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High-temperature steam/CO2 electrolysis process has been the scope of study for the

last decades. This study confers a feasible and environmental approach to convert

low-carbon electrical energy into chemical energy, stored in the form of synthetic gas

(H2 and CO) to be further processed in line with the final use target. It focuses on the

Power-to-Methane technology using a high-temperature molten carbonates electrolyzer

(MCEC). A large-scale process composed of the built-in MCECmodel and the Balance of

Plant (BOP) equipment is proposed and simulated with AspenPLUS software, taking into

consideration the possible heat integration in the system for saving energy consumption.

The proposed full-based process system shows an overall efficiency of 72%. The

employment of this carbon neutral process relies on its economic competitiveness. For

this reason, an economic assessment is conducted to investigate the economic feasibility

of the proposed process. Indeed, the current methane production cost resulting from this

process is not as competitive as market prices induced by other technologies. However,

a parametric study demonstrating the impact factors on the methane selling price reveals

that amelioration in the lifespan of the electrolyzer, accompanied by a reduction in its cost,

can be an attractive solution, given the current market technology. This overall analysis

sheds light on the role of the proposed process as an environmental-friendly and cost

feasible solution for synthetic methane production.

Keywords: Molten Carbonate Electrolysis Cell, CO2, power-to-gas, methane synthesis, economic assessment

1. INTRODUCTION

The term, global warming, has been all over the media since the late 19th century. It is defined as
the continuous increase in the average temperature of the climate system of the Earth. Researchers
confirmed that carbon dioxide (CO2), released from fossil fuels and industrial applications, is
considered the principal promoter of global warming, which, in turn, influences the temperature
of the Earth’s crust causing climate changes (Lacis et al., 2010). In this regard, a worldwide concern
toward the objectives of reducing energy consumption, maximizing energy efficiency, switching
into alternative fuels, increasing renewable energy share, and reaching a zero CO2 emissions were
stated in the agreements: Rio in 1992, Kyoto in 1997, and Paris in 2015 (Klimenko et al., 2019).
Unfortunately, the high penetration of renewable energy sources causes difficulty in integrating the
electrical energy from renewable energy into the electricity grid because of their intermittency and
fluctuation; thus a large-scale energy storage is required. To solve this problem, Power-to-Gas/H2
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came as an alternative to store this intermittent energy in the
form of chemical fuels, like hydrogen or synthetic gas, through
water electrolysis.

The Power-to-Gas concept was studied using different types
of electrolysis cells. The electrolysis can be conducted at
low temperature using alkaline electrolyzers (AEL) or proton
exchange membranes (PEM) or at high temperature using solid
oxide electrolyzers (SOEC) or molten carbonate electrolyzers
(MCEC). Among these different types of electrolyzers, high-
temperature electrolysis cells seem as promising technologies,
as their advantage is the low electrical voltage compared to
low-temperature processes. This could be potentially converted
into a major advantage if the need for thermal energy for
steam generation is freely available from waste heat and if the
technologies show higher lifespans than the systems available
today. From kinetic point of view, high temperature reduces cell
overpotential through promoting the electrode activity, which in
turn, lowers the energy losses (Rashid et al., 2015).

High-temperature electrolysis technology was under
development several years ago, but the effort has concentrated
on solid oxide electrolysis cell. The first project was developed
in Germany in 1980. Eight years later, the development of
this technology has reached an advanced status where a single
cell has been operated for a long-term test (Donitz and Erdle,
1985). In the 21st century, this technology recaptured attention
with the increase in renewable energy capacity, since it was
considered an effective solution to balance between renewable
energy fluctuation and energy supply-demand. Several studies
were carried out to study the feasibility of SOEC electrolyzer
in the Power-to-Gas process. At the SOEC performance level,
it was found that the potential losses of the cell can be reduced
with the decrease in the current densities and the increase in
temperature of the cell (Udagawa et al., 2007). In 2009, a research
program was established at the Idaho National Laboratory (INL)
to tackle the issues associated with the industrial scaling up of the
solid oxide electrolysis cell technology for efficient production
of hydrogen from high-temperature steam (Brien et al., 2009).
Within this program, a large-scale high-temperature based on
solid oxide electrolyzer process performance was evaluated, and
it was revealed that the overall syngas production efficiencies
could reach 50% for High Temperature Electrolysis (HTE)
with reactor outlet temperature above 850◦C (O’Brien et al.,
2010). Later, Petipas et al. (2013) demonstrated that a pressured
high-temperature SOEC based system showed a 91% efficiency
that is influenced by the operating power load. In Laoun (2007),
the entire efficiency of the water electrolysis was expected to be
improved by high pressure or low temperature operation. The
latter was confirmed by a research work performed years later by
Wendel et al. (2016), which revealed that higher efficiencies can
be achieved either with pressurized systems operating at a higher
temperature and fuel utilization or with non-pressurized systems
running at low temperatures.

More recently, effort has been focused on carbon dioxide
capture and utilization, as well as renewable energies, for
reducing the CO2 emissions. This target raises the concern on the
co-electrolysis of CO2 and H2O in high-temperature electrolysis
cells as the concept of the co-electrolysis of CO2 and H2O to

produce synthetic gas was first studied by Stoots et al. (2008)
and then by Taylor et al. (2009) using a solid oxide electrolysis
cell. Stoots et al. (2008) deduced that CO is chemically produced
via Reverse Water Gas Shift (RWGS), and there is no electrolysis
of CO2. On the contrary, Taylor et al. (2009) showed, through
their study on the variation of ASR between H2O electrolysis and
CO2 electrolysis, that the reduction of CO2 and H2O occurs in
a Ni/YSZ-based SOEC during the co-electrolysis of steam and
CO2 to produce CO. Besides, the authors stated that the CO
is also produced via RWGS in parallel with the electrochemical
reactions. Later, Ni (2012a,b) presented a 2D model to study the
co-electrolysis of CO2/H2O in the SOEC for syngas production
and assess the contribution of the RWGS reaction to the CO
production. It was found that the RWGS reaction significantly
alters the H2O/CO2 electrolysis, where its contribution depends
on the operating temperature and the inlet gas composition. Also,
the study showed that CO is produced by RWGS reaction at low
operating potential; however, it is produced viaWGS reaction at
high operating potential.

Syngas production, mainly CO, within the cell through CO2

electrolysis or RWGS has turned into a promising approach
in the Power-to-Gas process. Redissi and Bouallou (2013) has
considered the co-electrolysis of H2O and CO2 in the solid oxide
electrolyzer when examining the overall Power-to-Gas process.
This process revealed an efficiency of 62.3%, which is lower than
the system that produces only hydrogen. On the other hand,
Er-rbib et al. (2018) evaluated the overall performance of the
Power-to-Gas system based on SOEC, showing a 67.1% process
efficiency. In their simulation, CO is chemically produced and
not electrochemically. Indeed, the concept of co-electrolysis in
SOEC is still ambiguous due to the contradictory outcomes.

During these 40 years, high-temperature steam electrolysis
using the solid oxide electrolyzer technology has reached an
advanced level concerning the electrolyte composition and
electrode materials (Hu et al., 2014). However, this technology
is mainly functioning at high temperature between 973 and
1,073 K, which leads to various challenges in term of (a)
cell degradation, (b) longer start-up/break-in duration, (c)
mechanical instability due to thermal stress, and (d) loss of gas
tightness (electrolyte/sealant failure) (Pandiyan et al., 2019).

On the contrary, molten carbonate fuel cell technology, that
has already been commercialized and implemented in South
Korea, the USA, and Europe (Chery et al., 2015a), is now
under the scope of interest in the field of CO2 capture and
storage accompanied by the renewable energy storage through
the co-electrolysis of CO2 and H2O in a molten carbonate
electrolysis cell. In fact, this type of electrolyzer is recommended
for CO2 transformation since CO2 is highly soluble in the molten
carbonates, which are the electrolytes of the MCEC (Chery et al.,
2015b).

As for the co-electrolysis of CO2 and H2O in the MCEC,
there is still a lack of comprehension regarding the CO2

electrochemical reaction into CO using the conventional fuel cell
set-up, which is molten carbonate electrolyte, and the Ni and
NiO as catalysts for the fuel and oxygen electrodes, respectively.
Most of the studies, that proved the conversion of CO2 into
CO or C, were performed using flag electrodes. Peelen et al.
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(1997) studied the electrochemical reduction of CO2 into CO on
a gold flag electrode in 62/38 mol % Li/K carbonate mixture in
the temperature range of 575–700◦C. Also, Kaplan et al. (2010,
2012) reported the conversion of CO2 to CO by using a cell with
a molten electrolyte mixture of lithium carbonate and lithium
oxide at 850–900◦C. The electrodes were graphite (anode) and
titanium (cathode) and not conventional MCFC electrodes (Ni-
based materials), and the working temperature was much higher
than that of the MCFC system. Despite all the studies performed
on high temperature co-electrolysis, there is no concrete evidence
for the electro-reduction of CO2 into CO using the conventional
MCFC as an electrolyzer. Accordingly, more studies are currently
under research to find the best electrocatalyst to promote the CO2

electro-reduction in the MCEC (Meskine et al., 2020).
This study aims to assess the molten carbonate electrolysis

cell in the syngas production and energy storage, taking into
account all the unitary operations needed to achieve a low
energy intensive process that provides syngas in the specifications
required. To do so, a fully-proposed process is simulated with
AspenPLUS using the built-in MCEC model, and the Balance
of Plant (BOP) equipment. The concept of the process is to
convert H2O and CO2 into synthetic gas (H2 + CO) and
then into synthetic methane, while taking into consideration
the possible heat integration in the system for saving energy
consumption. Afterward, a process efficiency study is performed
to get an overview of the energy efficiency feasibility of the
proposedMCEC power plant process. Finally, an economic study
is accomplished to comprehend the cost feasibility of such a
process and identify the cost-driver parameter of the production
cost of methane.

2. POWER TO METHANE PROCESS

2.1. Electrolysis Process
The electrochemical reactions involved in the molten carbonate
electrolysis cell are the reduction of H2O with the help of
CO2 at the cathode electrode side and the oxidation of the
carbonate ions CO2−

3 at the anode electrode side, as presented
in Equations (1) and (2), respectively. CO2 inlet at the cathode
side is essential for producing carbonate ions, thus preventing
degradation of the cell caused by the loss of carbonate CO2−

3
based electrolyte. According to the study of Bove et al. (2020), it
was reported that a low CO2 cathode feed can substantially affect
the electrochemistry of the cell.

H2O+ CO2 + 2e− −→ H2 + CO2−
3 (1)

CO2−
3 −→

1

2
O2 + CO2 + 2e− (2)

Many studies have been carried out on the possibility of
electrochemical conversion of CO2 into CO, as presented
previously in the literature, through the following reaction
(Equation 3):

2CO2 + 2e− −→ CO+ CO2−
3 (3)

In this study, CO2 electrolysis (Equation 3) is not considered
since it was reported that it is kinetically slow compared to H2O
electrolysis (Equation 1) (Watanabe, 2016). Nevertheless, carbon
monoxide is still chemically produced via RWGS (Equation 4).

CO2 +H2 −→ CO+H2O (4)

On the other hand, the presence of CO2 and H2 in the inlet
feed gas can lead to the formation of methane gas inside the cell
through a methanation reaction (Equation 5).

CO2 + 4H2 −→ CH4 + 3H2O (5)

2.1.1. Electrochemical Model: Presentation and

Validation
The cell potential, Vcell (Equation 6), is an essential parameter
in the electrochemical process and is a function of the operating
conditions, temperature, gas composition, flow rate, and the
current density (j). The electrochemical model consists of three
terms: reversible voltage Vrev (Equation 7), that is a function of
temperature, Nernst voltage, Vnernst (Equation 8), which depends
on both temperature and partial pressure of the gas, and a
term named Area Specific Resistance (ASR), representing the
overpotential losses of the cell, as presented below.

Vcell = Vnernst + j.ASR(T) (6)

Vrev =

1G0
Tcell ,electrolysis

neF
(7)

Vnernst = Vrev −
RTcell

neF
ln (

PH2O

PH2 .P
1/2
O2

.
PCO2,fe

PCO2,oe
) (8)

In fact, the voltage required for operating an electrolysis cell
is significantly higher than the theoretical reversible voltage,
Vrev, due to the overpotential losses resulting from gas diffusion
and transportation, charge transfer, and the resistance of the
electrolyte and the electrodes. These losses can be categorized
into three types, ohmic resistance losses, activation losses, and
concentration losses. From Ohm’s law, ohmic losses can be
calculated as a function of temperature. Activation losses are
determined based on the Butler-Volmer equation that depends
on the materials used. For the concentration losses, they express
the losses due to the mass diffusion of the reactants from the bulk
phase into the reaction phase and are calculated from Fick’s law
(Ni, 2012b).

However, these losses equations require more detailed
experimental data that is lacking in this study. Consequently,
a gray-box model, derived from experimental data performed
on a solid oxide electrolysis cell by Fu et al. (2010), is adapted
for this study because it provided accurate results. Besides,
this exponential form model was used by several authors with
different coefficients based on their experimental data (O’Brien
et al., 2010; Petipas et al., 2013; Mottaghizadeh et al., 2017).
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Therefore, the overpotenial losses, mentioned in this study, are
calculated by the ASR equation below (Equation 9):

ASR(Tcell) = A0exp(
4900

Tcell
− 5.95)+ ε (9)

In this study, the ASR exponential term equation (Equation 8)
with a coefficient A0 equal to 1�.cm2 is considered and corrected
by a factor ε (�.cm2), which symbolizes the adjustment related
to the difference in electrode-based catalyst and to cell materials
between the SOEC and the MCEC. The correction factor, ε, is
calculated based on the current density vs. cell potential graph
in Figure 1, supplied from the experimental work performed at
the laboratory of the École Nationale Supérieure de Chimie de
Paris (Meskine et al., 2020). The laboratory testing electrolysis
cell is a single cell setup with an electrode surface area of 3.14 cm2,
developed with the aid of Fiaxellr testing systems. It includes
the stack electrodes (fuel electrode Ni and oxygen electrode NiO,
2.1 cm diameter and 0.08 and 0.069 cm thickness, respectively),
the electrolytic matrix (γ − LiAlO2, 3.6 cm diameter and 0.05
cm total thickness), and the electrolyte (Li-K 62:38 mol%, 3.6 cm
diameter and 1.8 mm total thickness). The cell operates at 650◦C
and at atmospheric pressure. The cathode side (fuel electrode)
of the cell is fed by a gas mixture of 64% H2, 20% H2O, and 16%
CO2, while the anode side inlet gas composition is 30% CO2, 15%
O2, and 55% N2.

The experimental graph in Figure 1 is composed of four
curves, where the thin curves correspond to the current voltage
profile, and the thick ones represent the cell power trend with the
current density, at start-up of the cell (red one) and after 1,630
operating h (green one). In our case, the model is performed at
the steady state; therefore, the experimental data is extracted from
the thin red curve. From this curve, a linear regression equation
of the form y = ax + b is extracted. The slope value, a, in this
equation, represents the ASR value. Accordingly, the factor ε

is calculated by a simple subtraction phenomenon between the
value, a, and the first term of the ASR equation, [A0exp(

4900
Tcell

)]

value, adapted from Fu et al. (2010).
As for the model results, Figure 2 shows the cell potential in

both electrolysis and fuel cell modes as a function of current
density, where negative current densities correspond to the
electrolysis mode and the positive ones to the fuel cell mode.
The results show a satisfactory agreement with the experimental
results with an average error of around 2% (Figure 2). Besides,
the model is validated by the experimental results obtained by
Pérez-Trujillo et al. (2020) at different inlet compositions. The
model results agree with the experimental ones with an average
error of 1% for 50/25/25% H2O/CO2/H2 inlet gas mixture
composition and a 4% for 25/50/25%H2O/CO2/H2 composition.

Another parameter must be taken into consideration when
operating the cell. This parameter is called thermo-neutral
potential, Vtn, which corresponds to the voltage at which the cell
charge or discharge process puts out zero heat. More specifically,
if the cell potential is lower than Vtn, the cell is in an endothermic
state; thus, the gas outlet temperature will be lower than the inlet
temperature. On the contrary, if the cell potential exceeds Vtn,
the cell reaches an exothermic state, causing an increase in outlet

FIGURE 1 | Cell potential vs. current density supplied from the experimental

data (Meskine et al., 2020).

FIGURE 2 | Model and experimental curves representing the cell potential (V)

as a function of the current density (mA/cm2 ) in both electrolysis cell (left) and

fuel cell (right) modes.

stream temperature. In other words, this temperature fluctuation
can be explained by the fact that the heat produced by electric
heating is smaller than the heat required by the reaction at cell
potential below Vtn; however, it is higher than the heat required
by the reaction when the cell voltage transcends Vtn. Therefore,
Vtn is calculated based on the electrolysis heat enthalpy,1HTcell ,r,
using the equation below (Equation 10):

Vtn =
1HTcell ,r

neF
(10)

The temperature profile vs. the cell potential resulting from the
model, illustrated in Figure 3, is in agreement with the previously
stated theoretical fact and the state-of-the-art (Hawkes et al.,
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FIGURE 3 | Effect of the cell potential on the outlet temperature of the cell

streams during electrolysis cell mode.

2007). From this result, it can be deduced that the model used
in this study has been successfully validated.

2.2. Methane Production Process
Methane is synthesized via a thermo-chemical hydrogenation of
a carbon source, carbon monoxide (CO), and/or CO2, with the
aid of a metal catalyst (Seemann and Thunman, 2019; Vlap et al.,
2019), according to the reactions in Equations (11) and (12).
These two reactions are connected to the reverse water-gas shift
RWGS reaction which represents an intermediate reaction.

CO+ 3H2 −→ CH4 +H2O (11)

CO2 + 4H2 −→ CH4 + 2H2O (12)

Both reactions are strongly exothermic with a standard reaction
enthalpy of 1HR298K = −205.9 kJ/mol and 1HR298K =

−164.8 kJ/mol, respectively (Seemann and Thunman, 2019).
Consequently, the enormous heat released must be removed to
avoid thermal degradation of the catalyst and damage to the
reactor walls.

The synthetic gas produced from the electrolysis process
contains H2, CO2, and CO. For themethanation process to occur,
the syngas composition must follow a mole-fraction based ratio
(ZH2 − ZCO2 )/(ZCO2 + ZCO) of around 3 (Wang et al., 2019).

2.3. General Assumptions
An MCEC model was applied for a single cell and implemented
with the ASPENPLUS software for the process simulation. At
the scale-up of the MCEC unit, a number of cells are assembled
together and separated by a bipolar plates to form what is
called a “Stack.”

For the process simulation, a sensitivity analysis was
conducted to study the effect of the inlet composition on the
cell potential and syngas composition. From this study, the inlet
composition was chosen in a way to get a syngas composition
following a specific ratio of 3 required for methanation.

In this process simulation, some assumptions were applied to
the MCEC stack model:

• The presented MCEC stack of 250 kW power consumption
consists of a series of cells with an electrode active area of
9,000 cm2, based on the industrial surface area of the MCFC
cell produced by the Fuel Cell Energy Manufacturers (Fuel
Cell Energy Inc., 2005), where the scale-up of the model is
performed by determining the number of cells required for the
stack to consume 250 kW electric power.

• The possible reactions that may occur within the bipolar plates
are not considered.

• The methanation reaction inside the cell is not considered in
this study because the inlet conditions of the cell do not meet
the ones required to promote methane production.

2.4. Process Overview
Figure 4 below shows a decomposition of the Power-to-Gas
system into three main subsystems:

1. The Electrolysis Process, which includes the MCEC stack and
all additional components that provide the desired operating
condition. The main responsibilities of this subsystem are:

• Vaporizing the water and the CO2 feed mixture at the
cathode side to generate a fully vaporized stream using the
waste heat from the system (Steam generation block)

• Heating the inlet streams of the cell to its target operating
temperature, which is 650◦C

• Producing syngas within the MCEC stack

2. The Syngas Purification and Post-treatment subsystem,
which is responsible for:

• Separating water from syngas
• Compressing and heating the syngas to reach the

conditions required for promoting methane synthesis

3. TheMethane Synthesis Process which is in charge of:

• Transforming syngas into a methane product within
the reactor

• Purifying the produced methane to meet the specification
required to inject it into the natural gas (NG) grid

In Figure 4, the solid lines represents the flow streams, while
the dashed lines refer to the energy streams where the blue ones
correspond to the heat released and the red ones to the heat
supplied. The steam generation block refers to the process where
the waste heat from the system (blue dashed lines), represented
by Q1 (heat released during methanation process), Q2 and Q3
(cooling duties of the product streams of the cell), and Q4 (heat
of condensation of water in the methane reactor product), is
transferred through a series of heat exchangers into the inlet feed
of the cell (red dashed line). This process will be demonstrated in
section 2.5.1. Besides, the main thermo-chemical properties of
the main streams in Figure 4 are reported in Table 1.
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FIGURE 4 | General configuration of the Power-to-Gas (methane) system using MCEC electrolyzer.

2.5. Process Description
At the start-up of the system, water coming from the supply
network, at ambient temperature and atmospheric pressure, is
pumped to meet the operating pressure 2.94 bar, as shown
on the right side of Figure 4. In parallel, a stored CO2 at
ambient temperature and 50 bar is expanded via a valve. In
this simulation, a pure CO2 is considered and its conditions
are chosen based on the fact that CO2 is transported, stored,
and handled at two conditions, either ambient temperature and
pressure of 45–65 bar or temperature between −35 and −15◦C
and pressure of 12–25 bar (Properties et al., 1990). The outlet
temperature of the valve is below 0◦C, so it is reheated through
heat exchangers to reach around 35◦C.

The CO2 stream is split into two equal flow fractions to supply
both sides of the cell since an inlet flow is needed to sweep out
the produced CO2 and O2 at the anode electrode side. Besides,
this flow fraction of CO2 at the anode electrode side also serves
as a cooling utility required to cool down the exiting products
before purification.

The electrolysis process operates in two closed loops which
are only connected based on the phenomenon occurring at the

MCEC stack level. The first loop called oxygen loop (Anode side),
presented on the left side of Figure 4, is supplied by the inlet
stream, CO2ANODE, and the recycled stream from the outlet
stream of the cell, OUTANODE. This mixture stream will be
heated up to 650◦C by a heat exchanger using the outlet stream,
OUTANODE, as a heating utility. Afterward, the outlet stream,
OUTANODE, is further cooled down by a heat exchanger where
a heat duty, Q4, is released. This stream contains CO2 and O2

that can be separated in order to take advantage of selling oxygen
and recycling CO2 into the process.

Regarding the second loop on the cathode side, the stream,
named CO2CATH, is mixed with water exiting the pump. The
mixture stream is vaporized through a steam generation process,
that will be discussed in details in section 2.5.1. After this process,
the vaporized stream is mixed with the recycled stream from the
cell, which will be heated via a heat exchanger using the outlet
stream, OUTCATH, as a heating utility, and an additional heater
to reach the target temperature of 650◦C.

As for the purification and the post-treatment subsystem, it
is initiated by cooling down the OUTCATH stream to condense
the contained water and separate it from the rest of the stream
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to be further stored and reused. This procedure required a heat
exchanger, by which a heat duty Q2 is released, and a fan to
reach ambient temperature, followed by two drum to remove the

TABLE 1 | Summary of the thermodynamic and chemical properties of the

process streams.

Stream T P F Molar Composition (mol %)

Nb (◦C) (bar) (kmol/hr) CO2 H2O H2 CO O2 CH4

E
le
c
tr
o
ly
si
s
p
ro
c
e
ss

1 25 50 8.35 1 – – – – –

2 −36.7 3 8.35 1 – – – – –

3 27.2 3 4.175 1 – – – – –

4 27.2 3 4.175 1 – – – – –

5 25 1.013 5 – 1 – – – –

6 22.9 3 9.175 0.46 0.54 – – – –

7 458.72 2.88 10,66 0.4 0.52 0.067 0.0086 – –

8 650 2.88 10,66 0.4 0.52 0.067 0.0086 – –

9 724 2.88 7.41 0.095 0.35 0.48 0.062 – –

10 650 3 6.43 0.94 – – – 0.06 –

11 724 3 11.3 0.82 – – – 0.18 –

12 467.5 3 9.04 0.82 – – – 0.18 –

13 197.1 3 9.04 0.82 – – – 0.18 –

S
yn

g
a
s
tr
e
a
tm

e
n
t
a
n
d

m
e
th
a
n
a
tio

n

14 468.7 2.88 5.93 0.095 0.35 0.48 0.062 – –

15 5 2.88 5.93 0.095 0.35 0.48 0.062 – –

16 300 30 3.7 0.12 0.004 0.78 0.0099 – –

17 300 30 2.1 0.004 0.6 0.017 2.83e−6 – 0.38

18 25 29.6 2.1 0.004 0.6 0.017 2.83e−6 – 0.38

19 25 29.6 0.875 0.0094 0.0015 0.041 7.02e−6 – 0.95

condensed water, with an inter-stage cooling via a heat exchanger,
to promote water condensation and separation. The heat released
by the inter-stage cooling is used to heat up the inlet CO2 and is
represented by the red dotted stream, Q, in Figure 4. In Figure 4,
a single drum is illustrated, representing water separation.

Subsequently, rich synthetic gas exiting the water removal
drum enters a new procedure to be prepared for methanation.
First, it is compressed by three consecutive compressors
of pressure ratios 2.8 to attain the operating pressure of
methanation, which is chosen to be 30 bar. The compressors are
accompanied by inter-stage coolers to remove the heat generated
by compression, thus lessening the compression work and
avoiding mechanical damages. Besides, these inter-stage coolers
exchange heat with the CO2 inlet feed through heat exchangers.
This overall compression process is summarized by a single
compressor in the configuration presented in Figure 4. Finally,
the synthetic gas composed of H2, CO, and CO2 passes through
a heater to increase its temperature to 300◦C, a temperature
recommended for the methanation catalyst to be active.

Finally, the syngas stream is fed into an iso-thermal reactor,
where methane synthesis will take place. Then, it exits the reactor
at a temperature of 300◦C to be cooled down into ambient
temperature. This step is mainly performed to promote the
separation of water and other impurities from the produced
methane in order to meet the final use specifications. Throughout
this process, the heat released, represented by the heat duty, Q1,
in Figure 4, is supplied to the steam generation process. The
methane product can be stored and transported to the consumers
or can be directly injected into the NG grid. The latter is
considered as a final use of the synthetic product. The NG
grid requires specifications for the gas before injection. Some
countries set out their particular specifications for injecting the
NG into the network. For instance, the NG network in France
entails specific requirements. Thus, NG, that will be injected

FIGURE 5 | Steam generation subsystem within the full MCEC process system.

Frontiers in Energy Research | www.frontiersin.org 7 May 2021 | Volume 9 | Article 650303

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


Monzer et al. Modeling and Simulation of MCEC

into the NG grid in France, must contain <2.5% CO2, <2%
CO, and <6% H2 and have a Wobbe index range between 49.1
and 56.52 MJ/Nm3 (MARCOGAZ, 2006). In this study, the final
synthetic methane product contains 94.8% CH4, 4.1% H2, 0.9%
CO2, 0.15% H2O, and traces of CO and has a Wobbe Index of
52.02 MJ/Nm3 (at 0◦C and 1 atm standard conditions). With
these properties, it can be deduced that the produced methane
strongly satisfies the french grid requirements.

2.5.1. Steam Generation Process
The mixture stream (H2O and CO2) passes through five heat
exchangers (HX4, HX5, HX6, HX7, HX8) with different heat
sources to obtain a vapor state stream, as shown in Figure 5. The
steam generation process utilizes the most available heat sources
in the system.

Starting with the complementary heat exchangers, HX4 and
HX6, presented on the left side of Figure 5:

• The heat source is supplied to the liquid mixture by the steam,
which is condensed in HX6 and cooled in HX4

• This steam is generated by the absorbed heat from themethane
synthesis reactor to keep it in an iso-thermal state

The feed mixture utilizes the heat remained in the cooling water
(Q1.1) through the heat exchanger HX4 and then passes into the
second heat exchanger HX5. The heat exchanger HX5 transfers
the heat (Q2) between the liquid mixture and the syngas exiting
the cell at the cathode side. After that, the partially vaporized feed
is supplied with additional heat (Q1.2) through heat exchanger
HX6, which uses the steam from methane reactor, and two other
heat exchangers HX7. The heat exchanger HX7 transfers the heat
(Q3), that is the heat of condensation of the methane product
stream exiting the reactor. By these four series heat exchangers,
the feed stream is totally vaporized. However, additional heat is
provided by the heat exchanger HX8 to further increase the feed
temperature. This heat (Q4) is supplied from the outlet stream of
the oxygen electrode (anode side) into the feed liquid stream.

2.6. Process Efficiency Study
The performance of the system is investigated by evaluating the
overall efficiency. The efficiency of the MCEC system, ηMCEC,
is defined by the ratio of heating power contained in produced
methane and the total consumption of the system, which is
composed of the power consumed by the stack, Ẇel,MCEC, and
the consumption of the BOP equipment, Ẇel,BOP.

ηMCEC =
ṁCH4,prod × LHV

Ẇel,MCEC + Ẇel,BOP
(13)

In order to achieve the best performance of the overall process,
several improvements have been performed throughout
the process development. This improvement scenario
mainly targets the steam generation process and can be
presented in three different cases, which are discussed below
(see Figure 5).

• Case I: Water and CO2 vaporization using only an electric
heater

TABLE 2 | The power consumption values of the system for the three cases.

Case I Case II Case II

Ẇel,MCEC 250 kW

Ẇel,BOP 142.53 kW 98 kW 24.8 kW

ṁCH4 ,prod 12.78 kg/h

LHV of methane 50,000 MJ/kg

• Case II: An electric heater accompanied by the heat
integration from the system represented by two heat
exchangers: HX5 and HX7

• Case III: Three additional process heat exchangers, namely
HX4, HX6, and HX8, are added to the previous case,
eliminating the need for an electric heater.

The electric energy consumed by the process and the heat
contained in the produced methane in the three cases are
summarized in Table 2. From this data, the overall performance
of the system for the different cases is evaluated. The results,
displayed in Figure 6, revealed a considerable improvement
of 20% in the efficiency from the first two cases to the
third one. While comparing the modifications between
the cases, the heat integration via the heat exchangers
HX5 and HX7 has slightly improved the performance
of the system. However, the noticeable improvement is
obtained when the heat exchangers HX4 and HX8 are added,
reaching a value of 72%. These heat exchangers supply
an overall duty of 70.47 kW. By this step, the primary
energy consumed for steam generation, included in the
value of Ẇel,BOP, is reduced, leading to an increase in the
overall efficiency.

Combining the process modification and the pinch
integration enables us to manage improvement in the energy
efficiency of the process by acting on energy recovery and reuse
possibilities. In this study, the pinch integration will not be
addressed. However, the hot composite and cold composite
curves of the process streams, as well as the grand composite
curve, are presented in Figures 7, 8, respectively. These curves
correspond to the case III scenario and aim to determine the
minimum utility requirements of the system. The results revealed
that the minimum heating utility required is 0 kW and the
minimum cooling one is 75.16 kW. By comparing these values
with that of case I and II, it was found that the minimum heating
and cooling utility requirements are lower in case III. The results
of the pinch study reveal that the process integration can be
further optimized to eliminate the 9 kWheating utility used in the
proposed process.

2.7. Economic Assessment
2.7.1. Cost Assumption
Following the overall system simulation, an economic assessment
is fulfilled to evaluate the capital investment and the operating
expenses of the process plant. The costs of the main equipment
are calculated as per kW consumed, based on our own price
database with other data presented in the other literature
(Rivera-Tinoco et al., 2016; Remick and Wheeler, 2010; Dadhich
et al., 2005). It is relevant to note that the data chosen for
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FIGURE 6 | The efficiency evolution of the overall system from Case I into Case III.

FIGURE 7 | Composite Curves of the process stream for Case III.

this study is dated back to 2005 and 2010 and is not updated
due to the fact that obtaining new cost data is restricted to
institute privacy policies, and it is quite expensive. The chosen
data mainly targets the MCEC cost and the purchase price
of CO2. For this reason, these parameters were estimated for
the reference case, and a sensitivity analysis was performed
to investigate the influence of these costs on the selling price
of methane. All these expenses have been put together within
the Equation (14) stated below (Rivera-Tinoco et al., 2016),
intending to estimate the actualized cost per amount of methane.

CTAi =

∑T
t=0(Cinvestt + Celectrolyzert + Cenergyt + Cfeedstockt + Creplacet + Cmaintenancet )× (1+ τ )−t

∑
[Pit × (1+ τ )−t]

(14)

where:

CTAi Actualized total cost (e/kg)
Cinvest Investment cost excluding electrolyzers (e)
Celectrolyzer Investment cost of electrolyzer (e)
Cenergy Operating cost related to energy consumption (e)
Cfeedstock Annual feedstock cost (water, CO2) (e)
Creplace Investment cost of replacement of the equipment
and electrolyzer (e)
Cmaintenance Maintenance expenses excluding replacement
expenses as a % of energy costs (e)
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FIGURE 8 | Grand Composite Curve of the process stream for Case III.

Pi Annual production of component i (methane) (kg)
t Year in which expenses are executed
T Lifespan of production unit (years)
τ Actualization rate

In this assessment, the investment cost, CAPEX, is determined
by considering the cost of the cell and all the required balance
of plant equipment costs. Along with that, a replacement cost
is calculated according to the lifespan of each equipment, the
operating hours, and the overall lifetime of the plant which
are chosen to be 8,000 h/year and 20 years, respectively. The
maintenance cost is postulated at a level of 3% of operating costs
and an actualization rate of 10%. For the operating cost OPEX,
it is calculated as per kg of water and CO2 required and as per
kW of the electrical power consumed. It is relevant to note that
investment cost and lifetime of the balance of plant equipment,
the water cost, maintenance cost, and the actualization rate are
kept fixed throughout the overall study.

2.7.2. Reference Case
At the very beginning, it should be mentioned that the cell stack
cost, lifespan, and the cost of CO2 feedstock are assumed to
be among a range of price values acquainted in the literature
(Remick and Wheeler, 2010; Dadhich et al., 2005). Besides, the
price of the molten carbonate electrolysis cell is assumed to be the
same as the molten carbonate fuel cell due to the same material
structure and catalyst used. In this simulation, the investment
cost of the MCEC, which includes all of the fuel cell module,
the BOP equipment, and the installation and commissioning
expenses, and the lifetime of the cell are fixed to be 3,500e/kW
and 10,000 h, respectively (Remick and Wheeler, 2010), while
fixing all other equipment cost and lifetime. Regarding the
feedstock expenses, the cost of water is fixed at 3e/ton (Rivera-
Tinoco et al., 2016), and the price of the captured CO2 is assumed
to be 50e/ton, which can fluctuate depending on the technology

used to capture it (Dadhich et al., 2005). For the electricity cost, a
value of 80e/MWh is fixed, where this cost may change from one
country to another depending on the renewable energy sources
used to generate electricity.

Using this pricing database, the price of the methane was
found to be 12.58e/kg. This value is extremely high compared
to the market price, which is 1.103e/kg in Europe (European
Commission, 2017). In addition to the final methane price, a
cost breakdown scenario is presented in Figure 9 to have a
valuable overview of the cost details and to know the major
contributor for cost reductions. According to the graph, the
CAPEX, including both first investment at year 0 and the
replacement expenses throughout the lifetime of the plant,
represents around 75% of the total cost. Consequently, these
results provide a beneficial perspective regarding the parameters
corresponding to cost reduction.

2.7.3. Sensitivity Study
The target of this study is to gain a better understanding of the
cost drivers and find out the limits of the cost reductions. As
known, two complementary costs are involved while performing
an economic study, which are the capital investment, CAPEX,
and the operating cost, OPEX. The reference case revealed
a higher CAPEX over the OPEX. Therefore, four parameters
related to both the CAPEX and OPEX are investigated within a
logical range. Besides, the cost of methane is assessed under the
variation of:

• Lifespan and cost of the electrolyzer (CAPEX)
• Captured CO2 Cost and electricity expenses (OPEX)

2.7.3.1. CAPEX Impact
First of all, the electrolyzer counts as the major contributor to the
large investment and replacement costs, which gives the notion
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FIGURE 9 | Methane cost breakdown based on CAPEX, OPEX, and replacement of the equipment.

FIGURE 10 | Methane cost breakdown based on CAPEX, OPEX, and replacement of equipment against variation on lifespan of the electrolyzer (A) and price (B). (A)

Cell’s lifetime of (a) 10,000 h, (b) 20,000 h, into (c) 50,000 h. (B) Electrolyzer’s price of (a) 3,500e/kW, (b) 2,500e/kW, into (c) 1,500 e/kW.

for studying the influence of the cost with variation in both the
lifetime and the investment price of the electrolyzer.

Figure 10A illustrates the fluctuation between the OPEX and
the CAPEX, mainly the replacement expenses with the increase
in the lifespan of the electrolyzers. The variation of the lifespan
of the electrolyzer from 10,000 to 20,000 h dramatically reduces
the replacement cost by around 30%. A further increase in
the lifetime of the cell causes an additional replacement cost
reduction of 12%. This variation in the replacement cost can
be translated to a decrease in the methane cost, as shown
in Figure 11. The cost of methane is reduced by 39%, while
increasing the lifetime of the cell by 10,000 h. In general, a 50%
reduction in methane cost is obtained with 50,000 h of lifespan
instead of 10,000 h. Thus, the lifespan of the electrolyzer largely
impacts the final price of methane, which means that more effort
is required to improve the lifetime of the electrolysis cell.

On the other hand, another parameter, the capital cost of the
electrolyzer, may affect the price of methane. In Figure 10B, the
cost breakdown with variations to the price of the electrolyzer
at a fixed lifespan of 10,000 h is presented. This demonstration

FIGURE 11 | Methane cost as a function of the electrolyzer’s lifespan and cost.

aims to evaluate the extent of influence of the cost of the
cell compared to the lifetime of the cell. Following the results
shown in Figures 10B, 11, a slight alteration in the replacement
cost with a decrease in the capital cost of the electrolyzer
compared to that of the lifetime variation can be regarded
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FIGURE 12 | Methane cost breakdown based on CAPEX, OPEX, and replacement of the equipment against variation on CO2 (A) and electricity cost (B). (A) CO2

cost from (a) 20e/ton, (b) 50e/ton, into (c) 100e/ton. (B) Electricity cost from (a) 30e/MWh, (b) 50e/MWh, into (c) 80e/MWh.

(Figure 10B). This minor variation contributes to a reduction
of around 36% in the cost of methane (Figure 11). Moreover, it
can be noticed from Figures 10A,B that the cost breakdown at a
lifespan of 20,000 h and at an electrolyzer cost of 1,500e/kW are
approximately analogous. This observation asserts the significant
need to improve the lifetime of the cell since a slight increase
in the lifespan has the same impact as a considerable decrease
in the price of the cell. Despite the small impact of the cost
of the electrolyzer, a decrease in its cost, accompanied by an
improvement in its lifespan, can be an economically effective
target scenario.

2.7.3.2. OPEX Impact
Apart from the CAPEX impact on the price of methane, the
captured CO2 cost and the electricity expenses, representing the
OPEX, are assessed to identify their effect on the cost of methane.
In Figure 12A, the cost breakdown of methane is presented with
variation in the captured CO2 cost between 20 and 100e/ton. In
fact, the price of the purchased CO2 depends on the technology
used by the supplier to capture CO2. As expected, the operating
cost diminishes with low CO2 price. This minor decrease in the
operating cost leads to a slight drop in methane price. While
viewing the influence of decreasing CO2 price from the reference
case value to 20e/kg, a 9% reduction in the methane cost is
noticed. Therefore, it can be deduced that the purchase price of
CO2 has a slight or even negligible influence on the methane
market price.

The electricity charge is a complementary parameter within
the operating cost. The fluctuation in this price will certainly
affect the OPEX of the plant. To better conceive the degree
of this modification, a parametric study on the electricity cost
is conducted, and the outcomes are displayed in Figure 12B.
The depreciation of the electricity cost from 80 to 30e/MWh
slightly modifies the OPEX with an entire reduction of around

7%, coupled with a decrease of 1.11e/kg in the price of methane.
This assessment demonstrated the insignificant impact of the
electricity cost on both the OPEX and the price of methane.

2.7.4. Best Case Scenario
As inspired by the parametric study, the best state for having an
approximate competitive methane selling price with the current
market price is proposed. In terms of priority, the lifespan of
the electrolyzer proved to be the major influencing factor on the
methane selling price. Therefore, improvement in the durability
and lifetime of the electrolyzer will be an effective target.
Thereafter, the investment cost of the electrolyzer comes as a
supplementary parameter for the high methane price. Regarding
the OPEX parameters (CO2 and electricity expenditures), they
contribute tominor effects on themethane cost. In conclusion, an
improved lifetime of the electrolyzer, a low cell cost per kW, and
a low utility cost can result in a relatively low methane marketing
price. These conditions were assessed and a methane price of
2.83e/kg was estimated, which is 78% lower than the reference
case. It is obtained at the following state:

• 45,000 h lifespan
• 1,000e/kW electrolyzer cost
• 30e/MWh Electricity
• 20e/ton CO2

Because of the huge influence of the CAPEX on the methane cost,
a lower methane selling price can be gained at lower CAPEX,
which is obviously achieved in this case scenario. In the final
analysis, this scenario can provide a promising opportunity for
implementing an environmental-friendly NG production plant
if all the previously stated conditions can be achieved. The
obtained price of 2.83e/kg becomes interesting as compared
to 1.103e/kg in the gas market, since it can be directly used
when the production plant is established in a particular region,
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whereas the current NG spot price still requires transportation
and injection services.

An interesting advantage of the methane produced from
Power-to-Gas is the CO2 credits that can generate income. For
instance, an income of 20e/ton of CO2, instead of a conventional
expense, reduces the operating cost of the process as well
as the selling price of methane. Consequently, this methane
produced by this process becomes economically competitive to
conventional NG. The computation reveals that a minimumCO2

credit of 9e/ton of CO2 can provide a methane selling price of
1.089e/kg methane under favorable conditions of lifespan and
other OPEX (electricity price), which is lower than the price
in the current gas market. In fact, it can be typically perceived
that the price of methane will decrease with an increase in CO2

credit. This beneficial impact of CO2 credits would encourage the
implementation of Power-to-Gas plants in future as a part of the
energy transition and storage strategy.

3. CONCLUSION

Power-to-Gas is a technology that serves as a way-out for
two main issues. On the one hand, this solution fulfills the
cumulative necessity for energy storage related to renewable
energy integration in power grid. On the other hand, it can
be an effective route for the sequestration and reuse of the
captured CO2 in the form of synthetic fuels. The main objective
of this study is to demonstrate the capability and the economic
feasibility of this technology using molten carbonate electrolysis
through process simulation and sensitivity analysis.

A large-scale process composed of the built-in MCEC
model and the BOP equipment is proposed and simulated
with AspenPLUS software. The simulation covers both the
electrolysis and the methane synthesis processes, starting from
raw material preparation to the production of the syngas, which
undergoes further purification and compression to reach the
feed specification of the methanation process ending within the
production of the synthetic methane product. In this proposed
process, the steam required for electrolysis is generated using the
internal heat of the system without the need for any external
energy for heating. The elimination of the external energy supply
for heating shows an improvement in the overall performance of
the system with an efficiency of 72 %.

Following this simulation, an economic study is carried out to
comprehend the feasibility of such a process and identify the cost-
driver parameter of the production cost of methane. Regarding
the current status, this process cannot handle the economic

competition against conventional methane synthesis processes.
According to the sensitivity study performed, it was found that
the lifespan and cost of the electrolyzer are the main contributors
to the production cost of methane, while the utility expenses
(electricity and CO2) show a negligible impact on methane
cost. Finally, a proposed scenario, that has been economically
studied, revealed a reduction of 78% in the production cost of
methane. This scenario involves a less expensive electrolyzer with
an improved lifetime and low operating expense.

In conclusion, this process technology can be an attractive way
to store energy and reuse CO2, if more effort and improvements
are performed on the technical and economic aspects of the cell.
From a technical viewpoint, improving the operation conditions
of a molten carbonate electrolyzer is recommended to promote
CO production through CO2 electrolysis, while avoiding the
consumption of the produced H2 via the reverse water gas shift
reaction. In this manner, vast amounts of methane are produced
with the same power input, leading to an increment in the overall
efficiency. Also, this process may be economically competitive
with other technologies, if the lifetime of the cell is improved and
the cost is reduced, in addition to a further increase in the carbon
tax imposed on CO2 emissions.
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NOMENCLATURE

Abbreviations

CO2 Carbon Dioxide
CO2−

3 Carbonate ion
H2, O2, N2 Hydrogen, Oxygen, Nitrogen
H2O Water
ASR Area Specific Resistance
BOP Balance of Plant
CAPEX CAptital EXpenses
CO Carbon Monoxide
Li/K Lithium Potassium Electrolyte Mixture
MCEC Molten Carbonate Electrolysis Cell
MCFC Molten Carbonate Fuel Cell
Ni Nickel
Ni/YSZ Nickel-Yttria-Stabilized Zirconia

NiO Nickel Oxide
OPEX OPerating EXpenses
ReSOC Reversible Solid Oxide Cell
RWGS Reverse Water Gas Shift
SOEC Solid Oxide Electrolysis Cell
WGS Water Gas Shift
Variables

ṁCH4,prod Mass flowrate of themethane produced by the process,
kg/h

Ẇel,BOP Power consumed in the Balance of Plant equipments,
kW

Ẇel,MCEC Power in the MCEC stack, kW
ηMCEC Energy efficiency of the full-based MCEC process, %
LHV Lower Heating Value, MJ/kg
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