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Abstract

Biomethane plays a key role in the green transition, offering a renewable, carbon-neutral
substitute for natural gas while enabling the storage and use of intermittent renewable en-
ergy. This work presents a techno-economic assessment of biomethane production through
the Power-to-Biomethane concept, which combines electrolytic hydrogen from renewable
electricity with the direct catalytic methanation of raw biogas from anaerobic digestion.
The main objective of this study is to identify the optimal plant size and configuration,
taking into account the different operational management strategies of the system’s consti-
tuting units. The analysis integrates thermochemical modeling with a techno-economic
optimization procedure. Three different configurations for renewable energy production,
photovoltaic-based, wind-based, and hybrid photovoltaic-wind, were evaluated for a case
study in Southern Italy. Results show that the hybrid configuration provides the best
techno-economic balance, achieving the highest annual biomethane output (~2288 t) and
the lowest levelized cost of biomethane (EUR 97.4/MWh). While current biomethane
production costs exceed natural gas prices, the proposed pathway represents a viable
long-term solution for renewable integration and climate-neutral gas supply.

Keywords: biomethane; power-to-hydrogen; levelized cost of biomethane; direct biogas
methanation

1. Introduction

Achieving climate neutrality is a primary objective for the European Union. To
progress in this direction, a greater integration of renewable sources such as wind and
solar energy is necessary. However, their intermittency and variability in production pose
challenges in maintaining a balance between supply and demand, rendering large-scale
storage technologies essential [1]. A promising strategy involves converting renewable
electricity into synthetic energy carriers, commonly referred to as electro-fuels, via Power-to-
Fuel processes. If compared to hydrogen, these fuels are more convenient to transport and
store [2], enabling a wider incorporation of renewables into energy systems and supporting
the transition towards a low-carbon or carbon-free energy panorama.

Power-to-gas (PtG) is a promising method for producing electro-fuels. In PtG plants,
electricity generated from renewable sources is transformed into hydrogen or methane.
This improves system flexibility and energy security while reducing the system’s sensitivity
to intermittency [3-5]. The power-to-methane (PtM) pathway has attracted significant
interest due to methane’s compatibility with the current natural gas infrastructure, thus
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enabling its immediate application across various sectors [6]. The PtM concept’s core
step is the Sabatier reaction, which involves electrolytic hydrogen and carbon dioxide [7].
When hydrogen is generated from renewable sources and CO; is biogenic (carbon dioxide
released from the combustion or decomposition of organic matter), the resulting methane
is classified as a green fuel. Although the production of renewable hydrogen is technically
feasible, securing sustainable sources of CO; remains a major challenge. The utilization of
CO; captured from fossil fuel-based processes merely postpones its eventual release into
the atmosphere. In contrast, extracting CO, from biogas offers a renewable and biogenic
alternative, as the carbon originates from recent biological activity rather than fossil reserves.
This pathway can therefore be considered effectively carbon neutral, resulting in no net
increase in atmospheric CO;, and the produced methane is referred to as biomethane, in
accordance with ISO 20675:2018 [8].

1.1. European Policies and Strategies for Biomethane Development

The Power-to-Biomethane (PtBM) concept holds particular relevance in the context
of the European energy transition because it directly addresses several of the continent’s
structural challenges in moving towards a climate-neutral and resilient energy system. As
Europe expands its share of renewable electricity, particularly from wind and solar sources,
managing variability and surplus generation has become a central issue. PtBM offers a
way to convert this excess renewable electricity into hydrogen through electrolysis, and
subsequently into biomethane by combining the hydrogen with biogenic carbon dioxide
derived from biogas or other organic sources [9,10]. In doing so, it transforms intermittent
renewable power into a storable and dispatchable energy carrier, enabling long-term,
inter-seasonal energy storage and improving system flexibility.

Equally important is PtBM’s contribution to Europe’s broader decarbonization goals.
By using biogenic CO5, the process effectively closes the carbon cycle and can even achieve
negative emissions under certain configurations [11-13]. This characteristic supports the
European Union’s ambition to establish a circular carbon economy and to reach climate
neutrality by mid-century, as defined in the European Green Deal [14]. Moreover, because
biomethane is chemically identical to natural gas, it can be directly injected into the existing
gas grid, used in storage facilities, and applied across heating, industry, and transport with-
out the need for new infrastructure [15]. This makes PtBM a pragmatic solution that builds
on Europe’s extensive gas network, reducing both transition costs and implementation
time [16].

Moreover, by producing renewable gases locally from domestic renewable electricity
and organic feedstocks, PtBM enhances energy sovereignty, strengthens rural economies,
and contributes to a more secure and diversified energy supply [12,17]. At the policy
level, the technology aligns closely with the objectives of the European Green Deal and
the REPowerEU Plan, which call for a massive scale-up of biomethane production by
2030 [18]. The REPowerEU Plan explicitly targets the production of 35 billion cubic meters
of sustainable biomethane per year by 2030, framing renewable gases as a cornerstone of
European energy security and independence [19]. Power-to-Biomethane technologies are
directly aligned with this target because they can expand biomethane production beyond
the limits of conventional anaerobic digestion by incorporating renewable hydrogen and
captured biogenic CO; [9]. This hybridization not only increases overall biomethane yield
but also strengthens the integration between the renewable electricity and gas systems,
an essential feature for achieving REPowerEU’s dual goals of decarbonization and energy
autonomy [10].

Furthermore, PtBM supports the EU Energy System Integration Strategy, which seeks
to interconnect energy carriers, infrastructures, and consumption sectors to maximize effi-
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ciency and sustainability [14]. By transforming excess renewable electricity into biomethane,
PtBM enhances grid stability, provides long-term energy storage, and facilitates renewable
energy use across multiple end-use sectors. Its compatibility with existing gas infrastruc-
ture makes it a cost-effective and rapidly deployable component of the broader transition
envisioned by these policies [10,16].

1.2. Power-to-Biomethane Concept

There are various technological approaches to producing biomethane. The most
widespread methods are anaerobic digestion (AD), followed by biogas upgrading and
biomass gasification, followed by methanation. Another method is the Power-to-
Biomethane (PtBM) process, in which CO, in biogas reacts with electrolytic hydrogen [20].
Within PtBM, there are two alternatives: one involves separating CO, first, followed by
hydrogenation; the other is based on direct methanation of the raw biogas mixture con-
taining CHy and CO,, without prior upgrading. The latter method, referred to as direct
biogas methanation, eliminates the upgrading step, making it economically advantageous.
It also has the potential to increase renewable methane production by up to 80% compared
to traditional upgrading methods [7,21,22]. Direct methanation can be performed using
biological or catalytic methods. Biological routes, in which hydrogen is introduced into
a digester or separate reactor, are limited by slow reaction rates, complex process con-
trol, and high equipment costs [23]. In contrast, catalytic methanation provides quicker
reactions and more favorable process conditions: in fact, the presence of methane in the
biogas mixture helps to mitigate temperature increases during the exothermic Sabatier
reaction, thus improving reactor operability [21,23]. Recent studies in the literature have
demonstrated the technical maturity and potential of these systems. Witte et al. [24], for
example, have reported the long-term stable operation of direct biogas methanation in
a fluidized-bed reactor, registering methane yields of 96% and highlighting that sulfur
compounds are the main cause of catalyst deactivation. Fiirst et al. [25], instead, analyzed
multi-scale power-to-methane configurations based on solid oxide electrolyzers, showing
that an optimized thermal management and sweep-gas recirculation can raise system
efficiency by up to 10-11%. These results confirm the technical feasibility of direct catalytic
methanation, establishing a solid foundation for subsequent techno-economic analyses.

In addition to the technical aspect, another element to take into account when propos-
ing the large-scale introduction of PtBM systems is their economic feasibility [26]. Conse-
quently, recent studies on biomethane and synthetic methane production processes have
focused on techno-economic feasibility analysis. Janke et al. [27] developed a dynamic
model to assess synthetic CH4 production from PtG integrated into anaerobic digestion
plants, finding that constrained power supply and CO; variability significantly increased
system complexity and costs. Bedoi¢ et al. [28] conducted a techno-economic optimization
of a power-to-gas system based on a food-waste-fed biogas plant. The authors used robust
linear programming to minimize total costs under varying electricity prices. The study
found that large-scale integration requires substantial renewable plant sizes (=18 MW
wind, 9 MW PV plus grid imports), while feedstock gate fees (the payments a biogas plant
receives for accepting waste as raw material) and the availability of renewable sources are
the main influencing factors of economic feasibility, being responsible for an increase in
gas production costs by 10-30%. Ghafoori et al. [29] demonstrated the strong sensitivity
of biomethane production costs to electricity prices, with a levelized cost of biomethane
(LCOBM) ranging from EUR 78 to 150/ MWh depending on the technology and opera-
tion mode of the electrolysis unit. In a wastewater treatment plant case study, Michailos
et al. [30] estimated LCOBM at GBP 128-160/MWh (EUR 143-179/MWh, year 2020 values);
these costs can be reduced as far as 75% through incentives and by coupling with on-site
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renewables, but they would still not be competitive with natural gas. Giglio et al. [31]
applied real plant data to design methanation reactors coupled with PV electrolysis, re-
quiring a 40 MW PV park and finding synthetic methane costs of EUR 1.09-2.01/Sm?
(EUR 109-202/MWh), only competitive under significant cost-reduction scenarios. On a
broader systems level, McDonagh et al. [32] incorporated capital expenditure (CAPEX),
operational costs (OPEX), and real market electricity prices into a lifetime PtG cost model,
projecting LCOE reductions from EUR 107 to 143/MWh in 2020 to EUR 81-103/MWh
by 2040, with the potential to reach EUR 55/MWh under surplus electricity conditions.
Finally, Brands et al. [33] investigated a novel process of biomethane production based
on pyrolysis, gas purification, and microbial methanogenesis, showing that improved
CO, removal reduces the process’s hydrogen demand by 51% and enables biomethane
production at a minimum LCOBM of EUR 143 /MWh, with hydrogen price as the critical
cost component.

Table 1 summarizes and reports the main objectives and findings of the above-

mentioned studies from the literature.

Table 1. Summary of selected literature on PtM systems.

Research

Study Type

Plant Layout

Results

Janke et al. [27]

Dynamic discrete-event simulation,
techno-economic assessment

Anaerobic digestion + power-to-gas
(synthetic CH4 production, CO; from
AD, electricity from grid/RES)

Constraints on renewable electricity
usage and CO; variability require
larger installed plant sizes and larger
storage units, increasing complexity
and production cost.

Bedoic et al. [28]

Mathematical modeling/energy and
economic analysis applied to a real
biogas plant

Biogas plant + direct methanation
powered by PV and wind (with grid
backup)

~60% of electricity demand could be
met by RES; a feedstock gate fee of
~EUR 120/t was identified as the
factor which ensures the economic
feasibility of the system.

Ghafoori et al. [29]

Techno-economic assessment +
sensitivity analysis comparing
landfill biogas upgrading and PtG
methanation options

(a) Biogas upgrading (water
scrubbing, membrane) and (b) PtG
(direct methanation; methanation +
upgrading by membrane)

LCOBM in direct methanation: ~EUR
78-131/MWh; LCOBM in
methanation + upgrading ~EUR
92-150/MWh.

Michailos et al. [30]

Techno-economic assessment with
parametric analysis

Wastewater treatment plant
integrating bio-methanation (in
situ/ex situ) + electrolysis (on-site
wind vs. grid electricity scenarios)

Base-case LCOBM reported ~GBP
127.8-159.8/MWh; with policy
incentives and considering oxygen
revenues, a reduction ranging from
57 to 75% can be achieved.

Giglio et al. [31]

Techno-economic assessment using
real industrial anaerobic digestion
plant data

Anaerobic digestion + biogas cleaning
+ direct catalytic methanation
(multi-tubular cooled fixed-bed
reactors) + PV-powered electrolysis;
three storage strategies examined
(Buffer Hy, Battery, Hybrid).

~40 MW PV required for hydrogen
demand; Buffer case: 35 MW
electrolysis + 96 t H, storage; Battery
case: ~7.6 MW electrolysis + 5.8 GWh
battery; Hybrid: 15.8 MW electrolysis
+42.8 t Hy + 3.2 GWh battery.
Levelized cost of produced gas
ranging from EUR 1.09 to 2.01/ Sm3.

McDonagh et al. [32]

Techno-economic modeling
(discounted cash flow) to compute
LCOE of PtG systems using real
market electricity data

Generic PtG (electrolysis +
methanation) with grid/market
interactions.

LCOE (*) scenarios reported ~EUR
107-143/MWh (2020 base), EUR
89-121/MWh (2030), EUR
81-103/MWh (2040);

Brands et al.
[33]

Techno-economic and comparative
assessment optimizing gas
purification process

Pyrolysis of biowaste + water-gas shift
+ gas purification/CO, removal +
microbial methanogenesis

Optimized purification reduces H,
process” demand by ~51% and
achieves a minimum LCOBM ~ EUR
143/MWh.

(*) Although the authors refer to LCOE, this term corresponds to the cost of the produced synthetic methane and

is thus equivalent to the LCOBM parameter used in the other studies.
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1.3. Research Purpose and Novelty

The present work proposes and analyzes an innovative Power-to-Biomethane (PtBM)
system configuration that enables the efficient coupling of renewable electricity with
biogenic carbon resources. The proposed configuration is based on two fundamental
pillars: (i) electrolytic hydrogen production from renewable sources and (ii) the direct
catalytic methanation of raw biogas derived from the anaerobic digestion of organic waste.
This integration allows for the simultaneous exploitation of renewable electricity and
biogenic CO,, creating a circular and carbon-neutral energy pathway that supports both
energy storage and grid decarbonization objectives.

A detailed methodological framework is developed for the design, sizing, and perfor-
mance assessment of the PtBM system. The approach includes a plant sizing procedure
that couples plant management strategies with an optimization-based model aimed at
minimizing the levelized cost of biomethane (LCOBM). By accounting for the variability
of renewable energy supply and the operational flexibility of the plant, the framework
provides a realistic and dynamic representation of system behavior.

The novelty and originality of this study stem from the integration of modeling
approaches that have so far been investigated separately in the literature. Specifically, this
work uniquely combines the following:

e A thermochemical model for the direct catalytic methanation system of raw biogas;

e A techno-economic modeling framework that explicitly incorporates renewable re-
source variability and operational management strategies;

e  An optimization approach that jointly evaluates technical and economic performance
to identify cost-optimal system configurations.

By coupling a detailed sizing methodology with a techno-economic optimization
model, this study introduces a novel and generalizable framework for assessing both the
technical feasibility and the long-term economic sustainability of PtBM systems. This
integrative approach bridges the gap between process-level analysis and system-level
evaluation, offering an effective decision-support tool for the design and deployment of
PtBM plants. In doing so, it positions PtBM technology as a key enabler for renewable
energy storage, carbon valorization, and the global transition toward a climate-neutral
energy system.

2. Materials and Methods

This research analyzes the technical feasibility of PtBM plant configurations powered
by different renewable energy sources, identifying the optimal one, and demonstrates how
the PtBM concept can facilitate the integration of renewable energy sources in future energy
systems. The study is carried out through an optimization approach to determine the ideal
size of the PtBM facility to minimize the LCOBM.

2.1. Description of the PtBM Plant Concept

The plant layout is organized into two main interconnected sections (Figure 1):
(i) the Renewables plant, which is made up of the anaerobic digestion (AD) plant and
the RES plant (which may be a photovoltaic plant, a wind farm, or a hybrid power plant
that integrates both), dedicated to the production of biogas and the renewable electricity,
respectively, and (ii) the Biomethane Production (BP) plant.
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Figure 1. From renewable electricity and biogas to biomethane: the Power-to-Biomethane

plant concept.

The AD plant is based on the Bekon dry digestion technology, which generates biogas
from organic waste without any need for water input [34].

The composition of biogas can vary seasonally and according to the type of feedstock,
due to differences in organic content, degradation rates, and operational conditions of
the digester; however, the ratio between CO, and CH4 can be considered relatively stable
when the feedstock supply is consistent, the substrate composition remains homogeneous,
and the operating conditions are properly controlled. In this study, the typical assumption
of 60% CHy and 40% CO,, representing an average, has been considered to ensure the
consistency and comparability of the results. Similar assumptions have been reported in
other studies that observed limited seasonal effects on biogas composition under stable
operating conditions [35-37].

For the photovoltaic (PV) plant, crystalline silicon modules have been selected, as they
currently demonstrate the highest performance, with efficiencies between 16% and 22% [38].
The specific module chosen is a 560 W (44.31 V@12.63 A) Jinko Solar monocrystalline solar
panel, which has an efficiency of 20.5% under standard test conditions (STCs) [39]. For
the wind farm, horizontal axis wind turbines (HAWTs) have been considered, which have
reached a level of technical maturity both in terms of size (from several tens of kilowatts to
multiple megawatts) and efficiency (30-35%) [40].

The electrolysis unit (EU) and the direct catalytic methanation unit (DCMU) are the
key components of the Biomethane Production Section. Among the electrolysis technolo-
gies, the Proton Exchange Membrane Electrolyzer (PEMEL) technology is regarded as the
optimal solution for power-to-gas (PtG) application [27], due to its combination of technical
performance, operational flexibility, and technological maturity, all of which are essential
for the dynamic and renewable-integrated operation. Table 2 illustrates a comparative
assessment of electrolyzer technologies for Power-to-Biomethane (PtBM) applications,
PEMEL, AEL (Alkaline Electrolyzers), and SOEL (Solid Oxide Electrolyzer).

From a technical standpoint, the ability of PEMEL to start up quickly, ramp up or
down within seconds, and operate efficiently at partial loads is a critical factor in PtBM
applications, where hydrogen production must align dynamically with fluctuating elec-
tricity availability. Thus, PEMEL currently represents the most viable and technically
coherent option for renewable-integrated, dynamically operated PtBM systems thanks to
its superior operational flexibility, fast dynamic response, high-purity hydrogen output,
and commercial maturity.
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Table 2. Comparison of electrolyzer technologies for Power-to-Biomethane (PtBM) applications.

Criterion

PEMEL

AEL

SOEL

Operating temperature

50-80 °C (low)

60-80 °C (low)

700-850 °C (high)

Liquid alkaline solution

Electrolyte type Solid polymer membrane (KOH /NaOH) Solid ceramic oxide
. . o High, but requires .
Hydrogen purity Very high (>99.999%) post-purification Very high
Electrical efficiency 65-75% (HHV basis) 60-70% 80-90%
Excellent (seconds)/ Moderate (minutes)/ Poor (hours)/

Dynamic response/load flexibility

ideal for intermittent RES

suited for steady operation

sensitive to cycling

Start-up and ramping

Very fast

Slow

Very slow

Part-load efficiency

High, stable across a wide load
range

Lower, efficiency drops at
part-load

Unfavorable, high thermal inertia

Maturity (TRL)

Commercially matured
(TRL 8-9)

Commercially mature
(TRL 9)

Emerging technology
(TRL 5-6)

System integration

Compact, modular, compatible
with dynamic PtBM operation

Simple and robust, but less
flexible

Complex integration due to
high-temperature requirements

Capital cost (EUR/kW)

Medium-High
(decreasing with scale-up)

Low

High (prototype stage)

Maintenance and durability

Moderate; improving with
material advances

Low-cost maintenance; long
lifetimes

Challenging due to thermal stress
and degradation

Suitability for renewable coupling

Excellent (responsive and efficient
under variable loads)

Moderate (limited by slower
dynamics)

Poor (not suited for frequent
cycling)

Overall suitability for PtBM

High (optimal balance of
efficiency, flexibility,
and readiness)

Moderate (robust but inflexible
under fluctuating power supply)

Low (at present, promising
efficiency but immature
and rigid)

The PEM electrolysis unit considered in this study consists of 1 MW modules oper-
ating at 20 bar and 80 °C. Each module works with a current density of 2.99 A/cm? and
a cell voltage of 2.17 V, producing 16.8 kgip /h with a specific energy consumption of
59.6 kWh/kg and an LHYV efficiency of 56.4%. Auxiliary systems account for 2.8% of the
rated power [39].

Regarding the direct catalytic methanation unit, the biogas is directly converted into
methane through catalytic methanation at a temperature of 280 °C in a multi-tube packed
bed reactor characterized by a double pass system that includes condensate removal
after the first pass. This process is conducted at a pressure of 20 bar and is cooled with
boiling water. The use of this double pass approach ensures that the methane content and
Wobbe index comply with the required specifications for integration into the natural gas
grid [41,42]. For the compression unit, the reciprocating compressor has been chosen, as it
is the most widely utilized technology for high-pressure applications [43].

Currently, large-scale PtG plants favor hydrogen storage in gaseous form at various
pressure levels for hydrogen storage [44]. Therefore, in this study, steel cylinders kept at
200 bar have been considered for the storage unit [45].

2.2. Methods

The core objective of this study is the identification of the optimal plant configurations
able to minimize the LCOBM. The latter is the objective function in the optimization process
and must be achieved while complying with the 8000-h operating constraint.

n}in[LCOBM] subject to OPH = 8000 (1)

where x is the vector of the input variables (RES plant sizes and H, storage capacity).
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The OPH are calculated as the sum of hours in which the hourly biomethane produc-
tion mpyy; is greater than 0:
8760
OPH =) "'t )

where t; = 1if mppg; > Oort; = 0if mpp; = 0.
In the next sections, the procedure is described and detailed.

2.2.1. Optimization Approach

The design of energy systems typically involves identifying the optimal configuration
based on technical, economic, and environmental objectives. In this study, an optimization
framework was developed to determine the optimal size of the renewable energy plant
and hydrogen storage unit for the proposed PtG system. This optimization procedure was
implemented using the modeFRONTIER tool, an integration platform for optimization
problems. It was coupled with a dedicated Techno-Economic Model developed in MATLAB
that allows for the sizing of the proposed plant and for the calculation of the LCOBM.

The procedure follows three steps:

(i) Problem definition, where both RES plant sizes and H, storage capacity are set as
design variables, LCOBM as the objective, and OPH as a constraint.

(ii) Optimization strategy definition, where the proprietary pilOPT algorithm was se-
lected. This algorithm in modeFRONTIER combines global and local optimization
strategies within an adaptive, self-learning framework. Unlike traditional methods, it
does not rely on a predefined Design of Experiments; instead, it iteratively generates
new designs based on previous evaluations. Convergence is assessed through the
stabilization of the objective function and the evolution of the Pareto front, ensuring
an efficient balance between exploration and refinement. In this study, a maximum of
200 iterations was adopted.

(iii) Optimization phase, in which the pilOPT algorithm varies the input variables to
achieve the defined objective while satisfying the specified constraint.

Figure 2 shows the structure of the optimization model built in modeFRONTIER.
A proper interface ensures communication between modeFRONTIER and the Techno-
Economic Model, which uses the operational and performance data of the BP plant obtained
by a thermochemical model developed in Aspen Plus (described in Section 2.2.3).

RES PLANT SIZE
H, STORAGE CAPACITY
OBJ: MINLCOBM
CONSTRAINT: 8000 OPH

BP PLANT MODEL
(ASPEN PLUS) :
J [ -
' N §

v
TECHNO-ECONOMIC
MODEL (MATLAB) INTERFACE

OBJECTIVES &
CONSTRAINTS

modeFRONTIER

OUIEUIS:

OPTIMAL
SOLUTIONS

Figure 2. Optimization model workflow.

2.2.2. Techno-Economic Model

The core of the optimization process is a Techno-Economic Model developed through
MATLAB. The model is divided into two sections: (i) plant sizing and (ii) economic analysis.
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The plant sizing workflow is depicted in Figure 3.
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Figure 3. Plant sizing workflow.

The code operates on a set of input variables and management strategies to (i) size the
system components; (ii) calculate annual mass and energy flows; (iii) and evaluate overall
performance. The main inputs are as follows:

1. The photovoltaic plant and wind farm (RES) size Wrrs (kW);

2. The hydrogen storage capacity (kg);

3. The RES load factor frgs , that is, the hourly specific electric energy production with
respect to the RES size (kWh/kW);

4. The operating data of the BP plant, which are the biogas flow rate mpjocas and the
hydrogen-to-biogas ratio my, meT/MB10G AS-

The BP plant operating data are obtained from a thermochemical model developed
in Aspen Plus (described in the next section), and the selected time-step (f) is equal to
one hour.

The electrolyzer size is determined from the ratio of total electric energy generated
from the RES plant and the number (n) of operating hours (the sum of hours in which
ERes,t > 0):

LS Wres*f res s _ 278 Egesy

W =
EU n n

®)

This size becomes an input value for the electrolysis unit management strategy.
The management strategies which determine the operation of the three main subsys-
tems are defined as follows:

1. Electrolysis unit: The electrolyzer operates according to both the available RES power
and the storage status. It is characterized by a minimum and maximum input power
demand (Weu,min, WEu,FL)-

a.  When the RES power output falls within the operating range of the electrolyzer
(WEw,min < WgrEs,t < WEy rL) the electrolyzer runs at partial or full load, direct-
ing hydrogen to storage;
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b.  If the RES power output exceeds the electrolyzer’s full load power consumption
(WREs,+ > WEy,rL) the electrolysis unit works at full load, with excess power
exported to the grid;
c. If, on the contrary, the RES capacity falls below the minimum power re-

quirement of the electrolyzer (Wrgs: < WEirmin) Or the storage tank is full
(Pstort—1 = Pstor,max) the electrolyzer enters standby mode and surplus RES
electricity is diverted to the grid.

2. Hydrogen storage: The hydrogen storage unit is defined by four characteristic pres-
sures: minimum (Pstor,min), shutdown (pssor,sp), restart (psior rs, ), and maximum
( Pstor,max)'

a.  When the tank pressure lies between the shutdown and maximum limits
(Pstor, SD < Pstort—1 < Pstor,max), hydrogen is both stored and delivered to
the methanation unit;

b. If the pressure drops below the shutdown threshold (pssori—1 < Pstor,sp) the
methanation unit is forced into standby, although hydrogen can still be accu-
mulated in the tank;

C. Above pgior rs Storage continues until restart conditions are satisfied;

d.  Once the restart pressure is reached, the conditions for resuming methanation
are restored.

3. Methanation unit: The direct catalytic methanation unit (DCMU) is directly controlled
by the storage pressure.

a. At maximum tank pressure pstor,max, the reactor operates at full load;

b. Within the range psjor,sp < Pstori—1 < Pstor,max it follows a partial load regime
according to a linear relation (Equation (9));

c. If the tank pressure falls to the shutdown value pg, sp the unit is switched off;
at even lower pressures psiori—1 < Pstor,sp it remains in standby until restart
conditions are satisfied psort—1 > Pstor,RS;

d.  During transitions between shutdown and restart, flushing is performed to
ensure safe operation.

The hydrogen storage pressure is updated hourly by applying the real-gas equation

of state:

(MpoEue — MuoMmeT ) - Ot Rep- Tstor
Vstor

Pstort = Pstort—1 T 2* (4)
where z is the isothermal compressibility factor, T is the storage temperature, and Vi,
is the tank volume. The hydrogen flow to the methanation unit at partial load varies
linearly with storage pressure:

MH,MET,t =C1"Pstor,—1+C2 ®)
with
o — MHy MET,FL — M Hy MET,min
1= Pstor,max — Pstor,SD (6)
€2 = —C1"Pstor,sp T MH MET,min

where mp, Mgt 1. is the full-load hydrogen flow rate and 11, MET min is the minimum flow
rate (assumed to be equal to 40% of the full-load value).
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The economic analysis section of the Techno-Economic Model allows us to determine
the levelized cost of biomethane (LCOBM), which is calculated considering the plant’s
lifetime (N):

Zyl;];ol Cinv,n,an) ‘CRF + Zn:t Crep,n,un + 2111\1;01 CO&M,n,un

LCOBM = (
S mE

)

Cinv,nan is the annualized total investment cost obtained by considering the sum of
each component investment cost (C;;») at year #; Crepnan is the replacement cost of the
components that need to be substituted during the plant’s lifetime, occurring in year t;
CogM n,an refers to the annualized operating and maintenance (for all plant’s components)
costs at year n; CRF is the Capital Recovery Factor, and mpgy ,, is the annual biomethane
production. The plant lifetime (N), the nominal interest rate (i), and the expected inflation
rate (f) are assumed to be equal to 20 years, 3%, and 2% [46]. The terms in Equation (7) are
calculated by Equations (8)—(11), as in ref. [47]:

C; C
C: _ _Gim _ Coem _ g
inv,n,an (1 +Ir)n O&M,n,an (1+Ir)n ( )
C
C = — 9
rep,t,an (1 I Ir)t ( )
_i=f
I =1 ’ (10)
n
CRF = M (11)
1+5L)" -1

The main economic data for the analysis are listed in Table 3. The maintenance
costs have been calculated as a percentage of the specific investment cost for each plant
component. The replacement costs have been considered only for the compressor unit and
the PEM electrolysis unit (the replacement year is t = 10 years) and they are assumed to be
equal to 100% and 40% of the investment cost, respectively.

Table 3. Economic data.

Parameter InveitpnizlrﬁcCost Annual Annual
(Cio ) Maintenance Specific Cost Operating Cost
PV plant costs [46] EUR 405.5/kW 1.58% Cipy,s (EUR/KW) -
Wind plant costs [48] EUR 1260/kW 1.1% C;;,» EUR -
PEM Electrolyzer costs [47] EUR 1678 /kW 3% C;np EUR -
Compression unit costs [49] EUR 36079.54. p0-6038 8% Ci,p EUR -
H, storage system costs [50] EUR 490/kg 3% Cinpy EUR -
Methanation unit costs [51] EUR 450/kW 3% C;,p EUR -
Biogas price [52] - - EUR 0.243/m3
Deionized water price [53] - - EUR 0.01/kg

This cost is not a specific investment cost because it takes into account the size of the compressor (P, kW).

Moreover, the economic feasibility of the proposed PtBM configuration has also been
analyzed by estimating the Discounted Payback Period (DPBP), that is, the period (year)
needed to return on the initial investment through the discounted cash flows obtained from
the plant. DPBP is calculated as the year in which the following equation is satisfied [54]:

DPBP
Y DCF, —Ciyy =0 (12)
n=0
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The discounted cash flows are calculated as follows:
DCF,, = PVCF, + DCF,_1 (13)

In the first year, as expected, the term DCF,,_; is equal to zero; therefore, the value of
the DCF; is equal to PVCF;. The term PVCF,, is the annual Present Value of Cash Flows,
calculated as follows:

PVCFy = Revpmn,an + Rever pnan + Revop,nan + Revcoonan — Coaem,, = Crep,,,  (14)

In the above equation, the considered revenues originate from the sale of biomethane,
electricity (to the grid), oxygen, and CO;. The latter corresponds to the avoided CO,
emissions associated with the substitution of fossil methane with biomethane, which can
be monetized by assigning a value consistent with the prices defined within the Emission
Trading System (ETS).

P(BM/02/c02) ™ gr1/02/cO2)m

Rev(gpmy02/c02),man = A+ (15)
T
Pel'E id,
Revel,n,lm = (1_'_73}”);11 (16)
r

where p; (EUR/kg) is the selling price of the material stream, m is its annual produc-
tion, Egyig,n (kWh) represents the annual amount of electricity supplied to the grid, and
pel (EUR/kWHN) is the electricity selling price. In this analysis, the biomethane selling price
is the calculated LCOBM, the electricity selling price is assumed to be EUR 0.1/kWh [55],
the oxygen price is set at EUR 0.1/kg [54], and the price for avoided CO; is assumed to be
EUR 75/t [56].

2.2.3. Thermochemical Model

To assess the performance of the biomethane production (BP) plant, the thermo-
chemical model presented in [39] and developed within the Aspen Plus environment has
been applied. Figure 4 illustrates the flowsheet of the model, which is divided into four
sub-models, each representing a specific section of the plant.

These sections are as follows:

(1) The direct biogas methanation unit operates at 280 °C and 20 bar, following a
double-pass configuration in which the condensate is removed after the first pass. The
resulting biomethane consists of 98.2% CHy, 0.9% Hj, 0.2% CO,, and 0.1% H,O, with a
lower heating value (LHV) of 49.75 M] /kg. The CO, /H; molar ratio is maintained at 4. The
model of the isothermal methanation reactor has been validated by using the experimental
data reported in ref. [42] and referring to a cylindrical-shaped Ni/Al,O3-based methanation
catalyst. Details and data on the modeling are available in ref. [39].

(2) The PEM electrolysis unit (PEM EU), consisting of modules of 1 MWpc. Each
module operates at 20 bar and produces 16.8 kg/h with a specific energy consumption of
59.6 kWh/kg [8].

(3) The hydrogen compression unit (H, CU), based on reciprocating compressors,
which presents a specific consumption of 1.21 kWh/kg, [57].

(4) The hydrogen storage unit (H, SU), which enables the decoupling between the
electrolysis dynamics and the methanation unit, is based on gas steel cylinders for hydrogen
storage at 200 bar.
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Figure 4. Flowsheet of the biomethane production plant model.

2.3. Case Studies

This work considers the installation of a PV power plant and a wind farm in the Puglia
Region (Italy). At this site, on a daily basis, the annual solar irradiation ranges from about
16 W/m? to 135 W/m?, while the wind speed varies between 2.1 m/s and 13.7 m/s. These
data have been exploited by using the PVGIS and NASA POWER databases, respectively.

Regarding the solar data for the chosen installation location, the daily irradiation
varies from 81.9 kWh/m? in January to 214.1 kWh/ m? in July. By considering both the
installation site and the selected PV panel, the plant capacity factor is equal to 18.1%.
Referring to the wind plant, considering both the installation site and the selected wind
turbine, a capacity factor equal to 26.8% is obtained. The daily average load factor (frrs)
for both PV and wind plants is shown in Figure 5.
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Figure 5. Monthly average load factor for PV and wind plants.

Three different case studies are investigated: (i) a PV-based configuration; (ii) a wind-
based configuration; and (iii) a hybrid configuration, in which both renewable plants are
installed on the same site.

3. Results

The previously outlined optimization procedure allows us to identify, for each case
study, the sizes of the plant components that allow us to minimize the LCOBM, respecting
the imposed constraint (OPH = 8000). The results in terms of components’ sizes, and annual
energy and mass balances of the optimal configuration of each case study are reported in
Table 4.

Table 4. Comparison of components’ sizes, and annual energy and mass balances at the optimal
design points which guarantee the minimum LCOBM.

PtBM Plant Unit PV Wind Hybrid
PV plant size MW 245 - 11.1
Wind plant size MW - 16.5 10.0
RES plant size MW 24.5 16.5 211
Biogas flow rate 3
(at digester full load) Nm“/h 500 500 500
Annual electric energy production MWh 38,805 38,742 40,982
Annual electric energy to the grid MWh 12,037 13,351 12,995
Annual biogas tons 3693.2 3494.9 3856.6
consumption
Electrolysis unit kW 10,000 6000 6000
Electrolytic hydrogen production
(at full load operation) kg/h 1686 1012 1012
Hydrogen to the methanation reactor
(at full load operation) kg/h 71 71 71
Hydrogen compression unit kW 205 123 123
Hydrogen storage capacity kg 2000 1580 540
Methanation reactor production capacity MWy, 11v 4.92 4.92 492
Biomethane production (at full load operation of the methanation reactor) kg/h 355.8 355.8 355.8
Annual electric energy consumption of the hydrogen compression unit MWh 531 503 555
Annual electric energy consumption of the electrolysis unit MWh 26,237 24,888 27,432
Annual hydrogen tons 438.4 415.8 458.4
production
Annual biomethane tons 2190.9 2037.2 2287.8
production
Annual avoided CO, * tons 5904.5 5492.5 6142.7
LCOBM EUR/MWh 111.59 113.19 97.41
DPBP years 8.8 10.8 8.7

* The CO, emission factor of the biomethane is 2.695 gco, / gbiomethane-
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It is worth underlining that, among the proposed solutions, the hybrid configuration
presents the lowest LCOBM (EUR 97.41/MWh), while the highest is obtained for the
wind-based configuration (EUR 113.19/MWHh). From the perspective of the DPBP analysis,
the hybrid configuration achieves the break-even point within 8.7 years, demonstrating
a balanced trade-off between investment costs and economic returns. This result can be
considered reasonable, especially given the innovative technologies that are integrated in
the proposed system configuration for the development of a Power-to-Biomethane plant.

By analyzing and comparing the other data of Table 4, it can be noticed that the
photovoltaic-based plant design not only features the largest energy source capacity at
24.5 MW, compared to 16.5 MW for the wind farm and 21.1 MW for the hybrid configura-
tion (consisting of 11.1 MW from solar and 10.0 MW from wind), but it also achieves the
highest hydrogen production rate during full operation at 168.6 kg/h, with an electrolysis
unit of 10,000 kW of installed power, and needs the greatest storage capacity (2000 kg).
These outcomes can be attributed to the highly intermittent nature of solar energy, which re-
quires all plant components to be designed with larger capacities. The hybrid configuration,
in contrast, guarantees the most stable hydrogen production rate. As a matter of fact, it is
capable of achieving the established hourly biomethane production with an electrolyzer of
6000 kW, a hydrogen production rate of 101.2 kg/h (equal to the one associated with the
wind-based configuration), and a storage capacity of 540 kg, which is only one-fourth of
the storage capacity required for the PV-based layout and one-third of that needed for the
wind configuration, which stands at 1580 kg. The hybrid configuration is also responsible
for generating the highest annual output of hydrogen (458.4 tons) and of biomethane
(2287.8 tons).

An additional interesting result can be derived from examining the allocation of the
total renewable energy generated throughout the year among the electrolysis production,
the compression unit, and the grid (Figure 6).

BELECTROLYSIS BGRID @COMPRESSION

50,000
= 1.4% 1.3% 1.4%
40,000
z
s
Z 30,000
i
-5
s
= 20000
=
=
=
< 10,000
0

PV Wind Hybrid

Figure 6. Contribution of the annual electricity sent to the electrolysis unit, the compression unit, and
the electrical grid at the optimal design points which guarantee the minimum LCOBM.

By evaluating these various contributions, it can be concluded that the configurations
based on photovoltaic and hybrid systems exhibit nearly identical distributions of the
proportions of electricity directed to the electrolysis unit (67.6% and 66.9%, respectively), to
the compression unit (1.4% for both), and to the grid (31.0% and 31.7%, respectively). In
contrast, the wind-based configuration, while requiring the smallest proportion of electricity
for the compression unit (1.3%), also demonstrates the lowest amount of energy allocated
to the electrolysis unit (64.2%) and the highest amount sent to the grid (34.5%).
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Finally, it is useful to summarize the mass and energy results of the best configuration

(hybrid configuration) by using simplified process diagrams, as depicted in Figure 7.
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Figure 7. Mass (a) and energy (b) flows diagrams of the hybrid configuration.

The economic performances of the analyzed plant configurations are shown in

Figures 8-11. An analysis of the total contributions from investment, operation, main-

tenance, and replacement costs across the three proposed scenarios (Figure 8) reveals that

investment costs constitute the largest portion. Specifically, these costs range from a min-

imum of 45.9% for the PV configuration to a maximum of 53.5% for the wind-powered

plant. This category also exhibits the most significant variation among the three types of

costs, primarily due to the considerable disparity in initial investments between the two

renewable energy systems, with wind farms being more expensive to install compared

to PV solar cells. In contrast, operation and maintenance costs consistently account for

approximately 40% of the total across the three scenarios, with a percentage of 39.3% for
the wind-based plant and about 43% for both the PV and hybrid configurations.
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Figure 8. Contributions of investment, operation and maintenance, and replacement costs in the

three proposed renewable energy supply options (PV, wind, and hybrid).
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Figure 9. Contributions of investment costs in the three proposed renewable energy supply options
(PV, wind, and hybrid).
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Figure 10. Contributions of operation and maintenance costs in the three proposed renewable energy
supply options (PV, wind, and hybrid).
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Figure 11. Contributions of replacement costs in the three proposed renewable energy supply options
(PV, wind, and hybrid).

A detailed examination of the breakdown of individual components associated with
investment costs (Figure 9) reveals that in the photovoltaic (PV) configuration, the elec-
trolyzer constitutes over half of the total investment costs (54%). The renewable energy
system is immediately followed by the photovoltaic park at 32% and the methanation unit
at 7.9%. On the contrary, in the wind and hybrid-based systems, the primary costs are
attributed to the wind turbines, which account for 59.8% and 41.3%, respectively, while
the electrolyzer’s share falls below half of the total, at 29% and 33%. The costs associated
with compression and storage units are relatively minor, at 2.9% and 3.2%, respectively. In
all three proposed scenarios, the methanation reactors consistently represent 7-8% of the
overall investment cost, while compressor unit costs range from 1.9% to 2.9% of the total,
and the hydrogen storage system contributes less than 1% in the hybrid configuration.

The analysis of the O&M costs (Figure 10) shows that the predominant factor is
consistently the purchase of biogas, representing 46.6%, 50.2%, and 53.4% of the total
in the PV, wind, and hybrid configurations, respectively. This is followed by the share
attributed to the electrolyzer, which ranges between 20.7% and 31.4% of the total costs.
The renewable energy power plants also make a significant contribution: the PV system
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accounts for 9.8% of the total costs, while the wind power plant contributes 16.2%. In the
hybrid configuration, the PV and wind systems account for 4.8% and 9.5%, respectively.
In all proposed plant configurations, the methanation unit, compressor, and water
contribute with lower percentages.
The replacement costs, in turn, range from 7.2% for the wind configuration to
11.3% for the PV one, and, as shown in Figure 11, they are mainly associated with the
electrolyzer stack.

Sensitivity Analysis Results

From the conducted study, the hybrid configuration emerged as the most advanta-
geous in terms of biomethane cost, with an estimated payback period of 8.7 years. Since this
result is affected by the cost of the electrolyzer, as well as by the selling prices of electricity
and biomethane, a sensitivity analysis has been carried out to further investigate this issue.

With respect to the variation in electrolyzer costs, four specific values were considered,
based on the projected capital cost range for medium-scale PEM electrolyzers (1-10 MW) by
2050, as reported in the IEA Global Hydrogen Review 2023 database. The selected values
reflect expected cost reductions driven by technology learning, economies of scale, and
efficiency improvements, in line with medium- and long-term market scenarios [58].

Regarding electricity price variation, four selling prices were considered, ranging
from EUR 60 to 180/ MWHh. These values were chosen to capture differences in electricity
costs across various European countries, as well as potential temporal and market scenario
variations within the European electricity system.

Finally, concerning the biomethane selling price, two values were assumed. The
first corresponds to the current natural gas price (EUR 45/MWHh) [59], while the second
represents the production cost of biomethane under the national implementations of the
Renewable Energy Directives RED II [60] and RED III [61], which support renewable gases
through feed-in tariffs, contracts-for-difference, and Guarantee-of-Origin schemes. In this
latter case, EUR 120/MWh was adopted as a representative average value.

The results of the sensitivity analysis, in terms of DPBP according to Equations (12)—(16),
are summarized in Tables 5 and 6.

Table 5. DPBP vs. specific electrolyzer cost and biomethane selling price (electricity selling price
equal to EUR 0.1/kWh).

Specific Electrolyzer Cost

DPBP (Year) (EUR/kW)
1678 1000 700 400

(EUR/MWh)

Biomethane
selling price

_ Very good/bankable-quick return low risk

Good/sustainable-solid and bankable project

10-12 Marginal/slow capital recovery
Not profitable/high risk

* In this case, the revenues derived from CO, are excluded from Equation (14).
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Table 6. DPBP vs. electricity and biomethane selling prices (specific electrolyzer cost equal to 1678
EUR/KW).

Electricity Selling Price

DPBP (Year) (EUR/kWh)
0.18 0.14 0.10 0.06

(EUR/MWh)

Biomethane
selling price

_ Very good/bankable-quick return low risk
_ Good/sustainable-solid and bankable project

10-12 Marginal/slow capital recovery
Not profitable/high risk

* In this case, the revenues derived from CO, are excluded from Equation (14).

The sensitivity analysis highlighted that if the biomethane selling price is not incen-
tivized compared to the fossil methane price, the plant is not bankable and, therefore, not
economically sustainable. Moreover, the electrolyzer cost and, clearly, the selling price of
the surplus electricity exported to the grid are decisive factors for economic feasibility. The
most favorable outcome from the sensitivity analysis corresponds to a DPBP of 5.7 years, as-
suming a biomethane selling price of EUR 120/MWh, an electrolyzer cost of EUR 400/kW,
and an electricity selling price equal to the current European average (EUR 100/MWh).

4. Discussion and Perspectives

The results of this study indicate that the hybrid PV-wind configuration pro-
duces the best design trade-off: it ensures the highest annual biomethane production
(~2288 tons/year) while reducing H, storage capacity with respect to the other configura-
tions. These findings are consistent with recent analyses indicating that hybrid systems, due
to the complementary power generation profiles of PV and wind plants, can significantly
reduce the need for oversized electrolyzers and storage systems [42,43]. Consequently,
the results of the economic assessment indicate that the hybrid configuration achieves the
minimum levelized cost of biomethane (LCOBM), estimated at EUR 97.41/MWh and a
DPBP of 8.7 years.

Even though this result may be affected by uncertainties arising from certain modeling
assumptions and the choice of a specific installation site, which influences renewable power
production and its seasonal fluctuations, it can be stated that the estimated cost is consistent
with values reported in similar techno-economic studies in the literature, as discussed in
Section 1.2, where biomethane costs are reported to range between 89 and EUR 131/MWh.

Obviously, this cost is not comparable with the natural gas prices worldwide. When
compared to the current market price of natural gas, typically fluctuating between 37 and
EUR 110/MWh in recent years [62], the production of renewable biomethane remains
generally more expensive. This cost gap highlights the need for continued technological
improvements and policy support to enhance the competitiveness of biomethane in the
energy market.

Nevertheless, although these plants are highly attractive from a sustainability per-
spective, their large-scale deployment is still constrained by scalability challenges. As a
matter of fact, increasing plant capacity requires a proportional increase in the renewable
plant sizes, the expansion of hydrogen production, and biogenic CO, availability (the total
available amount of biogenic CO; is geographically dispersed and relatively small [63].
Moreover, the development of these plants is also affected by technical limits as well as
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challenges. A critical technical barrier is the durability of methanation catalysts, typically
based on Ni/Al,Os or Ni/CeO; supports. Catalyst deactivation due to sintering, carbon
deposition (coking), and sulfur poisoning can lead to a gradual decline in conversion effi-
ciency and methane yield over time, requiring periodic regeneration or replacement [47,48].
This degradation not only increases maintenance costs but also reduces plant availability,
impacting the long-term levelized cost of biomethane.

A good strategy to support these plants by overcoming the above-mentioned criticali-
ties could be the integration of PtBM units within local energy systems such as microgrids
or district heating networks, as in this way, it can significantly improve overall energy
efficiency and economic viability. The recovery of waste heat from the methanation re-
actor can be exploited to supply low-temperature heating demand in nearby residential
or industrial districts, reducing total system exergy losses. The results of this study pave
the way for further analyses that could encompass the evaluation of alternative system
configurations to enhance economic performance. These configurations could play a key
role in future smart energy districts, promoting circular carbon management and sector
coupling between power, heat, and gas networks.

Future work should combine dynamic modeling of the methanation unit with stochas-
tic or probabilistic approaches for PV and wind generation, such as time-series-based
scenario generation or robust optimization, to represent a wide range of renewable condi-
tions. These methods can capture short-term fluctuations, seasonal variability, and extreme
events, enabling the PtBM system to be evaluated under realistic electricity supply scenar-
ios. When combined with variable CO, supply and catalyst degradation, this approach
provides a more accurate and comprehensive assessment of electrolyzer utilization, storage
requirements, methane production, operational flexibility, and overall PtBM scalability [64].

5. Conclusions

This study presents a novel and integrative framework for assessing PtBM systems
by combining (i) a thermochemical model for direct catalytic methanation of raw biogas,
(ii) a techno-economic model accounting for renewable resource variability and operational
strategies, and (iii) an optimization approach to identify cost-optimal system configura-
tions. By coupling detailed sizing with techno-economic optimization, the work bridges
process-level and system-level analysis, offering a decision-support tool for PtBM design
and deployment.

The analysis, performed using modeFRONTIER with MATLAB and Aspen Plus v14.5
models, considered three renewable energy scenarios (PV, wind, and a hybrid PV-wind
system) for a site in Southern Italy. Key findings include the following;:

e  The hybrid layout balances power supply, increasing system utilization and reducing
methanation downtime.

e  The hybrid PV=wind configuration achieves the best techno-economic performance,
with the highest annual biomethane production (~2288 t) and lowest hydrogen storage
(~540 kg);

e  The PV system requires the largest capacity (24.5 MW) and storage (2000 kg) due to
intermittency, while the wind system has lower costs but reduced production (~2037 t);

e  The corresponding LCOBM is lowest for the hybrid system (EUR 97.4/MWh) com-
pared to PV (EUR 111.6/MWh) and wind (EUR 113.2/MWh);

e The DPBP is 8.7 years, which can improve under incentivized biomethane tariffs.

In conclusion, it can be affirmed that continuous technological improvements—
particularly in electrolyzer cost reduction—together with favorable electricity pricing
and policy incentives, can significantly enhance the competitiveness of PtBM systems in
future energy scenarios.
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Abbreviations

Symbols

€1 Hydrogen flow to the methanation unit calculation coefficient (kg/s-Pa)
c2 Hydrogen flow to the methanation unit calculation coefficient (kg/s-Pa)
Crnonan Annualized Investment Costs (EUR)

Co&Mmnan  Annualized Operating and Maintenance Costs (EUR)
CRep,n,an Annualized Replacement Costs (EUR)

CRF Capital Recovery Factor

DCF, Annual discounted cash flows (EUR)

Ec Annual electric energy consumption of the compression unit (MWh)
Ery Annual electric energy consumption of the electrolysis unit (MWh)
EGRriD Annual electric energy to the grid (MWh)

EREs Annual electric energy production (MWh)

EREst RES hourly electric energy (kWh)

f Inflation rate (%)

fRES ¢ RES load factor (kWh/kW)

i Nominal interest rate (%)

Lr Real interest rate (%)

Hostore H, Storage Capacity (kg)

MBIOGAS Biogas flow rate at full load (kg/h)

MBM Annual biomethane production (tons)

MBM FL Biomethane flow rate at full load (kg/h)

B, Hourly biomethane flow rate (kg/h)

MH,EULt Hourly hydrogen flow rate produced by the electrolysis unit (kg/h)
mpy,meT,F.  Hydrogen flow rate to the methanation unit at full load (kg/h)
M, MET t Hourly hydrogen flow rate to the methanation unit (kg/h)

n Year

N Plant lifetime (year)

Pstor,max Maximum storage pressure (Pa)

Pstor,min Minimum storage pressure (Pa)

Pstor,RS Restart pressure (Pa)

Pstor,SD Shutdown pressure (Pa)

Pstor,t Storage pressure at time t (Pa)

PVCF, Annual present value of cash flows (EUR)

Revy an Annualized revenues (EUR)

t Time-step (hour)

WEeu Electrolysis unit size (kW)

Wer Eu Electric power consumption of the electrolysis unit (kW)

WEu rL Electric power consumption of the electrolysis unit at full load (kW)
WEU min Electric power consumption of the electrolysis unit at minimum load (kW)
WrEs RES size (kW)

WRES,t RES power at time t (kW)
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Acronyms

AD Anaerobic Digestion

BM Biomethane

BP Biomethane Production

CAPEX Capital Expenditure

CO, Carbon Dioxide

DCMU Direct Catalytic Methanation Unit
DPBP Discounted Payback Period

EU Electrolysis Unit

HAWT Horizontal Axis Wind Turbines
Hy Hydrogen

LCOBM Levelized Cost of Biomethane
LHV Low Heating Value

O&M Operating and Maintenance

OPH Operating Hours (h)

PEMEL Proton Exchange Membrane Electrolysis
PtBM Power-to-Biomethane

PtG Power-to-Gas

PV Photovoltaic

RES Renewable Energy Source
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