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A New Hybrid Solar/Electric Reactor for Gas or Liquid Media Methane Pyrolysis

Methane cracking for hydrogen production is considered as a clean process without greenhouse gas emissions, provided that the heating source is environmentally friendly. Concentrated solar energy, being clean and renewable, is worth investigating as a heating source for methane pyrolysis. However, solar resource variability hinders the process continuity. Therefore, a hybrid solar/electric reactor has been designed and built at PROMES-CNRS laboratory to overcome this issue. Hybridization allows continuous process operation through combined solar and electrical heating when solar radiation intensity drops (clouds, fogs, etc.). However, during a clear-sky day, it is also possible to activate both heating sources simultaneously. Thus, a more significant part of the reactor is heated, leading to a larger reaction zone and a longer effective residence time yielding higher chemical methane conversion. This unique design is suitable for both gas-phase and molten media methane pyrolysis, offering the possibility to compare both pathways. This paper reports pre-experimental CFD validation results related to pyrolysis in gas-phase to demonstrate the benefits of this reactor. Parameters such as temperature, residence time, methane dilution, and most importantly the hybridization effect are studied in gas-phase pyrolysis. The simulation of liquid media pyrolysis will then be performed accounting for a triphase flow combined with chemical reactions. The reactor is currently under experimental testing to validate these numerical results.

PROCESS BACKGROUND

Most hydrogen demand worldwide is mainly produced by steam methane reforming (SMR). [START_REF] Kothari | Comparison of environmental and economic aspects of various hydrogen production methods[END_REF] Although this route is still the most economical, the derived greenhouse gas emissions are a significant drawback. [START_REF] Abánades | The challenge of Hydrogen production for the transition to a CO 2-free economy[END_REF] Environmental norms involve capture and sequestration of the produced CO2 (CCS) in depositories located in unpopulated areas. Such sequestration techniques are still not efficient enough for safe and long-term storage. Moreover, this obligation implies additional cost to the process. [START_REF] Abánades | Experimental analysis of direct thermal methane cracking[END_REF] On the other side, water splitting (electro/thermo/photo-chemical) for hydrogen production has also been investigated because of its green asset. Such a process does not derive any CO2. Although it could be promising in the future thanks to water abundance on earth, the hydrogen production cost is higher than that in common routes (1.71 €/kg H2 and 1.87 €/kg H2 from SMR without and with CO2 sequestration respectively against 3.19 €/kg H2 from water electrolysis using wind energy). [START_REF] Lemus | Updated hydrogen production costs and parities for conventional and renewable technologies[END_REF] Among the other interesting pathways for potentially-clean hydrogen production, methane cracking is especially suitable because it is an endothermic reaction yielding solid carbon and hydrogen gas (eq. ( 1)). Therefore, methane pyrolysis is clean if the heating source has a green asset such as solar energy. Regardless of the heating means, there are two possibilities to dissociate methane: conventional gas-phase (or solid/gas phase in case there is a solid catalyst) or molten media methane pyrolysis. Both routes can involve either catalytic or non-catalytic reactions. In conventional pyrolysis, some limitations hinder process stability. A gas-phase has generally weaker heat transfer than other media like liquids. Moreover, reactor clogging and catalyst coking (if used) are possible locks in conventional pyrolysis. Such issues may be overcome by pyrolysis in molten metals/salts. Herein, methane is bubbled and thus decomposes while rising in a hot liquid bath. Thus, heat transfer may be improved, hydrogen is released with outlet gases, and carbon floats on the surface of the bath due do the difference of density. [START_REF] Msheik | Methane Cracking for Hydrogen Production: A Review of Catalytic and Molten Media Pyrolysis[END_REF] 𝐶𝐻 4 (𝑔) → 2𝐻 

Both cracking routes allow operating at high temperatures in a wide range with no CO2 emissions thanks to solar heating. [START_REF] Dahl | Solar-thermal dissociation of methane in a fluid-wall aerosol flow reactor[END_REF][START_REF] Rodat | Co-production of hydrogen and carbon black from solar thermal methane splitting in a tubular reactor prototype[END_REF][START_REF] Rodat | High-Temperature Solar Methane Dissociation in a Multitubular Cavity-Type Reactor in the Temperature Range 1823-2073 K[END_REF] High operating temperatures eliminate the need for catalysts since methane molecules dissociate entirely above 1673 K for long-enough residence time. This phenomenon is known as thermal decomposition of methane (decomposition under the only effect of temperature). [START_REF] Abanades | Hydrogen production from solar thermal dissociation of methane in a hightemperature fluid-wall chemical reactor[END_REF] Alternatively, the use of catalysts in liquid phase appears as an option to reduce the operation temperature to around 1273 K. However, solar direct normal irradiance (DNI) variations caused by weather changes may hinder the process continuity. A hybrid solar/electric reactor appears as a possible solution for continuous and stable processing under fluctuating solar irradiation conditions. [START_REF] Rodat | A Hybrid Windowless Dual Tube Solar Reactor for Continuous Volumetric Natural Gas Dissociation[END_REF][START_REF] Rodat | On the path toward day and night continuous solar high temperature thermochemical processes: A review[END_REF] 

HYBRID SOLAR/ELECTRIC REACTOR

Coupling electrical and solar heating in the same reactor design allows operating with a variable DNI. In addition, for a non-solar operation, methane pyrolysis should still be possible thanks to electrical heating. On the other hand, in case of sufficient DNI, both solar and electrical heating can be activated simultaneously. Therefore, the heating is more efficient throughout a larger part of the reactor. Then, the reaction zone (heated zone) becomes also larger, thus increasing the effective gas residence time inside the reactor, which may improve the methane conversion. This unique design is applicable for both conventional and molten media methane pyrolysis.

Figure 1((a) and (b)) shows the hybrid reactor configuration. Two coaxial tubes, the outermost being closed at one end, are centered in an insulated circular layer to reduce conductive heat losses with the exterior environment. The tubes are made of alumina (Al 2 O 3 ) to allow operating at high temperatures (1273-1673 K). Heating is possible using either a solar cavity receiver or an electrical heater located few centimeters below the cavity, or even using both heating modes when DNI is not high enough for a fully on-sun operation. During the reactor manufacturing and commissioning, pre-experimental validation of its benefits and suitable operation was done thanks to Computational Fluid Dynamics (CFD) simulations (using ANSYS Fluent). Numerical results of the simulations done only in gas-phase pyrolysis revealed promising performance.

MODELING AND SIMULATION

Geometry

The geometry of the hybrid reactor described in Fig. 1 was developed and designed to have a fast convergence through the Fluent solver. Only the tubular reaction zone was simulated. In particular, the solar cavity receiver and the electrical heater were not implemented: in place, the wall temperature was set as a boundary condition. Constant wall temperature was chosen as a first approach because homogeneous temperatures are expected at thermal equilibrium, both in the solar cavity (black body behavior) and in the electric heater (uniform heating along the coil).

Figure 2(a) represents the 2D axisymmetric geometry of the reactor designed through Design Modeler software. The inner tube has a thickness of 1.5 mm, an inner diameter of 3 mm and a length of 310 mm. The outer tube has a thickness of 2.5 mm, an inner diameter of 25 mm and a length of 320 mm. All faces (solid walls + interior of the tubes) were meshed as quadrilaterals of 0.6 mm size as shown in Fig. 2 (b). However, another finer quadrilateral meshing of 0.2 mm mesh size was tested to check the independence of the results on the grid, more particularly on the chemical methane conversion (Fig. 2(c)). The results are provided in the results and discussion section. Insulation layers are perfectly insulated walls with heat flux boundary condition set to zero in Fluent solver. In parallel, the top parts of both tubes are water-cooled and thus a fixed boundary temperature condition of 298 K is assigned to each. The walls standing for the electric heater (85 mm height) and the solar cavity (50 mm height) are defined with a fixed temperature (equal to the desired heating temperature for pyrolysis). 

Method

Species, Models and Boundary Conditions

Methane, argon, hydrogen, and solid carbon were selected in the FLUENT database. Intermediate products such as acetylene, ethylene, were not considered.

The simulation was converged in steady state and in axisymmetric 2D space. The gravity was enabled and set to 9.81 m/s 2 . Reynolds number calculations for the gas flow mixture in both coaxial tubes reveal a laminar flow, thus the laminar model was chosen (Re = 311 in the inner tube vs. Re = 2 in the outer tube). Energy equation was solved. Concerning the radiation model, discrete ordinates (DO) was adapted to allow for radiative heat transfer between the fluid zone and the inner solid parts of the reactor. Species transport was enabled and a mixture template was set for the reaction. Methane cracking reaction was considered as a first order reaction, and a finite-rate was set with an activation energy of 282 kJ/mol and a pre-exponential factor of 2x10 10 s -1 . [START_REF] Abanades | Experimental study and modeling of a high-temperature solar chemical reactor for hydrogen production from methane cracking[END_REF] Heating wall temperature was set to the desired operating temperature. For the base case, a 1 m/s velocity in the inner tube was defined (equivalent to 0.42 NL/min flow rate). In species, inlet methane mole fraction was set to 0.5, the rest being argon. The outlet was simulated as an outflow. A value of 10 -6 was chosen for residuals to have satisfactory convergence.

Parametric study

The effect of reactor hybridization via coupled solar-electrical heating, residence time, methane dilution and temperature was studied. In order to provide insights into the associated trends on the conversion of methane, a reference case was first simulated (Table 1). In this case referred as case 1, both heating sources (electrical and solar) were enabled with a fixed wall temperature of 1473 K. The initial total inlet volumetric flow rate was 0.42 NL/min (CH4 + Ar) while the molar fraction of methane was 0.5. Five other cases were simulated as described in the following. To illustrate the effect of hybridization (case 2), solar heating was turned off (the solar cavity was assimilated as an insulated wall), while the total inlet flow rate and the species mole fraction in the reacting flow were kept constant. This approach was used to clearly identify the difference between a reactor with only one heating source and a hybrid one with both solar and electrical heating. To investigate the gas residence time effect (case 3), the total inlet flow rate was varied. A different flow-rate indeed modifies the gas velocity in the reactor tubes, which implies a different gas residence time (the total flow-rate was doubled in case 3). The dilution effect can be examined by changing the inlet methane molar fraction while keeping the inlet total flow rate constant (inlet methane mole fraction was reduced to 0.3 in case 4). Finally, the temperature effect can be readily studied by increasing the heating temperature of both electrical and solar heating zone (this temperature was set to 1573 K in case 5). Case 6 checks the effect of meshing quality on methane conversion in the reactor. 

RESULTS AND DISCUSSION

Table 2 recaps the results of the simulations. Telectric and Tsolar are the temperatures of heating of the electric and the solar section respectively. Q0 is the total inlet volumetric flow rate, and y_CH4 is the methane mole fraction in the inlet gas mixture. The mesh size is also reported. The effective residence time is the time spent in the reaction zone where operating conditions allow chemical reaction. The total residence time in a reactor is given by:

𝜏 = 𝑉 𝑟 𝑄 𝑇,𝑃 = 𝑉 𝑟 𝑄 0 𝑃 0 .𝑇 𝑃.𝑇 0 (2)
where Vr is the total reactor volume (m 3 ), QT,P is the volumetric flow rate at operating conditions (m 3 /s), Q0 is the total inlet flow rate (m 3 /s), P0 is the atmospheric pressure (Pa), T0 is the room temperature (298 K), P is the operating pressure (Pa), and T is the operating temperature (K). The effective residence time corresponding to electric (τe) and solar (τs) heating zones can be calculated with the same expression in eq. ( 2) by replacing Vr by the relevant heated volume only. The summation of τe and τs is the total effective residence time entitled τtotal. It is important to notice that these residence times were only calculated based on thermal expansion of the gas. Chemical expansion was not considered. XCH4 and H2 yield are methane chemical conversion and hydrogen yield at the outlet, respectively. They can be calculated as follows:

𝑋 𝐶𝐻 4 = 𝐹 𝐶𝐻 4𝑖𝑛 -𝐹 𝐶𝐻 4 𝑜𝑢𝑡 𝐹 𝐶𝐻 4𝑖𝑛 (3) 𝑌 𝐻 2 = 𝐹 𝐻 2𝑜𝑢𝑡 2𝐹 𝐶𝐻 4 𝑖𝑛 (4)
where FCH4-in and FCH4-out are methane molar flow rates in the inlet and the outlet stream, respectively (mol/s). FH2-out is the hydrogen molar flow rate in the outlet stream (mol/s). 

Hybridization Effect

Figure 3(a & b) provides the temperature distribution throughout the entire reactor volume (fluid zone) when only electrical heating is activated (case 2) compared to the case in which both heating sources are implemented (case 1). The heated length is longer in the latter case as expected, because the additional heating zone extends the heated part. The reactional zone thus becomes larger, which increases the total effective residence time of methane molecules from 0.94 s (τe) to 1.5 s (τe + τs). Figure 3 (c &d) and (e & f) show higher methane conversion and hydrogen production in case 1 than in case 2. Methane conversion significantly increases from 75% (case 2) to 91% (case 1), while hydrogen yield increases from 74% to 92% as shown in Table 2. 

Residence Time Effect

The residence time effect was evidenced in the previous part through the effective residence time. A typical approach to study this parameter separately consists in modifying the total inlet flow rate while fixing the methane mole fraction. Thus, a modification in the total flow rate Q0 changes the residence time. In case 3, Q0 was doubled (0.84 NL/min) in comparison to case 1. Thus, based on eq. ( 2), the resulting effective residence time was divided by 2 (0.75 s). CH4 and H2 mole fraction profiles (Fig. 4 (c &d) and (e & f)), respectively) confirm this effect on conversion. At high flow rate (0.84 NL/min), CH4 conversion and H2 yield drop from 91% to 67% and from 92% to 73%, respectively. 

Methane Molar Fraction Effect

To study the dilution effect, all parameters were kept constant as the reference case while reducing inlet methane molar fraction from 0.5 to 0.3 (case 1 versus case 4). Some previous works concerning methane cracking reported a slight increase in conversion when inlet methane mole fraction was increased. 9,13 However, simulation results show that the methane conversion increased from 91% to 95% accompanied by a hydrogen yield increase from 92% to 94% when methane mole fraction was reduced from 0.5 to 0.3. Theoretically, methane conversion should rather decrease when dilution increases because the reaction rate is directly proportional to methane concentration. On the other hand, diluted gas could allow more efficient heating of methane to achieve a higher decomposition extent. In addition, the real residence time of methane is affected by chemical expansion which is increased when more methane dissociates (2 mole of H2 formed per mole of CH4). Thus, a lower methane mole fraction could slightly increase the residence time and thus the conversion according to the effect of residence time. Thus, there is a subtle balance between residence time and methane molar fraction effects. This aspect should be further analyzed thanks to real residence time distribution extracted from FLUENT.

Temperature Effect

Methane cracking is an endothermic reaction that requires external energy as process heat source. [START_REF] Msheik | Methane Cracking for Hydrogen Production: A Review of Catalytic and Molten Media Pyrolysis[END_REF] Thus, an increase in the heating temperature improves the conversion. Simulation results (Table 2) confirm this effect with a complete conversion at 1573 K (case 5). Experimental studies on methane cracking also confirm that complete conversion is reachable above 1673 K. [START_REF] Rodat | Co-production of hydrogen and carbon black from solar thermal methane splitting in a tubular reactor prototype[END_REF][START_REF] Abanades | Hydrogen production from solar thermal dissociation of methane in a hightemperature fluid-wall chemical reactor[END_REF][START_REF] Abanades | Natural gas pyrolysis in double-walled reactor tubes using thermal plasma or concentrated solar radiation as external heating source[END_REF][START_REF] Yeheskel | Thermolysis of methane in a solar reactor for mass-production of hydrogen and carbon nano-materials[END_REF] However, the residence time is also an important parameter to consider to explain this result. In all those experimental works, the gas residence time was in the order of few milliseconds (< 100 ms). In this study, the effective residence time was significantly higher (about 1.4 s), which explains the complete conversion reached at the outlet for a lower temperature.

Meshing Effect

The independence of results on the meshing was checked using finer quadrilateral meshes for both interior and solid walls. Reference meshes were of 0.6 mm size, whereas the finer were 0.2 mm. The convergence through Fluent was longer in the latter case as expected. However, results such as methane conversion and temperature profile showed no noticeable difference (Fig. 5). For H2 yield in the outlet stream, calculations showed a slight decrease from 92% to 90% with the finer meshing, which is also insignificant. Consequently, one can say that the reference mesh was of good quality and fine enough to let the solver converge with minimal errors. 

CONCLUSION

Solar methane cracking is worth investigating to develop a sustainable process for clean hydrogen production. A hybrid solar/electric reactor has been designed and installed at PROMES-CNRS to overcome solar radiation variability. Such a reactor is proposed for continuous and stable operation when DNI is low or unstable, thanks to the possibility of additional heating by electric means. Thus, the process continuity is possible. When DNI is not high enough for stable on-sun operation, the process can still be maintained with the two heating sources enabled (both electrical and solar). The benefits of coupled hybrid heating were proved through numerical CFD simulation for methane cracking in gas-phase using ANSYS Fluent. Activating both heating sources enlarged the reaction zone inside the reactor. Consequently, the effective residence time increased, improving the methane conversion significantly. However, when solar heating is not possible, reactor operation under only electrical heating results in a reasonable methane conversion (75%). The effects of operating parameters on the reactor performance were also numerically studied via simulation. The inlet volumetric flow-rate modifies the gas residence time of the reactant molecules in the reactor. A higher inlet volumetric flow-rate decreases the residence time and consequently the methane conversion. Increasing dilution favors methane conversion, although it could have two opposite effects: with increased dilution, there are slower decomposition but higher residence time. However, dilution effect should be thoroughly studied through experimental work. The temperature is also a key parameter in methane cracking since the endothermic reaction requires external energy. Increasing the temperature increased the rate of the reaction and enhanced the methane conversion. These pre-experimental CFD simulations validated the proposed design of the solar hybrid reactor that is currently under experimental testing.

FIGURE 1 .

 1 FIGURE 1. Hybrid solar/electric reactor installed at PROMES-CNRS (Odeillo, France): (a) Representative scheme of the reactor configuration, (b) Reactor implementation, (c) Image of the hot cavity during a solar run

FIGURE 2 .

 2 FIGURE 2. (a) Simplified representative scheme of the 2D hybrid reactor geometry (b) Large quadrilateral meshing: mesh size = 0.6 mm (c) Fine quadrilateral meshing: mesh size = 0.2 mm

FIGURE 3 .

 3 FIGURE 3. Temperature profile: (a) case 2 (b) case 1; CH4 mole fraction profile: (c) case 2 (d) case 1; H2 mole fraction profile: (e) case 2 (f) case 1

FIGURE 4 .

 4 FIGURE 4. Temperature profile: (a) case 3 (b) case 1; CH4 mole fraction profile: (c) case 3 (d) case 1; H2 mole fraction profile: (e) case 3 (f) case 1

FIGURE 5 .

 5 FIGURE 5. Temperature profile: (a) case 6 (b) case 1; CH4 mole fraction profile: (c) case 6 (d) case 1; H2 mole fraction profile: (e) case 6 (f) case 1

  2 (𝑔) + 𝐶 (𝑠) ∆𝐻 298 𝐾 = 74.85 𝑘𝐽 𝑚𝑜𝑙 𝑜𝑓 𝐶𝐻 4 ⁄

TABLE 1 .

 1 Operating conditions simulated through ANSYS Fluent

		Telectric (K)	Tsolar (K)	Q0 (NL/min)	y_CH4	Mesh size (mm)	Parameter effect
	Case 1 (ref)	1473	1473	0.42	0.5	0.6	Reference case
	Case 2	1473	Insulated 0.42	0.5	0.6	Hybridization (coupled heating)
	Case 3	1473	1473	0.84	0.5	0.6	Residence time
	Case 4	1473	1473	0.42	0.3	0.6	Dilution
	Case 5	1573	1573	0.42	0.5	0.6	Temperature
	Case 6	1473	1473	0.42	0.5	0.2	Meshing

TABLE 2 .

 2 Results of parameters effect on gas-phase methane pyrolysis performance metrics

		Telectric (K)	Tsolar (K)	Q0 (NL/min)	y_CH4	Mesh size (mm)	τe (s)	τs (s) τtotal (s)	XCH4 (%)	H2 yield (%)
	Case 1 (ref)	1473	1473	0.42	0.5	0.6	0.94	0.56 1.5	91	92
	Case 2	1473	Insulated 0.42	0.5	0.6	0.94	0	0.94	75	74
	Case 3	1473	1473	0.84	0.5	0.6	0.47	0.28 0.75	67	73
	Case 4	1473	1473	0.42	0.3	0.6	0.94	0.56 1.5	95	94
	Case 5	1573	1573	0.42	0.5	0.6	0.88	0.52 1.4	100	100
	Case 6	1473	1473	0.42	0.5	0.2	0.94	0.56 1.5	91	90