

  energies-14-06564




energies-14-06564







Energies 2021, 14(20), 6564; doi:10.3390/en14206564




Article



Thermodynamic Analysis of the Effect of Green Hydrogen Addition to a Fuel Mixture on the Steam Methane Reforming Process



Robert Kaczmarczyk[image: Orcid]





Department of Fundamental Research in Energy Engineering, Faculty of Energy and Fuels, AGH University of Science and Technology, Al. Mickiewicza 30, 30-059 Krakow, Poland







Academic Editors: Talal Yusaf, Mohamd Laimon and Hayder Abed Dhahad



Received: 1 September 2021 / Accepted: 8 October 2021 / Published: 12 October 2021



Abstract

:

Steam methane (CH4–H2O) reforming in the presence of a catalyst, usually nickel, is the most common technology for generating synthesis gas as a feedstock in chemical synthesis and a source of pure H2 and CO. What is essential from the perspective of further gas use is the parameter describing a ratio of equilibrium concentration of hydrogen to carbon monoxide    (  H / C =  x  H 2   /  x  C O    )   . The parameter is determined by operating temperature and the initial ratio of steam concentration to methane   S C =  x  H 2 O  0  /  x  C H 4  0   . In this paper, the author presents a thermodynamic analysis of the effect of green hydrogen addition to a fuel mixture on the steam methane reforming process of gaseous phase (CH4/H2)–H2O. The thermodynamic analysis of conversion of hydrogen-enriched methane (CH4/H2)–H2O has been performed using parametric equation formalism, allowing for determining the equilibrium composition of the process in progress. A thermodynamic condition of carbon precipitation in methane reforming (CH4/H2) with the gaseous phase of H2O has been interpreted. The ranges of substrate concentrations creating carbon deposition for temperature T = 1000 K have been determined, based on the technologies used. The results obtained can serve as a model basis for describing the properties of steam reforming of methane and hydrogen mixture (CH4/H2)–H2O.
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1. Introduction


In gas-fired power generation, commonly used energy carriers include mixtures of hydrocarbons, with methane being one of the components. Over the recent years, attempts have been made to also use hydrogen as an energy carrier. Global utilization of the potential of renewable energy sources and efforts to find cleaner energy sources contribute to interest in hydrogen as an alternative to traditional liquid and gaseous fuels. In recent years there has been an increasing interest in hydrogen production by water electrolysis using electricity obtained from renewable sources. Power-to-gas technology is an innovative solution providing new opportunities for grid balancing. Electricity surpluses from renewable sources can be used to produce hydrogen which, in turn, can be injected into the gas grid in order to store the chemical energy of hydrogen. A conceptual framework and a review of pilot power-to-gas plants operated in various countries are presented in [1,2]. The technological aspects of the integration of the power grid and gas grid for the purpose of storing surpluses of electricity as gas produced from renewable sources (wind farms and solar power plants) using technology for injection of hydrogen from power-to-gas plants to the gas grid are compared in [3,4,5,6,7,8,9,10,11]. Permitted quantities of hydrogen in the gas grid are determined by energy consumers’ technical and technological preferences, the grid structure as well as composition and volume flux of gas. The prospect of laying autonomous pipeline networks for transporting hydrogen in 100% concentration adds costs to planned capital projects spread over time. That is why using the existing natural gas pipelines is an alternative solution for transport of hydrogen. In methane pipeline networks, hydrogen concentration in the range up to 20% volume fraction is considered stable. Steam reforming of natural gas in the presence of a nickel catalyst, in the 700–1100 °C temperature range is currently the cheapest and technologically most common method of hydrogen production. Steam reforming can be used to produce hydrogen also from hydrocarbons higher than methane i.e., from ethane, propane-butane and higher ones [12,13,14].



The steam reforming of methane (SRM) stands out with the largest H2 output compared to other known methods, because the water—which is an oxidant—contains hydrogen ions. However, the side effect of CO2 emission in SRM is a major problem [15,16]. Another major problem encountered during methane conversion is carbon deposition on a catalyst [17]. This phenomenon worsens the catalytic activity. For environmental reasons, the dry reforming of methane (DRM) presents a great advantage, because of involved raw materials: methane and carbon dioxide. However, high endothermicity leads to high costs associated with providing the appropriate amount of energy necessary to heat up the system. In recent years, extensive research has been conducted to obtain DRM catalysts showing high activity at lower temperatures [18,19,20]. Another solution that allows reducing the costs of providing thermal energy to the system is the use of solar energy [21,22]. Solar energy can also be used to activate the catalyst in a process of photocatalysis—it has been shown that CO2 could be transformed into hydrocarbons when it is in contact with water vapor and catalysts under UV irradiation. This paper [23] presents an experimental set-up to study the process employing a new approach of heterogeneous photocatalysis using pellet catalysts instead of immobilized catalysts on solid substrates. The most widely used and described photocatalysts contain a semiconductor which is titanium dioxide (TiO2) [24,25]. Yoshida et al. used platinum catalyst on TiO2 support and performed steam reforming of methane [26]. As a result, only trace amounts of carbon monoxide were observed, and the ratio of H2/CO2 was close to four. Yoshida et al. also reported that SRM could be driven by irradiating light on Pt-loaded La-doped NaTaO3 at room temperature [27]. László et al. performed photocatalytic dry reforming of methane using titanate nanotubes that were modified with gold and ruthenium [28]. Cho et al. [29] discusses recent advances in methane photocatalytic reforming to provide different reforming strategies. The combination of photocatalytic methods and traditional thermal catalysis may allow the efficient use of renewable energy and the utilization of major greenhouse gases. However, the design of a catalyst with high activity and stability in the methane reforming process is still a challenge and the subject of numerous research studies. A steam reforming of biomass gasification products was recently found to be a promising method of green hydrogen production that has the potential to reduced greenhouse gas emissions [30,31,32]. Moreover, the process can effectively be conducted using the nickel-based catalyst with high resistance to coke formation [33]. The reforming reactor can be coupled with solid oxide fuel cells for various fuel compositions [34]. The miniaturization of steam reformers, caused by the application in a combined system with fuel cells, urges rethinking the design of the reactors [35]. The used catalyst inhibits or exhibits carbon formation, but the process’s direction, and if it is favorable to occur, can be provided by thermodynamic analysis. Consequently, thermodynamical analysis is of special significance for such small-scale reactors and needs to be carried out in any theoretical or experimental study.



In the most advanced countries in the world, steam reforming accounts for up to 95% of hydrogen production. Therefore, in the technologies market, a specific countertendency can be seen—hydrogen as a product of chemical reactions if steam methane reforming and hydrogen as a substrate in mixture (CH4–H2) brought into the reforming process. This fact can be expressed as follows:


   (  C  H 4  /  H 2   )  −  H 2  O  →  T ,   N i    (   H 2  , C O , C  O 2  ,  H 2  O , C  H 4   )   



(1)







The problem of the effect of hydrogen (from renewable energy sources) contained in methane on the steam reforming of gaseous phase (CH4/H2) is interesting both in the cognitive and application aspect. In this paper, by means of thermodynamic analysis an equilibrium composition and a range of concentrations of substrates involved in carbon deposition in the steam reforming of hydrogen-enriched methane (CH4/H2) have been determined. A thermodynamic analysis of conversion of hydrogen-enriched methane (CH4/H2)–H2O has been carried out for temperature of T = 1000 K, equivalent to the industrial process conditions. The results obtained can serve as a model basis for describing the properties of steam reforming of methane and hydrogen mixture (CH4/H2)–H2O.




2. Thermodynamic Analysis


The thermodynamic analysis of conversion of hydrogen-enriched methane (CH4/H2)–H2O has been performed using parametric equation formalism, allowing for determining the equilibrium composition of the process [36,37,38,39,40]. According to this concept, for any chemical reaction involving reagents (Ai) characterized by the equation:


    ∑   i = 1  s   k i   A i  = 0 ,   i = 1 ,   2 ,   3 , … , s  



(2)







We assume positive values of stoichiometric coefficients (ki) in respect of products, negative values for substrates, and the value of zero for reagents not involved in the chemical reaction. Under isobaric and isothermal conditions, the composition of the gaseous phase of a reaction change along a straight line, and the transition of reagents from the initial state to the final state (equilibrium state) can be marked with a vector parallel to the straight line. For a s-dimensional space (where: s—number of reagents) a parametric equation of a straight line can be written as:


   x i  =  x i 0  + τ c o s  α i  ,   i = 1 ,   2 ,   3 , … , s  



(3)




where:    x i   ,    x i 0   —equilibrium and initial mole fraction of component i,    α i   —direction angle of vector, τ—straight line parameter,   τ ∈ R  .



An expression for direction cosine takes on the following form:


  c o s  α i  =    k i  −  x i 0    ∑   i = 1  s   k i        ∑   i = 1  s     (   k i  −  x i 0    ∑   i = 1  s   k i   )   2      ,   i = 1 ,   2 ,   3 , … , s  



(4)




where: ki—stoichiometric coefficient of reagent i.



Direction cosines of the vector are not time dependent; they are the functions of the initial composition and of reaction stoichiometric coefficients. In the case of reaction    (    ∑   i = 1  s   k i  ≠ 0  )   , a change in the composition of a phase occurs along straight lines intersecting at the so-called “characteristic point”    (    x ¯  i   )   . For reaction    (    ∑   i = 1  s   k i  = 0  )    a direction cosine is not dependent on the initial composition, but solely on the stoichiometric coefficients, while a change in reagent concentrations occurs along straight lines parallel to each other.



Model reactions (j = 1, 2, 3) of steam methane reforming [41,42,43,44,45,46] using hydrogen, along with the totals of stoichiometric coefficients of individual reactions    (    ∑   i = 1  s   k i   )    are presented in a Table 1. Parametric equations for all gaseous components (i = 1, 2, 3, 4, 5), generated in the process, for (j = 1, 2, 3) of individual model reactions are presented in a Table 2.



The concentrations of components (initial composition    x   H 2  O  0  ,  x  C  H 4   0  ,  x   H 2   0   ) brought into the conversion process are expressed with independent variables (t, y):


   x   H 2  O  0  = 1 − y  



(5)






   x  C  H 4   0  =  (  1 − t  )  y  



(6)






   x   H 2   0  = t y  



(7)






  t =    x   H 2   0     x  C  H 4   0  +  x   H 2   0     



(8)






  y = 1 −  x   H 2  O  0   



(9)







Graphical representation of the initial composition of the gaseous phase of the process, defined by variables (t, y) is shown in a Figure 1.



Values t are constant along a line with a set ratio of    x   H 2   0  /  x  C  H 4   0   . These values vary from t = 0 (CH4–H2O steam reforming) to t = 1 representing equilibrium in the steam—hydrogen (H2O–H2) system. Parameter y = const defines lines that are parallel to the base of a triangle (y = 1) determining a ratio of the initial concentrations of hydrogen and methane. In the case of y = 0, we have a pure component which is steam.



Numerical calculations were carried out using mathematical computing environment MATLAB, on the basis of thermodynamic data [47]. Equilibrium constants were determined using the general relation:





  ∆  G T 0  = − R T ln K  



(10)




where   ∆  G T 0    represents a change in Gibbs free energy of the reaction, expressed by the relation:





  ∆  G T 0  =   ∑   i = 1  s   k i   μ   A i   0  ,   i = 1 , … ,   s  



(11)




where:    k i    denote, if with a plus sign, stoichiometric coefficients of the products and, if with a minus sign, the substrates for the reaction set, whereas    μ   A i   0    denote standard chemical potentials of pure components, for the products and substrates, respectively.



The first stage of the analysis involved writing out parametric equations (Table 2), for the model reactions (Table 1), taking into account all components involved in the process (i = H2, CO, CO2, CH4, H2O). For a specific initial composition    x i 0    expressed by variables (t, y) an equilibrium composition    x i    of the first model reaction was determined. Parameter τ was calculated by substituting appropriate parametric equations into equilibrium constant K. By way of example, for reaction (j = 1) the equilibrium constant is expressed by the relation:


   K 1  =    P  C O    P   H 2   3     P   H 2  O    P  C  H 4      =    x  C O    x   H 2   3     x   H 2  O    x  C  H 4       P 2   



(12)






   K 1  =    [   x  C O  0  +  (  0.5 −  x  C O  0   )  τ  ]     [   x   H 2   0  +  (  1.5 −  x   H 2   0   )  τ  ]   3     [   x   H 2  O  0  +  (  − 0.5 −  x   H 2  O  0   )  τ  ]   [   x  C  H 4   0  +  (  − 0.5 −  x  C  H 4   0   )  τ  ]     



(13)




where: P—atmospheric pressure [1 atm].



By assuming, e.g., an initial composition of a gaseous mixture    (   x   H 2  O  0  =  x  C  H 4   0  = 0.5 ,  x   H 2   0  = 0  )   , we obtain an equation in respect of  τ :


  27  τ 4  − 16  K 1   τ 2  + 16  K 1  τ − 4  K 1  = 0  



(14)




having four roots (   τ 1  ,  τ 2  ,  τ 3  ,  τ 4   ), for which we calculate equilibrium compositions in accordance with the parametric equations for all components of the gaseous phase. Of the parameters τ searched for, only the one for which the following conditions are met makes physical sense:


   {      0 ≤  x i  ≤ 1         ∑   i = 1  s   x i  = 1        



(15)







The equilibrium composition of the first model reaction served as an initial composition for the second reaction and the determined equilibrium composition of the second reaction became an initial composition for the subsequent reaction. Calculations were carried out in a loop (n = 1,…,s) until the final composition of the process satisfied the equilibrium constants for all the model reactions in accordance with the diagram below (Figure 2).



The interpretation of formation of the so-called carbon deposits in an ongoing steam reforming process in respect of CH4/H2 mixture was based on an equilibrium composition of the gaseous phase (H2, H2O, CH4, CO, CO2), in which thermal decomposition of methane and Bouduard reaction can occur (Table 3). Formation of the phase of pure carbon, whose activity is equal to one (a[C] = 1) as a result of thermal decomposition of methane and a Bouduard reaction is limited by the ratios of concentrations of the reforming process gaseous components (   α j   ) in the on-going reactions (j = 5, 6) with equilibrium constants Kj.



An alternative method for determining the range of carbon precipitation in H2O–CH4–H2 ternary system could be the model approach to this problem as used in metal solution theory and, specifically, in describing the properties of multi-component thermodynamic systems. Such an approach limits costly experimental procedures or time-consuming numerical calculations. In the model interpretation, the thermodynamic properties in a three-component mixture are determined based on the knowledge of thermodynamic properties of binary boundary systems making up a multi-component system [48,49,50,51,52,53,54]. In such models, the so-called composition path is defined that determines the effect of individual two-component systems on the thermodynamic properties of complex systems. In this paper, the independent variable assumed (t, y) (Figure 1) [52,53,54] determine a component path conforming to the assumptions of Toop’s model [48]. According to these assumptions, using the symbol convention (k = H2O, l = CH4, m = H2), a carbon deposition boundary in a    y   [ C ]  , k l m   = f  (  t , y  )    H2O–CH4–H2 system can be expressed in the following form:


   y   [ C ]  , k l m   =  ω  k l    y   [ C ]  , k l   +  ω  k m    y   [ C ]  , k m   +  ω  l m    y   [ C ]  , l m    



(16)




for which coefficients    ω  k l   ,  ω  k m   ,  ω  l m     have been defined as follows:


       ω  k l   =    x k   x l     x  k  ( l )     x  l  ( k )           ω  k m   =    x k   x m     x  k  ( m )     x  m  ( k )           ω  l m   =    x l   x m     x  l  ( m )     x  m  ( l )           



(17)




where:    x k  ,  x l  ,  x m   —component concentrations expressed as mole fractions in ternary system k-l-m;    x  k  ( l )     x  l  ( k )    ,  x  k  ( m )     x  m  ( k )    ,  x  l  ( m )     x  m  ( l )     —mole fractions of components in boundary two-component systems k-l, k-m, l-m.



Applying independent variables (t, y) we obtain function    y   [ C ]  , k l m   = f  (  t , y  )    for a boundary of the area of the homogeneous system of the gaseous phase in the reforming process, and a two-phase heterogeneous system with a constant phase, resulting from reaction (j = 5) (Table 3) involving carbon:


   y   [ C ]  , k l m   =  (  1 − t  )   y   [ C ]  , k l   + t  y   [ C ]  , k m   +  y 2   y   [ C ]  , l m    



(18)







According to the composition path adopted, taking into account the shares of two-component systems H2O–CH4 [12,39,40,41,42,43], H2O–H2, CH4–H2 for temperature of T = 1000 K, the boundary conditions have been determined:


      i n   s y s t e m   k − l :   t = 0 ;    y   [ C ]  , k l   = 0.45       i n   s y s t e m   k − m :   t = 1 ;    y   [ C ]  , k m   = 1       i n   s y s t e m   l − m :   y = 1 ;    y   [ C ]  , k l   = 0      



(19)




allowing for determining trajectory    y   [ C ]  , k l m   = f  (  t , y  )    with the following equation:


   y   [ C ]  , k l m   = 0.55 t + 0.45  



(20)








3. Analysis and Interpretation of Model Calculations


Numerical calculations for steam reforming of (CH4/H2) mixture were carried out in respect of the range of initial concentrations of components    (   x   H 2  O  0  ,  x  C  H 4   0  ,  x   H 2   0   )    expressed through independent variables (t, y): t = 0–2 at y = 0.2–0.8, for standard state pressure P = 1 [atm.] and temperature from within the technological range of T = 1000 K. The first stage of the analysis involved determining equilibrium composition    x i    for all components involved in the process (i = H2, CO, CO2, CH4, H2O) in accordance with the formalism of parametric equations for model reactions. The calculations were carried out assuming set parameter t = const., for the following values t = 0, 0.02, 0.05, 0.1, 0.2 representing hydrogen content in methane, with a parameter y change step equal to ∆y = 0.005. The reference point in the analysis of the effect of hydrogen added to methane in the process under consideration is system (CH4–H2O) for t = 0, characterizing “classic” steam reforming of methane without initial hydrogen content in the process input mixture. Determining the conditions of carbon precipitation in the context of temperature and the process initial composition is an interesting aspect both from the cognitive and technological point of view. The carbon precipitation phenomenon, which slows down or even stops methane conversion, given its catalytic nature, limits the area of the initial process composition for which there is technological justification. With complete information on the equilibrium compositions of the reforming process of gaseous phase (CH4/H2)–H2O, in accordance with the thermodynamic condition (Table 3) a range was determined within which the so-called “carbon deposit” in the process is formed. For system CH4–H2O, which corresponds to parameter t = 0, initial ratio of steam and methane concentrations, expressed as   S C =  x   H 2  O  0  /  x  C  H 4   0    at temperature T = 1000 K is SC = 1.222 and above this level, no carbon precipitation occurs. The boundary of carbon precipitation as a result of ongoing methane conversion with steam, represented by parameter SC converges with the maximum value of equilibrium hydrogen concentration in the process. In the context of variables (t, y), that corresponds to the values of parameters t = 0, y = 0.45.



The results of numerical calculations of the effect of hydrogen in the initial composition on the carbon formation phenomenon are set forth in a Table 4. Adding hydrogen, in a mixture with methane (t = 0–0.2) to the system (CH4/H2)–H2O, limits the range within which carbon deposits form, which promotes conversion of methane by the possibility of decreasing initial steam pressure    x   H 2  O  0   . In order to describe relation    y   [ C ]    = f  ( t )    resulting from the numerical calculations a linear function shape was used, as was the case in Toop’s model. With the boundary condition set    (  t → 1 ,  y   [ C ]    → 1  )    resulting from the thermodynamic properties of system H2O–H2, i.e., a system being free from carbon deposit formation, equation    y   [ C ]    = f  ( t )    can be condensed as:


   y   [ C ]    = t − b t + b  



(21)







Taking into account data    y   [ C ]    = f  ( t )    of the numerical analysis, coefficient b = 0.4505 was determined, identifying linear dependency of the boundary of the area of the homogeneous system of the gaseous phase in the reforming process, and a two-phase system with a constant carbon phase, resulting from a methane decomposition reaction:


   y   [ C ]    = 0.5495 t + 0.4505  



(22)







A comparison of the model approach and an analytic description of the numerical data of carbon deposition range in system (CH4/H2)–H2O is illustrated in a Figure 3 and Figure 4 and set forth in a Table 4. The discrepancy between values    y   [ C ]    = f  ( t )    from the numerical calculations and values projected using Toop’s model: ∆y = 0.0005t − 0.0005 takes on a maximum value of ∆y = 0.0005 at boundary point (t = 0). Therefore, it is possible to simplify the determination of carbon deposition range in the process of steam reforming of gaseous mixture (CH4/H2) with an approach based on the familiarity with this phenomenon in binary two-component systems (H2O–CH4, H2O–H2, CH4–H2), according to Toop’s model assumptions.



At the next stage of the study, an analysis was carried out of the effect of hydrogen in the initial composition on the equilibrium concentrations in the process, with set parameter y = const, representing fixed concentration    x   H 2  O  0   . The analysis covered an area with concentrations that were technologically justified, i.e., free from carbon deposit formation. Therefore, included in the analysis were results for y = 0.2, 0.25, 0.3, 0.4, 0.5, it is worth noting that from the technological point of view, the most interesting processes were those with y = 0.2–0.25 of steam methane reforming (CH4–H2O, t = 0), corresponding to parameter SC = 4–3.



The generation of hydrogen in reforming gaseous phase (CH4/H2)–H2O slightly decreases as this component increases in the initial composition,    (   x   H 2   0   )    within the range y = 0.25–0.4, and an increase    (   x   H 2  O  0   )    is promotes this phenomenon (Figure 5). By way of example, for y = 0.25 hydrogen equilibrium concentration varies from    x   H 2    = 0.5629   with parameter t = 0 to    x   H 2    = 0.5290   with t = 0.2. By contrast, for y = 0.5 in an area free from carbon deposit within the range t = 0.1–0.2 an increase in hydrogen equilibrium concentration can be seen, from    x   H 2    = 0.6883   to    x   H 2    = 0.6945  . Similarly, in the case of CO, its equilibrium concentration in the process decreases as t increases, and steam intensifies this phenomenon (Figure 6). In addition, CH4 content in the products of ongoing reactions decreases with initial concentration of hydrogen    (   x   H 2   0   )    and steam   (  x   H 2  O  0  )  , (Figure 7).



An increase in the initial concentration of hydrogen    (   x   H 2   0   )    in methane, and steam   (  x   H 2  O  0  )   in turn promotes generation of CO2 in process gases, it being understood that at high concentrations   (  x   H 2  O  0  )  , corresponding to y = 0.25, steam neutralizes effect    (   x   H 2   0   )    on rising tendency of CO2 formation in the process products (Figure 8). Concentrations of H2O in the gaseous phase in thermodynamic equilibrium of the process increase in proportion to the initial composition of hydrogen and steam of the gaseous mixture being supplied into the system (Figure 9).




4. Summary


The above thermodynamic analysis of the effect of hydrogen found in methane on the process of steam reforming of gaseous phase (CH4/H2) yields a few significant conclusions:




	
Adding hydrogen, in a mixture with methane (t = 0–0.2) to system (CH4/H2)–H2O limits the range within which carbon deposits form, which promotes conversion of methane by the possibility of decreasing initial steam pressure    x   H 2  O  0   .



	
Therefore, it is possible to simplify the determination of carbon deposition range in the process of steam reforming of gaseous mixture (CH4/H2) with an approach based on the familiarity with this phenomenon in binary two-component systems (H2O–CH4, H2O–H2, CH4–H2), according to Toop’s model assumptions.



	
As steam content    x   H 2  O  0    added to the system in an area free from carbon deposition for a range of initial concentrations (t = 0–0.2; y = 0.2–y[C]) increases, there occurs a monotonic decrease in equilibrium concentrations of H2, CO, CH4 and an increase of CO2, H2O in the process being analyzed.



	
The generation of hydrogen in reforming gaseous phase (CH4/H2)–H2O slightly decreases as this component increases in the initial composition   (  x   H 2   0  )  , within the range y = 0.25–0.4, and an increase    (   x   H 2  O  0   )    promotes this phenomenon.



	
Equilibrium concentration of CO decreases as t increases, and steam intensifies this phenomenon.



	
An increase in initial concentration of hydrogen   (  x   H 2   0  )   in methane, and steam   (  x   H 2  O  0   ) in turn promotes generation of CO2 in process gases, it being understood that at high concentrations   (  x   H 2  O  0   ) corresponding to y = 0.25 steam neutralizes effect   (  x   H 2   0  )   on rising tendency of CO2 in the process products.



	
Concentrations of H2O in the gaseous phase in thermodynamic equilibrium of the process increase in proportion to the initial composition of hydrogen and steam of the gaseous mixture being supplied into the system.



	
CH4 content in the products decreases with initial concentration of hydrogen   (  x   H 2   0  )   and steam   (  x   H 2  O  0   ).








The results obtained can serve as a model basis for describing the properties of steam reforming of methane and hydrogen mixture (CH4/H2)–H2O. Such an approach in the thermodynamic analysis creates opportunities for verification, comparisons, and implementation of research works on catalytic properties of materials limiting the efficiency and economics of the process and ecological aspects related to the emission of greenhouse gases in this technological area. Furthermore, in new research areas of photocatalytic reforming processes, in which the type and properties of the catalyst play an important role, the presented thermodynamic analysis can be used to optimize the trajectories of temporal changes in gas-phase concentrations resulting from the progress of the reaction in the system.
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Figure 1. Initial composition   (  x   H 2  O  0  ,  x  C  H 4   0  ,  x   H 2   0   ) of gaseous mixture (CH4/H2)–H2O as a function of t and y. 
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Figure 2. Numerical calculations of equilibrium composition    x i    (i = H2, CO, CO2, CH4, H2O) for the process of steam reforming of a gaseous mixture (CH4/H2), using parametric equations. 
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Figure 3. Range of carbon precipitation [C] = f(t, y) for T = 1000 K in system (CH4/H2)–H2O according to the numerical calculations and Toop’s model. 
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Figure 4. Range of carbon precipitation [C] = f(t, y) for T = 1000 K in system (CH4/H2)–H2O. 
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Figure 5. Change in equilibrium composition    x   H 2    = f  (  t , y  )    with y = const, of the reforming process of gaseous phase (CH4/H2)–H2O. 
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Figure 6. Change in equilibrium composition    x  C O   = f  (  t , y  )    with y = const, of the reforming process of gaseous phase (CH4/H2)–H2O. 
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Figure 7. Change in equilibrium composition    x  C  H 4    = f  (  t , y  )    with y = const, of the reforming process of gaseous phase (CH4/H2)–H2O. 
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Figure 8. Change in equilibrium composition    x  C  O 2    = f  (  t , y  )    with y = const, of the reforming process of gaseous phase (CH4/H2)–H2O. 
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Figure 9. Change in equilibrium composition    x   H 2  O   = f  (  t , y  )    with y=const, of the reforming process of gaseous phase (CH4/H2)–H2O. 
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[image: Energies 14 06564 g009]







[image: Table] 





Table 1. Model reactions (j = 1, 2, 3) in steam reforming of a CH4/H2 system.
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	j
	Reaction
	      ∑   i = 1  s   k i     





	1
	CH4(g) + H2O(g) ↔ CO(g) + 3H2(g)
	2



	2
	CO(g) + H2O(g)↔ CO2(g) + H2(g)
	0



	3
	CH4(g) + CO2(g) ↔ 2CO(g) + 2H2(g)
	2
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Table 2. Parametric equations for the equilibrium compositions of components (i = 1, 2, 3, 4, 5) of the gaseous phase, for model reactions (j = 1, 2, 3) of steam reforming of a CH4/H2 system.
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      ∑   i = 1  s    k i  ≠ 0       ⟹          x i  =  x i 0  +  (    x ¯  i  −  x i 0   )  τ ,       x ¯  i  =    k i      ∑   i = 1  s   k i    ,     i = 1 ,   2 ,   3 , … , s   

      ∑   i = 1  s    k i  = 0       ⟹          x i  =  x i 0  + τ    k i        ∑   i = 1  s     (   k i   )   2      ,     i = 1 ,   2 ,   3 , … , s   




	
i = 1,…,5

	
j = 1

	
j = 2

	
j = 3




	
H2

	
    x   H 2   o  +  (  1.5 −  x   H 2   0   )  τ   

	
    x   H 2   o  + 0.5 τ   

	
    x   H 2   o  +  (  1 −  x   H 2   0   )  τ   




	
CO

	
    x  C O  o  +  (  0.5 −  x  C O  0   )  τ   

	
    x  C O  o  − 0.5 τ   

	
    x  C O  o  +  (  1 −  x  C O  0   )  τ   




	
H2O

	
    x   H 2  O  o  + ( − 0.5 −  x   H 2  O  0  ) τ   

	
    x   H 2  O  o  − 0.5 τ   

	
    x   H 2  O  o  −  x   H 2  O  0  τ   




	
CO2

	
    x  C  O 2   o  −  x  C  O 2   0  τ   

	
    x  C  O 2   o  + 0.5 τ   

	
    x  C  O 2   o  +  (  − 0.5 −  x  C  O 2   0   )  τ   




	
CH4

	
    x  C  H 4   o  +  (  − 0.5 −  x  C  H 4   0   )  τ   

	
    x  C  H 4   o    

	
    x  C  H 4   o  +  (  − 0.5 −  x  C  H 4   0   )  τ   
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Table 3. A condition for carbon precipitation in the gaseous phase (H2, H2O, CH4, CO, CO2).
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j

	
Reaction

	
     K j     

	
     α j     

	
     a   [ C ]    = 1    






	
5

	
     CH  4  ↔  [ C ]  + 2  H 2    

	
   exp  (  −   ∆  G  T  ( j )   0    R T    )  =    x   H 2   2  ·  a   [ C ]       x  C  H 4        

	
    α 5  =    x   H 2   2     x  C  H 4        

	
    [ C ]  =  {       α 5  ≤  K 5         α 6  ≥  K 6          




	
6

	
    [ C ]  +   CO  2  ↔ 2 CO   

	
   exp  (  −   ∆  G  T  ( j )   0    R T    )  =     x  C O  2      x  C O 2    ·   a  [ C ]         

	
     α 6   =     x  C O  2     x    C O  2         




	
  ∆  G T 0    [J/mol], R = 8.314 [J/mol K]
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Table 4. Rangef carbon precipitation [C] = f(t, y) for T = 1000 K in system (CH4/H2)–H2O according to the numerical calculations and Toop’s model.
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	t
	y[C]
	     x   H 2  O  0     
	     x  C  H 4   0     
	     x   H 2   0     
	    S C =  x   H 2  O  0  /  x  C  H 4   0     
	y[C]

(22)
	y[C]

Toop (20)





	0.00
	0.450
	0.550
	0.4500
	0.0000
	1.222
	0.4505
	0.4500



	0.02
	0.465
	0.535
	0.4557
	0.0093
	1.174
	0.4615
	0.4610



	0.05
	0.480
	0.520
	0.4560
	0.0240
	1.140
	0.4780
	0.4775



	0.10
	0.505
	0.495
	0.4545
	0.0505
	1.089
	0.5054
	0.5050



	0.20
	0.555
	0.445
	0.4440
	0.1110
	1.002
	0.5604
	0.5600
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