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Abstract: Methanation, which synthesizes methane from carbon dioxide and hydrogen, can potentially be an impor-
tant core technology for realizing a carbon-neutral society. A catalyst is normally used in the methanation process,
but its thermal degradation is a serious problem. Thus, we have proposed a catalyst-free methanation reactor that
simulates an internal combustion engine. We call it a Methanation Reciprocating Engine (MeRE), where the up-and-
down motion of the piston inside the engine creates a high-temperature, high-pressure field inside the reactor that
is suitable for the methanation reaction. In this study, we conducted a 0-dimensional simulation using a program
package, Chemkin-II. To make clear the reactor characteristics based on the reaction process in the MeRE, we used
an ICEN code (Internal Combustion Engine) to simulate the MeRE. We changed the initial temperature, the compo-
nents of reactants, the rotational speed, and the compression ratio. It is found that the reaction rate of methane
production can be enlarged by increasing the initial temperature, the compression ratio, and the rotational speed.
Additionally, it is better to set the composition which is close to the stoichiometric ratio of the Sabatier reaction. For
all cases, the CO, conversion rate is high, but the CH, selectivity is very low. Resultantly, in the case of the MeRE, it
is easy to produce CO from CO,, while the reaction which converts from CO to CH, is unlikely to take place.
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1. Introduction

In recent years, global warming has become more serious. Since the Paris Agreement was adopted at the 21st
Conference of the Parties to the United Nations Framework Convention on Climate Change (COP21) in 2015 [1],
countries in the world have taken various measures against climate change. The recent COP28 is a part of ongoing
efforts to reduce greenhouse gas emissions. Apart from addressing climate change and unsustainable resource
extraction, it also addresses how oil and gas companies could influence climate policies [2]. In Japan, we declare to
achieve carbon neutrality by 2050 [3]. It is reported that the energy conversion sector including power generation
and petroleum refining accounts for 40.4% of carbon dioxide emissions in Japan. In the power generation category,
in particular, the amount of CO, emission might be enlarged significantly due to the restart of thermal power plants
and the construction of new thermal power plants after the Great East Japan Earthquake in 2011. This situation is
undesirable from the perspectives of both CO, reduction and energy security in Japan, which depend almost entirely
on fossil fuels from overseas for primary energy. Therefore, in 2017, our government formulated the basic strategy
for hydrogen by treating hydrogen as a new energy option. It is reported that hydrogen is expected to be carbon-
free fuel and can be an energy carrier for storing, transporting, and utilizing renewable energy that is susceptible
to environmental factors [4].

It is well-noticed that methanation is one of the technologies that have attracted attention as a way to utilize
hydrogen. It is used to synthesize methane from carbon dioxide and hydrogen [5-9]. It is considered that the
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fuel synthesized by methanation is carbon neutral because hydrogen is produced using surplus electricity from
renewable energy sources and carbon dioxide is recovered from power plants and factories [10-12]. Since methane
is the main component of natural gas, existing infrastructure facilities such as gas pipelines and gas consumption
equipment can be used without any modification [4, 13]. Renewable energies such as solar power and wind power
are usually affected by the natural environment in terms of the amount of electricity they generate [14-16]. Methane
converts renewable energy into gaseous fuels for storage and utilization, corresponding to a Power-to-Gas (PtG)
technology [7, 17].

In conventional methanation reactors, high reaction efficiency is achieved by using catalysts that accelerate the
reaction [17]. However, because methanation is an exothermic reaction, the formation of a local high-temperature
region (hot spot) causes the thermal deactivation of the catalyst [18]. There may be also the problem of chemical
degradation of the active metal due to impurities in the feedstock gas [19]. Although the thermal degradation of the
catalyst is avoided by using a cooling system with a heat exchanger, a thermally controlling system is needed, which
makes the reactor larger and more complicated, resulting in an increase of the excessive costs. Then, in our previous
research, we have proposed a reactor, called MeRCi (Methanation Reactor with Circulation), which can effectively
utilize the heat of reaction in methanation and control the catalyst temperature without any heat exchangers [20].

As explained, when no catalysts are used, the thermal degradation of the catalyst does not need to be consid-
ered, and costs can be significantly reduced. In the present paper, as another type of reactor, we are developing
a catalyst-free methanation reactor that simulates an internal combustion engine. We call it a Methanation Recip-
rocating Engine (MeRE), which is shown in Figure 1. The up-and-down motion of the piston inside the engine
creates a high-temperature, high-pressure field inside the cylinder that is suitable for methanation reactions, allow-
ing the engine to be used as a methanation reactor. In this study, we conducted a 0-dimensional simulation using
a program package, Chemkin-II [21] developed by the Sandia National Laboratories. It is a software package for fa-
cilitating the formation, solution, and interpretation of problems involving elementary gas-phase chemical kinetics.
It provides an especially flexible and powerful tool for incorporating complex chemical kinetics into simulations of
fluid dynamics. The package consists of two major software components: an Interpreter and Gas-Phase Subroutine
Library. The Interpreter is a program that reads a symbolic description of an elementary, user-specified chemical
reaction mechanism. One output from the Interpreter is a data file that forms a link to the Gas-Phase Subroutine
Library. The main objective was to investigate the effectiveness of the MeRE, but we tried to find optimal operat-
ing conditions for the reactor. To realize the conditions of the internal reciprocating engine, the calculations were
performed in ICEN code (Internal Combustion Engine). Here, we focused on the four factors deeply related to the
reactiveness of the engine operation. They were the initial temperature, the components of reactants, the rotational
speed, and the compression ratio, which were apparently independently changed in the operating system.
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Figure 1. A schematic of methanation reciprocating engine (MeRE).
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2. Numerical Model

Here, we explain the methanation reaction [22-27], which is described in Equation (1).
CO, + 4H, = CH4 + 2H,0 + 165k]J/mol M

It is called the Sabatier reaction because Paul Sabatier discovered this reaction. It is seen that the raw materials are
carbon dioxide and hydrogen. The Sabatier reaction consists of two reactions, which are shown below.

CO, + H, = CO + H,0 — 41kJ/mol (2)

CO + 3H, = CH, + H,0 + 206k]/mol 3)

In these equations, the heat of reaction calculated by the standard enthalpy of formation for each species is de-
scribed. It is noted that the reaction in Equation (2) is called the reverse water-gas shift reaction, and the reaction
in Equation (3) corresponds to the CO methanation.

For evaluating the suitable methanation conditions, the CO, (or H,) conversion rate and CH, (or CO) selectivity
were introduced to discuss the methanation reaction [28]. The CO, or H, conversion rate shown in Equation (4) is

an index that examines how much carbon dioxide or hydrogen in the reactant is converted to other substances.
Yincop(p)  Yourco,(iy)
44(2) 44(2)
PCOZ (Hp) [%] = Yin <05 (112) X 100 (4)
44(2)

Y

On the other hand, the CH, (or CO) selectivity in Equation (5) shows how much of the carbon dioxide is converted
to CH,4 or CO.

Yout,CHy(CO)
16(28)
Yinco, _ Youtco,
44 44

In Equations (4) and (5), Yj,; is the initial mass fraction of species i before the reaction starts, and Y, ; is the mass
fraction of species i in the outflow gas from the reactor. In Chemkin-II, the input data for chemical species must
be given in terms of molar ratios or mole fractions, and the output data are in terms of mole fractions, so the mole
fractions are converted to mass fractions to obtain the above CO, or H, conversion rate and the CH, or CO selectivity.

Next, the numerical conditions are described. In this study, we focused on the initial temperature, the compo-
nents of reactants, the rotational speed, and the compression ratio, which are input parameters in the ICEN code.
The initial temperature was varied from 600 K to 800 K. The rotational speed was from 300 to 900 rpm, and the
compression ratio was from 10 to 20. The reaction time was 1000 s in each case.

ScHy(coy[%] = x 100 (5)

3. Results and Discussion
3.1. Effect of Initial Temperature

First, the effect of the initial temperature was investigated. The results are shown in Figure 2. The initial
pressure was 1 atm, the initial composition was H,:CO, = 4:1, the compression ratio was 15, and the rotational
speed was 600 rpm. As seen in Figure 2a, when the initial temperature was 800 K, the CO, conversion rate was
96.3%. It is found that the difference between values at the top dead center (TDC) and at the bottom dead center
(BDC) at the initial temperature of 800 K becomes larger after 200 s. This could be due to the fact that both the
temperature and the pressure at TDC largely increase inside MeRE, resulting in the formation of a large number of
radicals which accelerate the conversion from CO, to CO.

On the other hand, in the time-variation of the H, conversion rate shown in Figure 2b, it is found that the
higher the initial temperature, the higher the H, conversion rate. That is, in comparison with the CO, conversion
rate, the same trend is observed. However, when the initial temperature was 800 K, the maximum H, conversion
is only 26.9%, which is much smaller that the CO, conversion rate. Resultantly, it is only a quarter of the maximum
CO, conversion rate.

For further discussion, the time-variation of the CH, selectivity is shown in Figure 2c¢. Only in the early stage
of the reaction, it is seen that the higher the initial temperature, the larger the CH, selectivity. However, at the
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highest initial temperature of 800 K, the CH, selectivity reaches a maximum roughly at 150 s and then decreases.
That is, the CH, selectivity is reduced when the temperature inside the reactor is high. Based on our previous
chemical equilibrium calculations [19], it is found that methane production increases when the initial temperature
is relatively lower. By taking Le Chatelier’s principle into account, it is reasonable, because the Sabatier reaction in
Equation (1) is exothermic.

For comparison, we checked the CO selectivity. Results are shown in Figure 2d. For all initial temperatures,
the CO selectivity immediately reaches 99.9%, and then decreases slightly as the reaction proceeds. It can be said
that Equation (2) is the main reaction, and the reaction rate of Equation (3) is much smaller. We conclude that
the increase of the initial temperature enlarges the reaction rates of the CO, and H, consumptions, but the higher
initial temperature reduces the CH, or CO selectivity. There could be an optimum temperature that is suitable for
the methanation. In all cases, the CO selectivity is much larger than the CH, selectivity, confirming that it is easy to
produce CO from CO,, while the reaction where CO is converted to CH, is unlikely to take place.
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Figure 2. Effects of the initial temperature on the time-variations of (a) CO, conversion rate; (b) H, conversion
rate; (c) CH, selectivity; (d) CO selectivity.

3.2. Effects of Components of Reactants

Next, we changed the initial components of the reactants, carbon oxide and hydrogen. The results are shown
in Figure 3. The initial pressure was 1 atm, the initial temperature was 600 K, the compression ratio was 15, and
the rotational speed was 600 rpm. As shown in Figure 3a, the higher the hydrogen content, the higher the CO,
conversion rate. This is because the reaction in Equation (2) is accelerated when more hydrogen is supplied. Resul-
tantly, the CO, conversion rate increases. When the initial composition is H,:CO, = 10:1, the CO, conversion rate
is 95.5%.

Figure 3b shows the time-variation of the H, conversion rate. Initially, when more hydrogen is supplied, the
increasing rate of the H, conversion rate is large, but the final value of the H, conversion rate is relatively low.
This is because the Sabatier reaction in Equation (1) is promoted by increasing the hydrogen concentration in the
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reactants, with the higher hydrogen conversion rate, but the excess hydrogen remains unreacted after the reaction.
When the initial composition is stoichiometric, the H, conversion ratio is only 19.8%.

Figure 3c shows the CH, selectivity as a function of time, indicating that the higher the hydrogen content,
the larger the CH, selectivity. This is because the reaction in Equation (3) is accelerated when more hydrogen is
supplied, and the methane production increases. When the initial composition is H,:CO, = 10:1, the CH, selectivity
is 0.324%, which is unexpectedly low. Thus, it is derived that the higher the hydrogen content, the higher the CO,
conversion and the CH, selectivity. However, the final values of the H, conversion and the CH, selectivity are lower
even at higher hydrogen concentration in the reactants because of the large deviation from the stoichiometry of the
Sabatier reaction.
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Figure 3. Effects of the initial components of reactants on the time-variations of (a) CO, conversion rate; (b) H,
conversion rate; (c) CH, selectivity.

3.3. Effects of Compression Ratio

Here, we examined the effect of compression ratio, which is one of the important characteristics of the internal
combustion engine. The results are shown in Figure 4. The initial temperature was 600 K, the initial pressure was
1 atm, and the rotational speed was 600 rpm. The compression ratio was only changed. As found in the results of
the CO, conversion rate in Figure 4a, the higher the compression ratio, the higher the CO, conversion rate. At the
compression ratio of 20, the CO, conversion rate reaches a steady state in about 100 s. The H, conversion rate is
shown in Figure 4b. At 1000 s, the CO, and H, conversion rates are 86.8% and 21.7%, respectively. That is, the CO,
conversion rate is very high, and the H, conversion rate is much lower. Figure 4c shows the time-variation of the
CH, selectivity. It is noted that the higher compression ratio, the larger the CH, selectivity. However, the methane
production rate is still very low.
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Then, it is derived that the condition of the higher compression ratio can produce more methane. However,
even when the compression ratio is 20, the maximum CH, selectivity is only 0.07%. These results indicate that
Equation (2) is still the main reaction, showing that CO is formed instantly. Since the reaction rate of Equation (3) is
smaller, very little methane is produced. Thus, we need to figure out a technical way to increase methane production
largely.
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Figure 4. Effects of the compression ratio on the time-variations of (a) CO, conversion rate; (b) H, conversion rate;
(c) CH, selectivity.

3.4. Effects of Rotational Speed

Finally, the effect of the rotational speed was investigated. Figure 5 show the results when the rotational
speed was varied from 300 to 900 rpm. The initial pressure was 1 atm, and the initial temperature was 600 K. The
composition of the reactants was set to be H,:CO, = 4:1, and the compression ratio was 15. It can be seen that
the CO, and H, conversion rates slightly increase as the rotational speed is higher. When the rotational speed is
300 rpm, the CO, and H, conversion rates are 80.3% and 20.1%, respectively. Unfortunately, the maximum CH,
selectivity is very low, which is only 0.0062% at 900 rpm.

As aresult, the methane production in the MeRE could be enlarged by increasing the rotational speed. However,
even when all CO, is consumed, the CH, selectivity is still low. That is, it is easy to produce CO from CO, in Equation
(2), while the reaction which converts CO to CH, in Equation (3) is unlikely to take place. These findings would be
useful to improve the methanation process in the MeRE, probably coupled with a plasma-assisted CO, methanation
[29,30].
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Figure 5. Effects of the rotational speed on the time-variations of (a) CO, conversion rate; (b) H, conversion rate;
(c) CH, selectivity.

4. Conclusions

In this study, we have proposed the new methanation reactor, MeRE (methanation reciprocating engine). This
reactor is operated by realizing the internal combustion engine. It creates a high-temperature, high-pressure field
inside the reactor thatis suitable for forming radicals in the reaction. To make clear the reactor characteristics based
on the conversion rates, we conducted the 0-dimensional simulation using ICEN code of Chemkin-II. We focused on
the initial temperature, the components of the reactants, the compression ratio, and the rotational speed. The
CO,, (or Hy) conversion rate and the CH, (or CO) selectivity were used to discuss favorable conditions for methane
production. As the initial temperature or the compression ratio increases, CO, and H, conversion rates are larger,
resulting in more CH, production. At the higher rotational speed, more CO, and H, are converted to form more CO
and CH,. As for the components of the reactants, it is confirmed that the composition is better to be close to the
stoichiometric ratio of the Sabatier reaction. For all cases, it is found that the CO, conversion rate is very high, but
the H, conversion rate is much lower. That is, even when most CO, is consumed, less CH, is produced. In other
words, in case of the MeRE, it is easy to produce CO from CO,, while the reaction which converts from CO to CH, is
unlikely to take place.
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