
Specific electric consumption - enel 0.01  kWe/kWs

M
Specific Hydrogen consumption - 0.02  kgn2/kWs
CONSH?2 M
Specific Biogas consumption - 0.66 kWsc/kWs
CONSgg M
Efficiency - n 92.31 -

%
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4.3. Preliminary Techno-Economic Assessment

As an additional component of this study, a preliminary techno-economic assessment was performed
based on the mass and energy balances discussed above. This section briefly outlines the applied
methodology and the key assumptions adopted for the analysis. The main results are subsequently
presented and discussed to evaluate the economic performance of the technology, followed by an
outline of further developments to be addressed in future deliverables. The present results rely on
theoretical performance assumptions and will be refined in the coming months through
experimental testing, scale-up activities, and a more comprehensive economic assessment.

The pilot is mainly composed of three reactors that can be assimilated to shell and tube heat
exchangers, condensers, compressors and membrane for final methane polishing purposes. The cost
estimation follows the Turton methodology for industrial and chemical plants. The cost estimated
for this machinery is reported in Table 8, with the main operation cost assumed.

Table 8 — ETM CAPEX and OPEX Estimation

Parameter Value u.m. Reference
Reactors (x3) 45,000 €/each Estimated
Compressors 18,000 €/each Estimated
(x3)
H, Separator 20,000 € Estimated
CO; Separator 20,000 € Estimated
Condensers 7,500 €/each Estimated
(x3)
Biogas Cost 0.045 €/kWh (IEA 2018)
Hydrogen Cost 4-10 €/kg (European Hydrogen
Observatory, n.d.)
Electricity Cost 0.137- €/kWh (“Eurostat,” n.d.)
0.355

At this stage, capital expenditures have been evaluated only in terms of Bare Erected Cost (BEC),
excluding additional cost components such as project and process contingencies, owner’s costs, and
other items described in the methodology section. Furthermore, debt financing, equipment
replacement, and maintenance costs were not included in the present analysis. However,
representative values for these parameters are reported in the methodology section and will be
incorporated in the scale-up and comprehensive economic assessment of the full-scale plant.

The Levelized Cost of Biogas or Biomethane (LCOB) represents the key metric for comparing
different technological options. For this pilot plant, an LCOB of 0.25 €/kWhbom was obtained, with
hydrogen purchasing cost being predominant, as illustrated in Figure 6. In contrast, operating
expenditures contribute only marginally to the overall LCOB, while CAPEX takes about a quarter of
the LCOB.

Page 21 of 45

Co-funded by the
European Union



D DiOVETHAy e

uni

Biogas Cost o
30 Electricity

2%

CAPEX
24%

Hydrogen
71%

B BiogasCost ™ Electricity ® Hydrogen ® CAPEX

Figure 6 — ETM - Breakdown of LCOB

A sensitivity analysis was carried out to further evaluate the economic viability of the proposed
technology. Specifically, we examined how potential decreases in the hydrogen price and in the total
capital expenditure (CAPEX) would affect the levelized cost of biomethane (LCOB). The outcomes of
these scenarios are reported in Figure 7 and Figure 8.

Overall, the results indicate that CAPEX has a relatively limited influence on LCOB within the
explored range: even a 50% reduction in CAPEX translates into only about a 12% decrease in LCOB,
suggesting a weak sensitivity of the overall cost to capital-related expenses. By contrast, the
hydrogen price emerges as a dominant cost driver. A 60% reduction in hydrogen price yields an
approximately 43% reduction in LCOB, highlighting the strong dependence of this pathway on
hydrogen economics.

This reflects the intrinsic coupling between hydrogen supply and biomethane production in the
proposed concept. Consequently, achieving competitiveness, both against conventional biomethane
upgrading routes and, more critically, against fossil natural gas, will likely require access to
substantially lower-cost hydrogen (e.g., through cheaper renewable electricity, improved
electrolyser performance, and/or favorable market and policy conditions).

However, the present economic assessment should be further extended to larger, industrially
relevant scales. This will clarify whether the cost sensitivities and trends observed in this study are
preserved during upscaling, or whether scale-dependent effects and additional parameters, such as
economies of scale, supply-chain constraints, integration and balance-of-plant requirements,
operating strategy, and financing assumptions, become more influential in shaping the overall
economic performance of the technology.
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5. ITALIAN INNOVATIVE BIOMETHANE
DEMONSTRATOR

DEMONSTRATION: EXx Situ Biological Methanation (EBM)

e Production pathway: biological

e Input: CO2 +hydrogen

Gruppo CAP, as integrated water service manager for the
Metropolitan City of Milan area (Lombardy Region) operates
40 wastewater treatment plants of different sizes and
capacities over a 1,500 km? area. Among those, anaerobic
digestion is already widely implemented as a technology to
reduce sewage sludge and produce biogas for local energy
production. The demo site is situated at one specific WWTP
(Bresso-Niguarda), located within the Municipality of Milan in
the neighborhood of Niguarda. Biogas produced via sewage
sludge AD is already converted into biomethane via physical upgrading and sent to the natural gas
distribution grid. Considering that Bresso-Niguarda WWTP has a treatment capacity of about 300,000
people equivalent, corresponding to 2,200 m3/h of inflow from sewer, it currently produces about 90
m3/h of biomethane.

5.1. Brief Technology Description

CAP, in collaboration with partners Politecnico di Milano, SIAD and CIC, will implement an integrated
demo plant to achieve a more sustainable biomethane production in a holistic approach that includes
biogas upgrade side by side with several approaches to increase biogas production.

The demonstration plant will be implemented in one of the 2 parallel AD lines; the second one will
be kept as such to have a direct comparison of the overall biomethane yield improvement and
production cost reduction achievable by applying the integrated technologies. It will be composed
by four units:

(1) sewage sludge ozonolysis, which will serve as pre-treatment to enhance the feedstock
digestibility and thus the biogas yield,

(2) ex-situ biological upgrading, to convert carbon dioxide into methane and boost the yield,
(3) microalgae cultivation on the liquid fraction of digestate
(4) co-digestion of pre-treated sludge, microalgae, and selected substrates.

The purpose of sludge treatment using ozone is to increase the anaerobic biodegradability of the
substrate and its capacity to produce biogas while reducing the amount of digestate to be disposed
of. In the scientific literature, several experiences are reporting the application of this technology on
a laboratory and pilot scale. These experiences generally describe significantly positive effects on
anaerobic digestion. However, pilot-scale experiments are extremely rare. Biological ex-situ upgrade
operates at mild conditions and represents a promising and rapidly evolving technology, in terms of
reactor configurations and process volumetric intensity. Key aspects are the gas transfer efficiency
and the dynamic response to variable and even null Hz load. The ex-situ upgrade prototype will run
biological hydrogenotrophic conversion of CO2 to biomethane by Archaea present as suspended
biomass and as biofilm, the latter attached to hollow fiber tubular gas transfer membranes.
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In this innovative configuration, H2 and CO: are supplied by two devices: to the biofilm by diffusion
through the lumen of the membrane and, to the suspended biomass, by gas sparging. This
configuration combines the scheme of a previously tested ex-situ reactor (V = 500 L) with the gas
transfer membrane biofilm reactor, a technology already known and applied at full scale in other
sectors.

5.2. Demo configuration Flowsheeting

The Italian pilot plant comprises four distinct activities, which can be integrated in different ways,
resulting in interchangeable process configurations. According to the Italian local consortium, four
alternative configurations can be considered, as illustrated in the corresponding Figure 9 and Figure
10.

Figure 9 — EBM: Process configurations with oxygen from external supply

In one configuration, oxygen is supplied from commercial providers, avoiding reliance on
electrolyzer-derived oxygen, whose operation may be subject to fluctuations. In this case, the
ozonolysis pretreatment can be applied either to the fresh sludge to enhance its anaerobic
biodegradability or to the digestate. In both scenarios, microalgae can also undergo ozonolysis to
increase biomass yield.

MEMBRARE

Figure 10 — EBM: Process configurations with oxygen from electrolyzer

An alternative configuration involves the use of oxygen produced by the electrolyzer. Under this
scheme, the process design must be optimally sized to conveniently meet the oxygen and/or
hydrogen demands required for ozonolysis and biomethanation, respectively. Further analysis during
the scale-up phase will be necessary to identify the optimal key design parameters of auxiliary
equipment, such as oxygen and hydrogen storage systems and operating pressures.
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Given the complexity, operational independence, interchangeability, and differing pilot scales of the
individual activities, each process is modeled separately in the present report. For similar reasons,
economic indicators are not evaluated at this stage. In the coming months, as additional data from
ongoing experimental trials become available and scale-up studies are undertaken, a comprehensive
assessment of the advantages and limitations of the different configurations will be performed, and
economic indicators will also be incorporated as a basis for evaluation.

5.2.1. Activity A1 — Ozonolysis

Ozonolysis is applied as a pretreatment step for either fresh sludge or digestate, as discussed
previously. This section summarizes the main modeling assumptions adopted for the treatment of
fresh sludge, based on the most recent experimental results available. It should be noted that, unlike
Activity A2 and other pilot configurations, this activity has not been implemented in Aspen Plus.

In recent months, an average sludge flow rate of 140 m3/d was treated with ozone, with mean volatile
solids (VS) and total solids (TS) contents of 27 g/kgsiudge and 17 g/kgsiudge, respectively. An average
ozone dosage of 35 gos/kgvs was applied, resulting in a methane yield of approximately 300 m3/tvs,
with methane contained in a biogas stream of 60%vol CHa. The overall specific energy consumption
associated with the ozonolysis process was estimated at 50 kwh.

The main specific parameters and modeling assumptions are summarized in Table 9, while an
overview of the process streams is provided in Figure 11.

Table 9 — EBM A1: Modelling parameter for fresh sludge ozonolysis

Parameter Value U.M. Reference
Sludge flow 140 t/d Measured
Sludge density 1 t/m3 Assumed
TS 27 a/kg Measured
VS 17 a/kg Measured
Energy consumption 50 kWh Measured
Ozone flow 4.5 kgos/h Measured
LHV CH4 358  MJ/kg Assumed
LHV Sludge (fresh) 15.3 MJ/kgom (Houdkova et al.

2008)
Biogas production (@60%vol 500 m3/tvs Measured
CHa)
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Figure 11 — EBM A1: Fresh sludge pre-treatment process

In the end, the evaluated KPIs are resumed in Table 10.

Table 10 — EBM A1: KPIs

Parameter Value U.M.
Specific electric 0.0044 kWel/kWgg
consumption - enel

Sludge consumption - conss. 298 kgsi/kWsg
Ozone Consumption — consos 2.7 go3/MJsc
Efficiency - n 28% -

5.2.2. Activity A2 — Ex Situ Biological Methanation

Activity A2 focuses on ex situ biological methanation (EBM), in which hydrogen and carbon dioxide
react within a biological reactor to produce methane. The configurations evaluated by the local
consortium include membrane reactors and bubble column reactors. Recent experimental
campaigns have investigated both reactor concepts, and the membrane reactor configuration has
demonstrated superior hydrogen mass transfer efficiency under the investigated operating
conditions. Based on these findings, only results obtained with the membrane reactor are presented
in this report, while further investigations on alternative reactor designs might be addressed in
future project deliverables.

It should be noted that the results discussed herein reflect the current operational performance of
the pilot plant based on recent experimental tests and are not intended to represent the theoretical
maximum or full potential of the technology. The main reaction in the reactor follows the Sabatier
reaction in a biological form, also called Hydrogenotrophic Methanogenesis (Equation 12).

Equation 12 H, + aC0, + bNH; —» cCsH,0,N + dCH, + e2H,0

Where CsH,0,N are the microorganisms produced during the process and NHs represents the
nutrients.
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Figure 12 — EBM A2: Aspen Plus flowsheeting

Table 11 summarizes the main process streams involved in the system. Owing to the currently limited
hydrogen mass transfer efficiency within the reactor, the resulting biomethane stream reaches a
methane concentration of approximately 77%vol. Consequently, further experimental tests and
optimization studies are required to achieve methane concentrations compatible with natural gas
grid injection standards. In addition, hydrogen production with an electrolyser was modeled in Aspen
Plus for the delivery of the hydrogen required by the biological methanation process. The Faradaic
efficiency and voltage efficiency were set to 97% and 76%, respectively, which are representative
values for proton exchange membrane (PEM) electrolyzers. Under these assumptions, the overall
electrical power demand was estimated at 4.15 W, corresponding to a specific electricity
consumption of 4.51 kwWh/m? of hydrogen, including balance-of-plant contributions.

Table 11 — EBM A2: Process streams

Stream T P CHs CO; H: H:0 Volume Mass LHV Power
fFlow Flow
°C bar %mo[ %mo[ %mol %mol I—/ h g/ h [kJ/ g] w
PEM-H, 60.00 1.00 1.00 0.82 0.07 119.96 2.23
CO; 15.00 1.00 1.00 0.20 0.37 0.00
BIOCHs 25.00 1.00 0.77 0.07 0.16 0.25 0.16 41.42 1.79

The main key performance indicators (KPIs) are reported in Table 12, highlighting the specific
consumption of fuels and electricity per unit of biomethane produced, as well as the conversion
efficiency and the overall process efficiency. The conversion efficiency refers to the energy efficiency
of the hydrogen and carbon dioxide conversion into biomethane, whereas the process efficiency
accounts for the entire system, including the energy requirements for hydrogen production and
other electrical auxiliary equipment. No external heating or cooling was applied during operation.
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Table 12 — EBM A2: KPIs

Parameter Value U.M.
Specific Electric consumption -  2.31 Wea/Wsm
€Nel

Specific Hydrogen consumption - 0.037 g/Whgm
CONSH2

Specific CO. consumption - 0.2 g/Whsm
CONSco?

Conversion efficiency — n1 80.4% -
Process efficiency — n2 43.2% -

5.2.3. Activity A3-A4 — Microalgae and Co-Digestion

Activities A3 and A4 can be considered jointly, as both aim to enhance biogas yield through the
anaerobic co-digestion of microalgae (MA) and fresh sludge. The microalgae reactor has been in
operation since 2023, during which both CO2 recovered from biogas upgrading and ambient air have
been tested as carbon sources. The most recent experimental results indicate that the use of air
alone is sufficient to produce biomass yields comparable to those obtained with CO:
supplementation. On the other hand, the co-digestion reactor has been installed only recently at the
pilot site, and experimental data are not yet available. Consequently, for modeling purposes, this
report relies on theoretical considerations and laboratory-scale data.

The liquid fraction of digestate sludge with a suspended solid content of 100-200 mg/L and an
ammoniacal nitrogen content of 250-350 mgN/L is fed to the microalgae pond at a flow rate of
around 4.5 L/h, providing sufficient nutrients for biomass growth. As noted above, CO:
supplementation is not considered at this stage. The assumed electrical power consumption of the
microalgae pond is 7 Wel. The harvested biomass stream has a flow rate of 0.02 L/h with a dry matter
content of 10%. The main modeling assumptions for the microalgae pond are summarized in Table
13.

Table 13 — EBM A3-A4: Microalgae modelling assumption

Parameter Value u.m. References
Digestate sludge flow 4.5 L/h Design
Electric consumption 7 W Assumed
Average irradiance 170 W/m?

Microalgae pond area 5.7 m? Design
Microalgae dry weight 18.6 g/L (Pulgarin et al. 2021)
Areal productivity 10 gom/m?d Measured
Algal biomass outflow to harvesting 57 gom/d Measured
Algal paste concentration (after 100 gom/L Measured
harvesting)

Algae LHV 22 MJ/kgom Assumed
Algae methane yield 130 LcHa/kgvs Measured
Algae paste to codigester 26 gom/L Measured
Produced algae 0.02 L/h Measured
Efficiency of biomass harvesting 50% - Measured
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The produced biomass is subsequently co-fed to the anaerobic digester (50% of the produced
biomass) together with fresh sludge at a volumetric ratio of 10:1 (sludge to biomass), resulting in a
sludge feed rate of 0.1 L/h. The overall electrical power consumption of the anaerobic digester is
reported to be 5 We, while the biogas production rate is approximately 0.8 L/h, with a methane
concentration of 60%uvol.. An overview of the main modeling parameters adopted for Activity A4 is
provided in Table 14.

Table 14 — EBM A3-A4: Co-digestion modelling assumptions

Parameter Value U.M. References
Fresh sludge flow 0.1 L/h Design
Sludge LHV 15.33 MJ/kgom (Houdkova et al.
2008)
Microalgae flow 0.01 L/h Design
Electric 5 W Measured
consumption
Biogas LHV 21.5 kJ/L Assumed
Biogas production 0.8 L/h Measured
Reactor volume 60 L Design

In the Figure 13, a scheme of the activities A3-A4 and their integration is shown.

Electricity Electricity
7W 5wW

Digested Sludge Microalgae Biogas
4.5L/h 0.01L/h 0.8L/h
’ 6.8W 4.75W
Irradiance Fresh sludge
170 W/m? 0.1L/h

14.8W
Figure 13 — EBM A3-A4: Microalgae and co-digestion unit flowsheeting

The main key performance indicators (KPIs) are reported in Table 15, highlighting the specific
electrical consumption of each individual activity as well as that of their integrated configuration.
Additionally, for the microalgae pond, the photosynthetic efficiency is evaluated, considering the
average irradiance during the experimental campaign and the area of the pond.

Table 15 — EBM A3-A4: KPIs

Parameter Value UM,
Microalgae photosynthetic efficiency 1.4% -
Microalgae Pond specific electric consumption - 0.52  Wel/Lma
€NelMA

CO-Digestion unit specific electric consumption - 1.04  Wel/Wsc
€NelCoD

CO-Digestion unit conversion efficiency 22% -
Integrated plant specific electric consumption - enel 2.51 We/Wsa
Integrated plant efficiency —n 14% -
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6. SWEDISH INNOVATIVE BIOMETHANE
DEMONSTRATOR

DEMONSTRATION: 6.1. Ex-Situ Syngas Biological methanation (ESB)
e Production pathway: biological

e Input: syngas (+hydrogen)

The demonstration site is an existing 6 MW gasification plant owned
by the company CORTUS. The plant is situated in Hoganas, Region of
Gotaland. The gasification technology employed is referred to as the
WoodRoll® process. This involves drying, pyrolysis and gasification

.

ol v stages to convert raw biomass to synthesis gas (mixture of CO + Hy)
@ e 4 "-—_;/ in CO/H2 ratio of approximately 1:2. Additionally, the gas contains
R I " CO2 (11-14%) and some CHa (1-2%). Current feedstock is wood chips
-y 7/ - with 40% moisture. However, the plant could run on fuel with up to

45% moisture without pre-drying, which enables conversion of
woody waste products such as logging residues or municipal yard-trimmings. The produced syngas is
used as a green energy input for steel powder manufacturing.

The demonstration plant initially identified and employed within the project encountered
operational and financial difficulties, which ultimately led to the bankruptcy of the operating
company in spring 2025. The planned experimental activities were organized in 2 steps: the first
aimed at demonstrating biological methanation of syngas to a mixture of methane and CO2 similar
to biogas, and then a second step aimed at upgrading the biogas obtained to grid-quality biomethane
with the addition of externally supplied hydrogen. In fact, according to the original project plan, the
plant was intended to be equipped with a small-scale electrolyser, designed to supply renewable
hydrogen produced from electricity in order to achieve the stoichiometric balance required for the
conversion of all CO:z to methane.

As a consequence of the aforementioned events, the BIOMETHAVERSE work plan was revised, and
alternative technical solutions were jointly evaluated and agreed upon by the project partners. The
updated approach was subsequently formally approved in January 2026. The second step will now
be demonstrated at a biogas plant.

The process modelling and flowsheeting activities reported in this deliverable were carried out with
reference to the initially planned plant configuration and the results obtained in the first step of the
demonstrator development, which remains representative of the intended technological concept
and provides a consistent basis for process assessment and comparison.

6.1. Brief Technology Description

The specific type of biological methanation intended for demonstration in this case converts syngas
(CO, Hz, CO2 and some CHa) from thermal gasification and/or pyrolysis via biological methanation to
biomethane in a Trickle Bed Reactor (TBR). This reactor is fed by syngas and a nutrient solution which
can be in the form of digestate from a co-located conventional biogas plant or reject water from
municipal wastewater sludge dewatering.

The syngas meets a selectively adapted mixed culture biofilm on carriers and a continuous flow of
nutrient-rich solution. CO and H: are consequently converted to CH4 and CO.. The TBR design allows
for a high exchange rate between the gas and liquid phases.

In a second step, the remaining CO: is upgraded to a final gas mix of very high CH4 content by adding
an additional source of Ha.
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This reaction between the additional H2 and CO2 would happen in a second TBR, facilitated by the
same mixed culture biofilm, resulting in higher utilization of invested CAPEX and the elimination of
a conventional upgrading step.

6.2. Demo configuration Flowsheeting

>

LIQ-3EP

Figure 14 — ESB: Aspen Plus process flowsheeting

ESB technology differentiates from the other technologies developed in BIOMETHAVERSE thanks to
the utilization of syngas, in which an amount of hydrogen is already present. Composition of syngas
is obtained from data shared in Deliverable D2.2 (BIOMETHAVERSE 2024) from the demo leader,
while hydrogen consumption is evaluated on the stoichiometric ratio of CO2 content in the stream at
the outlet of the first reactor (TBR-1). To obtain biogas at the outlet of the TBR-1, the following
reactions are assumed:

Equation 13 4CO + 2H,0 —» CH;COOH + 2CO,
Equation 14 CO+ H,0 - H, + (O,
Equation 15 CH;COOH - C0O,+ CH,
Equation 16 4H, + CO, » CH, + 2H,0

While in the TBR-2 only hydrogenotrophic methanogenesis is assumed (Equation 16).

Due to the unavailability of updated experimental data related to the second step, the upgrading
with the addition of Hz, the proposed modelling relies on the most recent validated data for TBR1,
while TBR2 is modelled on the basis of theoretical calculations and expected process behaviour. In
Table 16 the composition of the syngas used is available.

Table 16 — ESB: Syngas composition

Molecule Value UNIT

H: 58 vol.%
CO: 11 vol.%
Cco 29 vol.%
CHa 2 vol.%
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In Table 17 a summary of the streams in place in the plant, considering both the experimental tests
run on the first reactor and the estimated one on the second reactor

Table 17 — ESB: Process streamsTable 17

STREAM T P CHs CO2 CO H2 H20 Vol Mass LHV Power
flow Flow
°C bar %mol__ %mol__ Yomol Ybmol Y%bmol IT73/h kg/h [MJ/kg] kw
AEM-H: 60.00 1.00 100% 2.86  0.21 120.0 7.0
SYNGAS 25.00 1.00 2% 11% 29% 58% 3.50 2.07 16.5 9.5
BIOGAS 60.00 1.00 55% 42% 3% 1.52  1.73 15.8 7.6
BIOCH4 25.00 1.00 95% 1% 4% 1.68 0.99 48.0 13.21

In addition, hydrogen production was modeled in Aspen Plus. As modeling parameters, the Faradaic
efficiency and voltage efficiency were set to 97% and 76%, respectively, which are representative
values for Anion Exchange Membrane (AEM) electrolyzers. Based on these assumptions, the overall
electrical power demand was estimated to be 9.15 kW, corresponding to a specific electricity
consumption of 4.51 kwh/m? of hydrogen, including balance-of-plant contributions. Given the large
heating/cooling demand span, and being the process exothermic, it was decided not to consider the
related energy consumption, while waiting for additionalexperimental data.

The main key performance indicators (KPIs) are reported in Table 18, highlighting the specific
consumption of fuels and electricity per unit of biomethane produced, as well as the conversion
efficiency and the overall process efficiency. The conversion efficiency refers to the energy efficiency
of the hydrogen and carbon dioxide conversion into biomethane, whereas the process efficiency
accounts for the entire system, including the energy requirements for hydrogen production and
other electrical auxiliary equipment

Table 18 — ESB: KPIs

Parameter Value U.M.
Specific Electric consumption - enet 0.99  kWe/kWsm
Specific Hydrogen consumption — 0.016 kguz/kWhawm
CONSH2

Specific Syngas consumption - conssc 0.71  kWsc/kWsm
TBR1 conversion efficiency — nrer1 80.2% -
TBR2 conversion efficiency — nrer2 90.3% -
Whole plant conversion efficiency — ns 80% -
Process Efficiency — n: 58.6% -

6.3. Preliminary Techno-Economic Assessment

As an additional component of this study, a preliminary techno-economic assessment was performed
based on the mass and energy balances discussed above. This section briefly outlines the applied
methodology and the key assumptions adopted for the analysis. The main results are subsequently
presented and discussed to evaluate the economic performance of the technology, followed by an
outline of further developments to be addressed in future deliverables. It should be noted that the
present results are derived from pilot-scale performance data regarding the TBR1 and theoretical
evaluation regarding TBR2.
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The main pilot is composed of two reactors (TBR1-2) and an electrolyzer for hydrogen production.
The cost estimated for this machinery is, respectively, €168,446 each and €14,000/kWz,
comprehending all auxiliaries, that result in an overall CAPEX of €435,324. The main methodology is
discussed in a dedicated chapter, following what was published in Deliverable D3.1
(BIOMETHAVERSE 2023),. In Table 19, though, a resumption of the main operational parameters is
shown, crucial to evaluate the OPEX of the plant.

Table 19 — ESB: OPEX

Parameter Value UM, Reference
Oxygen price 25  €/ton (Chauvy et al.
2020)

Operation time 8000 h/year Assumed
Deionized 3  €/ton (Chauvy et al.
water 2020)
Electricity price 0.137- €/kWh (“Eurostat,” n.d.)

0.3554

Syngas price 0.51 €/Nm3 (“Syngas Price,”
n.d.)

At this stage, capital expenditures have been evaluated only in terms of Bare Erected Cost (BEC),
excluding additional cost components such as project and process contingencies, owner’s costs, and
other items described in the methodology section. Furthermore, debt financing, equipment
replacement, and maintenance costs were not included in the present analysis. However,
representative values for these parameters, as indicated in the methodology section, will be
incorporated while modelling the upscaling and optimization to perform a comprehensive economic
assessment of the full-scale plant.

The Levelized Cost of Biogas or Biomethane (LCOB) represents the key metric for comparing
different technological options. For this pilot plant, an LCOB of 0.78 €/kWhsm was obtained, with a
fairly even distribution between capex (38%) and electricity cost (45%), while syngas covers a lower
portion of the LCOB, as illustrated in Figure 15.
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LCOB

Syngas
17%

CAPEX
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Water
0%

Electricity PEM
45%

m Syngas = Water = Electricity PEM = CAPEX

Figure 15 — ESB - Breakdown of LCOB

A sensitivity analysis was conducted to further examine the economic feasibility of the proposed
technology. Specifically, we evaluated how reductions in the electricity price and in total capital
expenditure (CAPEX) affect the levelized cost of biomethane (LCOB). The results of these scenarios
are presented in Figure 16 and Figure 17.

The outcomes show that capital costs play a comparatively relevant role: a 50% decrease in CAPEX
translates into an approximately 24% reduction in LCOB, indicating a moderate sensitivity of the
overall cost to investment expenditures. Conversely, the influence of electricity price is more limited
within the investigated range. Even a substantial electricity price decrease—up to 61%—results in an
LCOB reduction of less than 23%, suggesting that electricity costs are not the primary driver of the
process economics.

This pattern reflects the fact that, for the analysed configuration, the cost structure is dominated by
non-electricity components (e.g., capital-related charges and other operating inputs), so lowering
electricity prices alone is unlikely to deliver a step-change in competitiveness. Therefore, improving
economic performance will likely require a combination of measures, including CAPEX reduction
through design optimisation and economies of scale, improved process efficiency and capacity
factor, and more favourable financing and integration solutions (e.g., reduced balance-of-plant costs,
heat/power integration, and streamlined operation and maintenance).

Also in this case, the present economic assessment should be further extended to larger, industrially
relevant scales. This will clarify whether the cost sensitivities and trends observed in this study are
preserved during upscaling, or whether scale-dependent effects and additional parameters, such as
economies of scale, supply-chain constraints, integration and balance-of-plant requirements,
operating strategy, and financing assumptions, become more influential in shaping the overall
economic performance of the technology.
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Figure 16 — ESB: LCOB varying with electricity price

435,324.00€ 348,260.00€ 217,662.00€
CAPEX [€/KWh]

Figure 17 — ESB: LCOB varying with CAPEX
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7. UKRAINE INNOVATIVE BIOMETHANE
DEMONSTRATOR

DEMONSTRATION: In-Situ Biological methanation (IBM)

e Production pathway: biological

e Input: CO2 +hydrogen

- L The biogas plant in Ladyzhin, Vinnytsia region, has an installed electric
( A ~ capacity of 12 MW, producing biogas from 330 t/d of chicken manure and other
e\ " agricultural residues, producing 85,000 MW of electricity per year. Plant
p | j‘k&‘ configuration consists of twelve reactors (9 main digesters and 3

¢ post digesters) with 90,000 m? volume each. The complex has its own biogas
pipeline that transfers biogas to the cogeneration unit located near the slaughter complex, in order
to use heat to supply steam to the latter.

7.1. Brief Technology Description

During anaerobic digestion, different microorganisms convert organic residues into biogas. The
process occurs in four different phases, of which the last phase is methanogenesis. Two metabolic
pathways of methanogenesis dominate in industrial biogas plants, i.e., acetolactic methanogenesis,
where acetate is splitinto CO2 and CHsand hydrogenotrophic methanogenesis, where CO: is reduced
with hydrogen to CHa. Both processes run in parallel, however the first route will prevail if no
interventions are made, because the naturally occurring amount of free hydrogen in the substrates
is low.

By injecting hydrogen directly into an AD reactor, the second route is stimulated and the activity of
the hydrogenotrophic methane formers is increased. This results in an overall increase of the
biomethane yield per given amount of feedstock, and in a higher methane concentration in the final
biogas produced.

Biogas
L >
@ Hydrogen
Ha ' > ANAEROBIC
— DIGESTER
= Feedstock
@ W
et
PUMP \ ‘—/
Liquid Fraction
L >

Figure 18 — IBM: Process scheme
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7.2. Demo configuration Flowsheeting

PMP-WAT, ELECT

————

| DECOMP

Figure 19 — IBM: Aspen plus Flowsheeting

The preliminary flowsheeting of the integrated biomethanation (IBM) process represents an
enhanced anaerobic digestion configuration in which hydrogen is supplied to increase both the
methane concentration at the outlet and overall biogas productivity. The proposed flowsheet was
modeled to reproduce the most recent operational data obtained from pilot-scale partners.
According to recent operating results, the technology is actually capable of not only improving biogas
yield but also increasing the methane concentration in the produced gas stream.

In Table 20, an overview of the feedstock composition used for pilot trials is available. For modeling
and comparison purposes, only Feed3 has been used in the flowsheeting.

Table 20 — IBM: Feedstocks characteristics

Dairy cattle slurry Bedded cattle manure Corn Silage TOTAL
tFM DM, % oDM,% | tFM DM, % oDM,% | tFM DM, % oDM, % | tFM
Feeding mix 1 287.0 4.5% 85.0% 9.0 15% 85% 220 325% 95% 318.0
Feedingmix2 | 297.5 4.5% 85.0% 9.5 15% 85% 23.0 325% 95% 330.0
Feedingmix3 | 330.0 4.5% 85.0% 8.5 15% 85% 21.5 325% 95% 360.0

The IBM process has been assumed following a three-step pathway, comprising fermentation
(Equation 17), Acidogenesis (Equation 18), and Methanogenesis (Equation 19) as follows:

CH,0,N, > dCsH,0,N + eCH,COOH + fHy + gCO, + hH,0 + iNH,

Equation 17
Equation 18 CH3;COOH + aNH; — bCsH,0,N + cCH, + dCO, + eH,0
Equation 19 H, +aC0, + bNH; - ¢C<H,0,N + dCH, + e2H,0

Where CH,0, N, represents the feedstock and C;H,0,N are the microorganisms produced during the
processes. Each stoichiometric coefficient is evaluated based on the composition of the feedstock.
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To characterize Feed 3, the proximate and ultimate analyses of three different feedstocks were
considered, representing dairy cattle slurry, bedded cattle manure, and corn silage, respectively.

Table 21 — IBM: Proximate and Ultimate analysis of feedstocks

Cow Manure Cattle Corn Stove
Manure

Proximate Analysis
Moisture 70.3% 24.6% 5.9%
Ash 62.3% 42.34% 21.57%
Volatile 30.7% 53.1% 63.9%
Fixed Carbon 7.1% 4.56% 14.53%
Ultimate Analysis
Ash 62.3% 42.34% 21.57%
C 22.1% 29.15% 37.8%
H 2.9% 3.55% 4.84%
(0] 11.5% 20.75% 35.05%
N 1.1% 2.25% 0.65%
S 0.1% 0.61% 0.09%

According to the most recent operational data, no external heating or cooling was applied during the
process. The operating temperature was approximately 40 °C, while the reactor pressure was
maintained at about 0.1 bar above ambient conditions. The total volume of the pilot reactor is 10.5
m3, of which 8 m3 corresponds to the effective working volume.

Table 22 — IBM: Process streams

Stream T P CHs CO2 H: H:0 Volume Mass LHV Power
Flow Flow
°C bar Y%bmol %mol %mol %bmol m3/h kg/h [MJ/kg] kw
PEM-WAT 15 1 1.00 0.02 0.00 0.00
PEM-O: 60 1 0.01 0.02 0.00
PEM-H: 60 1 1.00 0.03 0.00 119.9 0.07
FEED 15 1 15.00 1.6 6.83
BM 15 1 0.67 0.33 0.52 0.54 21.3 3.22
REFBM 15 1 0.62 0.38 0.42 0.47 18.7 2.44

To enable comparison with conventional anaerobic digestion, experimental trials were conducted
without hydrogen injection, thereby defining the reference biomethane production of the pilot plant
(REFBM, Table 22). This reference case allows quantification of the productivity enhancement
achieved by the proposed technology and comparison of the main key performance indicators (KPIs).

In addition, hydrogen production was modeled in Aspen Plus in conjunction with the biological
process. As modeling parameters, the Faradaic efficiency and voltage efficiency were set to 97% and
76%, respectively, which are representative values for PEM electrolyzers. The overall electrical power
demand was estimated to be 0,13 kW, corresponding to a specific electricity consumption of 4.51
kWh/m? of hydrogen, including balance-of-plant contributions.

For the anaerobic digestion electricity consumption (auxiliary equipment), a literature value of 3% of
biogas production in terms of energy has been considered; this value would be referred to the biogas
produced without hydrogen injection.
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The main KPIs are hereby given and commented:

Table 23 — IBM: KPIs

KPI IBM Reference U.M.
Case

Conversion efficiency — n1 46.67 35.77 %

Process efficiency — n2 45.79 35.41 %

Specific electric consumption -  0.06 0.03 MWe/MWsnm

€Nel

Specific H, consumption —conssz ~ 0.66 0  kgnz/MWem

The injection of hydrogen into the reactor enables improved utilization of the feedstock potential,
thereby increasing the overall process efficiency. The associated electricity consumption is marginal
due to the limited amount of hydrogen supplied. Furthermore, as shown in Table 22, the process
enhances the methane content by approximately 5%, yielding a biogas with a methane concentration
of 67% compared to 62% in the reference case. Thisimprovement directly translates into an increase
in the energy content of the produced biogas.

7.3. Preliminary Techno-Economic Assessment

As an additional component of this study, a preliminary techno-economic assessment was performed
based on the mass and energy balances discussed above. This section briefly outlines the applied
methodology and the key assumptions adopted for the analysis. The main results are subsequently
presented and discussed to evaluate the economic performance of the technology, followed by an
outline of further developments to be addressed in future deliverables. It should be noted that the
present results are derived from pilot-scale performance data, while scale-up activities and a
comprehensive economic assessment will be conducted in the coming months.

The main pilot is composed of two containers, which include the reactor for the IBM process and the
electrolyzer for hydrogen production. The cost occurred for these machinery is, respectively,
€108,000 and €51,000, including all auxiliaries, which results in an overall CAPEX of €159,000. The
main methodology is discussed in a dedicated chapter, following what was published in Deliverable
D3.1, and will not be repeated here. In Table 24, a summary of the main operational parameters is
shown, crucial to evaluating the OPEX of the plant.

Table 24 — IBM: OPEX

Parameter Value u.m. Reference
Oxygen price 25 €/ton (Chauvy et al.
2020)
Operation 8000 h/year Assumed
time
Deionized 3 €/ton (Chauvy et al.
water 2020)
Electricity 0.137- €/kWh (“Eurostat,” n.d.)
price 0.3554

At this stage, capital expenditures have been evaluated only in terms of Bare Erected Cost (BEC),
excluding additional cost components such as project and process contingencies, owner’s costs, and
other items described in the methodology section. Furthermore, debt financing, equipment
replacement, and maintenance costs were not included in the present analysis. However,
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representative values for these parameters are reported in the methodology section and will be
taken into account in the scale-up and economic assessment of the full-scale plant.

The Levelized Cost of Biogas or Biomethane (LCOB) represents the key metric for comparing
different technological options. For this pilot plant, an LCOB of 0.68 €/kWhbsm was obtained, with
capital expenditures being predominant, as illustrated in Figure 20. In contrast, operating
expenditures contribute only marginally to the overall LCOB.

Water Electricity PEM
0% 3%

Electricity
1%

CAPEX
96%

m Water = Electricity PEM  m Electricity = CAPEX

Figure 20 — IBM: - Breakdown of LCOB

A sensitivity analysis was carried out to further evaluate the economic feasibility of the proposed
technology. In particular, we investigated the effect of reductions in the electricity price and in total
capital expenditure (CAPEX) on the levelized cost of biomethane (LCOB). The results are reported in
Figure 21 and Figure 22.

The analysis shows that CAPEX is the dominant driver of LCOB for this configuration. A 50% reduction
in CAPEX yields an approximately 48% decrease in LCOB, indicating an almost linear relationship
between investment costs and the levelized biomethane cost. This behaviour is largely explained by
the relatively small contribution of operating expenditures (OPEX) to the total LCOB: when variable
and fixed operating costs are limited, capital-related charges account for most of the cost burden, so
changes in CAPEX translate nearly one-to-one into changes in LCOB.

By contrast, the electricity price has a negligible influence in the explored range. Even a substantial
reduction in electricity price (up to 61%) resultsin an LCOB decrease of less than 2%, confirming that
electricity costs represent only a marginal share of the overall cost structure and are therefore not a
key lever for improving competitiveness.

These findings imply that economic improvements should primarily target CAPEX reduction and
capital efficiency, for instance through design simplification, modularisation and standardisation,
economies of scale, improved equipment sizing and integration (balance-of-plant optimisation),
higher utilisation rates (capacity factor), and more favourable financing assumptions. Conversely,
while access to low-cost electricity remains beneficial from a broader system perspective, it is
unlikely, on its own, to materially change the process economics for the case analysed here.

Co-funded by the
European Union




D DiOVETHAy e

LCOB [€/kWh]
p
[#)}]
~J

0,3554 0,1971 0,137
Electricity Price [€/kWh]

Figure 21 — IBM: LCOB varying with electricity price
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Figure 22 — IBM: LCOB varying with CAPEX

As for the economic evaluation of the other demonstrators, the present economic assessment should
be further extended to larger, industrially relevant scales. This will clarify whether the cost
sensitivities and trends observed in this study are preserved during upscaling, or whether scale-
dependent effects and additional parameters, such as economies of scale, supply-chain constraints,
integration and balance-of-plant requirements, operating strategy, and financing assumptions,
become more influential in shaping the overall economic performance of the technology.
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8. CONCLUSIONS

This deliverable consolidates the current Fflowsheeting status of the BIOMETHAVERSE
demonstrators and provides a coherent performance assessment of the corresponding innovative
biomethane pathways. By combining Aspen Plus process models, harmonised KPI, and a preliminary
techno-economic assessment of the demonstrators, the report offers a structured and comparable
overview of the process configurations, operating requirements, and insights on the potential
performance of each technology.

A central outcome is the establishment of a flexible and scalable modelling framework that can be
iteratively updated as new experimental and operational data become available. This is particularly
relevant given that several demonstrators are still undergoing optimisation and, in some cases,
configuration changes are expected due to site-specific constraints (e.g., delayed commissioning
activities or revised demonstration approaches). As such, the numerical results presented here
should be interpreted as intermediate and indicative, while the modelling structure itself provides a
robust basis for future consolidation, upscaling, and optimisation activities.

From a system perspective, the BIOMETHAVERSE portfolio confirms that innovative biomethane
production can be strengthened through multiple complementary levers:

- enhanced conversion and valorisation of existing biogenic feedstocks; (
- integration of renewable electricity and hydrogen to convert CO: into additional methane;

- deployment of advanced biological, electrochemical, and thermochemical conversion routes
that can be adapted to local resources and infrastructure. |

In this sense, the demonstrators collectively highlight the potential role of BIOMETHAVERSE
technologies as an effective way to substitute fossil natural gas, while also illustrating the
importance of site-specific integration choices in determining real-world performance.

Technically, the modelling results underline that no single pathway can be considered universally
optimal. Instead, each demonstrator exhibits specific strengths and constraints that are strongly
shaped by process fundamentals and integration context.

Thermochemical catalytic methanation offers very high conversion potential and product quality, but
it requires robust thermal management and remains tightly coupled to hydrogen availability and
cost.

Ex-situ biological methanation routes operate under mild conditions and offer promising operational
flexibility, yet their performance is sensitive to gas/liquid mass transfer, reactor design, and control
strategies that may become even more critical when moving from pilot to commercial scale.

Syngas biological methanation provides an opportunity to valorise thermochemical conversion
outputs and, in principle, reduce or eliminate conventional upgrading steps, but the pathway's
attractiveness depends on stable upstream syngas supply and on how effectively the bioconversion
stages are integrated.

In-situ concepts, electromethanogenesis and hydrogeninjection into digesters show strong potential
for integration with existing anaerobic digestion assets, but require further validation to confirm
long-term stability, controllability, and scalability under realistic operating regimes.

The preliminary techno-economic assessment, performed for the demonstrators with more
consolidated data (ETM, ESB, and IBM) following an NREL-based LCOB framework, provides an initial
indication of cost drivers and improvement levers.

Overall, the sensitivity analyses confirm that competitiveness is highly context-dependent and that
different pathways are dominated by different parameters. In hydrogen-coupled routes, the cost of
hydrogen can be a decisive driver, whereas in other configurations, the economics can be primarily
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CAPEX-driven, with electricity costs playing a marginal role if they represent only a small share of the
total cost structure. This implies that lowering electricity prices alone will not necessarily deliver
material reductions in LCOB, unless electricity is a major contributor to total operating costs;
conversely, CAPEX reduction and capital efficiency can be decisive where OPEX contributions are
limited.

Importantly, these economic insights should be read in light of current limitations typical of pilot-
scale assessments: some cost components are simplified or aggregated, and several scale-dependent
effects (economies of scale, supply-chain constraints, installation and integration costs, maintenance
strategies, replacement schedules, and financing structures) are not yet fully represented.
Therefore, a key priority for the next project phase is to translate the validated modelling logic into
optimised, industrially relevant configurations, to test whether the sensitivities identified here
remain stable during upscaling, or whether additional parameters become dominant in shaping
overall economic performance.

Finally, while D3.4 focuses on flowsheeting, technical KPIs, and preliminary economic feasibility, a Full
comparison of BIOMETHAVERSE pathways requires the systematic integration of environmental and
social dimensions. Subsequent project activities will therefore build on the present modelling
foundation to deliver:

- refined scale-up and optimisation studies;
- more comprehensive techno-economic assessments;

- integrated sustainability evaluations, including Environmental LCA and social impact
considerations (e.g., employment and skills, health and safety, public acceptance, and
regional socio-economic effects).

Overall, this deliverable represents a key milestone: it consolidates the technical knowledge
developed so far, clarifies the main performance and cost drivers across pathways, and provides a
solid basis for the forthcoming optimisation, upscaling, and holistic sustainability assessment
required to support informed deployment decisions under varying regional and policy contexts.

These future analyses will enhance the robustness of the project results and provide valuable
guidance for stakeholders, investors, and policymakers seeking to accelerate the sustainable
deployment of biomethane technologies in Europe, ultimately contributing to the implementation
of efficient, resilient, and economically viable biomethane solutions across the continent.
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