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ARTICLE INFO ABSTRACT
Keywords: This study evaluates the techno-economic feasibility of a plant designed to produce synthetic natural gas (SNG)
CO, methanation from biogas through direct catalytic methanation. The proposed facility is simulated with Aspen Plus® v14, using

Biogas upgrading
Technoeconomic assessment
Renewable hydrogen
Synthetic natural gas

a comprehensive approach that covers the entire process, from biogas pretreatment to the production of the final
product. The installation aims to contribute to the development of Power-to-Gas (Power-to-Methane) strategy for
decarbonization.

The plant, to be located in northeastern Spain, operates at an industrial scale with a production capacity of
approximately 1100 Nm3/h of SNG, obtained from a 1425 Nm®/h biogas plant. The process includes five main
stages to meet Spanish gas quality standards for grid injection: desulfurization, using amines for sulfur removal;
electrolysis, for the generation of renewable hydrogen; thermocatalytic methanation, which combines CO; from
the biogas with hydrogen to enrich the methane content; dehydration, to meet SNG moisture specifications; and
cogeneration, intended for the joint production of electricity and steam to meet the plant’s energy demands.

A detailed analysis of investment costs (CAPEX) and operational expenses (OPEX) is conducted, identifying the
key factors influencing the project’s profitability. The economic assessment indicates a total capital investment of
21.83 M€ and operational expenses nearly 8 M€ annually. The profitability threshold for the base scenario is
estimated at 91.75 €/MWh, exceeding the 2023 natural gas market average in the Iberic peninsula (39.11
€/MWh), highlighting the current economic challenges of SNG production.

List of acronyms (continued)

Abbreviation  Full form

Abbreviation  Full form

M&O-SW&B Combined Salary, Wages, and Benefits for Maintenance and Labor-

AEL Alkaline Electrolysis related Operations
AEM Anion Exchange Membrane Electrolysis MIBGAS Iberian Gas Market
APEA Aspen Process Economic Analyzer MW&B Maintenance Wages and Benefits
CAPEX Capital Expenditures NGTS Technical Management Standards of the System
CEPCI Chemical Engineering Plant Cost Index OPEX Operational Expenses
COM Cost of Manufacture PD Detailed Protocol
DW&B Direct Wages and Benefits PEM Polymer Electrolyte Membrane
EBITDA Earnings Before Interest, Taxes, Depreciation, and Amortization PtM Power to Methane
EU European Union ROI Return on Investment
GE Total General Expenses SEDIGAS Spanish Gas Association
GHSV Gas Hourly Space Velocity SNG Synthetic Natural Gas
HHV Higher Heating Value SNR Renewable Natural Gas
LHHW Langmuir-Hinshelwood-Hougen-Watson SOEC Solid Oxide Electrolysis
(continued on next column) (continued on next page)

This article is part of a special issue entitled: Rafael Bilbao published in Biomass and Bioenergy.
* Corresponding author.
E-mail address: jap@unizar.es (J.A. Pena).

https://doi.org/10.1016/j.biombioe.2025.107871

Received 14 February 2025; Received in revised form 3 April 2025; Accepted 3 April 2025

Available online 10 April 2025

0961-9534/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nec-nd/4.0/).


https://orcid.org/0000-0003-0395-0143
https://orcid.org/0000-0003-0395-0143
https://orcid.org/0000-0001-6452-4258
https://orcid.org/0000-0001-6452-4258
https://orcid.org/0000-0003-2898-1085
https://orcid.org/0000-0003-2898-1085
https://orcid.org/0000-0003-3181-195X
https://orcid.org/0000-0003-3181-195X
https://orcid.org/0000-0003-1940-9597
https://orcid.org/0000-0003-1940-9597
https://orcid.org/0000-0002-8383-4996
https://orcid.org/0000-0002-8383-4996
mailto:jap@unizar.es
www.sciencedirect.com/science/journal/09619534
https://www.elsevier.com/locate/biombioe
https://doi.org/10.1016/j.biombioe.2025.107871
https://doi.org/10.1016/j.biombioe.2025.107871
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biombioe.2025.107871&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

P. Sanz-Monreal et al.

(continued)
Abbreviation  Full form
TSA Temperature Swing Adsorption
TPI Total Permanent Investment
wC Working Capital

1. Introduction

The transition to a sustainable energy model and the reduction of
greenhouse gas emissions, particularly carbon dioxide and methane, is a
global priority in the fight against climate change [1]. Renewable energy
sources have emerged as a key component of this transition, with their
implementation significantly increasing over the past decade. These
energy sources support the decarbonization of the energy sector and
favor the creation of decentralized energy networks, which are often
more resilient to fluctuations in external energy markets [2]. However,
renewable energy technologies face significant limitations, primarily
due to their reliance on intermittent sources. This intermittency presents
challenges for maintaining a consistent energy supply, since atmo-
spheric conditions are to some extent unpredictable, and overall, beyond
human control. Under favorable weather conditions, renewable energy
systems can generate more electricity than the grid can accommodate,
leading to energy wastage that could otherwise be harnessed for various
applications [3].

A promising solution to address these challenges involves converting
surplus energy into alternative energy carriers, such as hydrogen.
Hydrogen has been identified as a critical energy vector with the po-
tential to overcome the limitations of renewable energy systems by
enabling its use in strategic sectors and applications that are difficult to
electrify (e.g steel, cement, chemicals and ceramic manufacturing,
ammonia production, heavy transport, and in general, high-temperature
processes) [4]. Moreover, hydrogen plays a pivotal role in reducing
greenhouse gas emissions and replacing fossil fuels [5]. Despite its po-
tential, the widespread adoption of hydrogen production and applica-
tions remains challenging. While technological advancements and
declining energy costs are expected to reduce the price of renewable
hydrogen production significantly [6], achieving cost competitiveness
with conventional fossil fuels remains a difficult hurdle. Additionally,
the complexity of handling, transporting, and storing the gas after its
production further adds to these challenges [7].

In order to facilitate the green energy transition to hydrogen, carriers
with higher energy density, such as synthetic methane (or synthetic/
renewable natural gas -SNG/RNG-), methanol, or ammonia, may play a
crucial role [8,9]. Among them, methane offers the easiest integration
into the already existing energy supply system, as it is comparable to the
current fossil natural gas and so, it can be introduced into the existing
natural gas network. Additionally, SNG is safer and easier to store,
reducing economic costs compared to hydrogen. In this scenario, Pow-
er-to-Methane (PtM) provides innovative solutions to utilize surplus
renewable energy. This process converts excess electrical energy into
green hydrogen through water electrolysis, which then reacts with COy
to produce methane (SNG) via the Sabatier reaction (r.1) [10]. Thus, PtM
enables the capture, storage, and reuse of CO,, contributing to the cir-
cular economy and decarbonizing strategic sectors where electrification
is unpracticable (glass, ceramic or steel industries), or in processes
where the generation of CO, is an inherent characteristic of the
manufacturing processes itself, such as the cement industry.

CO; () + 4H, (o =CH, (g + 2H,0 (g ; AH -165.1 [kJ-mol '] (r.1)

abat —

In thermocatalytic methanation, the most commonly active phase
are metals such as Co, Pd, Rh, Ru, and Ni. These catalysts are typically
supported on high-surface-area materials (AloO3, ZrOs, zeolites, etc.) to
enhance their exposure to reactants. Among them, ruthenium stands out
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as the most active catalyst; however, its high cost and limited avail-
ability could obstacle its large-scale industrial application. In contrast,
nickel-based catalysts have demonstrated high effectiveness despite
their lower cost and greater availability, widely used option in com-
mercial applications. Additionally, the incorporation of a second metal
(bimetallic catalysts), such as Fe, has been shown to improve reaction
performance [11].

Reactor design is another critical aspect. In general, the most rele-
vant reactor configurations are fixed-bed, monolith, microchannel,
membrane and sorption-enhanced [12]. Fixed-bed reactors are the most
widely used due to their simple design, scalability, and
cost-effectiveness. They are the preferred choice for gas-phase catalytic
processes, except in cases where heat transfer limitations or catalyst
deactivation pose significant challenges. One of the primary issues in
methanation is the removal of the heat generated, as well as the for-
mation of hot spots along the reactor bed that can lead to carbon
deposition, carbon monoxide production, catalyst sintering, and subse-
quent deactivation [13]. To address this, different cooling strategies
have been developed, ranging from reactant distribution and dilution to
optimized heat exchange mechanisms involving coolant selection and
flow configuration [14].

On the other hand, biogas emerges as a renewable source of CO5 as
well as a waste product. If left untreated, it worsens the problem of
increasing atmospheric concentrations; not only of CO2 but also of CHy,
which is significantly more harmful than COs itself as a greenhouse ef-
fect contributor [15]. Biogas is the result of the anaerobic decomposition
of organic matter, being forestry, cattle, agricultural, sewage sludge or
urban wastes the most common. According to its origin, its composition
slightly varies, being a mixture of CH4 (55-70 %"), CO2 (30-45 %") and
several minor impurities (HsS, HoO, NHgs, etc.) [16]. This composition
makes it ideal for being “upgraded” in its CH4 content, allowing its
integration into the natural gas network [17-19]. However, while Eu-
ropean regulations establish common requirements and testing methods
for biomethane injection [20,21], the specific conditions for grid
connection and biomethane injection differ across countries. Key factors
-including gas quality standards, injection fees, and cost-sharing agree-
ments between grid operators and biomethane producers-significantly
influence the development and viability of biomethane plants [22].
For instance, the minimum methane content required in Germany (98
%) [23,24] or Denmark (97 %) [25] is significantly higher compared to
countries like the Netherlands (85 %) or Spain (90 %) [26].

Spain, with its substantial renewable energy generation capacity, has
positioned as a leader in solar and wind energy production in Europe,
reflecting a steadfast commitment to the energy transition [27]. The
Iberian Peninsula boasts the third-highest solar radiation intensity
within the European Union (EU) [28], receiving an average of 4.58
kWh/m? per day. Within the continent, only Cyprus and Malta surpass
these values; however, their limited land area and lack of in-
terconnections constrain their ability to fully exploit their solar poten-
tial. Spain also benefits from favorable wind resources, as evidenced by
wind energy contributing 23.5 % of the country’s electricity demand in
2023 [29], with several locations exceeding 800 W/m? [30]. Despite
these advancements in renewable energy, the development of biogas
and biomethane has remained limited, even though Spain possesses a
significant biomass supply. According to a report by the Spanish Gas
Association (SEDIGAS), up to 2326 potential sites for biomethane pro-
duction have been identified across the country [31]. However, only 2 %
of Spain’s estimated biomethane production capacity is currently being
utilized, placing it behind countries such as Germany or France [32].
The suspension of incentives in 2012 (Real Decreto-ley 1/2012, [33]) and
the lack of an effective support framework have hindered the commis-
sioning of new biogas and biomethane plants, resulting in production
targets that are well below the nation’s full potential. Although the
Biogas Roadmap (“Hoja de Ruta del Biogas” [34]) and the Climate Change
Law signal future improvements, current support mechanisms remain
practically nonexistent, leaving Spain behind other European countries



P. Sanz-Monreal et al.

with more consolidated policies. Consequently, this underutilization of
biomass resources highlights the need for targeted policies and in-
centives to foster the valorization of this critical energy vector.

Several recent techno-economic studies have addressed PtM systems
[35-40]. However, these works generally explore discrete configura-
tions, specific electricity pricing assumptions, or smaller production
scales, leaving a gap in understanding how industrial-scale PtM plants
-particularly those integrating municipal solid waste (MSW)
biogas-perform in a Spanish context. Our research addresses this gap by
analyzing an industrial-scale PtM facility co-located with an MSW
biogas source, providing a comprehensive techno-economic assessment
(e.g., CAPEX, OPEX, profitability thresholds) under Spain’s regulatory
and market framework. The analysis is framed within the broader
context of the energy transition and aims to contribute valuable insights
into the development of sustainable solutions for a renewable-based
economy.

2. Methodology

The biogas upgrading plant for synthetic natural gas production via
catalytic methanation was modeled using Aspen Plus® (v14) to design
the process and perform mass and energy balance calculations. The
configuration of the plant is comprised of five primary sections: biogas
desulfurization, water electrolysis, catalytic methanation, SNG dehy-
dration, and cogeneration (see Fig. 1). The ELECNRTL (Electrolyte Non-
Random Two Liquids) property method was used for the desulfuriza-
tion and electrolysis zones, while CPA (Cubic-Plus-Association) was used
for the dehydration zone and PR-BM (Peng-Robinson-Boston-Mathias) for
the remaining units. Aspen Plus® flow diagrams and stream tables are
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system and determine the production cost of SNG that yields either 0 or
20 % ROL. The cost analysis has been set for the year 2023, based on data
and information consolidated during this period.

The facility is planned to be located in the northeastern Spain area,
within the Ebro Valley region. The biogas digesters process solid wastes
generated by approximately 750,000 inhabitants, generating a feed of
approximately 1425 Nm®/h of raw biogas (12,500,000 Nm®/year). A
representative composition of the biogas produced is detailed in Table 1.

The synthetic natural gas production capacity is approximately 1100
Nm®/h. Reported production plants typically operate within a range of
1-325 N m®/h [41]. Therefore, the modeled facility significantly ex-
ceeds pilot-scale methanation plants, positioning on an industrial scale.
The plant is assumed to have a 20-year operational lifespan, with 8000
operating hours per year, corresponding to 91.3 % production capacity,
consistent with previous techno-economic analyses [42,43]. The re-
quirements for injecting gas into the Spanish gas system are defined by
the Technical Management Standards of the Gas System (NGTS). These
regulations establish the general conditions for the use of gas infra-
structure, providing key operational guidelines. The standards (see
Table 2) are specially detailed in Protocol PD-01, which addresses
Measurement, Gas Quality, and Odorization of the gas [44]. Gases from
non-conventional sources, such as biogas, biomass-derived gas, or other
gases produced through microbial digestion processes, are subject to
additional quality specifications (see Table 2) [45]. Further information
regarding the Wobbe Index, Higher Heating Value (HHV), and the Relative

Table 1
Composition of raw biogas.
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Fig. 1. Picture flowsheet diagram (PFD) of the installation. Blocks surrounded by dashes show representative sections of the process.
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Table 2

Gas quality requirements for injection into the Spanish grid [44,45].
Property (*) Units Min. Max.
Wobbe Index kWh/m? 13.403 16.058
Higher Heating Value (HHV) kWh/m® 10.26 13.26
Relative Density - 0.555 0.700
Total Sulfur (excluding odorant) mg/m® N/A 50
H,S + COS (as sulfur) mg/m> N/A 15
RSH (as sulfur) mg/m® N/A 17
0, mol/mol N/A 0.001 %
CO, mol/mol N/A 2.5 %
CH4 mol/mol 90 % N/A
cOo mol/mol N/A 2%
H, mol/mol N/A 5%
Water Dew Point °C at 70 bar (a) N/A +2
Hydrocarbon Dew Point °C at 1-70 bar (a) N/A +5

(*) Properties are expressed under the following reference conditions: [0 °C; V
(0 °C; 1.01325 bar)].

Density can be found in the Supplementary Material.

Additional installation costs include a cooling water service provided
via a cooling tower. Although electricity and high-pressure steam are
generated on-site, the electrolyzer operates with electricity sourced from
the grid. It is assumed that 37.5 % of the electricity supply comes from
renewable sources, based on Spain’s 2023 energy mix (23.5 % wind
[46], 14 % photovoltaic [47]). During this period, electricity costs are
considered negligible in terms of operational expenses, accounting only
for periods when neither renewable source contributes to the grid. The
capital expenditure (CAPEX) for the renewable plant is excluded from
the analysis; however, the electrolyzer itself is included in the invest-
ment costs. Steam production does not contribute into operational costs,
as it is produced taking advantage of the heat coming from the reactors
(exotherm reactions) and a boiler within the cogeneration zone. All
auxiliary services are treated as "virtual," meaning they rely on shared
utility systems without dedicated infrastructure.

The heat exchangers modeled for the facility are of two types: simple
(Heat model) and rigorous (HeatX model). Simple exchangers are used
for integration between process streams and auxiliary service streams,
while rigorous models are utilized for interactions between process
streams. For heat exchangers utilizing cooling water as the heat ex-
change medium, as well as those facilitating heat transfer between
process streams, a minimum temperature difference (ATp,,) of 5 °C has
been considered. However, for exchangers utilizing high-pressure
steam, ATni, has been increased to 10 °C. Pressure losses are esti-
mated in 10.3 kPa for processes involving phase change and 41.4 kPa for
all other cases [48].

The isentropic efficiency of compressors (Compr model as
Compressor) is set at 85 %, while turbines (Compr model as Turbine)
operate at an isentropic efficiency of 90 % [49]. Conversely, pumps
(Pump model) are assumed to have a typical mechanical efficiency of 75
% [50]. The power generated by the turbine is distributed between the
compression train used in the cogeneration unit and an electrical
generator. The generator supplies power to pumps, compressors, and the
cooling system. The efficiency of converting turbine-generated work
into electricity is assumed to be 100 %. Except for the compression
stages within the cogeneration unit, which are powered by the turbine,
all other compression stages and pumps derive their mechanical power
from electric motors. The mechanical efficiency (ratio of mechanical
energy output to electrical energy input) of the motors is assumed to be
90 % for compressors and 75 % for pumps [51].

3. Description of the process and system boundaries

The following chapter describes the process of upgrading biogas to
synthetic natural gas, distinguishing the different sections by their
function within the system as well as their limits. It also includes a
subchapter devoted to the economic analysis of the whole process, and a
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brief description of the methodology employed to that end.

3.1. Desulfurization

Biogas purification is a critical step in the production of synthetic
natural gas via catalytic methanation, particularly for the removal of
sulfur-containing compounds such as hydrogen sulfide (HyS) and
organic sulfur molecules. These compounds not only reduce methana-
tion efficiency but also pose regulatory challenges for SNG injection into
the natural gas grid. According to regulations [44], the sulfur content in
SNG must be below 50 mg S/Nm?> (considering odorization). Besides, to
protect nickel- or ruthenium-based methanation catalysts, an even
stricter concentration limit of less than 0.1 ppm should be required [52].

While various desulfurization technologies are available in the oil
and gas industry, no single solution dominates for applications like
catalytic methanation [53]. For moderate sulfur compound concentra-
tions, adsorption methods such as sacrificial iron or zinc oxide beds are
commonly used, where the oxide reacts with HsS to form the metallic
sulfide which is retained by the bed as solid. However, for high HaS
concentrations typical of raw biogas, or facilities in which a high volume
of biogas must be processed, chemical absorption techniques are more
efficient and reliable [54]. In this study, chemical absorption using
amines was selected as the most suitable desulfurization technology.
However, a challenge inherent to this method is the potential
co-absorption of CO», an essential reactant for methanation. Therefore,
careful selection of the amine solvent is crucial. In this case, methyl
diethanolamine (MDEA) was chosen due to its high selectivity for HyS
and low affinity for CO5 [55].

The desulfurization process is conducted in a system comprising an
absorber (T-101) and a regeneration column (T-102), connected by a
heat exchanger (E-103) for energy integration. In the absorber, raw
biogas flows (from bottom) counter currently with the MDEA solution
(from top), transferring H»S into the solvent. The HyS-rich amine is then
regenerated in the desorption column, where H,S is released, allowing
the regenerated solution to be recirculated to the absorber [54]. The
absorber (T-101) and rectification columns (T-102) (Table 3) are
simulated using RadFrac models available in Aspen Plus®. The employed
calculation method (Equilibrium) is the standard approach for this type
of equipment. Pressure drop per tray is estimated at 0.7 kPa [48]. All
columns incorporate 20 sieve trays with a standard spacing of 24 inches.
The program determines the column diameter to prevent "drying up"
issues and achieves approximately 80 % flood level. Key operating pa-
rameters were selected based on specialized literature, while solvent
flow rate (4445 kg/h) and concentration (50 %") were optimized
reducing equipment sizing and energy and heat requirements. The
desulfurized biogas is primarily directed to the methanation section,
while a small fraction (~10 %") is diverted to the cogeneration unit for
on-site heat and electricity production.

3.2. Electrolysis

Renewable hydrogen production via electrolysis is a crucial stage in

Table 3

Properties of the desulfurization section columns.
Property Unit T-101 T-102
Number of trays trays 20 20
Solution inlet temperature °C 35 184.1
Operating temperature °C 61.0-59.1 45.0-119.8
Operating pressure kPa 800-786 101.3-167
Tray spacing m 0.6096 0.6096
Internal diameter m 0.306 0.347
Tray type adim. Sieve Sieve
Tray height m 12.19 12.19
Total height m 13.21 13.42
% Flooding adim. 80 80
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the methanation process, as it determines both the efficiency and overall
cost of the plant. Various electrolysis technologies are available, with
the most commercially established being alkaline electrolysis (AEL) and
polymer electrolyte membrane (PEM) electrolysis. Additionally, solid
oxide electrolysis (SOEC) and anion exchange membrane (AEM) elec-
trolysis are in pre-commercial stages [56].

Alkaline electrolysis uses a concentrated alkaline solution
-commonly potassium hydroxide (KOH)- as the electrolyte, with elec-
trodes immersed in the solution and separated by a diaphragm that al-
lows hydroxide ions (OH™) to migrate from the cathode to the anode.
This technology is currently the most mature and cost-effective, offering
high efficiency and the capability to produce hydrogen at scales of up to
5 MW per stack [57]. However, the use of corrosive alkaline solutions
increases maintenance costs, and alkaline systems generally require
stable load operation because of their slow startup times [58]. In
contrast, PEM (Proton Exchange Membrane) electrolyzers incorporate a
proton-conducting polymer membrane (e.g., Nafion®) as both separator
and electrolyte, enabling faster startup (1-5 min) and flexible adapta-
tion to the intermittency of renewable energy [57]. However, PEM
systems often rely on precious metal catalysts, raising capital costs,
though future price reductions are anticipated [59]. Given the need to
produce hydrogen at large scale, alkaline electrolysis was selected for
this project due to its high technological maturity, lower operating costs,
and ability to produce large hydrogen volumes.

The electrolyzer system (R-201, Table 3) was modeled using the
Electrolyzer model in Aspen Plus®, employing a potassium hydroxide
solution as electrolyte. Additionally, a 20-bar buffer tank (TK-202) was
incorporated downstream to smooth operational fluctuations and ensure
a continuous hydrogen supply to the methanation reactors. This storage
capacity allows the methanation plant to operate for 1 h without elec-
trolytic hydrogen production [60]. Water containing the electrolyte
(TK-201) is separated into hydrogen and oxygen, with the resulting
streams subjected to further treatment. Hydrogen undergoes deoxida-
tion catalytic reactor (deoxo) (R-202, as a RGibbs model) to remove
oxygen traces, followed by temperature swing adsorption (TSA) purifi-
cation (R-203, as a Separator model) to remove water. The purity of Hy is
assumed to be around 100 %, as alkaline electrolyzers can achieve this
level with appropriate auxiliary equipment [61].

The electrolyzer design was optimized to produce hydrogen in a
stoichiometric ratio with the CO, derived from biogas. The main oper-
ating conditions (Table 4) include a pressure of 10 bar, a temperature of
50 °C, and an energy efficiency of 80 % based on the higher heating
value (HHV) [62,63]. Water consumption and power requirements are
directly related to hydrogen production, reaching 1160 kg/h of water
consumption and 6.4 MW of electrical power.

3.3. Methanation

Before entering the methanation reactors, the purified biogas (33 %"
CO9; 61 %' CH4; 3 %" Ng; 0.68 %" Og; 2.32 %" HyO — note HyO arises
from partial saturation of the gas during amine scrubbing) is mixed with

Table 4

Electrolyzer characteristics.
Property Unit Value
Water consumption kg/h 1160
Voltage A% 185
Current A 34,500
Power MW 6.4
Stacks adim. 6
Efficiency HHV % 80
Efficiency LHV % 70
Temperature °C 50
Pressure bar 10
Electrolyte concentration %" 25

H, Purity %" 100
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hydrogen in a stoichiometric ratio respect COy (4:1), with both com-
pounds being diluted in the original CH4 coming from the biogas.
However, due to the small fraction of oxygen present in the biogas, a
deoxygenation reactor (R-301, as a RGibbs model) is included upstream
M — 202 mixer. This equipment removes the residual oxygen through
controlled combustion with a minimal fraction of methane [64],
reducing its concentration to values below 0.001 %".

For this project, thermocatalytic methanation was selected due to its
greater technological maturity and industrial scalability compared to
biological alternatives [65]. The catalyst used consists of a bimetallic
active phase of nickel and iron with a 3:1 mass ratio, supported on a
y-Al;03. The addition of a second metal (iron) has been shown to have
positive effects on reaction performance compared to conventional nickel
or ruthenium catalysts [11]. The kinetics employed follow those proposed
by Farsi et al. [66] for a catalyst with the same characteristics and a metal
loading of 17 %". The proposed reaction mechanism consists of two
sequential steps, rWGS (r.2) and rSMR (r.3). The adjusted kinetic equa-
tions are based on a Langmuir-Hinshelwood-Hougen-Watson (LHHW)
type model described in the above-mentioned reference [66]. Catalyst
particles have a diameter of 5 mm and a sphericity of 1. The void fraction
in the bed is supposed to be 0.5.

CO, @t H, g « CO(g) + H,O @@ AH?WGS =+41.2 [kJ~mol'l} (r.2)

COy +3H; (g = CHy ) + Hy0 (5 ; AHp =-206.3 [ kJ-mol™]
(r.3)

The methanation system includes two isothermal multitubular fixed-
bed reactors (R-302 and R-303, Table 5) arranged in series, with inter-
mediate condensation stages (T-301 and T-302) for water removal.

This configuration favors thermodynamic conversion by shifting the
equilibrium towards methane formation. The reactors have been simu-
lated using RPIug block, based on a 1D pseudo-homogeneous design. The
model assumes that the bed is uniformly distributed along the reactor
without incurring intra- or interparticle concentration gradients
(absence of control by external and internal diffusion). It is also assumed
that the radial dispersion of species is negligible, and that the concen-
tration progression remains constant along the axial direction. In its
resolution, Aspen Plus® employs the integral method to solve the mass
and energy conservation equations for each differential reactor length
element. The pressure losses caused by gas flow through the packed bed
of catalyst particles are determined using the Ergun equation. The
operating conditions are adjusted to the most favorable thermodynamic
limit values (Figs. 2 and 3 -both graphs were performed using an RGibbs
reactor in Aspen Plus®, with the PR-BM fluid package), with which the
experimental kinetics were determined (18 bar, 300 °C), to maximize
CO; conversion and minimize the formation of secondary products such
as carbon monoxide (CO).

The reactors have a configuration similar to shell-and-tube heat ex-
changers, with a cooling system that uses pressurized water, which

Table 5

Features of the methanation reactors.
Feature Unidad R-302 R-303
Length m 2.44 (8 ft)
No. of tubes adim. 150
Tube diameter cm 1.91 (3/4 in)
Volume m® 0.185
Temperature °C 300
Particle diameter, d, mm 5
Void fraction, € adim. 0.5
Sphericity, ® adim. 1
Pressure bar ~18 ~17
AP (Ergun) bar 0.5 0.2
GHSV ht 4600 2800
CO,, conversion, (Xco2) % 83.15 81.10
CH,4 fraction (at exit), (ycua) %" 73.55 91.32
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Fig. 2. Effect of temperature and pressure on CO, conversion in thermody-
namic equilibrium. Calculated by minimization of Gibbs free energy.
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Fig. 3. Effect of Temperature and Pressure on CHy4 selectivity in thermody-
namic equilibrium. Calculated by minimization of Gibbs free energy.

evaporates by absorbing the heat released during the exothermic reac-
tion. The generated high-pressure steam (250 °C, ~40 bar) can subse-
quently be utilized as a heat source or for power generation within the
plant. The main characteristics, such as tube diameter, length, and
catalyst particle size, were optimized to minimize pressure losses and
ensure high process efficiency.

3.4. Dehydration

The Sabatier reaction (r.1) not only produces methane but also gen-
erates water as a byproduct (r.1). In order to ensure safety processing
and transportation of natural gas, Spanish gas regulations [44] limit the
water content setting a dew point of 2 °C at 70 bar. This is equivalent to
100 ppm, under standard conditions, as outlined in the Supplementary
Material. To achieve that goal, different dehydration technologies were
evaluated, including adsorption, refrigeration, and chemical absorption
using glycols [67]. Chemical absorption with triethylene glycol (TEG)
was selected as the most suitable option due to its widespread use in the
gas industry, high efficiency in water removal, and ease of solvent
regeneration at near-atmospheric pressures [68]. Additionally, TEG
presents significant advantages over other glycols, such as diethylene
glycol (DEG) or monoethylene glycol (MEG), thanks to its lower vola-
tility, reduced vaporization losses, and greater thermal stability.

The dehydration process follows a topology similar to that of the
desulfurization stage, utilizing an absorber (T-401) and a regenerator (T-
402). Absorption and rectification columns (features detailed in Table 6)
are simulated using RadFrac blocks configured with three sieve trays,
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Table 6

Features of the dehydration section columns.
Property Units T-401 T-402
Number of trays trays 3 3
Solution temperature (inlet) °C 40 165
Operating temperature °C 36.7-35.9 142-204.0
Operating pressure bar 39.9-40 142.7-154.4
Tray spacing m 0.6096 0.6096
Internal diameter m 0.146 0.1437
Tray type - Sieve Sieve
Tray height m 1.82 1.83
Total height m 2.30 2.31
% Flooding - 80 80

spaced 24 inches (0.61 m) apart, and an internal diameter of approxi-
mately 0.15 m. The pressure drop per tray is estimated in 0.7 kPa, while
the assumed efficiency is 100 %. TEG, with an initial purity of 99 %",
enters the absorber at a temperature of 40 °C, where it removes moisture
from the SNG until water concentrations fall below 93 ppm. After this
stage, the enriched glycol is preheated through a heat exchanger (E-402)
before entering the regenerator (T-402), which operates at a pressure of
approximately 1 bar and temperatures below 204 °C -the critical limit to
prevent solvent degradation- [69]. To enhance the efficiency of the
regenerator, a low-pressure stripping air stream is used to reduce the
water vapor pressure in the glycol solution, allowing the regenerated
TEG to reach a purity of 99 %" [70].

3.5. Cogeneration

A cogeneration plant has been incorporated into the facility to
improve efficiency and gain energy independence, utilizing part of the
desulfurized biogas to simultaneously produce electricity and heat. The
cogeneration system consists of an open-cycle gas turbine configuration,
converting the chemical energy of the biogas into electrical and thermal
energy. This cycle comprises four main stages: air compression (multi-
stage compression: C-502, C-503 and C-504 with intercoolers), constant
pressure combustion (R-501) (up to 1000 °C), expansion in the turbine
(TG-501), and exhaust gas release. Since the energy released by the
reactors is insufficient to meet the facility’s thermal demands, an
auxiliary boiler (E-504) is incorporated to generate steam under the
same conditions as previously mentioned. The boiler utilizes the exhaust
gases from the turbine, which remain hot (450 °C). After passing
through the boiler, the gases flow through a regenerator (E-503),
designed to preheat the compressed air before combustion, reducing fuel
consumption.

Sweetened biogas was selected as the fuel due to its low H,S content,
which reduces equipment corrosion and minimizes atmospheric
pollutant emissions. The cycle’s compression ratio was adjusted to an
optimal value of 12, achieving a balance between thermal efficiency,
slightly exceeding 30 %, and network output. Although the cycle ex-
hibits a back-work ratio of 55 % (due to the compressor’s high energy
demand), integrating the regenerator and optimizing the system’s
design mitigate these losses and enhance overall performance. The
isentropic efficiencies of the compression train and turbine, along with
the pressure losses in the heat exchangers, were included in the system
performance calculations.

3.6. Economic analysis

The economic analysis conducted for this biogas upgrading plant is
based on an "estimated" or "factored" approach, using the costs of the
main equipment as a basis to determine the total capital investment.
Although this method, widely used in preliminary studies, has an error
margin of £20-30 %, it provides reasonable results with limited tech-
nical information [71]. Additionally, this methodology simplifies the
calculation process by avoiding the use of advanced tools such as the
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Aspen Process Economic Analyzer (APEA), which, although more precise,
functions as a "black box" with non-transparent algorithms for the user.

The Capital Expenditure (CAPEX) includes the Total Capital Investment
(Crcp required for the design, construction, and commissioning of the
plant. In this case, CAPEX is broken down into Total Permanent Invest-
ment (Cypy) and Working Capital (Cwc). Crp; comprises fixed assets such
as equipment and buildings, while Cy¢ covers initial operating costs,
including inventory and accounts receivable funds.

The costs associated with each CAPEX component (Table 7), such as
site preparation, auxiliary service installation, or unforeseen contin-
gencies, were calculated by applying proportional corrections to the
total cost of the main equipment or Total Bare-Module cost (Crpw),
following the factorization proposed by Busche [72]. The Crpy repre-
sents the sum of the Bare-Module costs (Cgy, €q. (1)) for each major item
of process equipment (e.g., fabricated vessels, compressors, pumps ...).
To determine each Cgy;, base cost (Cg) must be first estimated, which
corresponds to a standard design (near-ambient pressure, carbon-steel
material ...) for a given capacity, as per correlations in Seider et al.
[71]. Adjustments for actual pressure, materials, and design complexity
yield the purchase cost (Cp). Comprehensive details regarding these
factors are included in the Supplementary Material for each type of
equipment. Next, module factors from Guthrie [73] are applied to Cp to
account for the indirect expenses of installing and integrating the
equipment (e.g., foundation, support structures, instrumentation, insu-
lation, electrical system ...). Finally, the obtained cost is updated to the
2023 Chemical Engineering Plant Cost Index (CEPCI) and the corre-
sponding currency exchange rate (USD to EUR), as 2023 provides the
most recent consolidated data available for accurate cost estimation.
New reports for 2024 are expected to be released during the first se-
mester of 2025. Note that in (eq. (1)), cost index CEPCIxxxx corresponds
to the year (XXXX) that applies to the purchase cost.

CEPCI2023 €2023

Cang = Cp-Fpyr 2023 | ©2023
BM =P M CEDPClyxx USDao2s

(€))

The total operating costs (Table 8), also known as Operational Ex-
penditures (OPEX), can be divided, according to Seider et al. [71], as the
sum of production costs (COM -Cost of Manufacture-direct expenses
including raw materials, utility streams, labor and maintenance costs,
plant operating expenses, insurance, depreciation, and taxes-) and
general expenses (GE -Total General Expenses-covering administrative
costs, research and development, management, and commercial ser-
vices-). These expenses are calculated based on projected annual sales.
Raw materials are acquired in industrial quantities, assuming constant
prices under long-term contracts. Some factors include the reference
source consulted to establish the base price.

Table 7
CAPEX factors [72].

Factor Description

Equipment purchase, Crgm Initial value

Site preparation cost, Csjte

Utility installation cost, Csery

Cost allocated to auxiliary and related
installations, Cajjoc

5 % Cram
1.5 % Crpm
Cooling circuit

Direct permanent investment, Cpp;

Contingency costs and contractor fees, Ccont

Sum of Grgwm, Csites Cserv, and

Calloc
35 % Cppy

Total depreciable capital, Crpc
Land cost, Cjang

Licensing costs, Croyal

Startup cost, Cstartup

Sum of Cppy and Ceone
2 % Crpc
2 % Crpc
10 % Crpe

Total permanent investment, Crpy

Working capital, Cwc

Sum of Grp, Ciand> Croyals and

Cstarmp
15 % Crp; or a lower estimate

Total capital investment, Crcp

Sum of Crp; and Cyc
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Table 8
OPEX factors.

Factor Description

Raw Materials

Process water 0.75 USD/1000 US gal [71]

MDEA 1.45 USD/kg [74]
KOH 0.67 USD/kg [75]
TEG 0.55 USD/kg [74]
Catalyst 2.2 USD/kg [76]
Utilities

Electricity 100.20 €/MWh [77]

Labor Costs (O)

Direct Wages and Benefits (DW&B) 2360 €/operator [78]

Salaries and direct benefits (for 15 % DW&B
supervisors and engineers)
Supplies and operational services 6 % DW&B

Technical assistance 60,000 USD/(operator/shift) - yr//2
operators per shift
65,000 USD/(operator/shift) - yr//2

operators per shift

Laboratory control

Maintenance Costs (M)

Maintenance Wages and Benefits (MW&B) 3.5 % Crpc
Salaries and direct benefits 25 % MW&B
Materials and services 100 % MW&B
Preventive maintenance 5 % MW&B

General Operating Expenses (from Combined Salary, Wages, and Benefits for
Maintenance and Labor-related Operations, M&O-SW&B)

7.1 % M&O-SW&B
2.4 % M&O-SW&B
5.9 % M&O-SW&B
7.4 % M&O-SW&B

General plant expenses
Mechanical services department
Human Resources department
Commercial services

Property Taxes and Insurance

Total 2 % Crpc

Depreciation

Direct plant
Auxiliary plants

5 % Crpc
6 % de 1.18 Caioc

Costs of Manufacture (COM) Sum of the above

Total General Expenses (GE)

3 % of sales
4.8 % of sales
0.5 % of sales

2 % of sales
1.25 % of sales

Sales expenses

Research expenses
Auxiliary research
Administrative expenses
Management compensation

Total General Expenses (GE) Sum of the above

Total Production Costs COM + GE

4. Results and discussion
4.1. Gas quality and sale

The synthetic natural gas generated in the plant has a flow rate of
1098.71 Nm®/h, equivalent to 8790 x 10° Nm®/year. Table 9 details the
gas properties after the final treatment stage, which comply with the
requirements established by Spanish gas legislation [44]. The obtained
values lie within the limits set by the regulatory framework, thereby
guaranteeing the viability of the SNG for injection into the gas grid. Also,
in Table 9 has been included the properties of the raw biogas for
comparative purposes.

Additionally, gases from non-conventional sources are subjected to
extra requirements, mainly related to their composition [45]. Again, the
gas meets these requirements, although a small percentage of CO, and
unreacted Hj is observed. Table 10 details the final composition of SNG
compared to that of raw biogas.

The annual revenue from gas sales is based on the average “spot”
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Table 9

Quality of the raw biogas, the synthetic natural gas (SNG) produced, and regulated limits (Min & Max) for comparison purposes.
Property (*) Units Raw Biogas SNG Min. Max.
Wobbe Index kWh/m? 6.116 13.811 13.403 16.058
Higher heating value (HHV) kWh/m? 6.061 10.32 10.26 13.26
Relative Density - 0.9819 0.558 0.555 0.700
Total Sulfur (excluding odorant) mg/m> 1430 0.33 N/A 50
O, mol/mol 0.7 % 0 N/A 0.001 %
CO, mol/mol 42 % 1.05 % N/A 2.5%
Water Dew Point (°C at 70 bar (a)) °C - +1.0 N/A +2

(*) Properties are expressed under standardized reference conditions: [0 °C; V(0 °C; 1.01325 bar)].

Table 10

Composition of the raw biogas and the synthetic natural gas produced.
Species Units Raw Biogas SNG Min. Max.
CHy4 mol % 54.5% 91.72 % 90 % N/A
Cco mol % - 0.01 % N/A 2%
H, mol % - 4.2 % N/A 5%

price for 2023 in the Iberian Gas Market (MIBGAS), the primary platform
for trading these products. In this market, different natural gas products
are traded, each related to the delivery period or type of delivery. For
instance, the daily product D+1 corresponds to gas purchased for next-
day delivery, while the monthly product M+1 covers contracts for gas
supply in the following month. There is also same-day delivery (intraday
product), quarterly delivery (Q+1) and annual delivery (Y+1).

The 2023 fiscal year began with the D+1 and M+1 products priced at
70 €/MWh; thereafter, prices gradually declined, ending the year at
around 30 €/MWh. The representative annual average traded on MIB-
GAS for the D+1 product (which is usually like M+1) was 39.11 €/MWh
(compared to 99.16 €/MWh in 2022) [79]. By using the synthetic nat-
ural gas HHV, expressed in MWh/Nm?, the normal flow rate (at 1 atm;
273 K) produced by the plant, and the annual operating hours (8000
h/year), the annual revenue from injection is determined (see Table 11).

4.2. CAPEX

Table 12 shows the distribution of the Bare Module costs according to
equipment type. The most significant expenditures, ranked from highest
to lowest, are associated with the electrolyzer, the turbine, the columns
(including trays, condensers, and boilers), and compressors. Notably,
more than 30 % of the equipment costs are attributed to the compression
and expansion stages, which are dedicated to adjusting stream pressures
and, in the case of the turbine, generating electricity. Conversely, the
reactors, which constitute the core of the installation, account for a
relatively small percentage (2.38 %) of the total costs. This is largely
because the methanation reactor design operates at moderate pressures
(~18 bar) and standard temperatures (~300 °C), which allow the use of
fairly conventional shell-and-tube vessels without exotic alloys or spe-
cial configurations.

Table 13 shows the distribution of costs by plant sections, as also
illustrated in Fig. 4. As anticipated by Table 12, the highest budgets are
allocated to the cogeneration and electrolysis sections (which contain
the most expensive devices), whereas methanation has a much smaller
impact in conjunction with dehydration. The pretreatment zone, or
desulfurization, exhibits an intermediate impact between these sections.

These results prompt a reflection on key design aspects and open the

Table 11
Revenue generated from SNG.

Yearly average flowrate, (Nm3/h) 1098.71
HHVsNG (in normal conditions)y MWh/Nm® 0.01032
Natural gas “spot” price, 2023 (€/MWh) 39.11
Revenue, 2023 (M€/year) 3.550

way for future scenarios. The high costs associated with cogeneration
raise doubts about its profitability in the current design. A viable
alternative could be the implementation of an auxiliary boiler to meet
high-pressure steam requirements for heating, purchasing electricity
from the grid rather than generating it internally. Conversely, although
electrolysis is a key technology in this process, it remains quite expen-
sive. It is foreseeable though, that in the years to come the costs asso-
ciated with hydrogen production will decrease and stabilize, thereby
improving its economic viability.

Furthermore, Table 14 shows the total capital investment required
for the installation, with a final cost of 21.83 million euros. Except for
the costs associated with the refrigeration circuit and working capital,
which can be estimated using Seider et al. equations [71], the remaining
items are calculated as a fraction of the Crgy.

4.3. OPEX

Overall, OPEX amounts to 7.776.235,79 € per year (Table 15), with
manufacturing costs (COM, see Table 8) accounting for approximately
91 % of the total OPEX. Within this large share, electricity consumption
stands out as the major component of the installation’s operating ex-
penses. The electrolysis stage requires approximately 86 % of the plant’s
total electricity, reflecting its significant impact on energy costs.
Although it is considered that electrolysis could be partially powered by
renewable sources during favorable hours, the limited coverage of these
sources in the Spanish grid implies that a substantial portion of the
electricity will be sourced from the grid, with prices varying according
to demand and available generation (averaging 100.2 €/MWh). With an
annual expenditure of 3.2 M€ on electricity plus raw materials, the
project’s gross margin (revenues minus supply costs) is reduced to
270,000 €/year. Additionally, maintenance and depreciation (assuming
a useful life of 20 years with linear depreciation at 5 % per year), both
linked to the Crpc (and thus to CAPEX), involve similar total costs of

Table 12

Distribution of the Bare Module Cost (Crpy) by equipment type.
Function Crpym (€, 2023) % Crpm
Compressors and Electric Motors 1,605,193.13 12.69
Pumps 91,114.54 0.72
Heat Exchangers 844,886.37 6.68
Reactors 301,368.15 2.38
Columns 2,307,856.55 18.25
Turbine 3,231,161.27 25.55
Hydrogen Tank 577,130.66 4.56
Electrolyzer 3,689,030.23 29.17

Table 13

Distribution of Crgy by plant sections.
Zone Cram (€, 2023) % Crem
Desulfurization 1,869,010.52 14.78
Methanation 831,085.85 6.57
Cogeneration 4,502,335.80 35.60
Electrolysis 4,874,632.83 38.51
Dehydration 575,169.07 4.55
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Fig. 4. Distribution of costs by plant sections.
Table 14
Distribution of CAPEX costs.
Factor Cost (M€, 2023) % Crcr
Equipment Purchase, Crgm 12.65 57.9
Permanent Direct Investment, Cpp; 13.59 62.3
Total Depreciable Capital, Crpc 18.35 84.1
Total Permanent Investment, Crp; 20.92 95.8
Working Capital, Cwc 0.91 4.2
Total Capital Investment, Crcy 21.83 100.0

Table 15
Operational expenses (OPEX).

Factor Cost (€/year, 2023) Percentage (%)
Raw Materials 65,229.87 0.8
Services 3,214,435.54 41.3
Labor Costs (O) 568,661.48 7.3
Maintenance Costs (M) 1,476,996.99 19.0
General Operating Expenses 208,957.12 2.7
Property Taxes and Insurance 366,955.77 4.7
Depreciation 1,464,964.89 18.8
Production Costs (COM) 7,366,201.33 94.7
Total General Expenses (GE) 410,034.46 5.3
Total Production Expenses (COM + GE) 7,776,235.79 100

approximately 1.5 M€ each. This relationship ties the operating cost to
the initial plant design and the total value of the investments required
for construction and equipment. Although labor costs are more moder-
ate compared to the aforementioned items, they still represent a sig-
nificant expense of nearly half a million euros. When all these costs are
subtracted from the previously reported gross margin, the result is a
highly negative EBITDA (Earnings Before Interest, Taxes, Depreciation, and
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Amortization), a metric commonly used in income statements because it
closely resembles operating cash flow -that is, the money generated by
the investments through regular activities-.

The general expenses, which constitute the remaining 9 % of OPEX,
include activities related to administration, research and development,
safety, commercial services, and infrastructure maintenance. These
items are estimated as a proportion of the sales generated, in line with
typical industry values.

4.4. Economic viability

When marketing an alternative product to a resource as common-
place as natural gas, it is advisable to set a sale price that allows for a
meaningful comparison between the two options. A practical method for
determining this price is to base it on an expected return on investment
(ROI) that ensures a specific objective is met (eq. (2)). For this calcu-
lation, it is essential to consider the applicable tax rate (t), which in this
case has been assumed to be 40 % in light of the current fiscal framework
in Spain.

_ Net Profits (1 — t)-(Revenues — OPEX)

ROI TCl

CTCI (2)

The high operating expenses estimated result in a considerably high
profitability threshold (0 % ROI) for synthetic natural gas, at 91.75
€/MWh. This cost makes it unfeasible to compete with the average
natural gas price in Spain along 2023 (39.11 €/MWh). This outcome,
obtained for the base case of the installation (Scenario 1), underscores
the need to explore alternatives that reduce the required investment. In
this context, two potential cost-reduction strategies are proposed:

First Alternative (Scenario 2): Eliminate the cogeneration section
from the original design. This would imply that the supply of high-
pressure steam and electricity must be sourced externally. Electricity
would be purchased from the grid, while steam could be generated using
a boiler fueled by a small fraction of the available biogas. To estimate the
costs associated with this auxiliary installation, a correlation proposed
by Seider et al. [71] based on the process steam requirements is used.
Notably, the heat generated by the Sabatier reaction (r.1) is utilized to
help produce the necessary steam, thereby optimizing the system’s
thermal efficiency.

Second Alternative (Scenario 3): Eliminate both cogeneration and
electrolysis, which entails the additional requirement to incorporate
hydrogen into the system. This service has an official price in Spain set
by MIBGAS at 5.85 €/kg [80], introducing a new economic variable into
the analysis.

The results of the proposed alternatives, detailed in Table 16, reveal
significant differences in key economic indicators. In both strategies,
CAPEX is considerably reduced by eliminating the most expensive
equipment from the base case (such as the turbine in cogeneration and
the electrolyzer in electrolysis). This is particularly interesting given that
fixed capital is often financed through debt, facilitating access to
financial resources. However, the operational costs (OPEX) vary more
complexly. The second scenario achieves the lowest OPEX (6.74 M€2¢23/
MWh) despite a higher electricity requirement, owing to the reduction
in tangible capital and consequent decreases in costs related to amorti-
zation, insurance, and maintenance. In contrast, in the third scenario

Table 16
Economic feasibility of the different scenarios.
Scenario 1 Scenario 2 Scenario 3
CAPEX (M€3023/MWh) 21.83 13.62 5.61
OPEX (M€2023/MWh) 7.78 6.74 9.24
0 % Profitability Threshold (€2923/MWh) 91.75 79.54 108.95
20 % Profitability Threshold (€2923/MWh) 187.02 135.30 131.93
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Fig. 5. Evolution of the MIBGAS product prices for the period 2019-2024 and the threshold of profitability [81].

(9.24 M€3p23/MWh), the increase in OPEX is explained by the price of
hydrogen, which offsets the savings from a lower depreciable capital.

The break-even thresholds (for a 0 % and a 20 % ROI, as defined in
eq. (2)) also show marked differences between the scenarios. The first
scenario requires the highest price for synthetic natural gas to achieve a
20 % profitability threshold (187.02 €/MWh). In contrast, the third
scenario exhibits the lowest 20 % profitability threshold (131.93
€/MWh) but also sets the highest price needed to obtain a positive return
(108.95 €/MWh). Finally, the second scenario emerges as the most
balanced alternative, with the lowest 0 % profitability threshold (79.54
€/MWh) and a competitive 20 % value (135.30 €/MWh) compared to
Scenario 3.

Fig. 5 illustrates the price trends of MIBGAS products (D+1, M+1,
Q+1 and Y+1) between 2019 and 2024 [81] and profitability thresholds
of Scenario 1. A sharp price increase is evident between late 2021 and
mid-2022, likely driven by external factors such geopolitical tensions,
supply chain disruptions and energy market volatility in Europe. This
spike notably surpasses the 0 % profitability threshold, particularly for

10

the M+1 and D+1 products. Outside this interval, prices remain rela-
tively stable and below the profitability thresholds, suggesting limited
incentives under baseline conditions. The Y+1 and Q+1 products
exhibit less pronounced fluctuations, indicating more stability in
longer-term contracts compared to the high volatility seen in
shorter-term (D+1 and M+1) markets.

4.5. Forecast scenario for 2030

As in other studies [82,83], the main limiting factors in the plant’s
cost structure are electricity in the OPEX and hydrogen production
(Electrolyzer) in the purchased equipment. Considering these factors are
expected to decrease significantly in next year’s [84-86], this study
proposes an estimation of the projected profitability thresholds for
synthetic natural gas (SNG) pricing by 2030 doing a bidimensional
analysis of different variables. In Scenarios 1 and 2, the key variables to
be assessed include electricity prices and the cost of alkaline electro-
lyzers, which not only impact capital expenditure (CAPEX) but also
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influence operational costs through maintenance, insurances, and
depreciation (see Table 7). Conversely, Scenario 3 will be determined by
the evolution of both electricity and hydrogen prices in the Spanish
market.

The estimated electricity price for this horizon has been derived from
the National Integrated Energy and Climate Plan (PNIEC 2023-2030) [871],
which sets a variable electricity cost in the Spanish market in 2030
within the range of 29.8-36.6 €/MWh, representing a substantial
reduction compared to current values. In line with this trend, a signifi-
cant reduction in electrolyzer costs is also projected. According to
Krishnan et al. [88], price of alkaline stacks is expected to decrease from
the current range of 242-388 €/kW to an estimated 52-79 €/kW by
2030, thereby improving the competitiveness of electrolysis as a
hydrogen production technology. Consequently, hydrogen prices will
also be affected by these cost reductions, as their production is directly
linked to electricity prices and electrolysis technology optimization.
According to the Net Zero Emissions by 2050 scenario, hydrogen costs are
expected to range between 2 and 9 € per kg of Hy by 2030 (obtained by
renewable sources), driven by infrastructure development and econo-
mies of scale [6]. However, the current price of hydrogen in Spain (5.85
€/kg) is considerably lower than the upper limit established by that
estimation. For that reason, the price has been set at a maximum of 5
€/kg. It is important to highlight that these values fall within a historic
context of energy transition and the promotion of low-carbon technol-
ogies, where cost reductions play a crucial role in ensuring the economic
feasibility of both hydrogen and SNG in a sustainable energy system. The
price ranges mentioned delineate two possible outlooks (Table 17): an
optimistic one, based on the most favorable estimates; and a pessimistic
projection, within the framework of economic and technological un-
certainty associated with the sector’s development.

Results for different outlooks and scenarios are shown in Fig. 6. The
detailed bidimensional analysis reveals improvements in economic
viability; however, the trends remain consistent with those of the base
case. The most favorable conditions (29.8 €/MWh electricity, 52 €/kW
electrolyzers, and 2 €/kg hydrogen) reduce breakeven prices by 30-50
% across all scenarios. Scenario 2 emerges as the most economically
robust configuration, maintaining viable profitability thresholds be-
tween 38.77 and 78.09 €/MWh across both favorable and unfavorable
conditions. This resilience suggests the potential advantage of incorpo-
rating an owned electrolyzer in the facility and the benefits achieved by
using a more affordable electrical supply. In contrast, Scenario 1 dem-
onstrates significantly higher breakeven points (53.21-128.96 €/MWh),
with a similar variability depending on key parameters. The cost in-
crease over Scenario 2 baseline indicates the same structural cost chal-
lenges, potentially from capital-intensive cogeneration requirements or
suboptimal energy conversion efficiencies seen in the base case. Finally,
Scenario 3 presents a unique risk profile, where its intermediate per-
formance under baseline conditions (50.89-73.87 €/MWh) deteriorates
dramatically when hydrogen prices increase. The cost escalation trig-
gered by Hj price movements from 2 to 5 €/kg highlights this configu-
ration’s acute exposure to hydrogen market volatility. This suggests that
while Scenario 3 design may offer theoretical advantages due to less
capital expenditure, its practical implementation would require either
secured hydrogen supply contracts to mitigate price risks, or techno-
logical breakthroughs to reduce hydrogen production prices even more.

By the year 2030, a shift in SNG prices is also anticipated. The PNIEC
plan [87] projects a natural gas cost of 28.5 €/MWh in Spain, which is
more similar to the average cost of 22 €/MWh before the energy crisis.

Table 17
Input parameters for bidimensional analysis.
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Fig. 6. Minimum required SNG price for profitability (€/MWh). Solid bars:
Favorable pattern; Striped bars: Unfavorable pattern; PNIEC Natural Gas price

forecast for 2030 = 28.5 €/MWh [87].

This cost estimate renders the project more financially viable and
affordable. It is important to acknowledge that this analysis has not
incorporated the consideration of funds or carbon tax revenues.
Consequently, the cost projections may exhibit enhanced accuracy if
these factors are considered.

5. Conclusions

Technically, all the evaluated technologies are suitable for executing
the process and achieving the intended goal - a synthetic natural gas
with sufficient quality to be marketed within the gas industry. However,
the economic evaluation of the installation, with a 1100 Nm®/h SNG
capacity, has highlighted several factors that affect its viability. Elec-
trolysis, despite being a key technology in the process, remains expen-
sive both in terms of initial investment and operational costs;
approximately one-third of the plant’s CAPEX and OPEX are attributable
to this section. Cogeneration, while significantly reducing operational
expenses and offering the advantage of operating as an “energy island,”
also requires a considerable investment, with the compression and
expansion stages accounting for up to 38 % of the total equipment cost.
Based on these findings, two alternative scenarios (labelled as 2nd and
3rd scenario) were proposed: one that eliminates the cogeneration sec-
tion, and another that omits both cogeneration and electrolysis.

In the second scenario, the removal of cogeneration significantly
reduces both CAPEX and OPEX. Purchasing electricity from the grid and
generating steam via a boiler fueled by sweetened biogas are identified
as technical and economically viable alternatives. However, reliance on
grid electricity presents a future challenge in terms of cost stability, so
maximizing the use of renewable energy is recommended to mitigate
this uncertainty.

With the third scenario, eliminating both electrolysis and cogene-
ration results in a simpler configuration but incurs higher operating
costs, primarily due to the price of purchased hydrogen. Although this
scenario presents the lowest 20 % profitability threshold among those
analyzed, it also sets the highest price required for economic viability,
which could limit its competitiveness.

Electrolyzer stack (€/kW) H,, Price (€/kg)

Outlook Electricity Price (€/MWh)
Favorable conditions 29.8
Unfavorable conditions 36.6

52 2
79 5
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A particularly notable aspect of the analysis is the low cost associated
with methanation technology, which constitutes the “core” of the SNG
production process. Nevertheless, the use of catalytic methanation im-
poses additional requirements on other stages—such as desulfurization,
which must reduce HyS concentrations to extremely low levels (0.1
ppm), and the effective removal of the water produced. These measures
are crucial to ensuring the quality of synthetic natural gas and its suit-
ability for injection into the gas grid. With the current plant design and
natural gas pricing, the investment is not economically viable -although
it is technically feasible-. If the natural gas price were to reach 200
€/MWh, an acceptable 20 % return could be achieved. However, such
conditions have only been observed under anomalous, short-term cir-
cumstances (e.g., throughout the year 2022, driven by geopolitical
conflicts, the price of natural gas in Spain reached levels of up to 240
€/MWh [89]), limiting the long-term sustainability of this approach.

A study of new trends in key variables by 2030 reveals the potential
for enhanced profitability. The analysis, which focuses on electricity
prices (29.8-36.6 €/MWh) [87], electrolyzer costs (52-79 €/kW) [88],
and hydrogen prices (2-5 €/kg) [6], indicates that a reduction in these
costs could lead to an improvement in profitability thresholds. All sce-
narios demonstrate an improvement in their profit margins, with Sce-
nario 2 (removal of cogeneration zone) breakeven price potentially
reaching 38.77 €/MWh under optimal conditions. However, even under
these favorable circumstances, they cannot approach fossil natural gas
prices to achieve true competitiveness. For investors and policymakers,
this underscores the importance of continued technological advance-
ment and market conditions in realizing competitive SNG production.
Consequently, optimizing critical technologies and diversifying energy
sources are essential strategies to enhance the competitiveness of the
plant in the future. Beyond the techno-economic considerations of the
produced SNG, the environmental benefits of reducing fossil fuel con-
sumption and utilizing a waste stream should also be noted, as these
aspects could be translated into economic terms in the situation of new
sustainability policies.
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