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Executive Summary

BIOMETHAVERSE aims to deliver a set of innovations in the biomethane sector capable of increasing
biomethane production, reducing costs, and coupling the electricity and gas grids to enable the
transition towards renewable energy sources. The goals of BIOMETHAVERSE are mainly
economic/technological, however, the development of these technologies will have an impact on
society (green jobs, security of energy supply, energy poverty) and the environment (reduced GHG
emissions, circularity).

The five technologies identified are to be run at a pilot scale and cover a wide range of technological
solutions (catalytic, biological, and electrochemical methanation, in-situ, and ex-situ upgrading), and
in different location of Europe, matching the need of covering different markets, specifically: (i) Ex-
Situ Thermochemical Methanation (ETM) located in Greece; (ii) Ex-Situ Biological Methanation (EBM)
located in Italy; (iii) In-Situ Biological Methanation (IBM) to be installed in Ukraine; (iv) Ex-Situ Syngas
Biomethanation (ESB) to be installed in Sweden; (v) In-Situ and Ex-Situ ElectroMethanoGenesis (EMG)
to beinstalled in France.

This report provides a detailed description of the methanation processes for each demonstration
plant, highlighting the main streams, reactors, and auxiliary systems. It also explains the primary
reactions occurring within the different reactors and presents the preliminary flowsheets of the
respective processes. The primary objective of this report is to represent the key mass and energy
flows, estimate preliminary mass and energy balances, and define the main key performance
indicators (KPIs) critical for evaluating the energy performance of the systems.

The findings from this report will serve as a foundation for integrating the results of experimental
work conducted in the pilot plants, which will be further detailed in a subsequent deliverable (D3.4:
Final Flowsheeting Optimised Configurations of Demos, M36). Furthermore, the flowsheeting
process is expected to be scaled up and optimised for commercial-level applications in a later
deliverable (D3.6: Techno-economic Upscaling and Optimisation of Demos, M42). Notably, the
developed models are based on assumptions taken from literature, or previous data shared from
demo leaders, as in Deliverable D2.2. Regarding the methanation systems considered, the reactors
(thermo-chemical reactors, digesters, electromethanators) and auxiliaries (such as pumps, and
compressors) are the core components. These were modeled in order to describe the expected
operating conditions of the plant: energy consumption, biomethane yield, volumetric flow rates, and
conversion of reactants.

Finally, the most important KPIs are evaluated in order to have a comprehensive overview of the
performances of the systems and compare each technology with each other and the state-of-the-art.

In preliminary analysis, high efficiency was found for ETM and IBM, with an overall plant efficiency of
87% and 88%, respectively. At the same time, EMG pilot presents the highest specific electrical
consumption due to intrinsic hydrogen production within the reactor. Among all, the one with the
highest hydrogen consumption is the EBM, with a specific consumption of 0.033 kgnz/kWhom.

Co-funded by the
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1. BIOMETHAVERSE in a nutshell

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:

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

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

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

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

e 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:

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

e Dissemination, Exploitation & Communication.

9 Partners
u Countries with demonstrators

Figure 1 - BBOMETHAVERSE Countries and Partners
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1.1. Deliverable content

This document focuses on the energy and process analysis of the five distinct pilot plants, providing
an in-depth analysis of the systems, the main components, and their operational conditions. The
foundation of this analysis stems from Deliverable D2.2, which detailed the core processes for each
pilot, including key aspects such as significant streams and outcomes in terms of composition,
volumetric flow rates, and the expected biomethane yield at the end of the process. Completing this,
relevant literature has been consulted to analyze the main chemical reactions and operative
conditions of each process. These reactions have been modeled and implemented using the
commercial software Aspen Plus®, allowing an accurate and robust analysis of the process.

The structure of the document is organized into chapters. Each chapter provides a brief introduction
of the technology under consideration and the preliminary flowsheet of the process, analyzing the
entire biomethane production pathway: from the initial feedstock to the biomethane suitable for
injection into the gas grid. The systems were then modeled using AspenPlus®, with a concentrated
focus on the core elements of the process and key assumptions regarding stream composition, flow
rates, and operating conditions.

Finally, this document reports the estimated mass and energy balance for each pilot plant. These
results are then analyzed using a set of Key Performance Indicators (KPIs), which are instrumental in
evaluating and comparing the performance of the various technologies under review.

Co-funded by the
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2. METHOD

The mass and energy balance of the demonstration plants has been estimated with the aid of the
commercial simulation software Aspen Plus. It 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
RSTOCK blocks to simulate the different reactions occurring during the methanation process.

The main assumptions used during the process modeling were gathered from deliverable D2.2 [1], or
taken from recent literature [2]-[5].

Finally, a set of Key Performance Indicators (KPIs) was defined and analyzed to evaluate and compare
the energy performances of the different systems.

2.1. Key performance indicators

Hereby the main KPIs for each demonstration plant are defined. These KPIs serve as critical
benchmarks, providing a foundation for meaningful comparisons among the different technologies
implemented at the demonstration scale.

e Specific electric consumption — enet [kWhel/kWhnhv,em]: Total electric consumption of the
system (including the auxiliaries such as pumps and compressors) per MWh of biomethane
produced.

Eq.1 en, = L
9 = G * HHVgy

Where Pel [kW] represents the total electric power consumption of the system, Gem [kg/h]

the mass flow rate of the produced biomethane and HHVem [MJ/kq] the high heating value

of biomethane.

e Hydrogen consumption — consxz [kgnz/kWhuhvem]: hydrogen consumption per MWh of
biomethane produced.

Eq.2 consy, = L
9 H2 = Gt * HHVy
e Carbon Conversion Rate — CR [%]: Ratio between the carbon contained in the produced
biomass, Cpiometnane [Molc/h], and the carbon contained in the feedstock entering the system,
Creedstock [molc/h].

Eq.3 CR = Cbiomethane
Cfeedstock

e Energy efficiency of plant — n [%]: Total energy efficiency of plant, calculated as the ratio
between energy output (biomethane gross heating value, GHV [MJ/kg], multiplied by the
mass flow Gewm [kg/s]) and the energy input, comprehensive of the chemical energy of the
feedstock (gross heating value of the feedstock, GHV [MJ/kg], multiplied by mass flow
Greedstock Of the biomass [kg/s]) and the electrical consumption of the system.

Gfeedstock * HHeredstock + Pel

Eq.4

Co-funded by the
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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

D3.2 | Preliminary Demos Flowsheeting

e Production pathway: electrochemical in combination with biochemical

e Inputs: CO: + electricity + water
3.1. Brief description of the site

The anaerobic digestion plant of ENGIE is located at Evron, in
Mayenne region, it produces around 2,300,000 m? of CHa per year (21

O GWh, gas consumption of 5,000 persons). Around 220 Nm? 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).

3.2. Technology description

Electro-methanogenesis (EMG) is known as a fast-developing process that can produce biomethane
directly from CO: 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 CHs 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 [5].

Two configurations will be evaluated:

The first configuration has 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.

In Figure 2 it is represented a simplified scheme of the modeled process, where it is possible to

identify the main component, as pump for digestate and water movement, reactors, compressor and
water and hydrogen separator for cleaning and compression of biomethane.

Co-funded by the

Page 8 of 31 European Union




D BiOVETHAy e

uni

PSA-1 PSA-2
3-STAGE ) )

COMPRESSOR BIOMETHANE

P o

2C-ADMEC Water
ANODE | CATHODE

|PEM )

| Water H2
H+
I N
PUMP-2 |
Water ~ | -
\_/ I \_/
Biogas | + 1
Feedstock
Biogas
4 1C-ADMEC I_I_

ANAEROBIC |— Digestate
DIGESTION

Digestate
A 4 g

|
. PUMP-1 Digestate
DIGESTATE Digestate > :
STORAGE C J _/

Figure 2 - Process flowchart of ElectroMethanoGenesis (EMG) technology

3.3. Preliminary flowsheet and assumptions

LIQ-SEP H2-SEP
3ST-COMP

Figure 3 — Preliminary AspenPlus flowsheet of ElectroMethanoGenesis (EMG) technology

Figure 3reports the Preliminary flowsheet of ElectroMethanoGenesis (EGM) pilot plant developed in
the AspenPlus®. In this case, the main inlet stream is a digestate (300 |/d, produced by the upstream
anaerobic digestor) that is partially (100 l/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 CO: content in
the biogas stream at the outlet of the first reactor. In the first reactor, the volumetric flow of

Co-funded by the
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organic matter contained in the digestate.
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As described by the recent literature available [6]-[9], the main reactions occurring in the first reactor
arereportedin Eq.5 and Eq.6. At the anode (Eq. 5) side we have the decomposition of organic matter
(acetic acid), and then at the cathode (Eq. 6) the formation of methane [10].

Eq.5 CH,COOH + 2H,0 — 4H, + 2C0,

Eq.6 AH, + CO, > CH, + 2H,0

The biogas is then sent to the cathode (Eq.7) side of the second reactor, in which CO2 reacts with H+
produced at the anode (Eq.8) side through water electrolysis [10].

Eq.7 4H, + CO, » CH, + 2H,0

Eq.8 2H,0 - 2H, + 0,

At the end of the process a cleaning and compression stage for gas grid injection are added. In the
next Table 1 and Table 2, the main assumptions are represented.

Table 1 - Composition of digestate [1]

IOMETHAVERSE

Molecule Value Unit
H.0 98 | vol.%
CH3COOH 2 | vol.%
Table 2 - Main assumptions of EMG technology
Parameter Value Unit
Temperature of reactors [1] 35| °C
Pressure of reactors [1] 1| bar
Pressure at the outlet of the process [11] 15 | bar
Pressure drop at each reactor [11] 2000 | Pa
Pump Efficiency [12] 0.75 | -
Pump mechanical/electrical efficiency [12] 0.94 | -
Conversion ratio of CH3COOH in the First reactor 80.0 | %
Conversion ratio of H; in the second reactor 90.0 | %

3.4. Mass and energy balance

As results, given the assumptions and the flowsheet described in the previous paragraph, the
following mass and energy balance of the main streams are shown in Table 3 and Table 4.

Table 5 reports the main KPIs estimated for the EMG technology.

Table 3 - Mass balance of EMG technology

STREAM VALUE UNIT
DIG-1C - Digestate at the inlet of the First reactor 100.0 | l/d
H20 98 | vol. %
CH;COOH 2| vol%
WATER - Water at the inlet of the second reactor 0.2 | l/d
BIOGAS - Biogas production from the First reactor 213.8 | l/d
CH4 67.0 | vol.%
CO: 33.0 | vol %
DIG-2C - Digestate at the inlet of the second reactor 200.0 | l/d

Co-funded by the
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H:20 98.0 | vol. %
CH3COOH 2.0 | vol %
RAW-BM - Biomethane at the outlet of the second reactor 231 | l/d
CH 90 | voL%
CO> 3 vol %
H2 6 vol. %
H20 1 vol. %
BIOCH4 - Biomethane after cleaning and compression stage 8.28 | l/d
CH g7 | vol.%
CO> 3 vol %
Table 4 - Energy balance for EMG technology
Parameter Value Unit
Biomethane production 84 | W
Electricity consumption 230 | W
Cooling duty 0| W
Heat duty 0l W
Table 5 - KPIs of EMG technology
Parameter Value Unit
Specific electric consumption - enel 2.78 | kWhel/kWhbm
Specific consumption of hydrogen - conshz 0 | kgrz/ kWhbm
Carbon conversion rate - CR 120 | %
Efficiency of plant-n 29.0 | %

As results the EMG technology is characterized by a low plant efficiency and a high specific electric
consumption, due to its objective of valorise digestate that otherwise would be wasted. A more
comprehensive analysis, including so upstream processes, will be crucial for this technology to

evaluate the overall efficiency and profitability.
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4. GREEK INNOVATIVE BIOMETHANE
DEMONSTRATOR

DEMONSTRATION: Ex-Situ - Thermochemical/catalytic Methanation (ETM)

e Production pathways: thermochemical

e Inputs: Biogas + hydrogen
4.1. Brief description of the site

The Biogas Lagadas S.A. (BLAG) plant is located in Kolchiko -
Lagadas, in Central Macedonia Region. The BLAG plant exploits
around 70,000 tonnes of livestock and agro-industrial waste per
year, yielding 8,400 MWh of electricity and 70,000 tonnes of organic
soilimprover suitable for fertilizing 2,000 ha of agricultural land. The
plant has a capacity of 290 Nm? CH4/h™". The BLAG's biogas plant has

5 ‘ 2 fermenters with 4,500 m? active volume for biomass (each one)
e : ~ and 10,000 m? of biogas buffer capacity. The total flow is 500 Nm3h-
"at 100 mbar. The CHP generator produces TMWe.

4.2. Technology description

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

catalyic reaction

COZ + 4H2 —— CH4 + 2H20

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).

In Figure 4 it is represented a simplified scheme of the modeled process, where it is possible to
identify the main component, as compressor for biogas movement, thermochemical reactors,
condenser and heat exchanger for start-up of the plant, as well water and hydrogen separator for
cleaning and compression of biomethane.

Co-funded by the
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Figure 4 - Process flowchart of Ex-situ Thermochemical/catalytic Methanation (ETM) technology

4.3. Preliminary flowsheet and assumptions
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111
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Figure 5 - Preliminary AspenPlus flowsheeting of Ex-situ Thermochemical/catalytic Methanation (ETM) technology

Preliminary flowsheet of Ex-situ Thermochemical Methanation (ETM) technology has been simulated
in AspenPlus software starting from the biogas stream and hydrogen input in stoichiometric ratio
with respect to CO: content in the biogas stream. Three reactors are modeled following the input
from demo leader described in Deliverable D2.2 [1] concerning dimension and catalyst loading. At
the end of the process a cleaning and compression stage are added for gas grid injection. In the next
Table 6 and Table 7, the main assumptions are listed.

Table 6 - Biogas composition [1]

Molecule Value Unit
CHa4 60 | vol.%
CO2 40 | vol.%

Table 7 - Main assumptions of ETM technology
Parameter Value Unit
Temperature at the inlet of reactor 3[1] 300 | °C
Pressure at the outlet of the process [11] 15 | bar
Operative pressure [1] 1| bar

Co-funded by the
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Pressure at the outlet of the process [11] 15 | bar
Pressure drop at each reactor [11] 2000 | Pa
Compressor Efficiency [12] 0.75 | -
Compressor mechanical/electrical efficiency [12] 0.94 | -

4.3.1. Reactor modelling

The methanation process occurring in the three catalytic reactors follows the well-known Sabatier
reaction (Eq. 9).

Eq.9 4H, + CO, » CH, + 2H,0

The three reactors have been modeled with an RPLUG Aspen block, implementing a suitable kinetic
that is able to fit experimental data obtained from a lab-scale experimental campaign reported in
Deliverable D2.2 [1]. Different kinetics are proposed for CO, methanation in literature. In this report,
the formulation proposed by Falbo et al. [2] was considered. Figure 6 reports a comparison of the
CO: conversion rate (Xcoz) obtained experimentally in a lab-scale reactor (with a length of 2.49 cm
and a diameter of 10mm) with methanation of a pure CO stream and the ones obtained through
modeling in Aspen Plus.

100%

90% —
|

80% - }/ - [ | [ ]
70% /
60% /
50% /
40%
30% ),
20% |
10% /

0%

— — am— e——
— S e em—
— e—

XCOZ [%]

200 225 250 275 300 325 350 375 400
Temperature [°C]

B EXP.DATA ——FALBO — =EQUILIBRIUM

Figure 6 - Kinetic comparison with experimental data

In this way it is possible to obtain a temperature profile inside the reactor (Figure 7 - Temperature
profile of the biogas stream inside the three reactors,Figure 7), allowing further discussion strategies
for reactor cooling.

As it is possible to notice the first reactor is the most critical one in terms of temperature peak, as it
reaches almost 600 °C. A proper cooling strategy would be fundamental to reduce such temperature.
The second and third reactors have smaller temperature peaks, since part of the reaction has already
taken place in the first reactor.
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Figure 7 - Temperature profile of the biogas stream inside the three reactors,

Table 8 - Thermal fluid temperature at the inlet and outlet of each reactor

STREAM VALUE UNIT
Reactor-1

Thermal Fluid IN 25°C
Thermal Fluid Out 371.9°C
MAX-T 595.21°C
Reactor — 2

Thermal Fluid IN 40.0°C
Thermal Fluid Out 305.8°C
MAX-T 456.0/°C
Reactor — 3

Thermal Fluid IN 223.6/°C
Thermal Fluid Out 300.0°C
MAX-T 348.41°C

4.4. Mass and energy balance

As results, given the assumptions and the flowsheet described in the previous paragraph, the
following mass and energy balance of the main stream are expressed in the next Table 9 and Table
10.

Then, the visualization of the main KPIs for the ETM technology follows in Table 11.

Table 9 - Mass balance for ETM technology
STREAM VALUE | UNIT
BIOGAS - Biogas flowrate at the inlet of the process 6.0 | m3/hr
CHs|  60.0 | vOL%
co;| 400 Vol%
H2 - Hydrogen flowrate at the inlet of the process 9.6 | m*/hr
R1 - Reactant flowrate at the inlet of the Ffirst reactor 34.1 | m?/hr
CHs|  23.1|vol%
co,| 154 Vol%
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H:| 61.5] vol%
P1 - Product Flowrate at the outlet of the first reactor 33.0 | m¥/hr
CHs| 39.1 | Vol%
co|  7.8|Vvot%
Hp|  31.2| vol%
H0 | 219 | vol%
R2 - Reactant Flowrate at the inlet of the second reactor 21.0 | m*/hr
CHs| 468 VOL%
Co: 9.4 | vol%
Hz|  37.5|vol%
Hz0 6.4 | vol.%
P2 - Product Flowrate at the outlet of the second reactor 20.0 | m*/hr
CHs| 468 | vol%
CO: 9.4 | vol%
Ho| 375 vol%
H:0 6.4 | Vol%
R3 - Reactant Flowrate at the inlet of the third reactor 14.7 | m*/hr
CHs| 751 | vol%
co; 3.7 | vol%
Ho|  14.8 | vol%
H:0 6.3 | vol%
P3 - Product flowrate at the outlet of the third reactor 14.3 | m3/hr
CHs| 812 | vol%
co; 1.5 | vol.%
H2 58 VO[.%
HO |  11.5| vol%
BIOCH4 - Biomethane Flowrate after compression and cleaning 0.4 | m3/hr
CHs| 982 | Vol%
co; 1.8 | vol.%
Table 10 - Energy balance for ETM technology
Parameter Value Unit
Biomethane production 59.0 | kW
Electricity consumption 0.7 | kW
Heat duty 0.6 | kW
Cooling duty 10.2 | kW
Table 11 - KPIs of ETM technology
Parameter Value Unit
Specific electric consumption - enel 0.010 | kWhei/kWhpm
Specific consumption of hydrogen - conshz 0.013 | kgnz/ kWhbm
Carbon conversion rate - CR 96.0 | %
Efficiency of plant-n 87.0 | %

As results the ETM technology is characterized by a plant efficiency of about 87% and a hydrogen
consumption of 0.013 kgwz/ kWhobm.
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5. ITALIAN INNOVATIVE BIOMETHANE
DEMONSTRATOR

DEMONSTRATION: Ex Situ Biological Methanation (EBM)

D3.2 | Preliminary Demos Flowsheeting

e Production pathway: biological

e Input: CO2 +hydrogen

5.1. Brief description of the site

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
Ty 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.

zzzzz

5.2. Technology description

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

The demonstration plant will be implemented as 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 and
(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 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 H: load. The ex-situ
upgrade prototype will run biological hydrogenotrophic conversion of biogas to biomethane by
Archaea present as suspended biomass and as biofilm, the latter attached on hollow fibers tubular
gas transfer membranes.

In this innovative configuration, H2 and biogas 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.
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In Errore. L'origine riferimento non é stata trovata. and Figure 9Figure 2 there are represented two
simplified scheme of the modeled process, where it is possible to identify the main component, as
pump for feedstock movement, reactors, compressor and water and hydrogen separator for cleaning
and compression of biomethane. At this stage it is possible to identify different alternatives, indeed
ozonolysis could be used as pre-treatment of the fresh sludge or as post-treatment of the digestate.

As well the oxygen could be provided from external supply or as co-product of the hydrogen
electrolyzer.

Figure 8 - Process flowchart of Ex-situ Biological Methanation (EBM) technology. Ozonolysis applied as pre-treatment of
fresh sludge or as post-treatment of digestate. Co-digestion of microalgae as such or after ozonation. H2 from electrolyzer,
02 from external supply.

Figure 9 - Process flowchart of Ex-situ Biological Methanation (EBM) technology. Ozonolysis applied as pre-treatment of
fresh sludge or as post-treatment of digestate. Co-digestion of microalgae as such or after ozonation. H2 and 02 from
electrolyzer.
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Figure 10 - Preliminary AspenPlus flowsheeting of Ex-situ Biological Methanation (EBM) technology

The preliminary flowsheet of EBM technology comprehends the biomethanator reactor modeled
with a stoichiometric block in AspenPlus. The inlet flow of hydrogen and carbon dioxide is obtained
from demo leader data shared in the Deliverable D2.2. The main reaction in the reactor follows the
Sabatier reaction in a biological form, also called Hydrogenotrophic Methanogenesis (Eq. 10) [3].

Eq.10 H, + aC0, + bNH; - cCsH,0,N + dCH, + e2H,0

Where CsH,0,N are the micro-organism produced during the process.

Further study will be conducted to obtain a more comprehensive overview of the plant, including
secondary activities such as ozone generation. At the end of the process, a compression and cleaning
stage is added for gas grid injection purposes. In Table 12 and Table 13, the main assumptions are

reported.

Table 12 - Volumetric flowrates of reactants [1]
Stream Value Unit
H2 75 | U/h
CO: 18.79 | l/h

Table 13 - Main assumptions of EBM technology
Parameter Value Unit
Temperature of reactors [1] 45 | °C
Pressure of reactors [1] 1 | bar
Pressure at the outlet of the process [11] 15 | bar
Pressure drop at each reactor [11] 2000 | Pa
Compressor Efficiency [12] 0.75 | -
Compressor mechanical/electrical efficiency [12] 0.94 | -
Conversion ratio of H2 951 | %
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5.4. Mass and energy balance

As results, given the assumptions and the flowsheet described in the previous paragraph, the
following mass and energy balance of the main stream are expressed in Table 14 and Table 15.

Then, the visualization of the main KPIs for the EBM technology follows in Table 16.

Table 14 - Mass balance for EBM technology

STREAM VALUE UNIT
H2 - Hydrogen at the inlet of the reactor 75.0 | Uh
CO2 - Carbon dioxide at the inlet of the reactor 18.0 | U/h
BIOCH4 - Biomethane at the outlet of the process after cleaning and 21.0 | vn
compression ’

CH. 98.5 | vol.%

CO, 1.5 | vol.%

Table 15 - Energy balance for EBM technology
Parameter Value UNIT
Biomethane production 187 | W
Electricity consumption 20 | W
Heat duty 0.0 | W
Cooling duty 55.0 | W
Table 16 - KPIs of EBM technology

Parameter Value UNIT
Specific electric consumption - enel 0.010 | kWhei/kWhbm
Specific consumption of hydrogen - conshz 0.033 | kgrz/ kWhbm
Carbon conversion rate - CR 97.0 | %
Efficiency of plant-n 76.0 | %

As results the EBM technology is characterized by a plant efficiency of about 76% and a hydrogen
consumption of 0.033 kgxz/ kWhpm.

Co-funded by the
European Union




innovations in the

-~V ERSE

6. SWEDISH INNOVATIVE BIOMETHANE
DEMONSTRATOR

DEMONSTRATION: 6.1. Ex-Situ Syngas Biological methanation (ESB)

D3.2 | Preliminary Demos Flowsheeting

e Production pathway: biological

e Input: syngas (+hydrogen)
6.1. Brief description of the site

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 stages to convert raw

biomass to synthesis gas (mixture of CO + Hy) in CO/H: ratio of

approximately 1:2. Additionally, the gas contains CO2 (13-14%)

and some CHs (1-2%). Current feedstock is wood chips 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
by an adjacent

6.2. Technology description

The specific type of biological methanation intended for demonstration in this case converts
syngas (CO, Hz, CO: and some CH4) 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 CO2. The TBR design allows
for a high exchange rate between the gas and liquid phase. If it is desirable to also utilize the
remaining CO: and produce a final gas mix of very high CH4 content, an additional source of Hz from
an electrolyser can be added to the input syngas.

This reaction between the additional H2 and CO2 would happen in the same TBR facilitated by the
same mix culture biofilm, resulting in higher utilization of invested CAPEX and the elimination of a
conventional upgrading step. The demonstration plant will be equipped with a small electrolyser able
to provide external Hz volumes from renewable electricity to achieve stochiometric balance for
conversion of all CO2 to methane.

The planned trials will demonstrate biological methanation of syngas both without and with
addition of external Ha.

In Figure 11Figure 2 it is represented a simplified scheme of the modeled process, where it is possible
to identify the main component, as compressor for syngas movement, reactors, compressor and
water and hydrogen separator for cleaning and compression of biomethane
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Figure 11 - Process flowchart of Ex-situ Syngas Biomethanation (ESB) technology

6.3. Preliminary flowsheet and assumptions
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Figure 12 - Preliminary AspenPlus flowsheeting of Ex-situ Syngas Biomethanation (ESB) technology

ESB technology differentiates from the other due 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
from demo leader, while hydrogen consumption is evaluated on 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 [3], [13]:

Eq.11 4CO + 2H,0 > CH;COOH + 2C0,
Eq.12 CH,COOH — CO, + CH,
Eq.12 4H, + CO, » CH, + 2H,0

While in the TBR-2 only hydrogenotrophic methanogenesis is assumed (Eq. 12).
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A compression and cleaning stage has been added at the end of the process for gas grid injection
purposes. In Table 17 and Table 18 the main assumptions are represented.

Table 17 - Composition of syngas [1]

Molecule Value UNIT
H> 58 | vol.%
CO: 11 | vol.%
Cco 29 | vol.%
CH4 2 | vol.%
Table 18 - Main assumptions of ESB technology
Parameter Value UNIT
Temperature of reactors [1] 60 | °C
Pressure of reactors [1] 2 | bar
Pressure at the outlet of the process [11] 15 | bar
Pressure drop at each reactor [11] 2000 | Pa
Pump Efficiency [12] 0.75 | -
Pump mechanical/electrical efficiency [12] 0.94 | -
Compressor Efficiency [12] 0.75 | -
Compressor mechanical/electrical efficiency [12] 0.94 | -
Conversion ratio of H2 at the TBR-2 95.0 | %

6.4. Mass and energy balance

As results, given the assumptions and the flowsheet described in the previous paragraph, the
following mass and energy balance of the main streams are expressed in Table 19 and Table 20.

Then, the visualization of the main KPIs for the ESB technology follows in Table 21.

Table 19 - Mass balance for ESB technology

STREAM VALUE UNIT
H2 - Hydrogen at the inlet of the second reactor 0.2 | kg/hr
SYNGAS - Syngas at the inlet of the methanation process 2.1 | kg/hr
Ho 58.0 | vol.%
Co, 11.0 | vol.%
co 29.0 | vol.%
CH, 2.0 | vol.%
BIOGAS - Biogas at the outlet of the first reactor 2.5 | kg/hr
CO; 25,7 | vol.%
H.0 40.8 | vol.%
CH. 33.5 | vol.%
BIOCH4 - Biomethane after cleaning and compression 1.1 | kg/hr
CO, 5.0 | vol.%
CH, 95.0 | vol.%
Table 20 - Energy balance for ESB technology
Parameter Value UNIT
Biomethane production 14.10 | kW
Electricity consumption 0.243 | kW
Heat duty 0.00 | kw
Cooling duty 3.91 | kW
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Table 21 - KPIs of ESB technology

.Y ERSE

Parameter Value | UNIT
Specific electric consumption - enel 0.02 | kWhe/kWhbm
Specific consumption of hydrogen - conshz 0.02 | kgnz/ kWhbm
Carbon conversion rate - CR 95.0 | %

Efficiency of plant-n 740 | %

As results the ETM technology is characterized by a plant efficiency of about 74% and a specific

electric consumption of 0.02 kgnz/ kWhbm.
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7. UKRAINE INNOVATIVE BIOMETHANE
DEMONSTRATOR

DEMONSTRATION: In-Situ Biological methanation (IBM)

e Production pathway: biological

e Input: CO2 +hydrogen

7.1. Brief description of the site

The biogas plant in Ladyzhin, Vinnytsia region, has an installed
electric capacity of 12 MW, producing biogas from 330 td™ of chicken

A RS Y - manure and other agricultural residues, producing 85,000,000 kW of
e ' . electricity per year. Plant configuration consists of twelve reactors
- T . (9 main digesters and 3 post digesters) with 90,000 m3 volume each.

" "* ?9*‘?1?‘ Also, 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.

7.2. 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 split into CO2 and CHs4and 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 both in an overall
increase of the biomethane yield per given amount of feedstock, and in a higher methane
concentration in the final biogas produced.

In Figure 13Figure 2 it is represented a simplified scheme of the modeled process, where it is possible
to identify the main component, as pump for feedstock movement, reactors, compressor and
separator for cleaning and compression of biomethane.
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Figure 13 - Process flowchart of In-situ Biological Methanation (IBM) technology

7.3. Preliminary flowsheet and assumptions
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Figure 14 - Preliminary AspenPlus flowsheeting of In-situ Biological Methanation (IBM) technology

The preliminary flowsheeting of IBM represents an enhanced anaerobic digestion in which hydrogen
is added to increase methane yield at the outlet. The objective is to reach an enriched biogas with a
composition of about 80% CHaas highlighted in the Deliverable D2.2.

The Anaerobic Digestion (AD) process has been assumed following a three steps pathway,
comprehending fermentation (Eq.13), Acidogenesis (Eq.14), and Methanogenesis (Eq. 15) as follows

[3]:
Eq.13 CH,O0,N, > dCsH,0,N + eCH,COOH + fH, + gCO, + hH,0 + iNH,
Eq.14 CH,COOH + aNHs — bCsH,0,N + cCH, + dCO, + eH,0
Eq.15 H, + aC0, + bNH; —» cCsH,0,N + dCH, + e2H,0

Where CH,0,N, represents the feedstock and C5H,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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At the end of the process an upgrading and compression stage is added to obtain standard quality
biomethane for gas grid injection purposes. In Table 22 and Table 23 the main assumptions are

represented.
Table 22 — Feedstock composition [14]
| Value | UNIT
Proximate Analysis
Moisture 26.35 | %
Ash 13.74 | %
Volatile 70 | %
Fixed Carbon 16.26 | %
Ultimate Analysis
Ash 13.7 | %
C 419 | %
H 55| %
0] 344 | %
N 3.83 | %
S 0.65 | %
Table 23 - Main assumptions of IBM technology
Parameter Value UNIT
Operative Temperature [1] 40 | °C
Operative Pressure [1] 1 | bar
Pressure at the outlet of the process [11] 15 | bar
Pressure drop at each reactor [11] 2000 | Pa
Compressor Efficiency [12] 0.75 | -
Compressor mechanical/electrical efficiency [12] 0.94 | -
Steam duty of CO2separation unit [12] 3.3 | MJ/kgCO:

7.4. Mass and energy balance

As results, given the assumptions and the flowsheet described in the previous paragraph, the
following mass and energy balance of the main stream are expressed in Table 24 and Table 25.

Then, the visualization of the main KPIs for the IBM technology follows in Table 26.

Table 24 - Mass balance of IBM technology

STREAM VALUE UNIT
H2 - Hydrogen flowrate at the inlet of the digester 0.08 | kg/hr
H20 - Water flowrate at the inlet of the digester 0.23 | kg/hr
FEEDSTOCK - feedstock flowrate at the inlet of the digester 1.00 | kg/hr

Table 25 - Energy balance of IBM technology
Parameter Value UNIT
Biomethane production 7.00 | kW
Electricity consumption 0.07 | kw
Heat duty 0.12 | kw
Cooling duty 0.71 | kw

Table 26 - KPIs of IBM technology

Parameter Value UNIT
Specific electric consumption - enel 0.01 | kWhe/kWhbm
Specific consumption of hydrogen - conshz 0.01 | kgnz/ kWhbm
Carbon conversion rate - CR 78.0 | %
Efficiency of plant-n 88.0 | %
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As results the IBM technology is characterized by a plant efficiency of about 88% and a specific
hydrogen consumption of 0.01 kgnz/ kWhom.
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8. CONCLUSIONS

This report focused on the description of the technologies featured in the BIOMETHAVERSE project.
It highlights the key characteristics of each methanation process, identifying the main components
of the different demo plants. A preliminary process analysis was then carried out to estimate the
associated mass and energy balances. The energy performances of each process were then evaluated
through the estimation of different KPIs, such as the carbon conversion (fraction of carbon contained
in the feedstock that is converted in biomethane) and energy efficiency of the plant (Figure 15).

@ Carbon Conversion ©Plant efficiency
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Figure 15 — Comparison of the preliminary energy performances of the demo plants: Carbon conversion and energy
efficiency.

The energy efficiencies of all the pilot systems fall within the range of 75% to 90%, with the exception
of EMG technology, where, due to the characteristics of the process, it is estimated at around 30%.
It should be noted that all the techniques studied use biogas or syngas as feedstock, while the EMG
process uses digestate, which has already undergone treatment in an upstream anaerobic digester.
This technology allows the recovery of part of this waste stream, characterized by a low content of
organic molecules, enhancing the overall biomethane productivity of the plant. Furthermore, the
EMG process does not require the consumption of hydrogen as the amount needed in the
methanation reaction is produced directly into the bio-electric reactors.

Regarding the specific hydrogen consumption, the EBM presents the highest consumption among all
the pilots, as shown in Figure 16. The other processes (IBM, ESB, ETM), instead, have a consumption

in the range of 10-15 kWhu2/MWhbm. While, as already discussed, the EMG technology does not
present a hydrogen consumption.
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Figure 16 — Specific hydrogen consumption of the different demo plants.

The results presented in this report were obtained through a preliminary analysis and comparison of
the different processes, and represent the first step of the environmental, energy, and economic
analyses that will be further developed during the project. One of the next steps will consist in the
improvement of the process modeling and the integration with experimental data collected from the
demo plants, that are expected to start operating in the next months, to achieve a more accurate
estimation of the specific energy consumption and productivity of the different technologies. This
will be reported within D3.4.

The mass and energy balances obtained through the process modeling will then be used in the techno-
economic analyses of the pilot plants and full-scale plants, obtained through the upscaling of and the
thermal optimization of the systems studied (which will be reported in D3.6), and the environmental
and social sustainability analyses, which will be discussed in the upcoming reports D3.3 and D3.4.
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