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ABSTRACT 
Energy storage is essential for transitioning to a renewable system based on renewable sources. 
To meet this challenge, Power-to-X technologies are attracting more attention. This work explores 
converting the excess of electric energy obtained from wind or solar sources into hydrogen and 
then into methane leveraging existing natural gas infrastructure for easier storage and transport. 
The process involves two stages: Firstly, the methane production step using Power-to-X technol-
ogies during excess renewable energy periods and, secondly, the electricity generation step dur-
ing high demand with CO2 capture for reuse in methane synthesis, forming a closed carbon loop. 
In this way the Power-to-X process is integrated with repurposed combined cycle power plants 
(CCPPs) creating a Power-to-methane-to-power system. Two approaches are evaluated: oxy-
combustion, which simplifies process CO2 purification and air combustion, which needs a more 
complex CO2 purification, such as amine absorption or PSA systems. The results show that ordi-
nary combustion capturing CO2 by amines is the most profitable process, especially when it is 
assumed that the oxygen produced by the electrolyzer is sold. For a CCPP with a nominal capacity 
of 400MW, the cost of electricity production ranges from 450 $/MWh to 490 $/MWh when the 
income from oxygen sales is neglected. If the oxygen produced can be fully absorbed by the mar-
ket, the electricity production cost decreases to 250 $/MWh and 300 $/MWh.  

Keywords: Process Design, Carbon Capture, Energy Storage, Hydrogen, Methane.  

INTRODUCTION  
Renewable energy sources (RES) are transforming 

power systems and will be predominant in the years to 
come. For example, by 2030, an increase of more than 
90% in the electricity generation from RES is expected 
with solar PV and wind being the leading technologies. 
However, these generation alternatives fluctuate accord-
ing to the weather conditions, causing a paradigm shift 
from the current steady-state systems. Therefore, en-
ergy storage technologies will be required to ensure a 
stable power grid and the balance between electricity 
production and demand at every time. Different alterna-
tives have been proposed, which can be classified as fol-
lows: mechanical, chemical, electrochemical, and electri-
cal.  

Among them, hydrogen is emerging as a highly at-
tractive option. According to the current predictions, by 
2050, the global demand for hydrogen could increase up 

to 585 Mtpa under a Net Zero scenario. However, some 
significant challenges are associated with hydrogen utili-
zation highlighting the low volumetric energy density and 
the difficult storage conditions. Thus, for medium/long-
term storage horizon, the use of hydrogen as such is not 
considered the most suitable option. Other chemicals 
produced from hydrogen have been proposed to over-
come its issues. These options offer beneficial conditions 
in terms of volumetric energy density, storage and 
transport conditions, etc. allowing an effective deploy-
ment as grid-scale energy storage system. Among these 
chemicals, methane, methanol, and ammonia emerge as 
the most promising options. Although methane is a gas, 
with the difficulties associated with this phase, this com-
ponent is attracting attention due to the possibility of us-
ing the existing natural gas infrastructure to handle this 
hydrogen carrier. This allows storage and transport of 
significant amounts of green methane to address the 
challenges associated with an energy system with a high 
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penetration of renewables. The use of methane as en-
ergy storage system involves two main steps. The first 
one is related to the production of methane using Power-
to-X processes in time periods with high energy produc-
tion. Subsequently, a second step is the back transfor-
mation into electricity with the possibility of capturing 
CO2 to synthesize again methane as required. 

In this field, Xiang et al. [1] evaluated the implemen-
tation of the carbon capture technology in a natural gas 
combined cycle power plant coupled with oxy-combus-
tion. A simple condensation step is selected as CO2 sep-
aration alternative due to the oxy-combustion conditions. 
An extended work including two CO2 capture retrofits in 
natural gas power plants in presented by Strojny et al. [2]. 
In particular, amine absorption and calcium looping have 
been investigated. Other works have assessed the pro-
duction of methane through CO2 methanation. For in-
stance, Blanco et al. [3] evaluated the potential imple-
mentation of Power-to-methane processes in the Euro-
pean Union using a life cycle assessment approach. How-
ever, a comprehensive analysis of the two stages to in-
troduce green methane as energy storage has not yet 
been performed.  

Therefore, in this work, a holistic process design 
analysis of the Power-to-methane-to-power is devel-
oped to be integrated as grid-scale energy storage sys-
tem. Specifically, the integration of this technology with 
existing combined cycle power plants is proposed to re-
purpose current infrastructure, thereby reducing the 
capital costs associated with the energy transition. In the 
first stage, devoted to methane production, CO2 (from 
carbon capture) is combined with green hydrogen pro-
duced from water electrolysis using renewable energy 
(wind and PV solar). This stage will take place in periods 
with high renewable generation (exceeding demand). 
The second stage is related to the production of electric-
ity from the previously produced methane. This will take 
place during periods when renewable generation is not 
sufficient to meet demand. In this case, the existing com-
bined cycles are evaluated by coupling carbon capture 
technologies. Two different approaches have been eval-
uated. Firstly, the use of oxy-combustion together with a 
simple carbon capture unit (condensation). A second op-
tion is to maintain the existing air combustion but with a 
more complex carbon capture technology (amines or 
pressure swing adsorption in this case). The captured 
CO2 is stored to be used in the methanation section as 
required. Therefore, this comprehensive approach 
demonstrates the potential of green methane as an effi-
cient solution for grid-scale energy storage, enabling the 
repurposing of natural gas-based infrastructure to sup-
port the transition to a sustainable energy system. 

 

PROCESS ANALYSIS 
This work compares three methane combustion 

processes. The first two utilize conventional combustion 
(air-based combustion), which requires a carbon capture 
system due to the high nitrogen content in the exhaust 
gases. These processes differ in their carbon capture 
technology: one employs amine absorption technology, 
while the other uses PSA systems. The third process re-
places air with pure oxygen (oxy-combustion), resulting 
in exhaust gases mainly composed of CO2 and water.  

 The diagram of each process can be seen in Fig-
ure 1, Figure 2 and Figure 3.  

 
Figure 1. Process flow diagram of process using ordinary 
combustion and absorption as carbon capture system. 
 
 

Figure 2. Process flow diagram of process using ordinary 
combustion and adsorption with PSA as carbon capture 
system. 
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Figure 3. Process flow diagram of process using oxy-
combustion. 

Process Description 
The processes can be divided into four sections. 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 reaction of H2 and CO2 to 
produce methane. The methane generated in this section 
is used as feed of the first. Thereby, the cycle can be 
closed. The different sections are described as follows. 

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, which involves a system of steam turbines (high-
pressure, medium-pressure, and low-pressure turbines). 
Although the reuse of existing CCPPs is proposed, they 
are also modeled to create a complete model.    

The operation of a CCPP begins by introducing the 
feed, which has been previously conditioned, into the 
combustion chamber. The composition of the feed varies 
depending on the modeled processes, but the treatment 
is the same for all the cases: the feed stream must be 
compressed and its temperature adjusted to the required 
level. The combustion chamber is modeled as adiabatic 
where complete combustion is ensured by adding an ex-
cess of comburent. Moreover, an inert substance must 
be introduced with the comburent to prevent the furnace 
temperature from exceeding the critical limit of 1600 ºC 
and avoid material problems. For ordinary combustion 
the oxygen is already mixed with nitrogen from the air. 
However, in the case of oxy-combustion, pure oxygen is 
mixed with CO2 from combustion exhaust gases to 
achieve the conditions required.  

The gas turbine is modeled as a polytropic 

expansion process with an efficiency of 85%. After pass-
ing through the gas turbine, the exhausted gases, which 
still contain significant thermal energy, are utilized as a 
heat source for reheater and preheater in the regenera-
tive Rankine cycle with reheating.  

In the Rankine cycle, the steam exiting the low-pres-
sure turbine is condensed using a water refrigeration cy-
cle with a cooling tower. The performance of the tower is 
modeled using Mickey’s method [4]. The increment of 
temperature is limited to 8-10 ºC following rules of thumb 
to ensure a proper operation. In the cooling tower, the 
water temperature is reduced by evaporating a fraction 
of the water so to compensate this lost make-up water is 
required. To calculate it, the air humidity and water tem-
perature in the cooling tower must be considered.   

In general, the equipment of CCPP is the same for 
all alternative processes, but the following subsections 
are different for each one. 

CO2 Separation 
The CO2 separation section is designed to be inte-

grated with existing CCPPs, creating a closed carbon 
loop to prevent emission into the atmosphere. Various 
treatments methods for the exhaust gases are proposed, 
including the following. When the methane is burned us-
ing air as the comburent the exhaust gases are com-
posed mainly of CO2, H2O, a small amount of O2 (as pre-
viously it was introduced in excess) and a large amount 
of N2. Nitrogen acts as an inert component and must be 
separated from the CO2 to enable a proper operation of 
methanation. To reach the CO2 purification two technol-
ogies are evaluated: adsorption with PSA system and 
amine absorption system.  

Adsorption with PSA system. The process flow dia-
gram can be seen at Figure 1. The PSA columns use as 
adsorbent material zeolite 13 X [5]. This process is mod-
eled using a Langmuir solid-gas adsorption isotherm. 
Mainly, the nitrogen can cross the bed while the CO2 is 
captured. It can be assumed the small amount of oxygen 
in inlet gases is not trapped, since the adsorption capac-
ity of zeolite 13 X for oxygen is minimal [6]. Then, the CO2 
is sent to the methane production section and the not 
captured gases (N2, H2O, O2) are released into the atmos-
phere. 

Amine absorption system. The process flow diagram 
is shown at Figure 2. This system consists of two col-
umns. The first one is the absorption column where the 
exhaust gases from the gas turbine brought into contact 
with amine solution of 20 % monoethanolamine (MEA). 
The non-absorbed gases are released into the atmos-
phere. The amine solution rich in CO2 is heated and sent 
to the second column or stripping column. Here the CO2 
is desorbed from the amine solution and a pure steam of 
CO2 is reached. Then, the amine solution is mixed with 
fresh amine solution to make up for losses and refeed to 
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the first column. The model of this section is based on 
first principles and industrial data.  

In contrast, the exhaust flue gases of oxy-combus-
tion are only composed of CO2, H2O and O2. The flow di-
agram of this process can be seen at Figure 3. In this case 
the CO2 must be also purified. The water is easily re-
moved by condensation and the elimination of the oxy-
gen is done by sending the gases to a second combus-
tion chamber where extra methane is added to ensure 
the complete remotion of oxygen. The chamber combus-
tion temperature is limited thanks to the large amount of 
CO2 there is in the inlet steam. After this step, the humid-
ity steam is reduced by condensation to reach a better 
operation of methane production.  

Renewable hydrogen production 
The hydrogen is produced through water electroly-

sis and is the same for all alternative processes. Since it 
is proposed that the electricity used for electrolysis came 
from renewable energy sources such as wind or solar, the 
hydrogen produced can be considered green hydrogen. 
The water required for this operation is provided by the 
various drying operations throughout the system, mini-
mizing the need for external water. Nowadays, several 
types of electrolyzers are available: Proton Exchange 
Membrane (PEM), Anion Exchange Membrane (AEM), Al-
kaline and Solid Oxide Ceramic (SOEC). Among them, 
PEM technology is selected due to the high purity of 
gases produced, its advanced commercial maturity and 
its short start-up time [7].  

The electrolyzer generates two streams, one con-
tains mainly hydrogen and the other contains oxygen. 
Both streams are subjected to a drying process to re-
move the residual water. The hydrogen stream is mixed 
with the CO2 previously purified while the intended use of 
the oxygen depends on the analyzed process. The oxy-
gen obtained under ordinary combustion process can be 
sold. However, the oxygen obtained under oxy-combus-
tion process is used as a comburent in this process. In 
this way, the oxygen is completely integrated in the pro-
cess. 

Methane production 
The CO2 stream, the hydrogen stream and the recir-

culation steam are mixed and compressed to reach the 
methanation reactor conditions. The methanation reactor 
is a fixed bed reactor with thermal control. A nickel-based 
catalysis is used. The reactions for methane production 
are shown below, eqs 2, 3, 4. The reactor behavior is 
modeled using equilibrium conditions. The typical tem-
perature range is between 250 ºC and 400 ºC and the 
pressure is up to 20 bar [8]. 

𝐶𝐶𝐶𝐶 + 3𝐻𝐻2 ⇄ 𝐶𝐶𝐻𝐻4 + 𝐻𝐻2𝑂𝑂   (2) 

𝐶𝐶𝑂𝑂2 + 𝐻𝐻2 ⇄ 𝐶𝐶𝐶𝐶 + 𝐻𝐻2𝑂𝑂   (3) 

𝐶𝐶𝑂𝑂2 + 4𝐻𝐻2 ⇄ 𝐶𝐶𝐻𝐻4 + 2𝐻𝐻2𝑂𝑂   (4) 

The outlet reactor stream is expanded into a gas tur-
bine and cooled to remove water by condensation. As 
there is hydrogen in this stream, it is recovered and re-
circulated to the methane production by a membrane 
separation. Finally, the purified methane is sent to the 
CCPP combustion chambre, closing the cycle.  

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 production and minimize the energy con-
sumption derived of the process. For this purpose, a NLP 
is solved for each of the suggested cases. The objective 
function is the same for all cases, see eq (1), and the ob-
jective is to maximize the electrical efficiency of the cy-
cle. The problem is formulated as a MINLP, which is de-
composed into three NLP. The first one modeled the pro-
cess using ordinary combustion with absorption as the 
carbon capture technology. This model contains 1491 
variables and 1279 equations. The second one also em-
ploys ordinary combustion but using adsorption with a 
PSA system for carbon capture, in this case 1045 varia-
bles and 1202 equations. Finally, the third one models the 
oxy combustion process, which contains 1379 variables 
and 1229 equations.  

𝑂𝑂𝑂𝑂𝑂𝑂 = 𝑀𝑀𝑀𝑀𝑀𝑀 (𝑊𝑊𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 −𝑊𝑊𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)  (1) 

The capital cost of every piece of equipment is cal-
culated with a function of a characteristic variable such 
as power for turbines or area for heat exchanges. This 
characteristic variable also indicates which option of 
equipment is the most suitable and if it is necessary to 
add a new unit because the capacity of the previous one 
is excesses. The investment cost is estimated from the 
unit costs using the factorial method [9]. To perform the 
scale-up analysis, the different Spanish CCPP capacities 
have been used. The Spanish CCPPs can be categorized 
into three distinct capacity ranges: 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 a capacity of 800 MW. 

RESULTS 
The methodology has been applied to the Spanish 

CCPPs which are located in the peninsular territory, in to-
tal there are 30 plants. Figure 4 illustrates the evolution 
of electricity production cost for various groups of power 
plants when the oxygen generated as a byproduct during 
the electrolysis process is sold. Among the analyzed 
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processes, the most profitable is the ordinary combus-
tion with absorption for carbon capture, followed by or-
dinary combustion process with PSA systems for carbon 
capture and finally oxy-combustion process.  

A remarkable point of this figure is the significant 
impact of economies of scale on electricity production 
costs. Specifically, as the size of the groups of power 
plant increases, the production cost per unit of electricity 
decreases. Another important aspect is the important dif-
ference in electricity production costs between the ordi-
nary combustion processes and the oxy-combustion pro-
cess. For ordinary combustion processes, the electricity 
production cost ranges between 250 $/MWh and 
300 $/MWh for CCPP groups with a nominal capacity of 
approximately 400 MW and between 90 $/MWh and 
120 $/MWh for CCPP groups with a nominal capacity of 
around 800 MW. In contrast, the electricity production 
cost for oxy-combustion process is higher, approxi-
mately 470 $/MWh for 400 MW CCPP groups and 
270 $/MWh for 800 MW CCPP groups. 

 
Figure 4. Comparation of electricity cost obtained with 
the different alternatives processes when the oxygen 
produced in the electrolyzer as subproduct is sold. 
 

The reason for that big difference is due to the utili-
zation of oxygen. In the oxy-combustion process, the ox-
ygen produced during electrolysis is consumed com-
pletely for methane combustion, eliminating the option of 
selling it. In the ordinary combustion processes, it is as-
sumed that all the oxygen generated as a byproduct is 
sold, which provides an additional revenue line that off-
sets the electricity production cost. This difference in ox-
ygen utilization has a profound impact on the economic 
results of the processes, making the ordinary combustion 
configurations more cost-effective under these assump-
tions. 

To take into account the effects of oxygen sales on 
electricity production costs, Figure 5 presents the costs 
under the assumption that the oxygen generated during 
the electrolysis process is not sold. In this scenario, the 
electricity production costs for the oxy-combustion pro-
cess remain unchanged, as the oxygen produced in this 

process is already consumed entirely for methane com-
bustion. However, the electricity costs for the processes 
based on ordinary combustion increase significantly, 
bringing them much closer to the costs of the oxy-com-
bustion process. Without the additional revenue from 
selling oxygen, the cost advantage of these processes 
diminishes substantially. Figure 5 also shows an interest-
ing trend for larger groups of power plants. Specifically, 
for groups with a nominal capacity exceeding 800 MW, 
the cost dynamics begin to change, and the oxy-com-
bustion process emerges as the most profitable option. 
This suggests that, at larger scales, the oxy-combustion 
process offers significant economic advantages. How-
ever, only 7% of CCPP groups in Spain have a capacity 
higher than 800 MW, limiting the scope of this benefit. 

 

 
Figure 5. Comparation of electricity cost obtained with 
the different alternatives processes when any subprod-
uct is sold. 

 
The yields of this process have been calculated ac-

cording to the following equations (5, 6, 7) and the results 
can be seen in Table 1.  

𝜂𝜂𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝐿𝐿𝐻𝐻𝐻𝐻𝐶𝐶𝐻𝐻4·𝐹𝐹𝐶𝐶𝐻𝐻4

   (5) 

𝜂𝜂𝑃𝑃𝑃𝑃𝑃𝑃 = 𝐿𝐿𝐻𝐻𝐻𝐻𝐶𝐶𝐻𝐻4·𝐹𝐹𝐶𝐶𝐻𝐻4
𝑊𝑊𝑎𝑎𝑎𝑎𝑎𝑎.𝑚𝑚𝑚𝑚𝑚𝑚.+𝑊𝑊𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒+𝑊𝑊𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

  (6) 

𝜂𝜂𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

   (7) 

A typical CCPP usually achieves an efficiency rang-
ing between 55% and 62% [10]. Processes based on or-
dinary combustion fall within this range, while the effi-
ciency of the oxy-combustion process is lower. However, 
this trend is inverted when Power-to-Gas efficiency is 
analyzed. Although the oxy-combustion process requires 
the same hydrogen production as ordinary combustion 
processes, it eliminates the need for a carbon capture 
system, which improves the performance process. As a 
result, the best PtG efficiency results are achieved with 
oxy-combustion process (39.78%). The global efficiency 
of the processes analyzed is relatively similar, ranging 
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between 17.56% and 14.98%.  

Table 1: Efficiencies of the processes. 

CONCLUSIONS 
Different processes to integrate renewable energy 

with CCPP as energy storage systems are optimized and 
evaluated. The current CCPP could be part of this type of 
system by coupling the new sections of hydrogen pro-
duction, carbon capture and methane production. Re-
newable energy (wind or solar) is employed to produce 
hydrogen by a PEM electrolyzer when there is an excess 
in the electric grid. Then it is mixed with CO2 purified to 
generate methane, which is again burned at the combus-
tion chamber in the CCPP. The three processes are opti-
mized and modeled using the first principles, thermody-
namics equilibria, rules of thumb. Next, the cost estima-
tion studies are performed and, finally, a scaling study 
using as base the capacity of the Spanish CCPP.  

A large difference exists between the electricity 
production cost in ordinary combustion processes and 
oxy-combustion process. For a CCPP group with nominal 
power of 400 MW ordinary combustion processes reach 
a production cost of 250 -300 $/MWh and around 
470 $/MWh for oxy-combustion processes. However, 
the difference is reduced when it is considered that oxy-
gen cannot be sold, and the production cost is approach-
ing the oxy-combustion ones. 

The process global efficiencies are not particularly 
high (14.98% - 17.56%), but they demonstrate the poten-
tial of these technologies as a viable alternative for en-
ergy storage. This highlights the importance of future de-
velopment and optimization of these processes to ex-
pand the number of options available for integrating re-
newable energy into the storage energy system. 
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