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Abstract

:

In this study, a pilot-scale reactor was designed and compared using computational fluid dynamics (CFD) for a high-efficiency CO2 methanation reaction. The trends of the CO2 methanation catalyst efficiency at a pilot or industrial scale could be lower than those measured at the laboratory scale, owing to the flow of fluid characteristics. Therefore, the CO2 methanation reactor was designed based on the results of the CFD analysis to minimize the above phenomenon. Ni–Ce–Zr was used to manufacture a CO2 methanation catalyst in the form of pellets. The catalyst successfully produced about 43.3 Nm3/d of methane from the reactor. This result shows that CO2 methanation, which is known as an exothermic reaction, was stable at the pilot scale. It is believed that the self-supply of energy will be possible when this CO2 methanation technology is applied to industrial processes generating large amounts of CO2 and H2 from by-product gases.
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1. Introduction


Owing to the rapid ecosystem change, abnormalities within the climatic cycle are occurring more frequently today than before. With the change in climatic conditions caused by increased global warming, rising sea levels, amplified greenhouse gases, and melting glaciers, the human race is tackling extreme social, economic, and existential crises. According to the Intergovernmental Panel on Climate Change (IPCC) report, the Earth’s average air temperature and sea level will rise by 3.7 °C and 63 cm, respectively, during the 2081–2100 period compared to the 1986–2005 period, if greenhouse gases are still emitted in the same manner or more [1]. Greenhouse gas occurs both naturally and artificially, but it is more likely to be caused by anthropogenic activity; thus, finding ways to reduce greenhouse gas emissions is challenging. The EU has set a high-level goal to curb carbon emissions by 2030 by setting the 2030 climate energy framework. Similarly, the United States of America presented the goal of reducing carbon emissions from thermal power plants by 32% by 2030 (compared to 2005), announcing the Clean Power Plan in 2015 [2]. Likewise, the world is observing a paradigm shift to cope with global climate change, with the Paris Agreement being adopted by advanced countries and subsequently by all countries in 2015. Countries around the world endeavor to build a climate-resilient system by establishing a countermeasure for greenhouse gas reduction [3].



As the urgency to reduce CO2 and other greenhouse gas emissions increases, carbon capture and utilization (CCU), which uses CO2 as a source of renewable energy, has recently received more attention. CCU is a technology that collects and utilizes CO2 directly, converting it into an energy source or fuel without separate storage. This method is advantageous in terms of resource management [4,5].



CO2 methanation converts CO2 to CH4 through a chemical reaction. 4 M H2 and 1 M CO2 produced 1 M CH4 and 2 M H2O, thus effectively converting CO2 to renewable energy. Conversely, existing infrastructure for gas that has been converted to methane by CO2 and H2 generated from industrial processes can be used while injecting the output methane gas into a natural gas network, which helps reduce the carbon footprint by eliminating the need for added construction [6]. The need for energy storage and supply technology has increased over the years, and power-to-gas (PtG) technology is a promising way to overcome this crisis. Among PtG technologies, the power to methanation (PtM) process has garnered attention as a new energy storage medium owing to its higher storage capacity and longer lifetime compared to other energy storage systems [7]. Germany is one of the countries where the PtG project is being conducted. The e-gas project from Audi supplies methane gas to existing natural gas supply lines by converting CO2 into methane. However, only a handful of cases have successfully applied CO2 methanation technology to the industrial process on a large scale.



In general, CO2 methanation is Sabatier’s reaction, which is known as an exothermic reaction when CO2 is converted to CH4. The optimum temperature range is known to be 200–550 °C, depending on the catalyst Equation (1) [8,9]:


CO2 (g) + 4H2 (g) ↔ CH4 (g) + 2H2O (g), ∆H°298K = −165 KJ·mol−1



(1)







Miao et al. assumed that Equation (1) is a two-step reaction. Mechanisms of Equations (2) and (3) are as follows:


CO2 (g) + H2 (g) ↔ CO (g) + H2O (g), ΔH°298K = 41 KJ mol−1



(2)






CO (g) + 3H2 (g) ↔ CH4 (g) + 2H2O (g), ∆H°298K = −206 KJ·mol−1



(3)







In the first step, carbon dioxide and hydrogen undergo the reverse water–gas shift (RWGS) reaction via a separation mechanism and are converted to CO and H2O. In the second step, CO reacts with H2 to generate CH4 and H2O. This implies that, if CO is not generated, the reactions in Equations (2) and (3) would have occurred consecutively [10].



In terms of thermodynamics, Sabatier’s reaction can occur at a low temperature (200 °C or lower). In contrast, due to the RWGS reaction, the CO selectivity increased at high temperatures (above 600 °C) [11]. Therefore, this reaction requires a catalyst for high conversion and reaction rates, and it can be applied to various processes as it has the advantage of being operated at a low temperature [12]. For such reactions, Vlll metallic catalysts such as Pt, Pd, Ru, Rh, and Ni are generally used; among them, Ni catalysts are widely employed because of their excellent competitive price and reaction in commercial processes, making them suitable for commercialization [13,14,15,16]. CO2 methanation catalysts are highly efficient and durable and can be used in various industrial processes. There have been many studies on catalyst types, including disks, pellets, honeycombs, and granules [17,18,19].



CO2 methanation catalysts are required to have high efficiency and durability for use in various industrial processes. Therefore, various forms of catalysts such as disks, pellets, honeycombs, and granules have been investigated in previous studies. The CO2 methanation reactor must consist of a material that can resist pressure and corrosion due to the exothermic properties of the catalytic reaction, and the heat must be easy to control. When laboratory-scale equipment has been scaled up to the pilot or commercial plant size, the catalytic performance can differ [20].



Specifically, if the flow of fluid in the reactor is not uniform, the catalyst efficiency is likely to decrease. Therefore, this study is designed to maximize the catalytic performance (theoretical maximum value) by analyzing the flow of fluid in a system and the characteristics of the reaction using computational fluid dynamics (CFD). Such CFD analyses are applied to a variety of environmental energy plant facilities as they are advantageous in achieving economic results in a relatively short time over model experiments for various factors such as the structural geometry and operating conditions [21,22].



In this study, the goal was to maximize the methane production efficiency at the pilot scale of a CO2 methanation plant and maintain its stable operation. CFD simulation was conducted according to the 2-type form of the reactor to compare the theoretical catalytic efficiency based on the flow of fluid characteristics. The reactor design that displayed maximum efficiency was selected from among them. Furthermore, we observed the actual CO2 methanation catalyst efficiency from the experiment and conducted an optimization study on the operation by establishing the CO2 methanation plant operation methods in a stepwise manner.




2. Results and Discussion


2.1. CFD Results for the CO2 Methanation Reactor


In this study, two types of CO2 methanation reactors were designed, and their internal response characteristics were compared using CFD modeling. Through modeling, we simulated the flow of fluid, temperature distribution, and composition of exhaust gas in terms of stoichiometry and predicted the efficiency of the catalyst. A comparative analysis of the two reactor types revealed that the B-type reactor consisting of a longer latter part was better than the A-type reactor in terms of fluid characteristics, temperature distribution, and CO2 conversion. Details of the analysis results are described in Section 2.1.1, Section 2.1.2 and Section 2.1.3.



2.1.1. Cold-Flow Simulation


Figure 1 represents the result of velocity vector fields and velocity magnitudes of particles, which were analyzed through CFD analysis (excluding chemical reactions). It can be observed that, when reactive gases such as hydrogen and carbon dioxide were injected through the upper nozzle, a flow widely diverged from the upper to the lower side owing to the reactor characteristics. A large recirculation area was formed around the top of the catalyst bed when the fluid finally reached it. The increased time that a fluid resided in a reactor led to an improved CO2 conversion efficiency, but it accompanied an exothermic reaction, which resulted in thermal accumulation at the top of the catalyst bed. Accordingly, to control the heat accumulation due to the exothermic reaction when operating a plant, this study turned off the heating system and the cooling system was allowed to be used when required.




2.1.2. Reacting-Flow Simulation


The CFD analysis results that simulated the chemical reaction under actual reactive temperature and pressure conditions are shown in Figure 2 and Figure 3 and are presented in Table 1. Figure 2 and Figure 3 exhibit the distribution of temperature and CO2 and CH4 mole fractions according to the types of reactors. The temperature distribution revealed that the B-type was better than the A-type reactor as heat was uniformly distributed near the catalyst bed of the former reactor. Likewise, the reacting flow CFD analysis results are presented in Table 1. The average temperature at the exit of the reactor was 14 °C lower than that of the A-type reactor at 484 and 498 °C, respectively. Conversely, it was revealed that the temperature of the gas flowing at 300 °C increased to 400 °C at an exit after the catalytic reaction. Similarly, with respect to the composition of exhaust gas concentration, the A-type reactor contained 6.78% CO2 and 22.05% CH4, while the B-type contained 3.75% CO2 and 27.15% CH4. When calculating the CO2 conversion rate based on the results, that of the A-type was calculated to be 76.7% (assuming CH4 selectivity of 1), and that of the B type was calculated to be 88% (assuming CH4 selectivity of 1). Therefore, the cold-flow and reacting-flow CFD analysis indicated that the B-type reactor had a better CO2 conversion efficiency.




2.1.3. Flow Uniformity


The uniformity index describes the distribution of a certain quantity on a surface. If the quantity is distributed equally, the resulting number is 1. This report is useful in applications where a uniform flow rate is desired across an entire area. Heat exchangers, catalysts, and filters are examples of such applications. Therefore, flow uniformities were calculated on the surface immediately before the catalyst and at the center of the catalyst. Figure 4 shows the velocity profile and flow uniformity at the center of the upper section when the reactive gases reached the catalyst bed. The velocity profile at the center of the upper section, 5 cm away from the catalyst bed, indicated the maximum velocity at the center of the reactor, which increased subsequently because of the recirculating flow near the wall. The fluid uniformity in the upper section was estimated to be 0.76. The higher the fluid uniformity, the higher the catalyst performance. As shown in Figure 4, when the reactive gas passes the catalyst bed, the velocity is distributed uniformly, and the surface uniformity is calculated to be 0.98. The velocity of passing a catalyst bed was estimated as 0.04 m/s, which the author assumes is sufficient residence time (3.5 s) required for chemical reactions in the catalyst area. The CO2 conversion at the exit of the reactor was estimated to be 88%, which is close to 90% of the theoretical maximum conversion rate.





2.2. Pilot Plant Operating Real Data (CO2 Methanation)


Figure 5 shows the results of CO2 conversion at the CO2 methanation reactor installed in the sewage disposal plant, and it was found that the CO2 conversion efficiency was 85–89% (average 86%) and the CH4 selectivity was measured to be 1 (minimum 0.93) at the stabilization phase, wherein CO2 begins to convert in to CH4. At a CO2 conversion rate of 86% and CH4 selectivity of 1, the exhaust gas is composed of 16.34% H2, 4.31% CO2, 26.45% CH4, and 52.9% H2O. CH4 is produced at around 1806 L/h.



The theoretical equilibrium conversion was investigated to compare the catalytic efficiency (Figure 6) [23]. The theoretical equilibrium conversion rate under the same temperature, pressure, and gas ratio was found to be up to 94% of CO2 conversion (that in the case of nonreactive gas is 6%). Additionally, the CO2 conversion rate was predicted to be 88% through CFD modeling, as described in Section 2.1.2. The gas composition through simulation was 15% H2, 3.75% CO2, 54.1% H2O, and 27.15% CH4. Therefore, the average efficiency (86%) and CO2 methanation result values drawn from actual pilot plants are seemingly satisfactory.




2.3. CO2 Methanation-System Energy Balance


The energy balance of the CO2 methanation system was reviewed based on the data obtained from the field. In the electrolysis process to produce hydrogen, Alkaline Electrolyzes (AEL) equipment needs 4.5~7.0 kWh to produce 1 Nm3 of hydrogen [24]. However, in this section, other processes (ex. electrochemical processes) associated with the CO2 methanation system were excluded from the energy balance calculation. The amount of energy required for the CO2 collection was calculated as 1320 kWh/ton CO2 (50 Nm3/day) based on a previous study [25]. Similarly, for efficient CO2 methanation, the CO2 conversion rate was set to 86% and the CH4 selectivity was set to 1 (to calculate the energy balance), which was established based on values drawn from the field (Table 2.).



The total electric power consumed while operating the CO2 methanation process was calculated to be 1100 KWh/ton CO2, including the preheater, reactor, and cooling system. Initially, the electric power for the reactor was consumed for pre-heating; however, after reaching the steady state, electric power was not required due to the heat produced by the exothermic reaction. When 43.3 Nm3/day of CH4 was produced through the CO2 methanation reaction, 1 Nm3 of CH4 could be converted to 4389 KWh/ton CO2 of energy based on the total calories (8570 kcal). The heat of reaction generated when CO2 was converted to CH4 was calculated based on Equation (4) and was estimated to be 1038 KWh/ton CO2:


CO2 + 4H2 → CH4 + H2O, ∆ −165 KJ·mol−1



(4)







Thus, it is possible to obtain an electrical energy equivalent to 3007 kWh/ton CO2.





3. Experimental and Method


3.1. Pilot Plant Description


3.1.1. CO2 Methanation Technology Applied to Sewage Disposal Plants


The CO2 methanation process installed in Korea’s sewage disposal plant is 250 Nm3/day based on the inlet gas (CO2, H2). It receives CO2 and H2 from the anaerobic digestion and electrochemical processes in the sewage disposal plant, respectively. CO2 and H2 generated from the respective processes were compressed and stored as their purities were low, and subsequently entered the CO2 methanation process. However, in this study, commercial gas was purchased and tested to facilitate the gas supply when testing a pilot-scale CO2 methanation plant. Figure 7 shows a mimetic diagram of the overall process. Figure 8 shows a photograph of an actual sewage disposal plant.




3.1.2. Pilot Scale Fixed Bed Methanation System


The pilot-sized CO2 methanation system used in this study was designed to produce CH4 by treating H2 and CO2 at 250 Nm3/day at a temperature of approximately 300 °C through a catalytic reaction. Methanation installation consists of (1) pre-heating, (2) a catalyst reaction, and (3) moisture removal. The pre-heating temperature is set to 200–250 °C, which removes any residual moisture that may be contained in H2 and CO2. Additionally, the pressure was kept constant by increasing the gas temperature before the gas entered the catalyst reactor. The catalyst reaction involves the CO2 methanation reaction in a reactor, wherein the catalyst is filled to produce CH4 and H2O. Subsequently, to remove the moisture, gasified moisture through the water trap in the moisture removal step was removed. The final gas emission was measured using an NDIR-gas analyzer (Fuji Electric Co., Tokyo, Japan).



The methanation installation was designed based on safety and convenience for the overall system to control explosive hydrogen, and it displays the following characteristics. The CO2 methanation setup was installed in an explosion-proof container, and the system was designed to withstand a pressure of up to 50 bar. Safety devices, such as flame traps and check-valves, were installed. The system was designed with an alarm to sense danger, and the operation stopped automatically when the set pressure or temperature was exceeded during the operation to lower the danger. The overall CO2 methanation system is automatic and operates without contact and can control, monitor, and accumulate data in real time. Figure 9 shows the design of the CO2 methanation system.





3.2. Materials and Methods


3.2.1. Preparation of Pellet Catalysts


This study selected a Ni–0.2Ce–0.1Zr catalyst with excellent CO2 methanation performance as a powder catalyst. Reagents used in manufacturing the Ni–0.2Ce–0.1Zr catalyst were Ni powder (Sigma-Aldrich Chemical, St Louis, MI, USA), cerium nitrate hexahidrate (Aldrich Chemical, Missouri, United States of America), and zirconium oxide (Sigma-Aldrich Chemical, St Louis, MI, USA), and such a catalyst was manufactured through the wet impregnation method. The manufactured powder catalyst was sifted through a 50 μm sift for the smooth formation and coating. The powder catalyst was placed in an extruder and pressure was applied, and was then baked for its manufacture as pellets (Figure 10). Meanwhile, XRD and H2-TPR were analyzed to confirm the physicochemical properties of the pellet catalyst (Figures S1 and S2). Ni, NiO, Ce, and Zr peaks were confirmed on the catalyst surface through XRD results. H2-TPR analysis showed high H2 consumption near 300 °C.




3.2.2. Operating Setup of the Pilot Scale Plant


It is necessary to reestablish the operation method due to differences in the gas flux and preheating time when the experiment was conducted in a laboratory that was a scaled-up pilot plant. Accordingly, the pilot-sized CO2 methanation process involves four steps. Step 0 involved the operation of the system after checking for flammable materials around the reactor. In step 1, which was the pre-heating step, the temperature was increased gradually to 200–250 °C in a H2 atmosphere to preheat the reactor and remove impurities in the catalyst and any remaining moisture (Figure 8a). In step 2, H2 and CO2 were injected into the reactor through gas-injection (Figure 8b). Then, CH4 began to be produced, and the temperature in the reactor increased due to the exothermic reaction. Therefore, the temperature was maintained at 300 °C and optimized for catalyst efficiency through the repeated cooling and heating system in the reactor. In step 3, which is the stabilized stage, the CH4 production depends on the reaction time. In step 4, only H2 is injected to remove H2O and other impurities in the reactor after the operation ends, thereby lowering the temperature of the reactor. Figure 11 shows the detailed operating steps. The experimental conditions are listed in Table 3. The catalyst reaction activity was expressed as the conversion to CO2 and calculated using Equations (5) and (6). The space velocity was calculated using Equation (7).


   CO 2    Conversion   ( % )   =       CO   2 IN     −      CO    2 OUT       CO   2 IN     × 100  



(5)






   CH 4    selectivity   =       CH   4 OUT       CO   2 IN     −      CO    2 OUT      



(6)






  GHSV   ( gas   hour   space   velocity )   (  h  − 1   )   =      Q  IN     Vout    



(7)









3.3. CFD Approach for Reactor Design of CO2 Methanation


In this study, the STAR-CCM+ 8.02 was used to optimize the CO2 methanation reactor effectively. Two types of pilot-sized reactors were designed to evaluate the effects of reactor design, such as changes in the length of reactor parts and the entrance and exit sizes of the reactor, to evaluate the maximum reaction efficiency through CFD analysis. Figure 12 shows a schematic diagram of two fixed bed reactors, A and B, where the B-type reactor was modified with a longer latter part compared to the A-type reactor and, subsequently, their maximum reaction efficiencies were evaluated through CFD analysis.



Similarly, the computational domain in a fixed-bed reactor for CFD analysis that produces a polyhedral mesh is shown in Figure 13. For the A-type reactor, approximately one hundred thirty thousand meshes were used for the calculation. For the B-type reactor, approximately one hundred sixty thousand meshes were used for the calculation. The relevant information is listed in Table 4. Scheme 1 illustrates the CFD analysis procedures, which are largely classified into the pre-processing (involved in building the reactor shape, generating a lattice, and establishing a numerical analysis), solving, and post-processing stages to analyze the result.



The numerical analysis model conditions used were steady state, multi-component gas, partially premixed combustion (only in the catalyst), eddy breakup model, and realizable k-ε. For the catalyst, the Ergun equation assuming isotropy was used. For the chemical reaction CO2 (g) + 4H2 (g) ↔ CH4 (g) + 2H2O (g), ∆H°298K = −165 KJ·mol−1 was assumed to be a fast chemistry model known as the Sabatier reaction.



First, it was determined whether the design was appropriate through cold-flow simulation (fluid flow state without chemical reaction). Then, CFD results through hot-flow simulation (the fluid stream containing the reaction conditions) from reflecting the actual conditions were compared.





4. Conclusions


In this study, to recycle CO2 generated from sewage treatment plants, an associated process based on the CO2 methanation technology was presented, and CH4 production was calculated through methanation. The data required for the reactor design to predict the maximum catalyst efficiency were obtained by conducting CFD simulations for various design factors (entrance and exit sizes, length of the latter part of the catalyst, etc.).



Experiments were conducted by selecting a B-type reactor, which was validated through CFD modeling. The CO2 methanation efficiency was measured to be 85–89%, and 1806 L/h of CH4 was produced. This was observed to be similar to the values predicted by the CFD modeling. Despite being a pilot-sized plant, stable and high methane production efficiency has been observed for a long time. Based on the results, the energy balance of the CO2 methanation system was calculated, and, finally, energy equivalent to approximately 3007 kWh/ton CO2 could be obtained. The findings of this study are expected to serve as a foundation for producing economically viable CH4, which is an alternative energy source and industrial application of CO2 methanation technology.
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Figure 1. Velocity plot by cold-flow analysis: (a) velocity vector fields and (b) velocity magnitudes. 
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Figure 2. Reacting flow simulation for the A-type reactor. 
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Figure 3. Reacting-flow simulation for the B-type reactor. 
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Figure 4. Hot−flow simulation result of the B−type reactor. 
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Figure 5. CO2 methanation data in the pilot plant (inlet gas CO2:H2 = 1:4, actual temperature 300 ± 5 °C)). 
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Figure 6. Equilibrium conversion rate (left) and the product fraction of CO2 methanation at equilibrium (right), p = 1 bar, H2/CO2 = 4. 






Figure 6. Equilibrium conversion rate (left) and the product fraction of CO2 methanation at equilibrium (right), p = 1 bar, H2/CO2 = 4.



[image: Catalysts 11 01005 g006]







[image: Catalysts 11 01005 g007 550] 





Figure 7. Process diagram of carbon resource integration. 
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Figure 8. CO2 methanation processes installed in sewage disposal plants in Korea: (a) pre-heater, (b) catalyst reactor, and (c) water trap. 
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Figure 9. Pilot plant of CO2 methanation in a sewage disposal plant in Korea. 
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Figure 10. Structure of the manufactured pellet-type catalyst. 
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Figure 11. Four steps of the CO2 methanation process. 
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Figure 12. Schematic of the CO2 methanation reactor. 






Figure 12. Schematic of the CO2 methanation reactor.



[image: Catalysts 11 01005 g012]







[image: Catalysts 11 01005 g013 550] 





Figure 13. Computational domain and mesh generation of the two types of CO2 methanation reactors. 
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Scheme 1. Workflow process for simulation. 
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Table 1. Composition of temperature and exhaust gases according to reactor types.
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Reactor Type

	
A

	
B






	
Exit-gas temperature (°C)

	
497

	
484




	
Exit-gas compound

(vol%)

	
CO2

	
6.78

	
3.75




	
CH4

	
22.05

	
27.15
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Table 2. CO2-methanation energy balance.
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	Unit
	Data





	CO2
	Nm3/day
	50



	Capture CO2
	kWh/ton CO2
	1320



	CO2-methanation system
	kWh/ton CO2
	1100



	CH4 gas
	Nm3/day
	43.3



	Chemical energy (CH4)
	kWh/ton CO2
	4389



	Recoverable heat
	kWh/ton CO2
	1038
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Table 3. Experimental conditions.
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Experimental Conditions






	
Flow rate

	
H2

(Nm3/h)

	
8.33




	
CO2

(Nm3/h)

	
2.08




	
Average working temperature (°C)

	
300




	
Max working temperature

	
360




	
Catalyst type

	
pellet type

Ni–0.2Ce–0.1Zr




	
Space velocity (h−1)

	
1950




	
Working pressure (bar)

	
1–1.2
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Table 4. Mesh constitution of reactor type.
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Number of grid (Cells)

	
Type 1

	
127,348




	
Type 2

	
157,095




	
mesh type

	
Polyhedral mesh

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
i






media/file4.png
Mole Fraction of CO2

635,18 fon ot
568.14 0.160
501.11 0.120
| 434.07 0.0800
367.04 0,0400
900.00 0.000
|

A type Reactor Temperature Mole Fraction of CO, Mole Fraction of CH,

Mole Fraction of CH4
321

0.257
0.193
0.129
0.0643
0.000






media/file18.png
| —

- e AL
!‘-:‘ 1

Wii

N\ _!\ \
N\’ AN 11
- R B A N
i)
; !‘

\J

~~ ‘ ‘-—-
e 3 IF=1 H av
|8
i 2
A
7% -
- | 3=
- "
- |}
S T =t B
1 | Ll £
=1 =R
)
: I~

INUESTTA

1 : pre heater
2 : catalyst reactor

3 : water trap





media/file21.jpg
‘Working Temperature (°C)

IS
g

w
H

g

g

1-step 2-step 3-step 4-step
[Pre-heating] [Gas-injection] [CO, methanation] [Reaction termination]

P ———— TP P ———— v P ———
:
L
100 200 300 bo 500





media/file26.png
A-type Reactor B-type Reactor | A-type Reactor B-type Reactor

flow _reactor: inlet flow reactor: inlet

/ﬂow_reactor: inlet flow reactor: inlet
; /_

4

Structured mash

low _reactor: outlet low _reactor: outle

low _reactor: outlet ow _reactor: outlet





media/file27.jpg
Prepare Geometry

!

Construct Simulation
Geometry

l

Generate Mesh

!

Define Physics

Prepare for
Analysis

!

Run
Simulation

i

Analyze
Results

Scalar fields,
vector fields,
streamlines, et





media/file3.jpg
o) Moarcor oot
s oo 3
o1 o 015
sor oo o129
w706 ooeo o0us
oo hoaw oo

Atype Reactor Temperature






media/file22.png
Working Temperature (°C)

400

W
=
<

N
=
=]

100

| -step 2-step 3-step 4-step
[Pre-heating] [Gas-injection] [CO, methanation] [Reaction termination]

100 200 300 400 500
Time (min)





media/file19.jpg





media/file7.jpg
i
i N
iu

p R 1 Swtue Uity 076

\ i:
fu

Surface Uniformity: 0.98






media/file28.png
Prepare Geometry

l

Construct Simulation
Geometry

l

Generate Mesh

l

Define Physics
[

Prepare for
Analysis

l

Run
Simulation

l

Analyze
Results

Scalar fields,
vector fields,
streamlines, etc





media/file10.png
1-step 2-step 3-step 4-step
[Pre-heating] [Gas-injection] [CO, methanation] [Reaction termination]

400

- ————— B e e - ———— -
O e

! ﬁ"m
i; 300 ! o'\
E
: :
& 200 - ’/
=
8 =
i ’,c'

4

100 200 300
Time (min)

100

O 400 - O
< e ©
@ O
=
g 300 - “W*\ - 60
&
£ o
SF ~
= 200 e - 40
=0 ]
=
.
-
§ 100 - L 20
® Temperature
O CO, conversion Stabilization phase
0 — === —— 0
0 S0 100 150 200

CH, selectivity = 1 (minimum 0.93)

Time (min)

CO, Conversion (%)





media/file14.png
Sewage treatment

Sewage
inflow

Flow control
tank

[A20 process]

— EfMuent

Anacrobic Storage tank Electrolysis reactor
tank tank tank J ‘ )

Gas purification

a0 »

CO,; purification Anacrobic H; purification
reactor digestion reactor reactor
Syn-gas generation

y .g g < ‘,-;:,‘ ¥ < -q"\-.-‘.‘
) 5

" Wyl T Wyl -

:‘ ol )
CO; storage ' H; storage

reactor reactor

Methanation
reactor






media/file11.jpg
T o Ncore Veu i N
. wl te, ..
" 5 . .
et as &
Eoe . o Y
-9 g o
ks . .
02 " e
0 . " %o & 4 O
= R
. feet i " 4%
00 00 * -
E O P

Temperaiure () Tempersture ()





media/file6.png
Mole Fraction of CH4

0.326
0.261
0.195
0.130
0.0652
0.000

B type Reactor Temperature Mole Fraction of CO, Mole Fraction of CH,

Temperature (C) Mole Fraction of CO2
691.15 200

0.160

612.92

534.69 0.120

456.46 0.0800

378.23 0.0400

300.00 0.000






media/file15.jpg
i vestr | Caatneacin v o

Room 1: Control

Room 3. hydrogen compression and sorage

Room 4 cectotysis (fo hydrogen production)





nav.xhtml


  catalysts-11-01005


  
    		
      catalysts-11-01005
    


  




  





media/file16.png
Lttt

Room 1 : Control

Room 3 : hydrogen compression and storage

Room 4 : electrolysis (for hydrogen production)

Pre — Heater

Catalyst Reactor

Water Trap






media/file2.png
Velocity (m/s)
14.98

11.98

8.986

5,991

2.996

0.0009394





media/file20.png





media/file23.jpg
A-type Reactor B-type Reactor |

T
% pipe
: |

o TREE





media/file5.jpg
bl

B type Reactor Temperature

Mole Fraction of CH,





media/file24.png
A-type Reactor B-type Reactor

A A A A
. .
< <
N [ > I
o o) o o)
. .
[ :
I X
A
o -
< A
— v w | Y
A — A
ﬁ-
oo
m
)
o0
Voo “
o
T /2" pipe
VL v

t I pipe






media/file1.jpg
Velocity (m/s)
1498

11.98

8.986

15991

2996

0.0009394





media/file25.jpg
ropereacer | Bogereser_| Aype s Bope R

fow ractor it J— fow roctorine g ctor it
4 e

-

Structured mash

. eacor outet o ractor outo

ow roactor outt





media/file12.png
———————————————4+——»
O (o]
[ ] H mH 00 ® ® )
@ ® >u ¢4 ® 44 ¢
] ® 4 &
m @ < -
O L] > & «
- ¢ 4
B " » ¢ <4
@ > =N R
® B n &4
® B . o4
@ | 4 O
I. T T T V. T T
S = " - 3. ) v <
) > o) ) o) ) (o) o)
'
- @ @
®
Y ® [
) -] ®
o
2 @ ®
e
@ 3 -
®
& L
® o -
C
. -
8]
. -
@
< x® b i o | S
— (o) () (] (] ()

YHOx €00y

300 400 500 600 700 800

200

300 400 500 600 700 800

200

Temperature (°C)

Temperature (°C)





media/file9.jpg
o
&
H
2
H
£
: 200
-
Ew

o

O Comemenon__ Sublzionphuse

ol ol
o o 10 %0 m

Time (min)

CH, sclectivity = 1 (minimum 0.93)

100

€O, Conversion (%)





media/file0.png





media/file8.png
flow _reactor: inlet

low _reactor: outlet

Velocity (m/s)

Velocity (m/s)

3.0

2.8 1
2.0 |
LS -
°

1.0 {e°

0.5 -

0.0

.oCIS

-0.10  -0.05 0.00 0.05 0.10 0.15

0.05

0.04 -

e
2

e
(S

0.01 -

tence’

see,
P T A e*%ee,
. L)
LE X Y

b

0.00
-0.15

-0.10  -0.05 0.00 0.05 0.10 0.15

r(m)

Surface Uniformity: 0.76

Surface Uniformity: 0.98





media/file17.jpg
1: pre heater

2: catalyst reactor

3 water trap





