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Abstract

Energy storage is a critical component in the transition to a renewable based energy system. To face this
challenge, Power-to-X technologies are gaining increased attention. This study investigates the conversion
of surplus electricity from wind and solar sources into hydrogen, and subsequently into methane, utilizing
existing natural gas infrastructure for efficient storage, transport and conversion into electricity. The
process consists of two main stages: first, the production of methane using Power-to-X technologies
during periods of excess renewable energy production. Second, the generation of electricity during peak
demand, with CO: captured for reuse in methane synthesis creating a closed carbon loop. This integrated
system repurposes combined cycle power plants, developing a Power-to-Methane-to-Power (PtMtP)
configuration. Two alternative combustion approaches are evaluated: oxy-combustion (OC), which
simplifies CO2 purification and air combustion or ordinary combustion or conventional combustion (CC),
which requires more complex purification methods such as amine absorption or pressure swing
adsorption (PSA). Results indicate that CC with CO2 capture via amine absorption is the most profitable
process, especially when it is assumed that the oxygen produced by the electrolyzer is sold. For a 400 MW
CCPP, the electricity production cost ranges from 650 to 750 $/MWh when the income from oxygen sales
is neglected. However, if it is assumed that the market can absorb the full output of electrolytic oxygen,

the production cost decreases to between 450 and 550 S/MWh.
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1. INTRODUCTION
The European Union's (EU) climate change mitigation strategy is driven by the the European Climate Law,
which established a legally binding 2030 target of reducing net greenhouse gas emissions by at least 55%
compared to 1990 levels, while aiming to achieve climate neutrality (net-zero emissions) by 2050 [1].
Achieving these objectives is fundamentally linked to transitioning towards a low-carbon energy system
with a high share of renewables. This commitment has led to a record of 24.5% of the EU's energy being
produced from renewable sources in 2023 [2]. However, the need to accelerate this transition has been
amplified by the current uncertain geopolitical scenario, demanding a sharp reduction in the EU energy
system's high dependency on external fossil fuel resources. As a direct response, the revised Renewable
Energy Directive (EU/2023/2413) has established significantly more ambitious goals. The directive
mandates a binding EU-wide renewable energy target of at least 42.5% by 2030, a significant increase

from the previous 32% target, with an aspiration to reach 45% [3].

This ambitious energy transition necessitates a fundamental shift in the electrical power system,
specifically the progressive replacement of dispatchable, conventional power plants with fluctuating
renewable energy sources, such as wind and solar. The inherent intermittency and seasonal variability of
these sources pose a significant challenge to grid stability and can compromise the reliability of the entire
energy system [4]. Energy Storage Systems (ESS) have been proposed to manage these fluctuations and
ensure a consistent and reliable power supply. Furthermore, these storage systems are a fundamental
pillar for ensuring energy independence, completely eliminating the need for non-renewable resources.
ESS includes a myriad of technologies that can be categorized into electrical, electrochemical, mechanical,

thermal, and chemical energy storage systems [5].

Among them, green hydrogen has emerged as a particularly promising renewable chemical energy storage
medium [6]. Green hydrogen can be produced through renewable-electricity-driven electrolysis. Once
generated, hydrogen can be directly stored in multiple forms such as compressed gas, a liquid, or a
cryocompressed fluid. Alternatively, to ease bulk transportation, enhance safety, and potentially reduce
storage costs, hydrogen can be chemically stored within auxiliary materials known as hydrogen carriers

[7]. Among them there are systems such as metal hydrides, Liquid Organic Hydrogen Carriers (LOHCs),



methane, methanol or ammonia [8].-Specifically, synthetic methane can be seamlessly integrated into the
extensive natural gas infrastructure deployed across the EU, which encompasses long-distance transport
pipelines, compressor stations, local service lines, and Combined Cycle Power Plants (CCPP) for electricity
generation. The investment costs associated with deploying new large-scale energy storage and transport
infrastructure, consequently, can be significantly mitigated. Moreover, in the current context, in countries
where renewable energy penetration is high, these types of plants are already serving as a support for

renewable generation systems, addressing the inherent variations in these renewable systems [9].

Despite the strategic benefits of leveraging the gas infrastructure, the combustion of methane (even if it
comes from renewable sources) in CCPPs remains a significant point source of carbon dioxide emissions.
To mitigate this, integrating Carbon Capture (CC) technology into conventional CCPPs has been deployed
as a pathway for low-carbon, fossil-based electricity generation. CO2 capture technologies are generally
categorized as pre-combustion, post-combustion, and oxy-combustion. While the three systems have
been explored for integration in natural gas power plants, post-combustion capture and oxy-combustion
are the two primary viable strategies for conventional CCPPs [10-12] . The operation of these systems,
however, requires substantial internal energy consumption. This energy penalty is caused by the need to
divert a significant share of the plant's generated thermal energy, which ultimately reduces the net

electricity-generation yield while enabling the capture of most of the CO> from the flue gas.

Specifically, post-combustion CC represents a diverse group of technologies that may be applicable to
conventional CCPPs, designed to remove CO: from flue gases at the relatively low partial pressure
conditions following combustion. This group includes four principal methods: absorption (solvent-based),
adsorption (solid sorbents), membranes, and cryogenic processing [13]. Among these options, chemical
absorption of CO2 using aqueous alkanolamine solutions, such as monoethanolamine (MEA), is a mature
technology [14]. Alternatively, carbon capture systems based on physical adsorption have been widely
explored, reporting carbon removal yields comparable to chemical absorption technologies when applied

to combustion flue gases [15].

As an effort to potentially decrease the severe energy penalty of post-combustion capture, shifting CCPP

operation to oxy-combustion has also been investigated [16]. By substituting air with pure oxygen as the



oxidant, the resulting flue gas is composed almost entirely of water and CO2, which allows for separation
via a much simpler cryogenic condensing step. However, the use of pure oxygen significantly raises the
combustion temperature, necessitating precise thermal control. To prevent exceeding the material
limitations of the gas turbine, the injection of recycled CO2 and steam is required to moderate and stabilize

the combustion temperature. This specific configuration is known as the semi-closed combined cycle [17].

The principal objective of integrating CC into power plants is to prevent CO. from being vented to the
atmosphere. Two distinct strategies exist for managing this captured carbon: carbon capture and storage
(CCS) and carbon capture and utilization (CCU). The former involves the permanent physical sequestration
of the captured CO: in deep geological formations, such as saline aquifers, sedimentary basins or depleted
oil and natural gas reservoirs [18]. Conversely, CCU leverages COz as a raw material in the manufacturing
process of multiple high-value products. These products range from chemicals —e.g., methanol [19,20],
urea [21] or formic acid [22,23] and synthetic fuels [24,25] to building materials [26] and polymers [27].
Among them, Power-to-methane has received great attention, in particular, for its use as energy storage
system. In this process alternative, the captured CO: is reacted with the renewable hydrogen in a
downstream unit following the methanation pathway to produce synthetic methane [28]. Meylan et al.
[29] evaluated the possibility of transforming the excess of wind electricity into synthetic methane using
the methanation process focusing on material availability for this new infrastructure. In the same line,
Fonder et al. [30] investigated a decentralized system using low-cost electricity that can be produced in
certain areas (in the case of the study, Morocco) to produce synthetic methane as an energy vector to

transport energy to areas of higher consumption (in this case Belgium).

However, only a limited number of studies have specifically investigated the complete Power-to-
Methane-to-Power (PtM—PtP) cycle for application in energy storage systems. Pyo et al. [31] evaluated
the introduction of hydrogen into existing natural gas power plants, including the option of methanation.
In their approach, hydrogen or synthetic methane is blended with fossil natural gas and used in a
conventional combined-cycle plant. While this strategy may represent a straightforward pathway to
emission reductions in the short term, achieving the proposed decarbonization targets ultimately requires
the deployment of new technologies and the phase-out of fossil natural gas. Moreover, the authors only

consider post-combustion carbon capture based on amine scrubbing. Kezibri et al. [32] investigated the



production and utilization of synthetic methane; however, their analysis is limited to oxy-fuel combustion
from a thermodynamic and process perspective, without addressing the economic aspects. Prakash et al.
[33] assessed the potential for increasing the energy output of existing plants using a mixture of fossil
natural gas and synthetic methane, produced via methanation of a fraction of the emitted CO.. In their
study, a capture system based on amines is implemented in conventional plants. Nevertheless, to the best
of the authors’ knowledge, there is still no systematic and holistic assessment of the Power-to-Methane-
to-Power pathway that integrates the process with existing plants, avoids the use of fossil natural gas,
considers the different available technological alternatives, and evaluates them from both technical and
economic perspectives. In addition, to date, no comprehensive assessment has been carried out on the
potential for retrofitting existing CCPPs to operate them as energy storage systems. Such an approach
would enable the utilization of existing infrastructure to facilitate high renewable energy penetration,
thereby reducing the capital investment required for large-scale implementation. Moreover, the
retrofitting system evaluated in this study offers the added advantage of providing renewable
synchronous generation. This capability is essential for ensuring grid stability in power systems
increasingly dominated by non-synchronous and seasonal renewable sources. By repurposing existing
assets, this approach directly supports current decarbonization mandates while providing the

dispatchable, carbon-neutral power necessary to maintain the reliability of the electricity grid.

Therefore, this work performs a comprehensive evaluation of the Power-to-methane-to-Power cycle as a
seasonal storage solution and a source of synchronous renewable generation to ensure stability in
renewable-dominated grids. The power generation section is based on a combined-cycle configuration,
following the layout of current natural gas power plants. Two combustion technologies are considered:
conventional air combustion and oxy-fuel combustion. For CO, capture, three different technologies are
investigated: absorption with amines (MEA), adsorption via pressure swing adsorption (PSA), and
condensation, the latter being applicable only to the oxy-fuel combustion process. In the methane
production section, the CO, captured from the power plant is combined with hydrogen produced by water
electrolysis powered by renewable electricity in a methanation reactor. Accordingly, three holistic process

configurations are evaluated:

a) A conventional CCPP unit coupled with MEA-based post-combustion CC.



b) A conventional CCPP unit coupled with PSA-based post-combustion CC.
c) Asemi-closed oxy-combustion combined cycle unit.

A mathematical model is developed to systematically assess the three alternative configurations over
scalable power plant sizes. A nonlinear optimization framework is employed to maximize key performance
indicators, such as net power production. Subsequently, a techno-economic assessment is carried out to
compare the three options and identify the most promising pathway in terms of efficiency and economic
performance. Finally, a case study focused on the Spanish energy system is performed, in which the best-
performing configuration is retrofitted to existing CCPPs of different scales to estimate the required
investment costs and the levelized cost of electricity from storage. This comprehensive comparison
provides new insights into the deployment of Power-to-Methane-to-Power technology as a grid-scale
energy storage solution, supporting the reliability and robustness of power systems with high shares of

renewable energy.

2. METHODOLOGY
The three processes analyzed in this work are: 1) Integration of CCPP with air combustion and amine
absorption for carbon capture and methane production, 2) Integration of CCPP with air combustion and
a PSA system for carbon capture and methane production, and 3) Integration of a CCPP with oxy-
combustion and methane production. Each configuration consists of two main sections: the existing
methane-based combined cycle power plant and the additional one for carbon capture and synthetic
methane production. The first two processes are based on CC, which introduces a significant amount of
nitrogen into the flue gas. As a result, the carbon capture system is required to separate CO2 from the
diluted exhaust stream. These two configurations differ in the type of carbon capture technology
employed: one utilizes amine absorption technology, while the other employs a PSA system. The third
configuration replaces air with pure oxygen (oxy-combustion). This approach results in exhaust gases
composed primarily of CO2 and water, thus eliminating the need for nitrogen separation and simplifying

the CO:2 capture process.

2.1.Process Description



All processes can be divided into four subsections. 1) The combined cycle power plant where electricity is
produced by burning methane. 2) The second one consists of capturing or purifying CO2. 3) The third one
corresponds to renewable hydrogen production by an electrolyzer. 4) Finally, the methanation by CO:
with Ha. The methane generated in this section is used as feed of the first one. Thereby, the cycle can be
closed. The different sections are described as follows and the flow diagram is shown in Figure 1 and

Figure 2 for the CC and the OC systems respectively.
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Figure 1. Flow diagram of ordinary combustion process, shown as superstructure the two alternatives for CO;
capture systems (PSA and absorption with amines).
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Figure 2. Flow diagram of oxy-combustion process.

2.1.1. Combined Cycle Power Plant

The combined cycle power plant is composed of two thermodynamic cycles to maximize efficiency. The
first one is the Brayton cycle, which takes place in a gas turbine and the second one is the regenerative
Rankine cycle with reheating, which involves a system of steam turbines (high-pressure, medium-
pressure, and low-pressure turbines). The reuse of existing CCPPs is proposed, and they are also modeled
to create a digital twin of the entire facility, to study the performance of the complete system. The
operation of CCPP begins by introducing the feed, which has been previously conditioned, into the
combustion chamber. The composition of the feed varies by process: conventional combustion uses air,
whereas oxy-combustion employs pure oxygen. Nevertheless, the conditioning process is the same in all
cases. The feed stream must be compressed and its temperature adjusted to the required level. The
combustion chamber is modeled as adiabatic [34] where complete combustion is ensured by adding an
excess of comburent. The reactions produced in this unit are presented below (Egs. 1-3), while further

details about the mass and energy balances are provided in the supplementary material.



CH, + 20, > CO, + 2H,0 (1)

2C0 + 0, - 2C0, (2)

2H, + 0, - 2H,0 (3)

Moreover, an inert spice must be introduced with the comburent to prevent the furnace temperature
from exceeding the critical limit of 1600 °C and avoid material problems [35]. For conventional or CC
configurations, oxygen is provided by air, which already contains a natural mixture of oxygen and nitrogen.
In contrast, the oxy-combustion configuration involves recirculating part of the CO2 exhaust back into the
chamber. The gas turbine is modeled as a polytropic expansion process with an efficiency of 85% and a z
parameter equal to 1.3 [36], the equation employed for modeling can be seen in the supplementary

material.

The exhaust gases, after passing through the gas turbine, still contain significant thermal energy and they
are utilized as a heat source for the reheater and the preheater in the regenerative Rankine cycle with
reheating. In the Rankine cycle, the steam exiting the low-pressure turbine is condensed using a water
refrigeration cycle with a cooling tower. The performance of the tower is modeled using Mickley’s method
[36] and details can be seen in the supplementary material. The increment temperature is limited to 8 -
10°C following rules of thumb to ensure proper operation. In the cooling tower, the water temperature is
reduced by evaporating a fraction of the water to compensate for water losses, a make-up of water is
required. To calculate it, the air humidity and water temperature in the cooling tower must be considered.
In general, the CCPP section is the same for all alternative processes, but the following subsections are

different for each one.

2.1.2. CO:Separation

The CO, separation section is designed to be integrated with existing CCPPs, forming an almost closed
carbon loop that minimizes emissions to the atmosphere. The small amounts of CO, lost in the capture
processes are compensated by the addition of fresh CO, to the system. Within a carbon capture and
utilization scenario, the CO2 makeup stream is sourced from an external capturing facility. When the

methane is burned using air as the comburent the exhaust gases are composed mainly of CO», H20, a



small amount of O (as it was introduced in excess) and a large amount of N». Nitrogen acts as an inert
component and must be separated from the CO: to enable proper methanation. To reach the CO:
purification, two technologies are evaluated: adsorption using PSA system and an amine-based absorption

system.

The PSA columns utilize zeolite 13X as adsorbent material [37]. The operation pressure ranges from 1.1 to
3.5 bar [38], while the operating temperature varies between 25 °C and 60 °C [39]. The operating
conditions of this system in the process are 1.1 bar and 30 °C. To calculate the mass of adsorbent required
for the CO2 capture process, a two-step methodology is established. First, the equilibrium capacity of the
zeolite is calculated. Second, a correction factor is applied to account for the lack of ideality and the
variability of the zeolite's behavior over time. The equilibrium conditions are modeled using a Langmuir
solid-gas adsorption isotherm where gm and K. are characteristics of the material. A correlation was
developed to include the effect of different temperatures on the adsorption capacity. The equations used

are Eqgs. (4-6).

_ 9m'KPco,

9% TikPeo, (4)
Qm = —3.15551-1072 T(°C) + 5.02915 (5)
K, = 1.63070 - 1073T(°C)? — 3.68332 - 10~1T(°C) + 27.3737 (6)

In systems based on zeolite 13x for CO2 capture, the operation time (t) must be below 20 minutes to avoid
loss of CO2. Under these conditions, according to reported data, purified CO: is obtained with 2% nitrogen
as an impurity and the small amount of oxygen [37]. However, it should be noted that the actual operating
conditions of the adsorption process deviate from ideal equilibrium, and that the adsorption capacity of
the zeolite decreases over multiple cycles. For this reason, a correction factor of 65% with respect to the
equilibrium capacity is applied when calculating the required mass of zeolite [39]. The zeolite mass
required is determined by Eq. (7). The zeolite must be replaced every 5 years [40] and its cost is assumed

to be 5 $/kg [41].
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_ 1 fCC02 -1000 (7)
Myeolite = q- 0.65 MWCOZ Nads * T

Then, the captured CO: is sent to the methane production section while the non-captured components

from the exhaust gases, namely N2, H20, Oz and the non-adsorbed CO: are released into the atmosphere.

The second carbon capture system analyzed involves chemical absorption using amines. It comprises two
columns, being the first one the absorption column, where the exhaust gases from the gas turbine are
brought into contact with a 20 % monoethanolamine (MEA) solution. The gases which cannot be
absorbed, primality nitrogen, are released into the atmosphere. The amine solution, rich in CO2, is heated
and transferred to the second column, referred to as the stripping column. In this column, the CO: is
desorbed from the amine solution, resulting in a stream of nearly pure CO,. To compensate for the
solution losses, the amine solution is mixed with fresh MEA solution and recirculated to the absorption
column. This process allows for CO: capture efficiencies ranging from 90% to 98% [42,43] thus an
efficiency of 95% is selected. The absorption column typically operates at temperatures between 40 and
60 °C and a pressure of 100 kPa [43] while the stripping column operates at temperatures around 100 °C
and pressure ranging from 200 kPa to 1500 kPa [42—-44]. The temperature operation of the absorption

column is 25 °C in this process, and in the stripping column is 93 °C and 2.7 bar

In contrast, the exhaust flue gases of OC are only composed of CO», H20 and Oa. In this case the CO, must
be also purified. Water is easily removed by condensation, and the elimination of the oxygen is done by
sending the gases to a second combustion chamber where extra methane is added to ensure the complete
remotion of oxygen. The chamber combustion temperature is limited thanks to the large amount of CO;
thereis in the inlet steam. After this step, the humidity steam is reduced by condensation to reach a better

operation of the production of methane.

2.1.3. Renewable hydrogen production

For the three alternative processes, hydrogen is produced through water electrolysis. Renewable energy
sources, such as wind or solar, are considered to enable the production of green hydrogen. The water
required for the process is supplied by internal drying operations within the system, significantly reducing

the reliance on external water sources. Nowadays, several types of electrolyzers are available: Proton
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Exchange Membrane (PEM), Anion Exchange Membrane (AEM), Alkaline and Solid Oxide Ceramic (SOEC).
Among them, PEM technology is selected due to the high purity of the gases produced, its advanced
commercial maturity and its short start-up time [45]. PEM electrolyzers operate at temperatures up to
80 °C [46]. At this temperature their efficiency improves due to the thermodynamics enhancement [47].

Their operating pressure ranges from ambient pressure to 6 bar [48].

The electrolyzer splits water into hydrogen and oxygen, as shown in Eq. (8) generating two gaseous
streams: one primarily composed of hydrogen and the other of oxygen. Both streams are subjected to a
drying process to remove the residual water. The hydrogen stream is mixed with the previously purified
CO2, while the intended use of the oxygen depends on the analyzed process. The oxygen obtained in the
conventional combustion process can be sold. However, the oxygen obtained in the OC process is used as
a comburent in this process, eliminating the need for external oxygen supply and achieving complete

integration within the process.

2H,0 - 2H, + 0, (8)

2.1.4. Methane Production

The CO2 stream, the hydrogen stream and the recirculation stream are mixed and compressed to reach
the methanation reactor conditions. The methanation reactor is an isothermal multitubular fixed bed
reactor with thermal control (using water as cooling agent) and a nickel-based catalysis [49]. Methane
production is governed by the equations (8-11). The reactor behavior is modeled using equilibrium
conditions. The typical temperature range is between 250 and 400 °C and the pressure is up to 20 bar

[50].

CO + 3H, 2 CH, + H,0 (9)
C0, + H, 2 CO + H,0 (10)
CO, + 4H, 2 CH, + 2H,0 (11)

The feed ratio must be at least 3 as shown at Eq. (12) to avoid carbon deposition:
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ng, +n
_Ha T 7COp >3 (12)
Nco + Nco,

The outlet reactor stream is expanded in a gas turbine and cooled to condense and remove water. Then,
it passes through a molecular sieve of zeolites for further drying, assuming a removal efficiency of 99.97%
[51]. Since the stream contains hydrogen, it is recovered by membrane separation and recycled to the
methane production unit. The membrane is a polymer hollow fiber membrane and can operate at a
maximum temperature of 100 °C and a pressure difference of 100 bar [52]. The hydrogen purity can reach
98.2 - 99.9% [53,54], so an average purity value of 99.0% is considered. Finally, the purified methane is
sent to the CCPP combustion chamber, closing the cycle. The outlet reactor stream is expanded through

a gas turbine and cooled to condense and remove water.

2.2. Optimization procedure and Techno-economic analysis

The processes are modeled using mass and energy balances, thermodynamic equilibria, experimental
data and rules of thumb and they are optimized to maximize the electricity available for sale and minimize
the energy consumption derived of the process. For this purpose, an NLP is formulated and solved for
each of the three cases. The objective function, see Eq. (13), seeks to maximize the net power generated
in the CCPP and it has been used for the optimization for every alternative process. Since each proposed
process is analyzed as a separate nonlinear programming (NLP) problem, with no technology selection
involved, the use of an objective function that maximizes net power output is considered appropriate. In
this type of system, incoming and outgoing power flows are the key drivers of performance and have a
strong influence on the cost of electricity produced from storage. The system has been modeled using an
equation-based approach using GAMS and a multi start optimization with CONOPT 3.0 as the preference

solver.

Ob] = Max (Wgenerated - Wconsumed) (13)

A detailed technoeconomic analysis is performed to evaluate the processes optimized. The capital cost of
each item of equipment is calculated based on the optimization results using cost correlations for the
different units, in which the cost is expressed as a function of a characteristic variable, such as power for

turbines or heat-transfer area for heat exchangers. For some units, a maximum feasible size is assumed;

13



therefore, if this limit is exceeded, multiple parallel units are required. This design choice is reflected in
the corresponding capital cost calculations [55]. The investment cost is estimated from the unit costs using

the factorial method [56].

The cost of electricity, following a formulation analogous to the levelized cost of storage (LCOS), is
calculated as the sum of the different cost contributions from both the methanation section and the
combined cycle with carbon capture. The material and utility consumption rates of the facility are
determined based on the results of the process optimization. Electricity demand is assumed to be supplied
from renewable sources, with an average price derived from onshore wind and solar PV of 0.041 $/kWh
[57]. A cost of 0.82 $/kg or the fresh CO2 needed to make up for losses in the capture processes is
considered [58]. Additional revenues are obtained from the sale of oxygen as a by-product, with an
assumed price of 0.14S/kg [59]. Other components costs, including maintenance, labor and
administration, are computed using factors from literature [56]. Annual capital expenditures are

calculated considering an interest rate of 10% with 25 years as plant life.

2.3.Case of study

Different real Spanish CCPP capacities have been employed to develop a scale up study. The Spanish CCPPs
can be categorized into three distinct electricity production capacity: 400 MW, 800 MW, and 1200 MW,
with small deviation. Each group of a CCPP typically has a capacity of 400 MW, which means that the
different types of power plants usually comprise 1, 2, or 3 groups, respectively, although there are also
groups with other capacities. A summary of the power and number of groups in peninsular Spain is shown

in Table 1 and a more complete table is collected in the supplementary material.

Table 1. Number of CCPP Spanish groups and their power

Groups of CCPP Power (MW)
1 285
1 380
41 400
2 415
425
2 430
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436.5
800
825
870
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3. RESULTS
The results section is divided into 4 subsections: process details, economical results and comparisons with

other chemical energy storage systems.
3.1.Process operating variables

The operating variables of the process are categorized into two groups. First, the variables related to the
electrical energy section, corresponding to the combined cycle power plant are analyzed, followed by the
variables of the methane production section. In Table 2, the main process variables of the combined cycle
power plant are shown. The base case considers a production capacity of 400 MW. A typical CCPP usually
achieves an efficiency ranging between 55 and 63% [60]. Processes based on CC fall within this range,
whereas the efficiency of the OC process does not reach the lowest bound. It is important to note that
the carbon capture section is not included in the efficiency presented here, as only the CCPP section is
considered. This efficiency is calculated using equation 14 as the ratio between the electricity generated

by the CCPP system and the energy contained in methane based on its calorific value [61].

Total Power Generated
FuelCH4 * LHVCH4

Neepp = 100 (14)

The process variables present very similar values for configurations based on CC, as the only difference
between them is the type of carbon capture technology applied. In contrast, OC configuration shows some
differences. Specifically, its gas turbine generates less electrical power compared to those in the
conventional configuration processes. However, this is compensated for higher electricity production
from the steam turbine. To achieve this increased output, the inlet pressure of the first stream turbine is

set higher than in the conventional cases.

This different behavior can be explained because the composition of combustion chamber output gases

is different in both cases. As the model used for computing the energy generated in the gas turbine
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(polytropic expansion) depends on the molecular weight of the gases, the energy produced is reduced in
the OC case as CO:z is the main compound and it has a higher molecular weight than nitrogen (the main

compound in the CC cases).

In all cases, the gas turbine operates at its highest condition to reach a larger electrical power. The typical
ranges of operation are 1600 °C and 40 bar due to material limitations. Finally, the efficiency of the

combined cycle power plant is calculated, the better efficiencies are reached using CC processes.

Table 2. Technical variables of combined cycle power plant section for every approach evaluated.

Variable Air Combust.  Air Combust. Oxy-
Absorption PSA combustion
Net Power Capacity (MW) 400.00 400.00 400.00
Inlet Flow Fuel (methane) (kg/s) 12.20 12.10 16.48
Air or pure oxygen (kg/s) 368.25 362.68 70.61
Gas turbine Combustion T (°C) 1600.00 1600.00 1533.47
Inlet P (bar) 40.00 40.00 40.00
Power Generated (MW) 328.17 327.89 263.88
Stream turbines P high (bar) 95.00 95.00 125.00
P medium (bar) 11.00 11.00 11.00
P low (bar) 6.31 6.46 5.00
T high (°C) 657.55 657.55 705.97
T medium (°C) 552.63 552.63 552.63
Tlow (°C) 457.46 460.32 429.16
Power Generated (MW) 71.83 72.11 136.12
Efficiency Neepp (%) 65.57 66.12 48.54

Table 3 presents the main process variables for the hydrogen and methane production sections. The
oxygen used as the oxidizing agent in the OC process also originates from the electrolyzer, as it is
generated simultaneously with hydrogen. Furthermore, no additional oxygen supply is required, since the
amount produced is sufficient to meet the process demands. In general, the electrolyzer is the larger
energy consumer, but the energy consumption is especially higher for the OC case. The reason is that in
the CCPP section, that process requires the largest amount of methane to reach the same electricity
production. The large difference among the power consumption caused mainly by the electrolyzer which
does not allow the OC process to achieve better results. In Table 3 the yield of the hydrogen and methane
production section are also presented. To determine it, equation 15 is employed to determine the energy

efficiency of the Power-to-X section including carbon capture. This efficiency is based on the ratio
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between the energy contained in the methane produced (as a function of its calorific value) and the
energy required for the processes necessary for its production (water electrolysis, carbon capture, and

methanation) [62].

FuelCH4 * LHVCH4

NHyand CHyprod. = W - 100 (15)

electr + WMeth + WCapture

Finally, the overall efficiency of the Power-to-methane-to-Power process is calculated by considering the
ratio between the final electricity generated and the energy, mainly electrical but also thermal, introduced

into the complete cycle as shown in equation 16.

Tot.Power Gen.

n = -100 (16)
global Welectricity + Wheat

Table 3. Technical variables of hydrogen and methane production section.

Variable Air Combust.  Air Combust. Oxy-
Absorption PSA combustion

Electrolyzer Power consumption (MW) 1269.60 1264.70 1804.30
Temperature operation (2C) 80.00 80.00 80.00
Pressure operation (bar) 15.00 15.00 15.00
Hydrogen production (kg/s) 6.10 6.08 8.67
Temperature of operation (2C) 310.00 310.00 310.00
Pressure of operation (bar) 20.00 20.00 20.00

Methane .

. Reactor conversion (%) 87.27 88.02 87.36

Production
Methane generated (kg/s) 12.15 12.11 17.27
Fresh CO:z (kg/s) 1.67 1.12 0.00

Efficiency Hz2 and

Cha production NHyand cHyprod. (%) 24.38 23.64 22.39

Global o

Efficiency Ngtovar (%) 21.65 25.93 18.24

3.2.Economic results

In this section, the results of the economic analysis are presented, including the influence of economies
of scale, the distribution of investment across the different process sections, and the effect of reusing the
existing CCPP. The impact of power plant size on electricity production cost is illustrated in Figure 3, which
shows the cost evolution profile for CCPP ranging from 100 to 1000 MW. As expected, electricity

production cost decreases with increasing plant size due to economies of scale. An additional factor is the
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role of oxygen sales: when oxygen is generated as a byproduct during the electrolysis process and is

assumed to be completely sold (provided the market can absorb it), production costs are further reduced.

Among the processes analyzed, the most profitable configurations are the CC with absorption and the CC
with a PSA system for carbon capture, with costs ranging between 450-550 $/MWh, when the oxygen is
fully sold. This is followed by the CC process with PSA systems and the CC with absorption, both without

oxygen sales (640-740 S/MWh) and finally, the OC process, with costs between 700-750 $/MWh.
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Figure 3. Comparison of electricity cost obtained with the different alternatives processes when the oxygen produced
in the electrolyzer is sold as a by-product.

The large cost differences observed are mainly due to oxygen utilization. In the OC process, the oxygen
produced during electrolysis is completely consumed in methane combustion, eliminating potential
revenues from its sales. In contrast, CC processes assume that all byproduct oxygen is sold, providing an
additional income stream that helps offset electricity production costs. Given the uncertainty of
consistently selling all the oxygen produced, two extreme scenarios are considered: one in which oxygen
is fully sold and another in which none is sold. These cases provide a framework for assessing the

sensitivity of the overall economics of the processes to oxygen market conditions.
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To further explore the economic implications, an analysis of investment distribution by process section is
conducted using a 400 MW CCPP group as a case study, as this group size is the most representative
among Spanish CCPP groups. The process sections are described in detail in section 2.1 Process

Description, while the corresponding results are collected in Figure 4.
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Figure 4. Breakdown of CAPEX by process section for each configuration evaluated.

The results indicate that the highest investment is associated with the hydrogen production section,
basically due to the high cost of the electrolyzer, which constitutes the critical factor limiting the reduction
of the overall process investment. The oxy-combustion-based configuration requires higher hydrogen
production, leading to larger electrolyzer capacities and consequently larger capital investment in the
electrolysis unit. This requirement significantly influences the overall investment cost of the system.
However, significant cost reduction and efficiency improvements in electrolyzers are expected in the
coming years, with projected capital costs decreasing from the current range of 448-1249 $/kW [63]. The
separation section requires higher investment when more complex equipment is employed: absorption
systems demand greater costs than PSA systems, and PSA systems are more expensive than the
separation systems in oxy-combustion process. Finally, the CCPP section needs higher investment under

the oxy-combustion configuration, as larger equipment is needed to achieve the same power output.
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Once the process proposed has been analyzed, it is compared with other electricity generation systems.
First, the system is benchmarked against direct electricity generation technologies, including current
natural gas combined-cycle power plants. Second, the proposed process is compared with alternative
energy storage technologies. As shown previously, among the configurations analyzed, those based on CC
exhibit the most favorable cost performance, with electricity production costs ranging between 450 and
500 $/MW. For comparison, the current estimate of the Levelized Cost of Electricity (LCOE) for natural gas
combined cycle power plants ranges from 12.71 to 21.10 $/MWh, while gas turbine power plants for a
short-term flexible operation show LCOE values between 17.95 and 38.00 $/MWh. Projections for 2045
indicate an increase in the LCOE for combined cycle gas turbine plants, with expected values ranging from
21.68 to 47.22 $/MWh [64]. Compared to other renewable generation technologies, typical electricity
costs are around 34 $/MWh for onshore wind, 43 $/MWh for solar photovoltaics, 79 $/MWh for offshore
wind, and 92 $/MWh for concentrated solar power [65]. However, a direct comparison between the
Power-to-Methane-to-Power system and these generation technologies is neither fully fair nor
particularly meaningful. The proposed technology is an energy storage system, in which electricity that
has already been produced (ideally from renewable sources) is stored and later dispatched according to
the needs of the electricity system. By definition, any storage technology entails additional conversion
steps and losses and is therefore inherently more expensive than direct electricity generation. For this
reason, the results obtained in this work are compared below with those of other energy storage
technologies. Furthermore, when considering current natural gas combined-cycle power plants, it should
be noted that these facilities are increasingly affected by CO, emission prices. The impact of carbon pricing
on generation costs is expected to continue to grow, as CO, prices have risen steadily in recent years,
thereby putting the long-term economic viability of such plants into question. In addition, these facilities
are exposed to significant volatility in natural gas prices, which directly translates into variability in

electricity generation costs.

The most appropriate comparison is with other energy storage technologies, particularly those aimed at
seasonal storage. For example, Schmidt et al. [66] conducted an analysis of storage costs for different
applications with a 2050 time horizon. For seasonal storage, they identified four technologies as feasible

options: pumped hydro, compressed air energy storage, vanadium redox flow batteries, and hydrogen.
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For this application, hydrogen and its derivatives emerge as optimal and reliable solutions. Moreover, for
seasonal time scales, the storage costs of alternative systems are relatively high. For instance, pumped
hydro exhibits costs of around 3500 S/MWh, compressed air around 3000 $/MWh, and vanadium redox
flow batteries around 20000 $/MWh, although significant cost reductions are expected in the future.
These figures illustrate how chemical energy storage systems can be competitive for long-duration
applications, even though their round-trip efficiency may appear lower than that of other technologies.
Emrani et al. [67] carried out a comprehensive review of several parameters related to energy storage
systems; however, their analysis does not differentiate between the various applications for which
storage technologies are required. Among the indicators considered, the levelized cost of storage (LCOS)
is selected as a key metric for comparing different technologies. Mechanical energy storage systems
include technologies such as pumped hydro storage (PHS), with LCOS values ranging from 70 to
250 $/MWh. Compressed air energy storage (CAES) shows LCOS values of 60-240 S/MWh, while flywheel
energy storage (FWES) exhibits higher costs, with LCOS values around 410 $/MWh. Other studies have
also evaluated chemical energy carriers such as hydrogen, ammonia, or methanol as storage options. For
example, a 400 MW methanol-based plant has been reported to have costs in the range of 150—
890 S/MWh [68]. Hydrogen storage systems present lower costs, estimated at 450-590 $/MWh [67],

mainly due to their lower equipment requirements compared to the previous options.

While mechanical storage systems generally offer more competitive LCOS values, they can present other
limitations. These systems typically have lower energy density, limited scalability, and must be located in
very specific geographic conditions, especially in the case of pumped hydro storage. In contrast, chemical
storage systems offer a significant advantage in terms of geographical adaptability, scalability, and
suitability for long-term or seasonal storage. Among chemical systems, methane, methanol and ammonia
present a clear advantage for storage if they are compared with hydrogen storage systems technologies.
The main advantage of the configuration proposed in this work is the use of methane as a chemical energy
storage system lies in the existing infrastructure for converting methane into electricity. In contrast, the
use of methanol or ammonia would require the construction of new plants for this purpose. By integrating
carbon capture, hydrogen production, and methane synthesis directly into the CCPPs, the need for new

facilities is avoided, while simultaneously extending the useful life of current plants.
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Table 4. Economic indicators (CAPEX, OPEX, Total Production Cost and Production Cost per unit) for the alternative
process configurations considering retrofitting of existing CCPPs and construction of new plants.

CAPEX OPEX Total production Production cost
(m$) (M$/year)  cost (M$/year) ($/Mwh)
Considering the CC + Amine 6910.03 840.31 827.43 444.87
use of current CC + PSA system 6704.33 831.23 822.80 427.89
ccpp Oxy-combustion 9410.72 1164.97 1635.53 664.57
Considering the CC + Amine 8015.38 901.25 943.63 507.35
construction CC + PSA system 8015.56 903.52 960.64 499.57
of a CCPP Oxy-combustion  11689.41 1290.59 1875.08 761.91

Another relevant aspect to analyze is the economic impact of constructing a new CCPP for the proposed
system or making use of the existing CCPP infrastructure. Table 4 presents the results for both scenarios
across the three configurations evaluated (CC with amine adsorption, CC with a PSA system and oxy-
combustion) considering a reference plant size of 400 MW. The analysis indicates that reusing current

installations leads to a cost reduction of approximately 10% compared to the construction of new plants.

This highlights the significant investment required to implement the proposed energy storage system, as
well as demonstrating the cost reduction advantage achieved when it is integrated with the existing

infrastructure. Moreover, although not considered in the analysis, suitable storage infrastructure already
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Figure 5. Breakdown of CAPEX by process section for each configuration evaluated.
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exists, as the same facility currently used for fossil natural gas can be employed for synthetic methane
storage. Nevertheless, the oxy-combustion configuration remains the most expensive option, even when
assuming the use of an existing CCPP for this process and the construction of a new one for the other

configurations.
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Figure 6. Sensitivity analysis of oxygen sales for an electricity production of 400 MW. The effect of variations in
oxygen prices and the percentage of oxygen sold on the cost of electricity production is shown.

3.3.Sensitivity Analysis

As discussed in the previous section, several factors significantly influence the economic performance of
the Power-to-Methane-to-Power process. In particular, this section presents a sensitivity analysis focusing

on two key parameters: the potential revenue from the sale of oxygen generated during electrolysis (in
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configurations employing conventional air combustion) and the price of renewable electricity supplied to

the electrolysis unit.

First, the impact of oxygen commercialization is analyzed. In the previous section, the analysis was
conducted assuming an oxygen sale price of 0.14 S/kg and considering two extreme scenarios: complete
sale of the O, produced and no possibility of commercialization. In the present sensitivity study, a broader
range of oxygen prices (0-0.30 $/kg) is evaluated, together with different percentages of the total O,
production from electrolysis that can be sold. The resulting impact on the cost of electricity from storage

is presented in Figure 6.

The results clearly demonstrate the significant impact of oxygen commercialization on the cost of
electricity from the storage system. Differences of up to 57% are observed between the scenarios
analyzed, highlighting the strong dependence of economic performance on this parameter. This sensitivity
analysis reflects realistic operational conditions, as the highly volatile nature of the oxygen market makes
it impossible to guarantee that the entire O, production can be sold to end users. It should also be
considered that a large-scale deployment of renewable hydrogen projects could lead to an oversupply of
oxygen relative to existing market demand, thereby reducing the economic value of this by-product.
Consequently, exploring potential integrations of the proposed process with other chemical or energy-
intensive industries could be of particular interest, enabling internal utilization of the produced O, and

ensuring more complete valorization of all output streams.
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Secondly, the impact of the electricity price supplied to the electrolysis unit is analyzed, with particular
emphasis on its influence on the final cost of electricity generated from storage. The primary objective of
the Power-to-Methane-to-Power process is to enable the integration of renewable electricity sources
through large-scale energy storage. In the base case, an electricity cost of 0.041 $/kWh is assumed,
representing an approximate average across different renewable generation technologies. According to
the International Renewable Energy Agency [65], the levelized cost of renewable electricity is
approximately 0.034 $/kWh for onshore wind, 0.043 S/kWh for solar photovoltaics, 0.079 S/kWh for
offshore wind, 0.092 S/kWh for concentrated solar power, 0.057 $/kWh for hydropower, and 0.087
S/kWh for bioenergy. Based on these values, a sensitivity analysis is performed considering electricity
prices in the range of 0-0.1 $/kWh, thereby covering a bro4ad spectrum of potential operating conditions

for the proposed system. The lower bound is set to 0 $/kWh to account for periods of very high renewable
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generation, during which wholesale market prices may reach zero or even negative values due to excess
supply from non-dispatchable sources. Under such conditions, energy storage (particularly seasonal
storage) becomes especially relevant. The upper bound reflects the observed cost range of the various
renewable technologies. The results of this analysis are presented in Figure 7 for a nominal production

capacity of 400 MW.

The results highlight the critical influence of the cost of electricity supplied to the electrolysis unit on the
final cost of electricity generated from storage. In particular, when the cost of input electricity is
sufficiently low, the resulting storage-based electricity cost can become highly competitive for seasonal
applications, reaching values on the order of 300 S/MWh. Under such conditions, seasonal storage can
effectively prevent the curtailment of a significant share of renewable generation while enhancing overall

system robustness and reliability.

3.4.Comparison among different production capacities.

CCPPs offer greater operational flexibility compared to other electricity generation systems, as they can
be started and put into operation within a few hours. This capability makes them particularly suitable for
balancing fluctuations in electricity demand, especially during periods of insufficient renewable energy
production. Consequently, production capacity has a considerable influence on the economic outcomes.
To illustrate this effect, a 400 MW CCPP is used as a reference case to evaluate how both the total cost of
production (TCOP) and the electricity production cost vary with changes in production capacity across the
different processes. Since turbine efficiency decreases under partial load conditions, it is necessary to

incorporate a load-dependent efficiency correction which is calculated using the following equation:

Nreat = MNsV (17)

Where v is the adjustment factor to introduce the load influence in the turbine efficiency [69]:

v=1-(0.191 - 0.409 - load + 0.218 - load?) (18)

The evolution of the total annual cost assuming the oxygen generated is sold is shown in Figure 8 a), while

the corresponding case without oxygen sales is presented in Figure 8 c). The comparison reveals that
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revenues from oxygen sales significantly contribute to reducing the total production cost, as evidenced
by the differences between Figure 8 b) and Figure 8 d). In absence of O: credits, the cost curves for CC
processes closely follow those of OC process. With respect to electricity production cost the impact of
oxygen sales is less pronounced. However, when oxygen is not sold, the electricity production cost for the

CC process becomes more comparable to that of OC process, Figure 5 d).
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Figure 8. a) Comparison of the total annual cost of electricity production for each alternative process for different
production capacities when the oxygen produced in the electrolyzer is completely sold as a by-product. b) Evolution of
the cost of electricity production for each alternative process at different plant capacities when the oxygen produced
in the electrolyzer is completely sold as a by-product. c) Comparison of the total annual cost of electricity production
for each alternative process for different production capacities when the oxygen produced in the electrolyzer is not
sold as a by-product. d) Evolution of the cost of electricity production for each alternative process at different plant
capacities when the oxygen produced in the electrolyzer is not sold as a by-product.

The reduction in turbine efficiency is more evident when the plant operates below 50% capacity. As shown
in Figure 8b) and 8d), this efficiency drop leads to a significant increase in electricity production cost.
Therefore, maintaining an operating capacity above 50% is necessary to avoid excessively high electricity
production costs. Although the total cost of production decreases with reduced plant capacity, mainly due
to lower utility requirements, the decline in efficiency results in higher specific electricity production cost

at lower loads.
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3.5.Case study: Spanish CCPP.

In this section, Spanish CCPPs are used as a case study to evaluate their integration with methane as
energy storage system. In this approach, investment costs are reduced thanks to the existing CCPPs and

the natural gas storage infrastructure, which can also be utilized for synthetic methane. Figure 9 presents
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Figure 9. Maps of Spanish natural gas CCPPs, with each plant located in its respective province. Each square
represents a plant, and the data inside follow the legend order.

the 30 CCPPs located in peninsular Spain. Each square in the figure represents one CCPP, which may
consist of 1, 2 or 3 groups, although the data presented corresponds to the overall aggregated results. For
simplicity, plants are positioned within their respective provinces rather than their exact geographic
locations. Each square displays 3 indicators: the installed power capacity, the CAPEX associated with the
proposed system (excluding the CCPP investment), and the resulting electricity production cost. A
significant reduction in investment costs can be observed, resulting in a corresponding decrease in
electricity production costs. The required investment ranges from 2778 to 2836 $/MW, while the

electricity production cost varies from 327 to 346 $/MWh.
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It may seem evident that larger plants benefit from lower electricity production costs due to economies
of scale. However, most of these plants consist of 2 or 3 CCPP groups, each with an installed capacity
between 400 and 800 MW. In this context, the most competitive production costs are obtained in plants
that incorporate the largest CCPP groups currently operating in Spain. These groups, with capacities close
to 800 MW, achieve the lowest production costs despite not requiring the lower CAPEX for the installation
of the storage system. This highlights that the configuration and the groups size play a decisive role in

determining economic performance.

4. CONCLUSIONS
This work presents a holistic evaluation of the Power-to-Methane-to-Power system as a grid-scale energy
storage solution. The system proposed consists of two main sections: methane synthesis and electricity
generation. In the power generation stage, a combined-cycle configuration coupled with a CO, capture
process is considered. Two combustion concepts are analyzed (conventional air combustion and oxy-fuel
combustion) and several capture technologies are evaluated, namely absorption, adsorption, and

condensation.

The results demonstrate the technical feasibility of implementing this type of process, achieving overall
energy efficiencies in the range of approximately 20-30%. Although these values are low compared to
short-term, fast-response storage technologies, they are reasonable for large-scale, seasonal energy
storage applications. The resulting cost of electricity from storage is estimated to lie in the range of
approximately 500-700 $/MWh, with higher values observed for the oxy-fuel combustion configurations.
These values are promising, particularly when compared with other technologies proposed for seasonal
storage. Two key factors governing the economic performance of this system are the cost of the input

renewable electricity and the potential revenue from selling the oxygen produced as a by-product.

In addition, this study explores the integration of Power-to-Methane-to-Power processes into existing
natural gas combined-cycle power plants, enabling partial reuse of the current infrastructure. This
approach allows the benefits of combined-cycle technology to be retained while transitioning to a
renewable-based system, thereby reducing the investment costs associated with this storage option. A

case study focusing on Spain, which has a large fleet of combined-cycle power plants, is presented to
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estimate the required investment and the resulting electricity costs under the assumption of
infrastructure reuse at the plant level. The results highlight the significant potential of this storage
technology in future energy systems with high shares of renewable generation, contributing to a secure
and reliable power supply that is essential for economic development. Finally, future research should
address detailed comparisons with other storage technologies from both economic and environmental
perspectives, as well as potential synergies with other industrial processes, to further improve the

proposed concept.
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  C   H 4 + 2   O 2 → C   O 2 + 2   H 2 O


  2 C O +   O 2 → 2 C   O 2


  2   H 2 +   O 2 → 2   H 2 O


  q =    q m · K ·  P  C  O 2    1 + K ·  P  C  O 2


   q m =   − 3 . 15551 ·  10  − 2   T  ( ° C ) + 5 . 02915


   K L = 1 . 63070 ·  10  − 3 T    ( ° C ) 2 − 3 . 68332 ·  10  − 1 T  ( ° C ) + 27 . 3737


   m zeolite =  1  q · 0 . 65 ·   f  c  C  O 2 · 1000  M  W  C  O 2 ·  η Ads · τ  


  2   H 2 O → 2   H 2 +   O 2


  C O + 3   H 2 ⇄   C H 4 +   H 2 O


  C   O 2 +   H 2 ⇄ C O +   H 2 O


  C   O 2 + 4   H 2 ⇄   C H 4 +   2 H 2 O


     n   H 2 +  n  C  O 2   n CO +  n  C  O 2 ≥ 3


  O b j = M a x   (   W  g e n e r a t e d −   W  c o n s u m e d )


    𝜂  C C P P =   T o t a l   P o w e r   G e n e r a t e d  F u e   l  C   H 4 · L H   V  C   H 4 · 100


    𝜂  C C P P


    𝜂    H 2 a n d   C   H 4 p r o d . =   F u e   l  C   H 4 · L H   V  C   H 4    W  e l e c t r +   W  M e t h +   W  C a p t u r e · 100


    𝜂  g l o b a l =   T o t .   P o w e r   G e n .    W  e l e c t r i c i t y +   W  h e a t · 100


    𝜂    H 2 a n d   C   H 4 p r o d .


    𝜂  g l o b a l


    𝜂  r e a l =     𝜂  s v


  v = 1 −  ( 0 . 191 − 0 . 409 · l o a d + 0 . 218 · l o a   d 2 )

