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Abstract

:

Despite the increasing need for chemicals and energy, the scenario in which fossil feedstocks can be completely replaced by renewables is currently unrealistic. Thus, the combination of biomass and non-renewable matrix-based (i.e., coal) technologies could provide a greener way toward the partial substitution of traditional fuels. The hydrogasification of carbonaceous feedstocks (coal and biomass) for the main production of CH4 offers a promising alternative to this end. However, hydrogasification has received very little attention, and the present review seeks to shed light on the process, reactor, and catalytic advances in the field. Independent of the selected matrices, various efforts have been devoted to the identification of efficient methods for the production of hydrogen feed to the gasifier and energy as well as the reduction in pollutant emissions from the plants. Moreover, the reactor configurations proposed are focused on the intensification of gas-solid contact to reduce by-product formation. The co-hydrogasification of both renewable and non-renewable feedstock is also reviewed, paying attention to the synergistic effect between the two matrices. In addition, due to the slow rates of hydrogasification reaction, the key role of catalysts and feedstock impurities on the reaction kinetics is discussed.






Keywords:


coal; biomass; hydrogen; hydrogasification; process layout; reactor configuration; catalyst












1. Introduction


The transition toward the supplementation or replacement of fossil fuels by means of renewable energy sources passes through the conversion of waste streams [1,2,3] and biomass feedstocks (including sawmill wood wastes, agricultural wastes, and forestry residuals) [4,5,6]. Compared to coal and gasoline refined from oil, methane is able to produce more heat and energy by mass than other hydrocarbons, yielding, at the same time, less carbon dioxide and other pollutants. Thus, the need for natural gas is heightened [7], especially in countries rich in coal sources (such as China [8]). For the above reasons, methane has also replaced coal for power generation in the U.S. [9]. In this scenario, the production of SNG (Substitute Natural Gas) from renewables is a key approach in order to alleviate the intensive demand for methane in many countries [10,11], wherein the produced SNG can be devoted to energy production by combustion or to syngas generation via reforming.



The traditional methods [12] of producing high-calorie gas, mainly containing CH4, from coal involve three steps: gasification and partial oxidation with O2 or steam, Water Gas Shift to reach the desired H2/CO of three, and, finally, methanation [13]. Thus, hydrogasification provides a new viable route for direct CH4 generation from coal. In fact, one of the most promising processes for SNG generation is represented by the hydrogasification of carbonaceous matrices, preferably coming from biomass residuals. However, biomass resources are season-dependent and characterized by a low calorific value, and a scenario in which coal is completely substituted by renewables for power generation is quite unrealistic [14]. Therefore, the identification of processes able to convert biomass and/or coal to fuels is highly desired. In this regard, hydrogasification offers an interesting alternative for the exploitation of coal reserves (widespread and cheap) which, however, requires innovative and clean technologies to reduce the harmful effects of the above fossil fuel.



Generally speaking, hydrogasification occurs in hydrogen-rich environments, starting from coal or other gasifying feedstocks. Figure 1 reports a schematic representation of the typical hydrogasification plant: hydrogen and/or pre-treated biomass are firstly fed to the hydrogasifier reactor, the produced stream is fed to a clean-up unit working at high temperatures for contaminant removal, and, finally, to a methanation reactor for the conversion of the residual carbon monoxide. In the last unit, water removal occurs and the final product (SNG) can be recovered. In particular, the core of the process is represented by the biomass pre-treatment (i.e., hydrolysis, in the case of coal) and hydrogasification (i.e., char hydrogasification, in the case of coal, characterized by a considerably lower reaction rate in comparison to the first step) [15].



The hydrogasification process displays several advantages compared to gasification technology [16]:




	
Lower operative temperatures and higher thermal efficiency (with the minimized contribution of exothermic reactions);



	
Unnecessary expensive oxygen plants typical of gasification units and very low production of harmful chemicals such as PCDDs (polychlorinated diben-zo-p-dioxins) [17];



	
Higher fraction of finally produced methane and lower carbon monoxide yield;



	
Chance of eliminating the residual CO2 through its combination with H2 and further methane production;



	
Higher process compactness (gasification reaction and exothermic pathways occur in the same reactor instead of the two separate reactors of indirect gasifiers).








The use of hydrogen as a gasifier agent gives further advantages: no inert gas is fed into the system, like in the case of air. Thus, it is possible to avoid the production of much-diluted mixtures that are hard to use and can contain nitrogen oxides.



In the work of Steinberg [18], a comparison among different coal gasification technologies was proposed. The data, shown in Table 1, highlight that the hydrogasification process is the most economical. In fact, the latter choice assures an increase of 16% in process efficiency and is shown to be 18% cheaper than the conventional steam-oxygen process. Moreover, the CO2 emissions are reduced to almost 15% with respect to the steam-oxygen process. In addition, although a steam-oxygen process can be practiced underground, based on the ground estimates of this study, hydrogasification underground is still more convenient.



Furthermore, coal hydrogasification was also shown to assure significantly higher CH4 yields with respect to the pyrolysis process [19].



Nevertheless, hydrogasification offers a highly energy-efficient route for the chemical storage of hydrogen, which is very complex in its free form. According to the stoichiometry of the ideal reaction, hydrogasification, in comparison to the gasification process, uses an extra energy input of about 1680 MJ but generates an extra energy output of about 1600 MJ [20]; thus, almost all the energy content of hydrogen can be transferred to methane.



On the contrary, carbon hydrogasification is quite a slow reaction [21,22], becoming the controlling step of the process. In this regard, Zhang et al. [13] reported a carbon conversion of only 50–60% at 850 °C and 7 MPa, with relevant energy consumption and very low economic benefits.



In particular, it was reported that the coal hydrogasification proceeds through three stages [23]: the CH4 yield increases rapidly in the first step, in which the reaction between the active groups of the carbonaceous matrix (-O-CH3,-COOH,-CH2OH,-CH3) and H2 occurs; during the second step, the CH4 yield was found to be constant (in fact, the releasing rate of C-O-(C) and C-O-(H) active groups dominates the CH4 Yield); and in the last step, a slight decrease in methane yield is reported due to the formation of carbon oxides. In particular, the three identified steps involve coal devolatilization and rapid hydrogenation, the secondary reaction of volatile products, and the slow hydrogenation of the residual char, respectively [19]. Moreover, it was found that methane desorption from the carbonaceous matrix surface is the controlling step during coal/biomass homogeneous hydrogasification [24].



To overcome this kinetic behavior of the hydrogasification reaction, the oxidation of the carbonaceous matrix prior to and during hydrogasification has been investigated as a means of enhancing the hydrogasification rate [25]. However, the latter route still requires an expensive oxygen plant.



In particular, during hydrogasification, many factors may influence the carbonaceous matrix reactivity, including char structure, reaction temperature, pressure, and the presence of a catalyst. For example, in the case of homogeneous coal hydrogasification, the reactivity of the system also depends on the applied carbonaceous matrix: in this regard, lignite coal is characterized by the highest reactivity in comparison with hard coal or charcoal [26]. Various authors [27,28] observed a sharp decrease in the hydrogasification reactivity with the increase in the char conversion. For example, Toomajian et al. [29] worked in the range of 600–900 °C and hydrogen pressure up to 3.3 MPa, reporting that the above decline could be due to the strong adsorption of inactive H2, which blocks the active sites and is responsible for the formation of an unreactive surface structure.



As described above, the conversion efficiency of the carbonaceous materials during hydrogasification can be enhanced by increasing the reaction temperature and the hydrogen partial pressure in the reacting mixture. However, char hydrogasification is an endothermic reaction and, from a thermodynamic point of view, high conversions are disadvantaged when the process temperature rises [30].



On the other end, catalyst adoption may assure a significant increase in the reaction rate, leading to mild operative conditions (low temperatures and pressures). Thus, the choice of highly active catalysts is mandatory to assure the desired process efficiency: adequate char conversion and reduced operative costs.



Recently, many reviews have focused on coal/biomass gasification [31,32,33,34,35], while, to the best of our knowledge, very few studies have been focused on reviewing hydrogasification technology. Actually, coal hydrogasification is mainly disadvantaged by the high hydrogen production costs [36]. However, a recent life-cycle assessment on sustainable SNG production from biomass demonstrated that the hydrogasification route assures the lowest acidification potential and global warming potential as well as the lowest cumulative energy demand [37]. Nonetheless, it is clear that the efficiency of hydrogasification is strictly related to the matrix nature, the process layout, and the use of a catalyst. The present review aims to analyze the advances in fuel and chemical production (mainly CH4) from the hydrogasification of both biomass and coal-derived materials (in the case of biomass, the number of scientific studies is lower). Thus, in the following sections, we will review biomass as well as coal hydrogasification by paying attention to the different proposed process layouts, reactor configurations, and chosen catalysts for the two selected matrices.




2. Process Configurations


In this section, the different process layouts and reactor configurations employed for the hydrogasification of coal as well as biomass matrices will be discussed.



In this regard, at the beginning of the present century, Veringa [38] proposed a process for the production of methane-rich mixtures starting from coal or biomass matrices and using H2 coming from an external source for the hydrogasifier feeding. The necessary hydrogen streams were independent of the process for methane production and could be derived through the electrolysis of water, the steam reforming of light hydrocarbons, the partial oxidation of heavy hydrocarbons, or from industrial processes (such as the production of chlorine by means of membrane or diaphragm cells, methanol production, or the production of acetone, isopropanol, or methyl ethyl ketone) or hydrogen from blast furnaces. However, in the subsequent years, close attention has been paid to the hydrogen source and the chance of its direct production within the hydrogasification process. In fact, one of the main obstacles to the industrial development of the hydrogasification processes lies in the necessary identification of alternative sustainable and cheap hydrogen production technologies.



2.1. Process Layouts for the Hydrogasification of Coal-Derived Materials


Coal hydrogasification involves a number of hydrogenation reactions, which can broadly be divided into two classes. One is a faster hydrocracking reaction of volatile matter; another is a slower char-hydrogen reaction. It is known that pressurized hydrogen generally promotes both processes to form methane [39]. In particular, it is known that coal hydrogasification consists of the hydropyrolysis of coal and the hydrogasification of coal char, and the latter process is much slower than hydropyrolysis, which restrains the further conversion of coal (50–60 wt%) even in harsh reaction conditions (900–1100 °C, 5–7 MPa) [40].



Tromp [41] et al. studied the influence of the reacting atmosphere on CH4 generation and found that it was produced primarily by the degradation of the macromolecular structure of coal, the decomposition of the alkyl groups, the polycondensation of semicoke, the secondary reaction of tar, and the hydrogenation of generated free radicals and volatiles. If the raw coal is processed in a hydrogen atmosphere, the introduction of hydrogen will inhibit the polycondensation of free radicals and promote the hydrogenation of coke to generate more CH4. Therefore, the CH4 yield of coal hydrogasification is significantly higher than that of coal pyrolysis. There is also an increase in the yield of CnHm under a hydrogen atmosphere for the same reason. Other carbon-containing gases such as CO2 and CO had lower production rates under a hydrogen atmosphere because the oxygen functional groups in coal will react with hydrogen to form H2O. In particular, the process of coal hydrogasification can be divided into a devolatilization stage, a rapid hydrogenation stage, and a slow hydrogenation stage. The rapid reaction appears to occur between hydrogen and the coal structure of oxygen-containing functional groups, whereas the slow reaction occurs between hydrogen and the residual char [19].



Different countries (the United States, Germany, and Great Britain) started investigating coal hydrogasification in the 1930s [16]. A plant for the hydrogenation of brown coal was able to produce 80–90% methane and ethane in Germany at a rate of 240 tons per day [38]. However, the plant was operated only between 1983 and 1986 due to diminishing economic profits.



In the same years, ENN Group designed a pilot plant using an entrain refraction flow reactor, having a capacity of 50–100 tons of coal per day [42]. Scharf et al. [43] built and operated a semi-technical pilot plant for the hydrogasification of coal in a fluidized bed. Carbon gasification rates up to 82% and methane contents in the dry raw gas (free of N2) of up to 48 vol% were obtained.



The hydrogasification reaction devoted to the production of CH4-rich streams has also been investigated in the framework of the ZEC (Zero Emission Carbon) process [44]. The basic idea is to realize an integrated electric power production system capable of converting approximately 70% of the fuel energy into electricity. No pollutant emissions are expected, and the residual CO2 can be sequestrated through the production of liquid CO2 at 7 Ma. The process layout includes four units: coal hydrogasification, carbonation, calcination, and a fuel cell.



However, due to the unsuccessful commercial scale-up of the above projects, it is clear that several steps forward are still required in the framework of coal hydrogenation. In this regard, various plant configurations have been proposed, where the hydrogen necessary for the hydrogenation was both produced within the process and derived from an external source.



Since the first decades of the 20th century, the hydrogen necessary for hydrogasification was produced from coal itself with an articulation of the gasification process that included partial oxidation and reforming combined with the Water Gas Shift reaction; today, this solution would cause environmental concerns related to the high impact of coal and the non-competitive costs, compared, for example, to the production of hydrogen by methane reforming.



Thus, various researchers have proposed alternative process layouts devoted to increasing the energy efficiency and sustainability of hydrogasification technology.



In this regard, Tosti et al. [36] investigated the feasibility of a coal gasification process employing hydrogen produced via water electrolysis from renewables (wind and solar) during the “off-peak hours” (i.e., by exploiting the surplus of electricity occurring when production exceeds consumption). In particular, they compared the performance of a basic process in which the hydrogen produced via water electrolysis is fed to the hydrogasifier, which is followed by a CO methanation reactor and an innovative WGS (Water Gas Shift-modified configuration, shown in Figure 2.



The simulation study revealed that the WGS-modified process, operated during the renewables shortage, is able to increase energy and exergy efficiency. Thus, they proposed a solution combining the two processes in order to optimize the efficiency according to the wind energy availability: the basic process will be operated during “off-peak” hours while the WGS unit will be activated during a shortage of wind electricity.



A novel hydrogasification plant for the combined storage of renewable energy and the sustainable exploitation of coal sources was proposed [45]: once again, hydrogen was produced via electrolysis. Power was generated through Molten Carbonate Fuel Cells (MCFCs), which allowed for concentrating the CO2 and re-using it for SNG production. The simulation study was carried out for a plant layout including three units: the hydrogasification unit, in which the coal can be gasified (under a H2 atmosphere) to a methane-rich fuel gas stream (syngas); the power unit, in which the fuel syngas is employed for the electric power generation in the MCFC; and the SNG unit, in which the syngas is converted into an SNG stream. This configuration assured a system efficiency higher than 55%, with a reduction in CO2 emissions of more than 100% with respect to the conventional coal-fired power plants and considerable energy saving with respect to the case in which the same energy fluxes are separately generated.



Perdikaris et al. [46] evaluated the feasibility of a coal hydrogasification plant where CO2 is removed through a cyclic CaO-CaCO3 process and electricity is produced with Solid Oxide Fuel Cells (SOFCs). In this layout, the exothermic carbonation reaction between CaO and CO2 provides the heat for a reforming unit, devoted to H2 generation (necessary for both the hydrogasification and fuel cell units). CaO is regenerated within a calcination fluidized bed reactor (heated through the energy produced through the fuel cell), where the released CO2 is compressed and then liquefied at 10 MPa. The simulation study revealed that the power production efficiency was almost 40%, while the CO2 emissions were reduced by almost 90%.



SOFCs were also employed for energy generation in a hydrogasification plant proposed in the work of Yan et al. [14]. Similarly, an Advanced Hydrogasification Process with significantly reduced CO2 emission was developed: hydrogen comes from renewable sources and the co-produced carbon dioxide can be converted to fuel through an algae-based process [47].



Liu et al. [9] carried out a simulation study in which hydrogasification was combined with a sorption-enhanced technique and the advantage of a further methanation or Water Gas Shift shift stage was investigated. The results of modeling (denoted as Case A) demonstrated that the combination of sorption-enhanced hydrogenation with the methanator was able to assure higher CH4 production with a self-sustained H2 supply and near zero CO2 emissions. The quality of the produced Substitute Natural Gas was compared with the results obtained in a commercial coal-to-SNG plant (Great Plains, Case B) in Figure 3. In Case B, the produced methane is slightly lower and the carbon conversion efficiency is significantly reduced (27% against 40% recorded for the sorption-enhanced hydrogasification-methanation plant).



In order to reduce the costs of hydrogen feeding, an alternative to pure hydrogen feeding can be the use of crude gas, which contains H2, CO, CO2, and H2O and is less expensive than the streams commonly used for hydrogasification. In this regard, Feng et al. [48] carried out a preliminary investigation of the influence of CO2 in the feed by adding 10% CO2 to hydrogen during coal hydrogasification over a Co-Ca catalyst at 850 °C and 3 MPa in a fluidized bed reactor. As a result, the CH4 yield (based on the carbon in coal) increased from 77.4% for pure H2 to 188% for the H2-CO2 mixture: in fact, coal hydrogasification and CO2 methanation occurred simultaneously. However, compared to the CO2-free case, the rate of coal gasification was reduced as a consequence of the decreased H2 partial pressure and the competitive adsorption behavior of H2 and CO (a by-product of CO2 methanation) molecules on the cobalt active surface. Similar conclusions were drawn in a work by Gil et al. [22], which investigated the influence of CO2 addition (10%) during the hydrogasification of coal chars at 8 MPa and 700–900 °C (Table 2).



In a very recent work [11], the feasibility of producing a methane-rich stream through the hydrogasification of underground coal (UCG, based on the direct, in situ conversion of the coal seam into process gas) was investigated. UCG has the advantage of higher safety and environmental friendliness with respect to conventional surface gasification. Moreover, it can be applied for the exploitation of dip and thin coal seams (uneconomical for mining) [49]. In particular, a two-stage process was studied: firstly, oxygen was used as a reagent in order to produce the thermal energy necessary in the second stage, in which hydrogen is directly injected over the incandescent coal seam (hydrogasification unit). The results demonstrated that the hydrogasification process is highly stable under the whole sequence of the gasification cycles. Moreover, it was found that the in situ hydrogasification of coal is more effective at higher depths: in fact, the operative pressure increases with the available hydrostatic pressure.



Yasuda et al. [50] proposed a modified hydrogasification process in which coal reacted together with polyethylene mixtures, providing a viable route for the simultaneous exploitation of coal resources and waste plastic materials: the tests were performed in a batch reactor and, for a residence time of 100 s, the carbon conversion to CH4 increased from 57 to 83% upon polyethylene addition [51], and very promising results were obtained even when the polyethylene content was as low as 10%.



Besides the process layout, particular attention has also been paid to the gasifier, which is the core of the hydrogasification process. Between 1970 and 1990, different pilot coal hydrogasifiers were designed, including the four-stage fluidized bed process (IGT-HYGAS) [52], the Rocketdyne hydrogasification process [53], the bituminous coal entrained-flow bed hydrogasifier [41], the Rockwell entrained-flow bed hydrogasifier [54,55], the BG-OG entrained-flow bed hydrogasifier [56], and the ARCH rapid coal hydrogasification process [56]. However, the main drawback of IGT-HYGAS and Rockwell technology was related to the considerable formation of carbon dioxide, while the BG-OG and ARCH gasifiers suffered issues related to the control of the synthesis gas recirculating ratio. As a result, the economic profits of the above pilot plants were not competitive and no commercial demonstration was developed [57]. Thus, researchers’ interest is devoted to the design of new hydrogasifiers, with reduced CO2 production and reduced recycle ratio limitations.



For example, Xia et al. [58] recently designed a pressurized bubbling fluidized bed, in which the pressurization was able to limit the bubbles’ growth. Thus, a large number of small bubbles accumulate in the middle of the bed, enhancing the heat and mass transfer phenomena and resulting in an improved CH4 yield at the expense of carbon dioxide. Zhang et al. [59] investigated the hydrogasification of low-rank coal in a two-stage fixed bed reactor, in which the hydrocracking zone is located in the upper part of the reactor while the particle samples of coke are placed in the lower zone. By changing the hydrocracking temperature, it is possible to modulate the CH4, CO, and CO2 yield of the process. In particular, higher hydrocracking temperatures (up to 700 °C) improved methane selectivity, reducing, at the same time, the rate of carbon monoxide formation.



The performance of a two-stage pressurized fluidized bed (with a continuous flow) coupling a coal catalytic hydropyrolysis (CCHP) zone at low temperature (600 °C) and a coal catalytic hydrogasification (CCHG) zone at high temperature (850 °C) was also investigated [60]. The tar components were released during the hydropyrolysis stage, while methane was mainly formed at the hydrogasification stage. Moreover, the pyrolyzed coal char was subjected to catalytic hydrogasification at a relatively higher temperature during the second stage to increase CH4 formation. Compared to the catalytic hydrogasification reactor alone, this configuration, schematized in Figure 4, despite displaying a slightly lower overall carbon conversion, allowed a simultaneous increase in the methane and high-value-added liquid hydrocarbons (HCL), which can be produced at milder operative conditions with respect to the conventional processes. At the same time, CO and CO2 concentrations were reduced from 3.5 to 1.1% and 2.6 to 1.8%, respectively.



Hüttinger and Michenfelder [61] also carried out the hydrogasification of brown coal in a fluidized bed reactor, observing that the reaction mainly occurred in two stages. In the first stage (up to a few minutes), the hydrogasification rate was very high as a consequence of the pyrolysis and hydropyrolysis reactions of the coal. On the other hand, the lower gasification rates in the second stage were ascribed to the hydrogasification of the residual coke formed in the first stage.



In order to exploit the benefits of fluidized bed reactors (short residence time and good solid-gas contact), avoiding, at the same time, particle agglomeration and defluidization, the performance of an entrained flow bed (operating up to 3 MPa and from 700 to 850 °C) for coal hydrogasification was also investigated [57]. The laboratory apparatus included a facility for high-H2 pressure feeding, a high-temperature tube reactor, a gas-char separation and collection system, a wire mesh filter, a tar cooling and collection system, and support equipment. The selected configuration assured the improvement of methane and light aromatic hydrocarbon yields through the hydrogenation of tar and volatiles, the hydrogasification of coal char, and COx methanation. In particular, the productivity of the above species was enhanced by increasing operating temperature and pressure.



The interest in the employment of entrained-flow reactors for coal hydrogasification was also related to the chance of modeling the carbonaceous particle movement within the reactor, which lay the foundations for an interesting scale-up of laboratory plants [62].




2.2. Process Layouts for the Hydrogasification of Biomass-Derived Materials


Biomass hydrogasification can be seen as a power-to-gas-process for renewable energy storage through the exploitation of hydrogen as an energetic vector [63]. Despite it being a relatively new process, in the early 1980s, Steinberg et al. [64] carried out the hydrogasification of wood by employing an entrained-flow reactor: for pressure ranging from 1.4 to 3.4 MPa and temperatures in the interval 800–1000 °C, carbon conversion exceeded 90%. However, methane formation pathways were preferred only for contact times lower than 1 s.



Thus, also in the case of biomass hydrogasification, various technical issues (mainly related to the economic efficiency of the whole process) still need to be addressed.



As discussed in Section 2.1, the main hurdle to the application of hydrogasification technology is the high price of hydrogen, which negatively influences the economic balance of the entire process. To overcome this problem, a possibility is to produce hydrogen in situ through water electrolysis, steam reforming, or a combination of both. Buceti et al. [65] proposed a system where the hydrogasification of waste-based biomass is coupled with an electrolytic cell: in fact, according to the stoichiometry of the reactions reported in Equations (1) and (2), from two moles of water, it is possible to obtain one mole of pure oxygen and the hydrogen needed for the production of one mole of methane.


   H 2  O ↔  H 2  + 0.5  O 2   



(1)






  C + 2  H 2  ↔   CH  4   



(2)







The produced oxygen can be further valorized and coupled to oxidation and reformation processes to increase the production of hydrogen and, consequently, the production of methane. In addition, the formed oxygen can be used to oxidize part of the biomass to CO or completely to CO2: thus, produced oxides can then be used in the water-gas shift reaction. The Sabatier pathway can also help to further optimize both the methane yield and the economic efficiency of the whole process.



A similar configuration (shown in Figure 5) was employed for the hydrogasification of refuse-derived fuel (RDF, obtained through mechanical-biological treatments of municipal solid waste) [63].



The simulation study was devoted to identifying the operative conditions that minimize the formation of dioxins, finding that temperatures lower than 600 °C and excess oxygen can avert the generation of such toxic species. The authors also performed an interesting energy analysis: when the plant operates at 300 °C and 3 MPa treating 1 ton∙day−1 of RDF (dry basis) and a corresponding H2 feed of 140 kg∙h−1, the energy content of the produced SNG (8714 kW) is about the same as the power consumed in a water electrolysis unit (8652 kW), while the energy losses of the layout are nearly balanced by the RDF power content (5417 kW) plus the power needed for removing waste heat and for the compressors (433 and 73 kW). As a result, the overall energy efficiency is higher than 60%.



An efficient strategy for the exploitation of both wood by-products and the storage of Variable Energy Resources (VER, i.e., wind and solar, which provide cheap electricity) was proposed, which exploits the biomass hydrogasification process [66]. In particular, three process configurations were investigated: (1) electrolysis + hydrogasification; (2) electrolysis + hydrogasification + partial oxidation + Water Gas Shift; and (3) involving the addition of a Sabatier step in case (2). The simulation study (Figure 6) revealed that both the methane yield and overall energy efficiency were strongly reduced in case (2). The addition of the Sabatier reactor improved the results obtained in case (2); however, the basic case assured the best solution, independent of the electricity cost scenarios selected (electricity supplied any time for the grid or electrolytic system powered by low-cost electricity).



In the same vein, Frigo et al. [67] recently simulated a process for SNG production mainly composed of an electrolyzer, gasifier, and methanator. Depending on the capability of the grid to absorb or not the electric energy produced, the plant can be operated in Mode (A) or (B), respectively. When the grid requires electricity (Mode A), the biomass reacts with the electrolytic oxygen and the produced syngas is sent (with other electrolytic oxygen) to a power unit (along with other electrolytic O2). The power units included an internal combustion engine, a gas turbine, or a high-temperature fuel cell. The exhaust gas (mainly containing CO2 and H2O), after drying, was fed to a methanation process together with electrolytic hydrogen to obtain the SNG. Heat from exhaust gas cooling and from the methanation process was recovered and used to produce additional power. In Mode (B), the biomass is gasified with electrolytic hydrogen to directly produce a CH4-rich gas. After H2O condensation, the gas is fed to a methanation process, in which the almost complete conversion of carbon species to methane occurs. The heat released during the exothermic processes of biomass hydrogasification and methanation could be utilized to generate further power for the electrolyzer supply. The results of the simulation demonstrate that, when the hydrogasifier is operated instead of the gasifier (i.e., the case in which no electricity is required by the grid), it is possible to reach an overall efficiency of 74%.



Similarly, Yan et al. [68] compared the performance of three biomass-based chemical looping processes (A, B, and C). In case (A), the simulated plant involves biomass hydrogasification, methane reforming, and a calcium-based looping system for CO2 adsorption, while cases (B) and (C) consist of a biomass steam gasifier and an iron-looping system with circulation (including the Fe2O3/FeO or Fe3O4/FeO couple, respectively). The highest cold gas efficiency (i.e., the chemical energy of the product SNG gas to energy content in the feedstock) was recorded in the case of the hydrogasification (72%) while values of 54 and 60% were found in cases B and C, respectively. In fact, the thermal efficiency of hydrogasification is expected to be higher compared to steam gasification [69].



Biomass hydrogasification can also be devoted to the synthesis of products other than SNG. In this regard, in the 1990s, the Hynol process, based on the hydrogasification of wood and agricultural residuals or municipal solid waste, was proposed as an alternative economic route for methanol production [70] with reduced CO2 emissions [71]. This process, shown in Figure 7, includes four main units: biomass hydrogasification (carried out in a fluidized bed reactor at 650 °C and 3 MPa), a gas clean-up system for the separation of sulfur or chlorine compounds (whose concentration depends on the selected biomass feedstock), the steam reforming (also called a steam pyrolysis unit) of the produced CH4, and the methanol synthesis of the H2 and CO2 produced during the previous two steps. This layout configuration allows for producing a hydrogen-rich gas which, after CH3OH separation, can be recycled back to the hydrogasifier, thus avoiding the use of expensive oxygen plants as required by commercial steam gasifiers. Moreover, compared to the conventional coal gasification + steam reforming unit, the Hynol process assures an increase in the methanol yield of 13%, with a net reduction in CO2 emission of almost 22%. Finally, a preliminary cost estimation revealed that for a 10,000 tons per day Hynol pant, the production and selling price costs are lower compared to a conventional natural gas steam reforming plant [72].



Sellars [73] proposed a hydro-gasification process in which lignocellulosic biomass is converted into CH4 and light hydrocarbons in a non-oxidative thermochemical process operating with a hydrogen-rich atmosphere at moderate pressures (0.5–5 MPa) and temperatures (400–650 °C). The main idea was to split the hydrogasification step into two units (a fast pyrolysis reactor at low temperatures followed by a catalytic hydrogenation to form a CH4, water, and a hydrocarbon-based stream). The two units are characterized by different residence times (very high in the pyrolyzer) and, in the latter unit, most of the tar compounds are easily converted to form syngas. As a result, the production of depositable tars was very low compared to the conventional gasifiers of lignocellulosic feedstocks.



Concerning the reactor configurations, also in the case of biomass, fluidized beds are preferred [74]. In addition, Han et al. [21] recently investigated the performance of a reactor in which the hydrogasification of wood-based biomass was driven by ball-milling: mechanical movement within the chamber assured close contact between the reacting feedstock and the catalyst at all times. Such a method assured a considerable improvement in the methane formation rate (of almost four orders of magnitude with respect to the conventional thermal process) (Figure 8). In fact, the comminution between the particles (i.e., colliding and sliding) created more reactive carbon species, with a consequent enhancement of the reaction rate. Moreover, the CH4 selectivity was increased (80% of the thermal reactor) to 99.8% (innovative reactor), which was able to operate at a very low temperature (40 °C vs 600 °C).



As described for the coal-fed gasifiers, also in the case of biomass matrices, the hydrogasification of plastic residuals and biomass feedstocks was successfully investigated [75].



Despite very few studies being available on the optimization of the reactor schemes for solely biomass hydrogasification, in some cases, the same configuration was used for both biomass and non-renewable feedstocks. For example, Porada [76] employed the same reactor for the hydrogasification of both basket willow as well as coal matrices, measuring a methane and light hydrocarbon yield considerably higher than the values obtained in the pyrolysis reactor.



Other authors performed hydrogasification studies in the presence of combined coal/biomass feeding [77]. Co-hydrogasification, in fact, has been proposed as a viable route to assure the saving of coal resources while simultaneously making efficient use of biomass reserves. Zhang et al. [78] designed a two-stage fixed bed reactor hosting two different biomass sources (pinewood and rice husk). At 700 °C and 5 MPa, the performance of the reactor fed by the two biomasses was compared with the results recorded by feeding swelling coal and in the co-hydrogasification condition. In the latter case, the synergistic effect between the different kinds of feedstocks increased methane as well as benzene, toluene, and xylene yields, reducing, at the same time, carbon oxide formation. In fact, the presence of small potassium quantities in the biomass probably acted as a catalyst for the coal conversion.



Yan et al. [14] designed a coal/ biomass co-hydrogasification-based chemical looping power generation system, with near zero pollutant emissions. The plant layout is mainly based on a hydrogasifier, a reformer, and a SOFC. Coal and biomass, after drying, can be transported to the hydro-gasifier, where the solid matrices can react with the recycled gasification stream. A downstream cleaning system allowed for feeding purified syngas to the reforming unit: in the reformer, CaO can react with carbon dioxide to simultaneously release heat and shift the reforming equilibrium toward the products. The hydrogen-rich stream was splitted into two flows: the first one is employed for fuel cell feeding while the other one is recycled back to the hydrogasifier (Figure 9).



The combination of the reformer with the chemical looping unit was also an effective strategy to limit the issue of carbon deposition in the fuel cells (which mainly occurs by means of CO disproportion and CH4 cracking pathways). This configuration allowed for obtaining an energy efficiency in the gasifier higher than 99% while the total energy efficiency amounted to 41.2%. Moreover, the carbon capture rate, intended as the fraction of captured carbon with respect to the carbon content of both coal and biomass, was higher than 99%.



Other examples of co-hydrogasification were proposed by Zhu et al. [79], which employed biomass-based additives (sargassum and sawdust and wheat straw char) as catalysts in a coal hydrogasifier (pressurized fixed-bed reactor).



Actually, one of the main obstacles to the industrial development of biomass hydrogasification is related to the huge amount of tar formation, which is difficult to remove from the produced stream and may cause several technical issues during the plant operation [80,81].



The results described above demonstrate that various plant solutions have been proposed for coal/biomass hydrogasification and, in many cases, as alternatives to the direct production of the required hydrogen feed within the hydrogasification plant. However, the major limitation of these solutions is related to the fact that only simulation studies have been conducted and the industrial development of the proposed configurations is still far away.





3. Catalysts for Coal and Biomass Hydrogasification


Due to the very slow kinetics of coal and biomass in the presence of hydrogen, the employment of suitable catalysts for enhancing the reaction rate has been widely investigated [82,83].



In particular, in order to obtain a clear enhancement of hydrogasification kinetics, the catalytic effect of real catalysts as well as of the char/coal impurities were investigated. In the following paragraphs, the catalytic aspects of coal and biomass hydrogasification will be discussed separately.



3.1. Catalytic Hydrogasification of Coal


Due to the very low reactivity of coal, the hydrogasification process requires severe operating conditions (high temperatures of 850–1200 °C and H2 pressures up to 7 MPa,) that cause both considerable energy consumption and safety-related problems. Although high pressures could enhance the CH4 production rate, the transition toward a hydrogasification process under mild conditions is of great interest. In this case, the use of suitable catalysts is crucial to increase the reaction rate [84]. This method is known as coal catalytic hydrogasification (CCHG) [48]. Based on the related literature, the catalysts employed in this process can be split into four categories: iron-group metals-based catalysts, copper and copper-composite catalysts, alkaline- and alkaline-earth-based catalysts, and char-based catalysts.



3.1.1. Iron-Group Metals-Based Catalysts


Several metal catalysts have been studied for CCHG, such as Rh, Ru, Pt, Pd, Fe, Co, and Ni. Although precious metal catalysts have higher activity [85], they are very expensive. Thus, many investigations have been focused on iron-group metals, such as iron, cobalt, and nickel. The results of these studies confirmed the activity of the above species for hydrogasification (Co > Ni > Fe) [86].



Matsumoto et al. [87] observed that the rate of hydrogasification considerably increased by mixing a supported hydrogenation nickel catalyst with the catalyst-loaded char. The author used 0.5 g of a sample char from Australian Yallourn brown coal, characterized by low ash and sulfur content, previously crushed to a 32/60 mesh and subjected to demineralization (using HCl at 80 °C). The wet impregnation method was used to load iron, nickel, and cobalt on demineralized coal by means of an aqueous metal nitrate solution and then heat-treated under an argon stream for 30 min up to 850 °C. In addition, 0.5 g of a commercial catalyst made of 45 wt% of nickel supported on diatomite (Ni/diatomite), crushed to a 150 mesh, was mixed with the catalyzed char. The experiment was performed at atmospheric pressure in a micro-flow quartz tube reactor and a flow rate of 100 mL∙min−1 of H2 was used for the reaction. From the activity tests with 0.8 wt% of metal-loaded and demineralized char, it can be deduced that the catalytic activity decreased in the order Co > Ni > Fe at the reaction temperature of 820 °C. The initial low reactivity was due to poisoning by very small amounts of sulfur contained in the coal and chemisorbed on the catalyst surface. Varying the metal loading, the same authors observed that the catalytic activities were evident with only about 0.1 wt% loading for all the catalysts. However, above 0.2 wt%, the Increase in gasification rate became smaller: in the Fe catalysts case, the curve reached a plateau after showing the highest value at the lowest loading level (under 0.1 wt%). Conversely, with the Co catalyst, the highest activity could be observed over 0.5 wt% of loading. Thus, the highest activity was recorded in the presence of Co, followed by nickel, and then iron. The tests performed with Ni/diatomite mixed with iron-group metal-loaded char showed that this catalytic system increases the hydrogasification rate and also decreases the period of initial low reactivity (i.e., it removes the chemisorbed sulfur from the catalyst surface) (Figure 10). In any case, the catalyst was deactivated at high temperatures and the increase in gasification rate became smaller. From a comparison with the gasification profile without Ni/diatomite, it can be said that the reaction temperature can be decreased by about 200 °C in the presence of Ni/diatomite for cobalt-loaded char (and hydrogasification took place at 570 °C) and by about 150 and 100 °C for iron- and nickel-loaded char, respectively. The profiles of the rate versus catalyst loading are essentially the same as those found in the absence of the Ni/diatomite, so this means that Ni/diatomite increases the activity of iron-group metals without changing the reaction mechanism or catalyst dispersion.



To explain the synergism of Ni/diatomite and the iron-group metal catalysts, the same authors pointed out the catalytic activity of Ni/diatomite, which enhanced the performance even in the case of nickel and removed the sulfur from the catalyst surface: the particles of Ni/diatomite, in fact, are in close contact with the catalyst particles of iron-group metals on the char. Hence, hydrogen atoms dissociated by a supported hydrogenation nickel catalyst can be spilled over toward the catalyst species (Figure 11). It is also possible that hydrogen atoms directly spilled over toward carbon and promote the breaking of C-C bonds.



The iron-group metals are more susceptible to deactivation at high temperatures due to the formation of coke and are prone to deactivation by sulfur poisoning and sintering during hydrogasification [88]. This problem can be overcome with the introduction of a promoter in the catalyst formulation, the most promising of which is represented by the calcium [89], able to modify the catalytic behavior of the iron group, approaching the role of the more expensive Rh or Pt [90]. In addition, Ca retards the sintering of iron-group metals at high temperatures and protects Fe/Co/Ni from sulfur poisoning, preventing, at the same time, sintering phenomena. Yan et al. [91] and Haga et al. [89] showed that the active sequence of the bimetallic catalysts was Co-Ca > Ni-Ca > Fe-Ca in the hydrogasification of bituminous coal, where the superior ability to break the amorphous C-C bonds makes the Co-Ca bimetallic catalyst the higher active. It was considered that a Co-Ca catalyst could promote coal devolatilization, inhibit the graphitization process of coal, and produce active sites on the coal char surface during hydropyrolysis. Many studies have reported that the optimal Ca loading was 1.0 wt% [91,92,93,94].



Yan et al. [40] studied coal hydrogasification in a pressurized fluidized bed reactor with a cobalt-calcium bimetallic catalyst (Co-Ca) prepared by a co-impregnation method. The loading amounts of Co and Ca were 5 wt% and 1 wt%, respectively. The reactor was fed with 50 g of char and the H2 flow rate was 11.7 L∙min−1. The results proved that the catalyst promoted the catalytic depolymerization and hydrogenation of coal during the hydropyrolysis: a considerable increment in carbon conversion was reported, which was enhanced from the 43.4 wt% value of the raw coal-H2 to the 91.3 wt% of the Co-Ca-H2, as well as in methane and tar yields. This trend indicates that only the presence of a Co-Ca catalyst together with H2 is able to break the C-C bonds in the condensed aromatic rings of coal, while their presence alone barely has an effect. The maximum methane formation rate of Co-Ca-H2 is 66.8 mL∙(min∙gcoal)−1, much higher than that measured under pyrolysis conditions (39.2 mL∙(min gcoal)−1). Moreover, the catalyst Co-Ca in H2 reached a CH4 yield of 77.3 wt% in 30 min. The authors deduced that, at a temperature above 800 °C and a pressure of 3 mPa, the main step in the process of Co-Ca-catalyzed coal-char hydrogasification is the breakage of C-C bonds, which is principally caused by the catalytic cleavage promoted by the Co-Ca catalyst: the catalyst, in fact, lowers the activation energy for the C-C breaking step and supplies the hydrogen necessary for the reaction. In addition, the authors pointed out that the hydrogen spillover was not the rate-limiting step. In the reaction mechanism, the first step could be identified as the hydrogenation of small reactive aromatic rings, while the more stable condensed rings were cracked by means of catalytic cleavage, enhanced by the presence of a Co-Ca catalyst in combination with H2.



In a following study [93], the same research group also studied the effect of different amounts of the catalyst Co-Ca on the gross distribution of products, obtaining 90.0 wt% carbon conversion and 77.3 wt% of CH4 yield in 30 min with 5% Co–1% Ca at 850 °C and 3 mPa. An increment in Co loading did not increase the light tar yield (it decreased from 3.60 wt% of 0.75% Co–1% Ca to 2.72 wt% of 5% Co–1% Ca); meanwhile, an increment in Ca loading had the opposite effect. Regarding the heavy tar yield, the catalysts with high amounts of Co and Ca gave the best performance, reaching 1.68 wt% (2.04 times that of raw coal) with a 5% Co–2% Ca catalyst. Once again, the authors attributed these results to the cooperation of Co and Ca in the cracking of C-C in coal’s structure. Due to the short gaseous residence time, heavy volatiles went through a partial secondary catalytic hydrocracking reaction; consequentially, the heavy tar yield increased (yield from 4.09 wt% of raw coal to 4.45 wt% of 5% Co–2% Ca) thanks to the release of polyaromatics. The metallic Ca loading of 1–2 wt% led to a maximum methane formation rate of above 70.0 mL∙(min gcoal)−1.



Therefore, Co-Ca-catalyzed hydrogasification is expected to be a promising process for producing synthetic natural gas from solid fuel. However, the cost of cobalt-based catalysts is one of the key factors in determining the overall process economy [17], which could be preserved by recycling the cobalt catalyst. Feng et al. [94] proposed a HNO3 leaching procedure optimized in two-step precipitation for impurity removal, achieving high activity of the recovered catalyst from the residue of coal hydrogasification: the leaching efficiencies of Co and Ca in each cycle were over 99.7% and 98%, respectively; however, the activity of the recovered catalyst decreased after each leaching cycle due to the increment in impurities in the residue, especially Al impurities, which had a negative effect on Co-Ca activity.



Feng et al. [48] also studied Co-Ca-catalyzed coal hydrogasification using a gas feed of CO2 and H2. The Co-Ca bimetallic catalyst was prepared from cobalt acetate and calcium acetate as precursors of cobalt and calcium, respectively, loaded on 50 g of coal by impregnation. The loading of Co and Ca is denoted as 3 wt% Co–2 wt% Ca. The experiments were conducted in a batch fluidized bed reactor at 850 °C and 3.5 mPa with 12 L∙min−1 flow of pure H2 or H2 + CO2 (10 vol% CO2). The feed gas velocity was three times the minimum fluidization velocity (Umf) of the coal particles. The addition of CO2 increased the yields of the gaseous products and water by 7.4% and 44.7%, respectively, compared to the pure hydrogen atmosphere. In particular, the CH4 yield decreased by 22.6%, while the CO and CO2 yields increased by 24.7% and 6.5%, respectively (Figure 12): the addition of CO2 increased the production of CO and water. It was observed that CO2 and H2 gave the reaction of CO2 methanation, boosting the yields of char and CH4 but not influencing the hydropyrolysis of coal; therefore, the Co-Ca catalyst can catalyze the CO2 methanation, even if the temperature of 850 °C is thermodynamically unfavorable. Regarding the methane formation rate, the H2 + CO2 feed led to a maximum formation rate of 34.6 mL∙(min∙gcoal)−1, lower by about 22.5 mL∙(min gcoal)−1 compared to those in a H2 atmosphere; however, after 40 min, the methane formation rate sharply decreased to zero in pure hydrogen, as coal was the only source of methane, while it stabilized at approximately 23 mL (min∙g∙coal−1) in the presence of CO2.



Yuan et al. [95] performed the Ni-Ca catalyzed hydrogasification of Chinese sub-bituminous coal in a fixed-bed reactor at 750 °C and 1 mPa, using a H2 flow rate of 4.4 L∙min−1. The results exhibited the dependence of product yields on the amount of co-loaded calcium: the use of 5% Ni-1% Ca allowed for the achievement of higher yields of light aromatic hydrocarbons (2.15 wt%, 0.85 wt% of BTX and 0.7 wt% of naphthalene) and gaseous products (51.51 wt% of CH4, CO, CO2, and C2–C3). The calcium addition prevented the metallic nickel from sintering, assisted the dispersion of metallic nickel in coal char, and avoided catalyst poisoning thanks to the reaction with the coal sulfur.



It is well affirmed that cobalt and nickel are the most effective catalysts for coal hydrogasification. However, they are quite expensive, worsening the practice feasibility of the process. Therefore, the use of a cheaper but more highly active catalyst, such as iron, has been investigated.



In the work by Zhang et al. [86], the catalyst that showed the best performance was 5 wt% Fe–1 wt% Ca. The effect on the CH4 yield was noticeable, as it reached 53.4%, while 7.76%, 11.58%, and 12.20% were hit without the catalyst, with 5 wt% Fe and 1 wt% Ca, respectively. Even if the methane formation rate showed the same trend (quick increment to a peak at 30 min and a gradual decrease) compared to the non-catalyzed char, it is much higher for the 5% Fe–1% Ca system: it first presented an excellent increase after 100 min and another peak in the time range from 300 min to 400 min, reaching 3.14 mL∙(min∙gchar)−1. It is indicated that a Fe and Ca co-loaded catalyst improved the reactivity of the non-catalyzed char, not only enhancing the dispersion of iron-group metals and the sulfur removal but also promoting the reduction of metallic iron as well as the carburization reaction.



The same conclusion was drawn in a work by Yuan et al. [92]: the promoter effect of calcium in the iron-catalyzed hydrogasification of sub-bituminous coal was studied by using H2 pressure in the range 0.1–3.0 mPa and a temperature in the range 650–750 °C in a fixed-bed reactor. In the tests at 750 °C and 1.0 mPa, the authors identified the best calcium/iron ratio (5% Fe–1% Ca), which optimized the yields of light aromatic hydrocarbons (LAH), reaching 3.38 wt% (2.47 wt% of BTX and 0.34 wt%), and other gases (from 33.15 to 46.71%). The reduction of iron oxide to metallic iron was supported by the addition of calcium, whose interaction with iron led to a raised dispersion of iron and an increased hydrogasification rate.




3.1.2. Copper Catalysts and Composite Catalysts


A way to achieve both higher catalytic efficiency and lower economic costs is to use composite catalysts. In this regard, from the perspective of industrial utilization, copper compounds are of great interest. However, copper alone is not an appropriate choice: it has weak adsorption and dissociation ability toward hydrogen [96]. Moreover, the weak interaction between carbon and copper is caused by the absence of an empty d orbit in copper atoms where the valence electrons of carbon atoms could enter to form metal carbides, responsible for the C-C bond breakage. Furthermore, copper is more susceptible to sintering because it melts at 1083 °C [97]. Even if copper is not suitable for hydrogenation reactions, its alloy with Ni (Cu-Ni alloy) shows good catalytic activity in hydrogenation tests [98,99,100] because of the observed increment in the dispersibility of the catalyst [101,102,103] and in the adsorption and dissociation rate of hydrogen molecules caused by hydrogen spillover between copper and nickel [104].



Supposing that the composite catalyst could enhance the contact area between hydrogen and char, Sun et al. [97] studied the catalytic effect of Cu-Ni-Ca composite catalysts for the catalytic hydrogasification of a Chinese Yili sub-bituminous coal char at 750 °C and 2 mPa. The catalyst was prepared via the incipient wetness impregnation method on 1 g of char, using nickel, copper, and calcium nitrate as precursors, and different amounts of the above species were loaded (2.0 wt% Cu–1.0 wt% Ca; 1.5 wt% Cu–0.5 wt% Ni–1.0 wt% Ca; 1.0 wt% Cu–1.0 wt% Ni–1.0 wt% Ca; 0.5 wt% Cu–1.5 wt% Ni–1.0 wt% Ca; and 2.0 wt% Ni–1.0 wt% Ca). The samples were tested in a pressurized fixed-bed reactor where a flow rate of 50 mL∙min−1 of H2 was fed. A preliminary characterization of the catalyst using XRD (X-ray diffraction) analysis showed the CaS presence, which indicates that the calcium reacts with organic sulfur in char, reducing the tendency for catalyst deactivation. In addition, the calculation of crystalline size verified that Cu-Ni-Ca catalysts are less inclined to sintering. Regarding the catalyzed char structure, using Raman spectroscopy, the authors could assert that the catalysts repressed the graphitization of char and increased the number of active sites compared with the non-catalyzed char because the intense interactions between the catalysts and the char, caused by the synergic effect of the metals, boosted the breaking of more large aromatic rings. The 2.5 wt% Cu–2.5 wt% Ni-1.0 wt% Ca (where the Cu-Ni ratio of 1:1 favored the formation of a Cu-Ni alloy) showed the best performance. Indeed, the methane yield and methane formation rate for 2.5% Cu–2.5% Ni–1.0% Ca reached 88.3% and 11.56 mL·(min∙gchar)−1 at 800 °C and 2 mPa of H2 pressure in 450 min, respectively. The high catalytic performance of the Cu-Ni alloy was due to the isolation of Cu and Ni atoms from their adjacent atoms, resulting in more adsorption and dissociation of hydrogen molecules as well as the interaction between metal atoms and carbon.



Because of the catalytic activity of Cu-Ca catalysts on the hydrogasification of char displayed in their previous study, Sun et al. [97] carried out a more in-depth study of the process using 5 wt% Cu–1 wt% Ca [105]. Indeed, the authors have already reported that the methane yield markedly increased with the Cu loading from 8.7 of the non-catalyzed system to 11.3, 17.2, and 19.2% for the 1.0 wt% Cu–1.0 wt% Ca, 2.0 wt% Cu–1.0 wt% Ca, and 5.0 wt% Cu–1.0 wt% Ca samples, respectively. In addition, the methane formation rate VCH4 showed two peaks (the maximum was 2.18 mL∙(min∙gchar)−1) in the tests with Cu-Ca catalysts, instead of one peak observed in the non-catalytic system; moreover, the induction time of the system was shortened as the catalyst loading increased. In fact, the induction time is reported to be indispensable for CaO to catalyze the less active carbon in the char.



In a further study [8], the activity of a cheap copper catalyst in a pressurized fixed-bed reactor was studied. Thanks to its selectivity versus pressurized oxidizing ammonia leaching, the copper was recovered. In this way, copper catalysts could become more competitive with cobalt and nickel while also being more environmentally friendly. The authors used a demineralized char from Chinese sub-bituminous coal (Yili coal). The catalyst was obtained by means of the incipient wetness impregnation method: the solution was prepared using Cu(NO3)2·3H2O and/or Ca(NO3)2·4H2O dissolved in ultrapure water. About 1.0 g of the sample was put into the reactor where 50 mL∙min−1 of hydrogen was fed, and the reaction took place at 800 °C and 2 mPa. Under the latter operating conditions, the 5 wt% Cu–1 wt% Ca catalyst showed higher activity and a methane yield of 60.6% at 800 °C (while it was 5.1% at 700 °C and 19.2% at 750 °C); moreover, the peak of the methane formation rate strongly increased thanks to the enhanced interaction between copper and carbon at high temperatures, which boosted the reaction between metal carbide and hydrogen. In addition, the hydrogenation reaction of carbon was accelerated by hydrogen radicals, generated at high temperatures. Therefore, the reaction temperature strongly influences the activity of the catalyst. Furthermore, the copper loading affects the methane yield (increased from 36.8% to 60.6% moving from the one to five Cu:Ca sample) and methane formation rate (with two peaks and the maximum at 6.65 mL∙min−1∙gchar−1 after 75 min at 800 °C). Even if the methane yield is not as high as with a Cu-Ni-Ca catalyst (88.3% [97]) or Co-Ca catalyst (77.3% [40]), the advantage of copper is related to its recovery with the ammonia leaching method (Figure 13). The optimization of the parameters (leaching temperature of 50 °C, liquid/solid ratio of 6:1, ammonia/ammonium bicarbonate ratio of 3:1, total ammonium concentration of 6 mol∙L−1, and oxygen partial pressure 0.7 mPa) allowed for the achievement of the optimal leaching conditions. However, the authors noticed that the sulfur accumulated in the ammonia leaching solution could lead to sulfur poisoning and deactivation. The catalytic activity is also influenced by the calcium loading: the methane yield of the 5 wt% Cu–0.5 wt% Ca, 5 wt% Cu–1 wt% Ca, 5 wt% Cu–2 wt% Ca, and 5 wt% Cu–3 wt% Ca catalysts increased from 17.1% to 20.6%, 60.6%, 58.3%, and 51.3%, respectively. Thus, the optimal calcium loading was found to be equal to 1%, confirmed also by the trends of the methane formation rate. The calcium improved the catalytic effect of copper thanks to a better dispersion of the catalysts. Moreover, the interaction between calcium and sulfur mainly occurred at the initial stage of the reaction and helped with reducing the toxicity of sulfur (by transforming calcium oxide into calcium sulfide).




3.1.3. Alkaline- and Alkaline-Earth-Based Catalysts


Alkali compounds, such as K- and Na-based ones, with high loading (around 5–10 wt%) are the catalysts commonly studied in coal/char catalytic hydrogasification [106,107,108,109]. These samples show high activity (even higher than transition metals) and selectivity to CH4 [61,110]; however, their reaction with the inherent mineral matter contained in the coal/char can lead to the formation of water-insoluble compounds, such as kAlSiO4 [111,112], which are difficult to recover, resulting in catalyst loss and increased operative costs.



Hong et al. [113] studied the effects of K-OH catalysts on the CH4 release during raw coal hydrogasification at 800 °C and 4 mPa in a pressurized fixed-bed reactor and an intake flow rate of 1 L∙min−1. The catalyst loading was 10 wt% with respect to coal and was added to coal by means of the wet-mixing method, using potassium hydroxide, sodium carbonate, calcium hydroxide, and nickel nitrate nonahydrate as catalyst precursors. The author compared the catalytic production rate of CH4 (which could reach 348 L∙kg−1 in 60 min) with that obtained under pyrolysis conditions, pointing out the superposition effect of coal devolatilization and rapid hydrogenation during the hydrogasification process: in a hydrogen atmosphere, the polycondensation of the free radicals is inhibited and more CH4 is produced by the hydrogenation of coke. Under pyrolysis conditions, the CH4 release is almost the same, while under a H2 atmosphere, the curve has a different trend: for the non-catalyzed system, three peaks can be observed, the first one related to the devolatilization of coal, the second one to the secondary reaction of volatile products, and the third one to the slow hydrogenation of residual char. For the KOH-catalyzed system, the peaks are larger than those observed for the non-catalytic gasification, which allows the authors to confirm that the catalyst has a catalytic effect on the whole process of coal hydrogasification, especially in the hydrogenation of residual char. The same researchers also reported the gas productivity (defined as the total molar amount of carbon-containing product gas per molar amount of carbon in the coal sample fed for the reaction) and gas yields of CH4, CO2, CO, and CnHm at 700 °C, 750 °C, and 800 °C, under N2 and H2 atmospheres (Figure 14 and Table 3). In particular, the gas productivity increased from 0.25 to 0.40 molcarbon,produced ∙molcarbon, feed−1 in the temperature range 700–800 °C under a H2 atmosphere, while it remained almost unmodified under pyrolysis conditions. The results obtained in terms of gas yield indicated that the temperature has a remarkable effect only under a H2 atmosphere, especially for CH4 yield, increasing from 13 to 30% in the range 700–800 °C: in the presence of hydrogen, CH4 is generated by both the thermal decomposition of volatiles in coal and the hydrogenation and hydrocracking of coal char as well as tar [114]. Moreover, the higher the temperature, the stronger the beneficial effect on hydrogenation and hydrocracking.



In the tests performed at different pressures, the authors report that the gas productivity for coal pyrolysis increases from 0.11 to 0.13 molcarbon,produced ∙molcarbon, feed−1, whereas it increases from 0.14 to 0.39 molcarbon,produced ∙molcarbon, feed−1 for coal hydrogasification: the limited effect of the pressure increase under pyrolysis conditions (related to the release of the products of the secondary cracking reaction of tar, i.e., CH4 and CnHm) is balanced by the difficulty of gas products to escape from the coal particles at relatively high pressure [115]. In the case of hydrogasification, high pressures cause a decrease in CO2 and CO yields due to the influence of greater mass-transfer resistance, delaying, at the same time, the release of volatiles and the diffusion of the tar in the interior structure of the coal particles. Consequently, there is a positive effect of pressure. The same authors also compared the KOH catalytic performance with other catalysts (Ca(OH)2, Ni(NO3)2, Na2CO3), and the results are reported in Table 3. Under a nitrogen atmosphere, the Ca-based catalyst has the highest catalytic activity due to the chemisorption between the acidic centers of the coal surface and the alkaline active sites of the Ca catalyst, resulting in the fracture of free-phase substances with small molecules to produce more CO2, which can react with carbon to form a large amount of CO. Under a hydrogen atmosphere, the catalytic activity follows this order: K > Na > Ni > Ca. In particular, the CH4 yields using K and Na catalysts are much higher than the CH4 yield of raw coal hydrogasification, reaching 67% and 74%, respectively, within 60 min.



The number of active sites on the coal surface increases when chemical bonds of the coal break in the presence of K and Na catalysts, which can be reduced to the active state of a metal and/or peroxide under a H2 atmosphere, promoting the adsorption and dissociation of hydrogen [116]. When the flow rate of hydrogen is increased, the CH4 yield improves because free radicals are saturated with hydrogen and the free-radical polymerization reaction can be limited. Ni- and Ca-based samples have little catalytic effect with respect to K- and Na-based catalysts because the first ones are more susceptible to sulfur poisoning and deactivation due to sintering phenomena. Considering the promising results obtained by Hong et al. with Ca-based catalysts, many other researchers became interested in alkaline-earth-based catalysts. In particular, calcium is a cheap metal, abundant as an industrial waste in the calcium carbide process, and eco-friendly (its recovery is not necessary).



Jiang et al. [8] carried out the hydrogasification of acid-washed coal char with CaO, K2O, and NiO as catalysts, obtaining that CaO alone is much more active than the other catalysts reported in the literature (such as K2CO3 and Ni(NO3)2) as long as the temperature is higher than 750 °C and the Ca loading is higher than 0.42 mmol∙g−1. The tests were carried out in a temperature range of 700–800 °C and with a H2 partial pressure of 0.1–2.25 MPa (with a flow of 1.73, 50, 100, or 150 mL∙min−1) in the presence of N2 to achieve a H2 partial pressure of 0.1, 1.5, 2.0, or 2.25 MPa, respectively. The demineralized Chinese bituminous coal (0.5 g) was mixed with the catalysts and placed in a vertical quartz pressurized fixed-bed reactor at a fixed position and sandwiched by quartz sand, used as a preheater for the feed gas. Figure 15 compares the effect of the different catalysts on the hydrogasification of char: the K and Ni-based samples showed a weak increment (the trend is similar for both catalysts) in methane production rate (K > Ni) with respect to the non-catalyzed char, while the Ca-char system has an extremely high activity, revealing a maximum in the VCH4 curve of 2.6 mL∙min−1 after almost 100 min. Once the induction time (of about 11 min, necessary for the CaO to be active) has elapsed, the catalyst is able to catalyze the less active carbon in the char.



The superior catalytic activity of CaO is only visible from 750 °C: at high temperatures, the induction time for CaO to be active for CH4 formation is shortened, and the CH4 yield increases, from 13.3% of the non-catalyzed char to 62.5% of Ca-loaded char in 451 min at 800 °C, for example. The authors explained the changes in the catalytic effect of CaO and its induction time with temperature considering the migration of CaO via solid-solid diffusion, including surface diffusion (at temperatures higher than Hutting temperature; that is, 593 °C) and volume diffusion (at temperatures higher than Tamman temperature; that is, 1170 °C), both of which are strongly temperature-dependent. In the temperature range of 700–800 °C, the CaO surface diffusion within the interiors of char explained the influence of the induction time and enhanced the hydrogasification (mainly occurring in the pore of the char). Another parameter that has an effect on its superior catalytic activity is the CaO loading: the carbon oxide displayed little catalytic effect at loadings of 0.21 mmol∙g−1; and less, similar, or higher catalytic effect at loadings of 0.42 mmol∙g−1 and higher; and a methane yield that increased sharply from 16.9% at a CaO loading of 0.21 mmol∙g−1 to 61.5% at a CaO loading of mmol∙g−1. The authors hypothesized that the CaO catalyst is not able to catalyze a certain amount of carbon contained in the char, which is derived from transformations in the char’s micro-structure. In particular, the XRD analysis of the non-catalyzed and catalyzed char showed that CaO primarily catalyzes the hydrogasification of amorphous aromatic carbon, and the crystalline aromatic carbon is inactive to the catalysis of CaO. Finally, tests performed with other Ca-compounds (Ca(CH3COO)2, Ca(OH)2, CaCO3, CaCl2, or CaF2) showed that the VCH4 of Ca(CH3COO)2, Ca(OH)2, or CaCO3 is similar to that of CaO because the carbonate decomposes to CaO before reaching the hydrogasification temperature. Conversely, the VCH4 of CaCl2 or CaF2 is similar to that of non-catalyzed char, due to the absence of Ca-O species.



In a further study, Jiang et al. [117] examined the synergetic catalysis of Fe-CaO and the transformation of Fe-CaO-S during hydrogasification. All the hydrogasification experiments were performed in a fixed-bed reactor at 800 °C and under a H2 pressure of 1.5 MPa, using 0.5 g coal samples sieved to a 40–80 mesh. The catalysts were prepared by means of pore volume impregnation. The results proved that both CaO alone and metallic Fe alone have little catalytic activity, while their interaction yields high activity. Therefore, CaO is not an essential catalytic component, nor a simple catalyst promoter, like in other studies reported in the literature, and in this sense, Fe should not be considered as a promoter of CaO but as a catalytic component, too. Therefore, the catalytic activity of Fe reported in the literature is feasible only under the influence of CaO presented in the ash of the chars as impurities; the catalytic activity of CaO is enhanced by the Fe amount in the ash. The results also showed that the optimum CaO/Fe molar ratio is around 4.0. The synergetic catalysis of Fe-CaO assures the increase of CaO-dominant sites as well as Fe-dominant sites during hydrogasification: this transformation is possible due to the differences in the diffusion of Fe and CaO.



Liu. et al. [27] studied the catalytic coal-char hydrogasification in a high-pressure fixed bed reactor using CaO, CaCO3, Na2CO3, and K2CO3 as catalysts. The demineralized coal char (2 g) was mixed with the catalysts (10 wt%) and processed in a high-pressure fixed-bed reactor under a hydrogen pressure of 5 MPa (1.5 NL∙min−1) at 850 °C. As demonstrated in other research studies [8], the authors confirmed that CaCO3 can be decomposed into CaO and CO2 during hydrogasification, and the decomposition products can affect the reaction rate and carbon conversion of the char. The results revealed that the aromatic ring condensation of the char structure was inhibited by the CaO catalyst during hydrogasification, and the catalytic reaction of CaO only occurred on the char surface. Even if Na2CO3 and K2CO3 went through vaporization under a high temperature, the Na and K-based catalyzed chars are more active than others, due to their uniform dispersion on the char surface during gasification. The reactivity of the Na2CO3-catalyzed char was 53.13∙10−5 s−1, which is over 10 times that of the un-catalyzed char. On the other hand, the reactivity of the K2CO3-catalyzed char was 70.42∙10−5 s−1, which displayed the best catalytic effects for hydrogasification. The order of catalytic effects on the hydrogasification reaction rate of the chars was: K2CO3 > Na2CO3 > CaO > CaCO3 > un-catalyzed char. The Na2CO3 and K2CO3 displayed higher catalytic activities compared to CaO alone during hydrogasification because the catalytic reaction of the alkali catalyst occurred simultaneously on the surface of and inside the char. The active species for hydrogasification come from the cracking of large aromatic ring systems into small ones: Na (originating from the reduction of Na2CO3 (Equation (3)) or K (originating from the reduction of K2CO3 (Equation (3)) diffused into char under a hydrogen atmosphere to form intercalated compounds with carbon (CnM) (Equation (4)), which can increase interlayer distance and break the C-C bonds existing between aromatic layers, improving the breakdown of large aromatic rings. Intercalation compounds react with hydrogen (Equation (5)) to produce methane and alkali metal (M), which restart the catalytic hydrogasification of char in a cycled pattern. The hydrogasification rate steeply increases as the amount of small aromatic ring systems increases. The mechanisms of the alkali catalytic hydrogasification of char are reported in the following reactions, where M represents the elemental sodium or potassium.


   M 2  C  O 3  + C ↔  M 2  O + C  O 2  + C ↔ 2 M + C  O 2  + C O  



(3)






  2 M + 2 n C ↔ 2  C n  M  



(4)






  2  C n  M + 4 n  H 2  ↔ 2 M + 2 n C  H 4   



(5)







Therefore, it can be concluded that the difference in catalytic activity between alkali-catalyzed samples and alkaline-earth-catalyzed samples is related to the mobility of catalysts under high temperature: the CaO is immobile, so the reaction occurs mainly on the char surface; the alkali catalysts have good mobility, so the alkaline metals can diffuse into char particles and interact homogeneously with the interior char structure. However, the alkali catalysts vaporize under a high reaction temperature, resulting in the loss of the catalyst during hydrogasification.



Skodras et al. [118] reported that, in presence of potassium-based catalysts, coal hydrogasification is strongly affected by the alkalinity of the impregnation solution. The authors used a Greek low-rank coal (lignite) characterized by high moisture, high ash (mostly calcium and silica, with small quantities of sodium and potassium), high volatility, high oxygen, and low sulfur content. The different catalysts were prepared by the impregnation of a 20 wt% alkaline compound (KHSO4, KCl, K2SO4, KH2PO4, KBr, KNO3, C2H5KO4, KF, CH3COOK, K2CrO4, K2CO3, KOH, or K3PO4) and mixed with the coal. The potassium chemisorption was studied at various pH by means of the acidification of the impregnating solution with HCl (and in some cases with HNO3 or H2SO4). In addition, the corresponding CEC (Cation Exchange Capability) values of coal were reported. The reaction tests were performed at ambient pressure, 850 °C, and residence times up to 100 min in a tubular fixed bed reactor. The results of the potassium chemisorption tests showed that the solution pH has a crucial role in the fraction of the chemisorbed K+, regardless of the potassium compound used: when the pH is 13–14, the fraction of the chemisorbed K+ reached about 70 to 75%, while for a pH of 3, the fraction was reduced by half. The CEC of coals increases with the pH and has values similar to those of chemisorbed K+. These results indicated that adsorption varies due to changes in the sites available for ion exchange, which depends on the solution pH variations.



In this regard, Skodras et al. found a linear correlation between the chemisorbed K+ and the CEC, justifying that potassium is adsorbed on O sites in the lignite structure since the CEC of the coal is linked with the oxygen functional groups [108,118] (particularly the carboxyls on its surface). The results of hydrogasification tests showed that impregnation with high alkalinity solutions (KOH, K2CO3, K3PO4—pH > 11) resulted in increased chemisorbed potassium. Consequently, high CH4 and light hydrocarbon (CH4, C2H4, C2H6) yields were obtained (similar values were recorded using different salts and, therefore, the cheapest salt (K2CO3) should be used). Based on the above mechanism, it can be stated that the carboxylic groups are stabilized through the substitution of the carboxylic H+ by K+ (which causes the early devolatilization of the carboxylic groups). Thus, the carboxylic group can decompose at hydrogasification temperatures (>700–750 °C) with the increased involvement of the gaseous H2, leading to a high methane yield. In contrast, the methane yield of samples impregnated with K+ salts of low alkalinity is lower even than that obtained with non-catalyzed coal because of the early decomposition of carboxyls (below 700 °C) and the continuous dissociation of the coal lattice. Another reason for the above mechanism could be the pore plugging caused by the formation of salt crystals, which hinders the pore structure development and the gaseous reactant as well as product diffusion. The author proposed a three-stage reaction mechanism, consisting of (i) catalyst impregnation and potassium chemisorption on the carboxylic groups, (ii) the thermal dissociation of the carboxyls and the formation of polyaromatic complexes, and (iii) gradual hydrogenation to methane.




3.1.4. Char-Based Catalysts


The coal/biomass char contains alkali and alkaline-earth metal (AAEM) species as well as other metals that could catalyze the hydrogasification of char itself.



Zhu et al. [79] studied the hydrogasification reaction of Chinese bituminous coal with three different biomass char additives (loading by physical blending method), sargassum char (SG char), sawdust char (SD char), and wheat straw char (WS char), which differ for the AAEM species’ contents. Once the biomass went through pyrolysis to obtain char biomass, the coal was mixed with the char at a fixed mass ratio. The experimental tests were performed using a total amount of 5 g of samples (the ratios biomass/char were 10 wt%, 20 wt%, and 30 wt%) in a pressurized fixed-bed reactor in the pressure range 0.1–4 MPa, the temperature range 700–800 °C, and with a hydrogen flow rate of 1 L∙min−1. The results showed that the hydrogasification reactivity of coal can be improved by the SD char (the optimum char addition amount was 10 wt%, with an improvement of 16.7% of gas yield) and WS char (the optimum char addition amount was 20 wt%, with an improvement of 22.1 wt% of gas yield), while the chlorine contained in SG char makes the system not active enough to catalyze the reaction. These results proved that the AAEM species in biomass char (such as sodium, potassium, calcium, and magnesium) were responsible for the enhanced reactivity of coal. In this specific study, the SD gave the best results because of its higher content of AAEM species, especially Ca. Nonetheless, the biomass char had both promoting and inhibiting effects on the hydrogasification reactivity of the samples because an increase in char amount did not give rise to improved methane yield: the char, which attaches to the surface of coal, can prevent contact between coal and hydrogen. With increasing temperature and pressure, the reactivity increased for all the samples. For SG char, the effect of biomass char on coal was higher at low temperatures (at 700, 750, and 800 °C, the experimental gas yield was increased by 15.7%, 1.9%, and 0.3%, compared with the calculated one) because the chloride species, which are the AAEM species most contained in the SG char, remained in the samples at low temperature and were released from the samples at high temperature. For SD char and WS char, the trend is opposite (for example, at 700, 750, and 800 °C, the experimental gas yield was increased by 4.5%, 7, and 16.7%, for an SD char addition of 8.6%, 16.9%, and 22.1%, respectively) because the AAEM species contained in these samples were more active with increasing temperature.



Some studies highlighted the catalytic properties of other inorganic species contained in the coal feedstocks. Hüttinger and Krauss [119] carried out bituminous coal hydrogasification in a fixed-bed reactor operating up to 2 MPa, identifying three steps of methane formation: 500 and 600 °C, 750 to 800 °C, and >850 °C. The reactions in the first two ranges are strictly related to the molecular structure of coal and are not affected by the catalytic activities of constituents of coal minerals. In the third range, >850 °C, iron impurities can accelerate methane formation significantly at sufficiently high pressures. Moreover, the purification from coal’s iron disulfides may also occur during the hydrogasification: alkali and carbonates can act as sulfur scavengers (through an exchange reaction), which can accelerate the desulfurization of iron sulfides. Similarly, the involvement of mercury impurities in the kinetics of coal hydrogasification was also investigated [120].



Some other relevant studies on the use of coal char as a catalyst are included in the next section, dedicated to the hydrogasification of biomass.





3.2. Catalytic Hydrogasification of Biomass


Biomass is a renewable resource and its residue (such as agriculture residue, forest residue, and seaweed residue) can be used as an environmentally friendly fuel [79], such as energy-dense oil enriched with light aromatics and methane-rich gases [121]. Several studies have been conducted to examine the role of different “pyrolysis char” on catalytic activity, reporting that the operating condition during char pyrolysis, such as the heating rate and pyrolysis temperature, are crucial factors for char structure and reactivity [122,123]. This type of catalyst is cheap and can be obtained together with tar reduction controlling the reaction condition and gasifier configuration; in addition, it can support tar cracking. Therefore, it is interesting to evaluate the pyrolysis char activity in the hydrogasification process.



Maneewan et al. [84] studied the activity of biomass-pyrolyzed char on the hydrogasification of Giant Leucaena (Leucaena leucocephala) wood in a two-stage fixed-bed reactor, consisting of an inner tube (8.8 mm ID) and an outer tube (11.8 mm ID). The slow-pyrolyzed chars were prepared at 650, 750, and 850 °C (SC650, SC750, and SC850) using 100 mL∙min−1 of Ar for 2 h with a heating rate of ∼27 °C min−1 and held at the desired temperature for 30 min. Meanwhile, the fast-pyrolyzed char was prepared by preheating the reactor at 750 °C (FC750) and leaving it to reach equilibrium with Ar at a flow rate of 100 mL∙min−1 for 30 min before the introduction of the wood. The pyrolysis took place in the upper zone of the two-stage reactor. The hydrogasification between hydrogen (120 mL∙min−1 with Ar) and the biomass-derived volatile took place in the bottom zone, where alumina balls (7.5 g) and 0.5 g of pyrolyzed char were packed (be high ∼2 cm). The authors proved that the pyrolysis conditions influenced the carbon conversion and gas product distribution. For the SC750, they reported a relevant effect on the carbon conversion level, during both steps of pyrolysis and hydrogasification, and on the CH4 yield, which increased by 10% without char and 16% with the pyrolyzed char during the hydrogasification step. This increment in CH4 yield was explained by considering that coke originating from tar deposition would react with hydrogen to generate CH4 by carbon hydrogenation (Equation (2)). The differences in the char surface structure, revealed by the SEM analysis and surface area measurements, can explain the better catalytic activity of SC750 for tar reduction (23% and 19% tar reduction for the SC750 and FC750 chars, respectively): the pore structure of FC750 collapsed, due to coke formation, resulting in a reduction in porosity, surface area (reduction of 94%), and pore volume (reduction of 90%); the SC750 char structure did not change after hydrogasification due to its relative stability. As for the gas distribution, the authors reported that the formed coke on SC750 had higher activity than that on FC750; thus, the hydrogenation of coke on the FC750 char was inferior. The different behavior observed for the chars prepared at different temperatures was explained by considering the loss of AAEM species, which are the catalytic species for tar reduction and char gasification, on the char surface at high temperatures.



Zhou et al. [124] studied pinewood hydrogasification with the calcium gasification concept, using a high addition of coarse calcium oxide as a catalyst in a pressurized fluidized bed reactor. The CaO can be used as a sorbent for CO2 capture, as a heat carrier to release the heat necessary for the gasification, by carbonation reaction, and as a catalyst for the steam gasification reaction. The use of coarse CaO particles can provide: (i) good fluidizing conditions (their density and heat capacity are similar to those of silica sand); (ii) a simple separation procedure due to differences in particle size with gasification residue (200–300 μm for the pinewood and 400–900 μm for the CaO sorbent); and (iii) heat for the pyrolysis step. The methane yield increased by 35% while the carbon dioxide fraction decreased from 12 to 5 vol% with a mass ratio of calcium oxide/biomass of 2 at 800 °C and 4 MPa. An increment in the feed ratio over two did not show any desired improvement because the CaO totally surrounded the pinewood particles when the ratio CaO/biomass of two was used. Furthermore, the CaO presence allowed for reaching 0.25 g∙gbiomass−1 in the first 60 min at 800 °C, while the CH4 yield was 1.3 times lower without CaO (0.19 g∙gbiomass−1). Regarding the liquid products, the authors reported that the addition of calcium oxide increased the naphthalene and light aromatic (such as toluene, fluorene, anthracene, biphenyl, and pyrene) compounds. Lastly, the authors observed that the calcium oxide deactivated after multicycles due to the carbon deposition and calcium carbonate formation; however, the catalyst can be recovered by calcination in air at 800 °C: the surface area after the sixth cycle was partially recovered (2.934 m2∙g−1 instead of 4.861 m2∙g−1 corresponding to that of a fresh catalyst).



Suzuki et al. [125] studied the interaction between nickel and calcium during the hydrogasification of wood char at temperatures below 700 °C in a fixed-bed downflow reactor. The effect of calcium on coal and biomass hydrogasification has already been reported, as well as the effect of nickel on coal hydrogasification. However, it is interesting to investigate the activity of nickel-calcium binary systems on biomass hydrogasification, considering that the catalytic behavior of nickel depends upon the nature of carbonaceous materials. The catalyst was prepared by the wet impregnation method, using Ni(NO3)2H2O as a nickel precursor and different calcium compounds as calcium precursors (CaCl2, Ca(NO3)2·4H2O, Ca(OCOCH3)2·H2O, Ca(COO)2·H2O, Ca(OH)2, and CaCO3). The catalyst (3.5 wt% of nickel; the calcium varied up to 2 wt% as metal in the char) was mixed with the wood char and treated in the reactor at 100 mL∙min−1. The results showed maximum catalytic activity at an optimum Ca loading (0.6 wt% Ca) and Ni/Ca loading, and the promotion effect of calcium did not depend on the anion type of the additives. In particular, the calcium promoted the activity of Ni/Ca char by preventing the metallic nickel from sintering: the interaction between calcium and nickel led to the formation of oxidized nickel species, which limited the migration of catalyst particles on wood char.



A typical technique to manage the seasonal fluctuations of biomass availability is to use coal in the biomass feed to perform co-hydrogasification. Zhang et al. [78] studied the hydrogasification of pinewood (PW) and rice husk (RH), and also the co-hydrogasification of RH and DWG sub-bituminous swelling coal (mass ratio = 1:1) in a two-stage fixed-bed reactor with the aim of investigating the influence of hydrogen pressure and hydrocracking temperature on the gas yields and tar composition. From the results, the researchers assessed that an increment in hydrogen pressure from 1 to 5 MPa promoted the conversion of two biomasses, leading to the enhancement in gaseous hydrocarbons (CO, CO2, CH4, C2H6, C3H8, and C3H6) and liquid aromatics but to a decline in the yield of BTX (benzene, toluene, and xylene).



In the tests with PW, the increment in the process temperature from 500 to 700 °C under 1 MPa led to an improvement in the yield of methane, ethane, and BTX, mainly at the expense of heavy compounds in tar, which decreased from 27.4% to 15.8%: the high temperature promoted the secondary reactions of volatile matter to produce light aromatics (BTX and phenol, for example). A synergic effect of biomass and coal in the liquid phase at 5 MPa was observed in the co-hydrogasification: the yields of BTX and PCX (phenol, cresol, and xylenol) increased at 500 °C. This effect was attributed to the appreciable amount of potassium (0.42 wt%) in the biomass, which promoted the hydrocracking of primary tar.




3.3. Reaction Mechanism


There are two mechanisms (Equations (6) and (7), respectively) proposed in the majority of the studies for the catalytic char conversion in a H2 atmosphere: (1) the spillover mechanisms, which is more established for iron-group metals (Equation (6)), and (2) the C-C bond weakening mechanism (Equation (7)) [87,97,126].


   H 2   →  C o ,   N i ,   F e    H ·  +  H ·   →  c a r b o n   C  H 4   



(6)






     C − C   b o n d   b r e a k i n g   → C   b u l k   → C   C o   o r   N i   o r   F e ,   d i s s o l v e d       → C   a d    →   H ·    C  H x    s d    →   H ·    C  H 4      



(7)







According to the hydrogen spillover mechanism, the catalyst adsorbs and dissociates the hydrogen atoms, which spilled over toward the carbon surface and react with it. On the other hand, the breakage of C-C bonds is promoted by the interaction between the catalyst and carbon.



In a study regarding transition metals, Tomita et al. [85] indicated the spillover mechanism as the main reaction mechanism, which led to increased carbon activity and the dispersion of carbon into the iron particle. Tamai et al. [127] observed that metal-carbon interaction promotes C-C bond breakage; moreover, the metal-carbon interaction was reported to be more important than the metal-gas interaction in the hydrogasification process.



When the hydrogen adsorption and dissociation is the rate-determining step, cobalt and iron have a positive catalytic effect for increasing pressure; meanwhile, if the breakage of C-C bonds is the rate-determining step, there should be no dependence on the hydrogen pressure. However, since different experimental studies have exhibited different results on this matter [40,92], the interactions between metal-carbon and metal-gas could be different for different metals and require more in-depth descriptions.



In addition, it has been reported that Ni, Co, and Fe catalysts were in different states after hydrogasification: Ni and Co were in their reduced state, while Fe was in the form of Fe3C and α-Fe [91,92,95].



The spillover mechanism was also proposed for the hydrogasification of Cu-Ni-Ca catalysts by Sun et al. [97]. The active hydrogen atoms, originating from nickel sites, spilled over toward the adjacent copper sites and inhibited the agglomeration of copper; this mechanism unsaturated the adsorption sites of hydrogen atoms on the nickel surface, which adsorbed more additional hydrogen molecules [104], thus resulting in methane yield promotion. For the Cu-Ni alloy, the authors evidenced that the interaction between metal atoms and carbon, incremented by high-phase dispersion, boosted the breaking of C-C bonds in the char structure, catalyzing the pyrolysis and hydrogasification of char [91].



The char reactivity is influenced by different parameters: char origin (coal or biomass), char size, surface area, pore size distribution, catalytic effect, mineral content, pre-treatment, and heating [128]. The pyrolysis conditions under which the char is produced particularly affect the reactivity of the char itself. For example, van Heek and Muhlen [129] noted that the reactivity of char (in air) decreased at high temperatures (above 1000 °C) due to the reduction in the number of active sites of reaction and the number of edge atoms; moreover, longer residence times at peak temperature during pyrolysis also reduce reactivity. The inorganic materials exist as minerals in coal and as salts or organically bound in biomass. They affect both the pyrolysis and hydrogasification steps: alkali metals, potassium, and sodium give char morphological characteristics and are active catalysts in reactions with oxygen-containing species and catalyze the polymerization of volatile matter, increasing the char yield; at the same time, they produce solid materials that are deposited into the char pores, blocking them. A high pyrolysis temperature may result in the thermal loss of active sites [130].



Yan et al. [131] attempted to understand the catalytic hydrogasification mechanism of Co-Ca catalysts by considering different kinds of coal, based on a simplified C-H2 catalytic reaction mechanism. The coal properties influenced the probable mechanism as follows:




	
For medium-low-rank coals with non-caking behavior and low sulfur content, the probable mechanism could concern the supplying of active hydrogen by the Co-Ca catalyst and the C-C bonds’ catalytic fracturing, which is the determining step (Figure 16);








	
For caking coal, the caking agglomeration properties were damaged in situ by means of the blending of the coal, which improved coal reactivity due to the reduced contact between the cohesive coal particles (physical separation) as well as the activated hydrogen spillover, thus promoting the activity of the Co-Ca catalyst in the presence of volatile catalyst-coal interactions (Figure 16).



	
For high-rank coal with non-caking behavior and low/high sulfur content, the suitable amount of Ca compounds (CaO/CaCO3) influenced the hydrogenation of graphite carbon and limited the deactivation effect of sulfur on the Co-Ca catalyst; indeed, the H2S strongly absorbed onto the Co surface through its fixing on Co particles, which promote the catalyst activity (Equation (8)).







         H  2  S          H   2             ⭨     ⭨            CaO + Co −     C → CaS +   Co  2  −     C →   CH  4             ⭧                 CaO            



(8)





In another study [93], Qu et al. explained the role of Ca species’ participation in the Co-catalyzed coal hydrogasification process. The authors took as reference the work of Haga [89], who studied the Ni-Ca catalytic mechanism: calcium nitrate reacted with carbon, resulting in the generation of a calcium carboxylate structure (CaO(COO)) on the surface of coal, from which CO2 molecules could be released in the temperature range of 400–700 °C. These molecules reacted with Ni-C, resulting in the Ni-(O)-C generation, which was responsible for the high dispersion of Ni and the initial accelerated reaction rate. The same mechanism was proposed by Qu et al. for the Co-Ca catalysts. In particular, in this case, the Co-(O)-C was ultimately developed in the form of CO. From the catalytic pyrolysis stage, a great amount of “nascent” activated carbon was obtained in the form of Co-C* and CaO-C*, which have an inborn reactivity toward hydrogenation reactions. From there on, the dominant step was the consumption of amorphous carbon (Ca) which was abundant at the reactive edges, where the hydrogen radicals easily attacked the carbon atoms. The cooperation of 5% Co and 1% Ca enhanced the dispersion of the catalyst on the coal surface, hence creating more active sites up to this point. Consequently, the spillover of the active hydrogen occurred, from the dispersed Co catalyst surface to the interface between the catalyst and coal char; the resulting saturation of active sites came with the edge hydrogenation to form -CH2 group, while ring opening produced methyl groups that can be hydrogenated to produce CH4. The authors pointed out that the role of Ca in the catalyst was related to the modification of the reaction activity of the Co-Cg group. In fact, Ca facilitates the breaking of C-C bonds in Co-Cg structures, which is instead extremely slow when Co is used alone: this phenomenon occurs due to the highly stable π-electron cloud of the condensed aromatic rings and their slow hydrogenation and opening [132]. In particular, the authors proposed that during the 850 °C reaction, the CaO went through surface diffusion (because the CaO Hutting temperature is 593 °C), interacting with Co-Cg to form the reactive Co-Cg-OCa structure, whose reactive sites could be readily attacked by hydrogen and undergo to the steps of amorphous carbon hydrogasification. Lastly, it is worthwhile to note that an increase in the Ca loading amount promoted the in situ transformation of Ca to C*, while an increase in the Co loading amount promoted the in situ transformation of Cg to Ca. This explains that the excellent performance of the 5% Co–1% Ca catalyst (90 wt% carbon conversion and 77.3 wt% methane yield in 30 min) was achieved through the formation of the reaction chain Cg→Ca→C*.



The catalytic performance of the various formulations employed for coal/biomass hydrogasification described above are summarized and compared in Table 4. Due to the difference in the operative conditions, the reactor configurations, and the nature of the carbonaceous matrices, it is hard to identify better solutions. However, it is possible to state that the choice of calcium as catalytic species enhances the methane production rates. In particular, the highest CH4 production was recorded for the Ca-Co-based catalysts (70–72 mL∙(min∙gcoal)−1) or by doping the catalysts with alkaline and alkaline-earth compounds. Conversely, the Co-Cu combination displayed less beneficial results. Thus, the current review highlighted that the Co-Ca formulation is able to reach the highest SNG production.



However, in view of the industrial development of the hydrogasification process, looking at the catalyst choice, it is clear that, besides the activity performance, the most suitable solution should combine cheap formulations, recoverability, and low pollution effects. In this regard, in order to reduce the final impact of the catalyst on the process economy, the long-term stability of the best formulation as well as the catalyst recoverability require further investigations. In fact, looking at the results shown in Table 4, only a few researchers [86,97,105] selected reaction times of the order of 8 h which, are clearly incompatible with an industrial plant.



A possible solution to the above issues can be offered by cheap formulations (for example, containing Ni), employed by various researchers [133,134,135] for reforming as well as methanation reactions, which displayed high stability during time-on-stream tests and promising regeneration properties. In addition, the employment of rare earth oxides as catalytic support could be proposed as a valid alternative in order to prevent catalyst deactivation phenomena.





4. Conclusions


Global warming and fossil fuel depletion encourage the exploitation of renewable resources. However, due to the actual demand for both chemicals and energy, the scenario in which fossil feedstocks can be completely replaced by renewables is currently unrealistic. On the other hand, from an engineering point of view, it can be useful to apply the technologies developed for traditional fuels to the case of renewables (i.e., biomass). In this regard, the hydrogasification process, mainly investigated for coal feedstocks, or the co-hydrogasification (i.e., simultaneous hydrogasification of renewable and fossil matrices) offers a viable alternative for the partial replacement of coal as an energy source. Nonetheless, despite hydrogasification having several advantages compared to the gasification process, researchers have still paid little attention to this technology, especially in the case of biomass. The present review is mainly focused on the progress related both to the plant layouts as well as reactor configurations and the catalytic formulations proposed to improve the process efficiency.



In this regard, different plant configurations have been investigated for the production of SNG, light hydrocarbons, and even methanol. Such layouts include electrolysis units or fuel cells and propose efficient solutions for the contemporary generation of H2 streams for the gasifier and electricity. In many cases, units other than the hydrogasifer were included (i.e., reformer, WGS, or methanation reactor), and the obtained energy efficiency, independent of the feedstock, ranged from 40 to 74%. The route of feeding low-purity streams to the gasifier (for example, containing CO2) was also identified as a cheaper alternative for increasing the CH4 yield. The addition of plastic materials both to coal and biomass feedstocks is also useful for enhancing the SNG production rate.



Issues related to reactor configurations were also faced. The starting idea was to use the typical fluidized bed employed in gasification processes. However, other configurations (i.e., the entrained flow-bed or the two-stage fluidized bed) have been proposed to exploit the benefits of fluidized bed reactors (short residence time and good solid-gas contact), avoiding, at the same time, particle agglomeration as well as reducing by-product selectivity (especially CO2 emissions).



Due to the slow kinetics of the hydrogasification reaction, the choice of proper catalysts is mandatory to obtain the desired process performance. In some cases, the coal-biomass co-hydrogasification displayed a catalytic push due to the metal impurities contained in the feedstock. As a result of the synergistic effect between the two matrices, a significant enhancement in the yield toward CH4 and light hydrocarbons was observed. The Ca-promoted iron-group metals-based catalysts are the most promising samples for the char hydrogasification of both coal and biomass. The Ca addition, in fact, modifies the catalytic behavior of iron group metals, approaching the catalytic behavior of Rh or Pt, which are more active but too expensive for industrial utilization. Concerning the Co-based series, the 5 wt% Co–1 wt% Ca catalyst showed the best performance thanks to its superior ability related to the breakage of the amorphous C-C bonds, the promotion of coal devolatilization, the inhibition of coal graphitization, and the production of active sites on the char surface. This catalyst was able to obtain 90.0 wt% carbon conversion and 77.3 wt% of CH4 yield in 30 min at 850 °C and 3 MPa, for example. Even if Co and Ni are the most effective catalysts for the process, their high cost can hinder the feasibility of the process; therefore, the use of cheaper but more highly active catalysts was investigated, including both iron (which, in the 5 wt% Fe–1 wt% Ca catalyst, allows for obtaining a noticeable increment of 45.6% of the CH4 yield) and copper composite Cu-Ni-Ca catalysts, which are active and recoverable but have pollution issues. Moreover, iron, nickel, and Ca-based catalysts were shown to promote H2 spillover phenomena, enhancing the C-C bond-breaking rates. A remarkable alternative to the previous possibility is the use of alkaline and alkaline-earth compounds, both contained in the biomass/coal char and in added compounds and which show high activity (even higher than transition metals) and selectivity to CH4. In this regard, it was also shown that alkaline compounds are helpful to promote the conversion of sulfur compounds, which are responsible for catalyst deactivation (especially in the case of iron particles). On the contrary, such species are characterized by difficulties during the recovery process and losses by vaporization under high reaction temperatures.



The current review highlights the benefits of coal/biomass hydrogasification processes, pointing out, at the same time, the engineering bottlenecks, which actually hinder the industrial application of this technology. Based on the above discussion, it is clear that the partial substitution of coal by biomass is highly desired and great efforts were made toward the application of coal’s well-established technologies to renewable sources (i.e., biomass). The different plant configurations proposed for coal/biomass hydrogasification appear very interesting, with theoretically high production rates and efficiencies. However, in the majority of the cases, the designed plants have not been constructed yet, and the studies have only reached the simulation stage. In the case of the reactor configurations, as well, further studies are still required to propose more interesting alternatives with respect to the typical solutions offered in the case of gasification. Concerning the catalytic formulations, despite the promising results obtained, in the majority of cases, the activity tests were performed a limited number of times, which actually are not competitive in view of industrial applications. In fact, there is a lack of research concerning the deactivation phenomena occurring during hydrogasification. In addition, the choice of catalyst should address several issues related to low cost, recoverability, and pollution effects. Moreover, one of the main obstacles to the industrial development of biomass hydrogasification lies in the higher tar formation compared to the coal gasification process. This complex mixture of hydrocarbons, in fact, may cause several technical issues during industrial plant operations.



Coal/biomass hydrogasification is a high-potential process, due to the reduced pollutant emissions with respect to conventional processes and the chance of exploiting renewable resources through co-hydrogasification. However, the extensive exploitation of biomass for chemical/energy generation is still far away and the technical issues during operation partially hinder the development of this technology. More widespread utilization of biomass feedstocks for different purposes, which is highly desired here (hopefully within 10 years), will certainly boost the hydrogasification process.



The technical and technological barriers to the industrialization of the hydrogasification process have been partially overcome through the design of suitable reactors and catalysts or through the simulation of efficient plant layouts. However, in the future, researchers still have to face issues related to the identification of the best reactor configurations and most stable catalyst formulations as well as the most energy-efficient plant layouts. Nonetheless, the implementation of new technologies for dealing with the high tar amounts produced during biomass hydrogasification and the identification of cheap H2 sources is highly desired.







Author Contributions


Conceptualization, C.R. and E.S.; methodology, V.P.; investigation, C.R.; resources, E.S.; data curation, V.P.; writing—review and editing, C.R. and E.S.; visualization, C.R. and E.S.; supervision, V.P. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




Abbreviations




	AAEM
	Alkali and alkaline rare metals



	BTX
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	Coal catalytic hydrogasification
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	CEC
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	PCX
	Phenol, cresol, and xylenol



	RDF
	Refuse-derived fuel
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	Scanning Electron Microscopy



	SNG
	Substitute Natural Gas



	SOFC
	Solid Oxide Fuel Cells



	Timereaction
	Reaction time



	Timeresidence
	Residence time



	U
	Gas velocity



	UCG
	Underground Coal Hydrogasification



	Umf
	Minimum fluidization velocity



	VCH4
	Methane formation rate



	VER
	Variable Energy Resources



	WGS
	Water Gas Shift



	Xchar
	Char conversion



	Xcarbon
	Carbon conversion



	XRD
	X-ray diffraction



	YCH4
	Methane yield



	ZEC
	Zero Emission Carbon
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Figure 1. Schematic representation of the hydrogasification plant [16]. 
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Figure 2. Scheme of the WGS-modified coal hydrogasification process [36]. 
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Figure 3. Comparison of SNG quality for the sorption-enhanced hydrogasification combined with methanation (Case A) and Great Plains plant (Case B); Xcarbon indicates the carbon conversion [9]. 
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Figure 4. Schematic representation of a two-stage pressurized fluidized bed reactor [60]. 
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Figure 5. Process diagram of RDF hydrogasification [63]. 
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Figure 6. Influence of the process layout on methane yield and energy efficiency during wood by-product hydrogasification [66]. 
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Figure 7. Schematic diagram of the Hynol process for methanol synthesis via biomass hydrogasification [72]. 
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Figure 8. Methane yield rate recorded during biomass hydrogasification in a conventional reactor and in a mechanochemical reactor [21]. 
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Figure 9. Simplified scheme for coal/biomass co-hydrogasification-based chemical looping power generation system [14]. 
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Figure 10. (A) Hydrogasification profile of Yallourn chars at 720 °C when mixed with Ni/diatomite; (B) cobalt-catalyzed hydrogasification profile at various temperatures when mixed with Ni/diatomite [87]. 
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Figure 11. Schematic diagram of H2 atom spillover in the supported hydrogenation Ni catalysts and iron-group metal-loaded char system [87]. 
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Figure 12. CH4 yield in a H2 or H2 + CO2 atmosphere (based on the sum of carbon in coal and feed CO2); T = 850 °C, P = 3 mPa [48]. 
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Figure 13. Schematic diagram of the hydrogasification process and Cu catalyst recovery [105]. 
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Figure 14. Gas productivity resulting from using different catalysts under inert conditions as well as hydrogasification conditions [113]. 
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Figure 15. Comparison of CaO, K2O, and NiO effects on char hydrogasification [8]. 
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Figure 16. Reaction mechanism for the catalytic hydrogenation of caking and non-caking coal over Co-Ca catalysts [131]. 
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Table 1. Properties of different coal gasification technologies [18].
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	Process
	Steam-Oxygen Gasification
	Catalytic Steam Gasification
	Hydrogasification





	Coal feedstock
	Mined-crushed-transported
	Mined-crushed-transported
	Mined-crushed-transported



	Oxygen plant
	Yes
	No
	No



	Gasifier type
	Steam-oxygen
	Steam
	Hydrogen



	Steam methane reforming
	No
	Yes
	Yes



	Thermal efficiency
	63.2
	71.5
	73.2



	CO2 emissions (lbsCO2∙MSCF a H2−1)
	102
	90
	87



	% Increase in efficiency from steam-oxygen
	0
	13
	16



	Capital investment (dollars∙MSCF a H2−1∙day−1)
	1729
	1729
	1383



	Production costs (dollars∙MSCF a H2−1)
	1.87
	1.94
	1.53



	% Cost reduction from steam-oxygen
	0
	4% increase
	18







a MSCF—one thousand standard cubic feet.
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Table 2. Effect of CO2 addition during the hydrogasification of coal chars at 8 MPa and 700–900 °C [22].
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	Temperature (°C)
	H2
	H2 + 10 vol % CO2





	700
	3.8%
	9%



	800
	4.7%
	13%



	900
	10%
	20%
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Table 3. Gas yield resulting from using different catalysts under inert conditions as well as hydrogasification conditions [113].
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Sample

	
Gas Yield under N2 (%)

	
Gas Yield under H2 (%)




	

	
CO2

	
CO

	
CH4

	
CnHm

	
CO2

	
CO

	
CH4

	
CnHm






	
None

	
2.99

	
3.04

	
5.47

	
1.88

	
0.91

	
1.73

	
29.33

	
7.25




	
Ca(OH)2

	
5.35

	
9.77

	
5.75

	
2.49

	
2.85

	
2.71

	
29.00

	
7.00




	
Ni(NO3)2

	
8.66

	
6.17

	
4.17

	
1.39

	
4.13

	
2.39

	
33.02

	
7.81




	
Na2CO3

	
5.89

	
8.56

	
5.83

	
2.10

	
3.70

	
2.13

	
67.10

	
10.86




	
KOH

	
6.24

	
6.95

	
5.61

	
2.10

	
3.14

	
1.89

	
73.95

	
7.91
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Table 4. Comparison among the performance of different catalysts tested for coal/biomass hydrogasification.
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	Carbon Matrix
	Catalyst
	Reactor Type
	Reaction Conditions
	Xchar and YCH4
	CH4 Production
	Ref.





	50 g,

Low-ash bituminous coal
	Co-Ca/Co-K/Co-Mg

Better catalyst 5 wt% Co–1 wt% Ca
	Pressurized fluidized bed
	12 L∙min−1 of H2600–850 °C

3.0 MPa

U∙Umf−1: 1.9–15

Timeresidence: 1–8 s

Timereaction: 30 min
	XChar: 27–91.3 wt%

Y CH4: 9.6–78.8 wt%
	72 mL∙(min∙gcoal)−1
	[60]



	100 mg,

pitch-based activated carbon
	2 wt%Fe/Co/Ni/K/Ca/Mg

Order of catalyst activity:

Co ≈ Ni > Fe >> Ca ≈ Mg > K.

Better catalyst:

1 wt% Ca–2 wt% Co
	Pressurized thermo-gravimetric analyzer
	200 mL·min−1 of H2

850 °C

3 MPa

Timereaction: 90 min
	Xchar: 98%
	-
	[91]



	0.5 g,

sub-bituminous coal char
	5 wt% Cu–1 wt% Ca catalyst
	Pressurized

fixed-bed reactor
	50 mL·min−1 of H2

800 °C

2 MPa

Timereaction: 450 min
	Y CH4: 61%
	6.65 mL∙(min⋅gchar)−1
	[105]



	1 g,

sub-bituminous coal char
	5 wt% Fe/1 wt% Ca/

5 wt% Fe–1 wt% Ca
	Pressurized fixed-bed reactor
	50 mL·min of H2750 °C

2 MPa

Timereaction: 450 min
	-No catalyst:

Y CH4: 7.76%

-5 wt% Fe:

Y CH4: 11.58%

-1 wt% Ca

Y CH4: 12.20%

-5 wt% Fe–1 wt% Ca

Y CH4: 53.40%
	For 5 wt% Fe–1 wt% Ca:

3.2 mL·(min·gchar)−1
	[86]



	1 g,

sub-bituminous coal char
	2.0% Cu−1.0 wt% Ca,

1.5% Cu−0.5% Ni−1.0% Ca,

1.0% Cu−1.0% Ni−1.0% Ca,

0.5% Cu−1.5% Ni−1.0% Ca,

2.0% Ni−1.0% Ca

Better catalyst:

2.5% Cu–2.5% Ni–1.0% Ca
	Pressurized fixed-bed reactor
	50 mL·min−1 of H2

800 °C

2 MPa

Timereaction: 450 min
	YCH4: 88.3%
	12 mL·(min·gchar)−1
	[97]



	50 g,

sub-bituminous coal char
	5 wt% Co–1 wt% Ca
	Pressurized fluidized bed reactor
	12.0 L·min−1 of H2

850 °C

3 MPa

Timereaction: 100 min
	X char: 90.0 wt%

Y CH4: 77.3 wt%
	70 mL·(min·gcoal)−1
	[93]



	50 g,

sub-bituminous coal
	5 wt% Co–1 wt% Ca
	Pressurized fluidized bed reactor
	11.7 NL ·min−1 of H2

800 °C

1 MPa

Timeresidence: 30 min

Timereaction: 100 min
	X char: 91.3 wt%

Y CH4: 77.3 wt%
	67 mL· (min·gcoal)−1
	[42]



	2 g,

coal char mixed with catalyst
	10 wt% CaO/10 wt% CaCO3/

10 wt% Na2CO3/ 10 wt% K2CO3
	High-pressure fixed-bed tube reactor
	1.5 NL ·min−1

850 °C

5 MPa

Timereaction: 40 min
	-No catalyst:

X char: 18.13%

-10 wt% CaO:

X char: 32.25%

-10 wt% Na2CO3: X char: 71.49%

-10 wt% K2CO3:

X char ~ 80%
	-
	[29]



	0.5 g,

bituminous coal char
	CaO-0.258 FeS2
	Pressurized fixed-bed reactor
	50 mL·min−1

800 °C

3.0 MPa

Timereaction: 200 min
	Y CH4: 77.9 wt% in 7.5 h.
	1.8 mL∙(min·gchar)−1
	[117]



	100 g,

sub-bituminous coal
	Co-Ca/Ni-Ca/Fe-Ca

Order of catalytic activity:

5% Co–1% Ca > 5% Ni–1% Ca > 5% Fe–1% Ca
	Pressurize fluidized bed
	11.7 L(STP) ·min−1

850 °C

3 MPa

U∙Umf−1: 2
	5% Co-1% Ca

X Char: 91.3 wt%,

Y CH4: 78.8 wt%
	5% Co-1% Ca:

69 mL·(min·g coal)1 1.2 Nm3CH4 · kgcoal−1
	[91]



	Low-rank coal (lignite)
	20 wt% K2CO3
	Tubular fixed-bed reactor
	850 °C

1 MPa

Timereaction:100 min
	Xchar: 40%
	2 mL·(g· min)−1
	[82]



	Sub-bituminous coal
	5 wt% Ni–1 wt% Ca
	Fixed-bed reactor
	4.4 L·min−1 of H2

750 °C

1 MPa

Timereaction:60 min
	Xchar: 65–75 wt%

YCH4: 25 wt%
	-
	[95]



	10 g,

lignite
	10 wt% K2CO3/10 wt% Ca(OH)2/10 wt% Ni (NO3)2

Sequence of activity: K2CO3 > Ni (NO3)2 > Ca (OH)2
	Pressurized fixed-bed reactor
	1 L·min−1 of H2

800 °C

4.0 MPa

Timereaction:60 min
	-Raw coal:

Y CH4: 29.3%

-Ca(OH)2:

Y CH4: 29%

-Ni(NO3)2:

Y CH4: 33.0%

-Na2CO3:

Y CH4 ~ 67.1%

-KOH:

YCH4: 78%

K > Na > Ni > Ca
	KOH catalyst:

0.348 L·g coal
	[113]



	0.5 g,

Giant Leucaena wood
	Slow (SC) and fast (FC) pyrolyzed char from Giant Leucaena wood

Better catalyst for the tar reduction: char obtained by slow pyrolysis at 750 °C
	Two-stage fixed-bed reactor
	8.33% v/v H2 in Ar

700 °C

0.01 MPa
	Xchar: 20%

Gas yield: 45% with the SC at 750 °C while 42% with the other
	-
	[84]



	0.5 g,

brown coal char
	Fe/Ni/Co

45 wt% Ni/diatomite
	Quartz tube reactor
	100 mL·min−1 of H2

850 °C

0.01 MPa

Timereaction:400 min
	Ni/diatomite

Xchar: 70%
	-
	[87]



	2.5–4 g,

combination of rice husk with swelling coal
	Potassium of coal
	Two-stage fixed-bed reactor
	100 and 500 mL·min−1 of H2

1–5 MPa

500–700 °C
	Xchar: 50%

Y gas:<20%
	-
	[78]



	50 g,

bituminous coal
	3 wt% Co–2 wt% Ca
	Batch-pressurized fluidized bed reactor
	12.0 L∙min−1 of H2 and CO2 (10 vol%)

850 °C

3 MPa

Timereaction: 280 min

Numberfluidization: 3
	Y gas: 83.3–90.7%

Y CH4: 54.8–77.4%
	34.6–57.1 mL·(g·min)−1
	[48]
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