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Abstract


Biomass plays an important role in the energy transformation aimed at carbon neutrality, with its potential estimated at 1/3rd of the entire energy mix. One of the main ways of using biomass is combustion or co-combustion, which enables the production of heat and electricity while maintaining low emissions. A promising path to utilize the combustion by-product—ash—is the possibility of using it as a natural and cheap catalyst that can effectively support the process of solid fuel gasification. This paper reviews scientific studies on the properties of biomass ash and its use to support the gasification process. The issues related to the genesis of mineral matter in plants are presented, emphasizing the importance of its transformations during biomass combustion. Particular emphasis is placed on the characterization of biomass ash, which was carried out on the basis of a comprehensive overview of the results regarding its chemical composition. An analysis of the physicochemical and surface properties relevant to the use of biomass ashes as catalysts in the gasification process was performed. In addition, a review of studies on catalytic gasification of solid fuels using biomass ash was conducted, taking into account the impact of biomass ash on the most important parameters characterizing the course of the gasification reaction, i.e., reactivity, quality of the gaseous products, and the kinetics reaction. The summary compares the most important advantages and disadvantages of using biomass ashes in the gasification process along with recommendations for future research.
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1. Introduction


Growing energy consumption (which in 2023 reached 619.63 EJ—an increase of 82.15 EJ over 10 years [1]) as well as environmental protection are the main factors determining legislative changes (including the Paris Agreement concluded on 12 December 2015 [2]), the aims of which are carbon neutrality and CO2 emission reduction [3,4]. This requires an energy transformation, and the use of fossil fuels responsible for CO2 emissions will be limited (the share of energy sources, i.e., coal, crude oil, and natural gas in the energy mix in 2023 was approximately 81.47% [1]) which will be replaced by environmentally friendly renewable energy sources including biomass [4,5]. Today, biomass is one of the most frequently used renewable energy sources. Between 2000 and 2019, the global primary energy consumption from biomass increased from 41.6 to 57.0 EJ, which represented approximately 10% of the total primary energy consumption [6], thus increasing their role in the global energy sector to a projected share of bioenergy in the energy mix of 25 to 33% in 2050 [7]. Its advantages result primarily from almost unlimited and universal access, its attractive price, and neutrality in the context of carbon dioxide emissions [8]. The sources of bioenergy are mainly wood, green and aquatic biomass, as well as animal and waste origin biomass [9]. For the generation of energy from biomass, the used methods focus on three main processes: biochemical, physicochemical, and thermochemical [10]. Biochemical processes are carried out through fermentation under specially selected process conditions, leading to the production of liquid (alcohols, alkanes) and gaseous (hydrogen, methane) biofuels [11]. Physicochemical methods focus mainly on hydrolysis or extraction leading to the liquefaction of biomass [10,12]. In turn, among the thermochemical methods of biomass processing, the main ones are combustion and co-combustion, although other processes such as torrefaction, pyrolysis, gasification, or hydrothermal processing are becoming increasingly important [13]. The biomass with energy potential amounts to approximately 4.1 to 6.1 billion Mg, which includes 3 billion Mg of biomass from forest residues, as well as 1.1 to 3.1 billion Mg of biomass in the form of agricultural residues [14]. Considering the fact that approximately 95% of the energy produced from biomass is obtained through combustion or co-combustion, this confirms that this is the main method of thermochemical biomass utilization. Ash is produced as a solid by-product of the oxidation reactions of organic material contained in biomass either in the fly or in the bottom form. According to annual estimates worldwide, around 170 to even 476 million Mg of ash is produced during biomass combustion [15,16]. Several applications have been found for biomass ash: (i) in the construction industry (e.g., roads and buildings) and in the production of geopolymers (e.g., concrete mixtures); (ii) as fertilizers and compounds for the remediation of post-mining areas; and (iii) as a source material for recovering important elements, including P, Na, K, and others [17,18,19,20,21,22,23]. One of the potential and interesting methods of biomass ash utilization is their use as natural catalysts in the gasification process. The catalytic potential of biomass ash components has been confirmed in numerous studies on the co-gasification of different raw materials (mainly coal) with biomass [24,25,26,27,28,29] and with biomass char [30,31,32,33]. The results of the research clearly indicate an improvement in reactivity with increasing biomass/biomass char content in the co-gasified mixture by reducing the time needed to achieve maximum conversion degree and increasing the reactivity indices Rx. The evaluation of co-gasification products indicates an increase in gas fraction yields with a decrease in liquid and char yields. Among gaseous products, there has been an increase in H2 and CO2 yields. In addition, an increase in the values of constant reaction rates and a decrease in the values of kinetic parameters—activation energy and pre-exponential factors—are observed. The approach based on co-gasification of biomass/biomass char with other raw materials has been extensively verified and has been the subject of numerous scientific review publications [34,35,36,37,38,39,40,41,42,43]. A different approach, which appears much less frequently in scientific publications, is the direct use of biomass ash as a catalyst in the gasification of coal raw materials. The use of biomass ash in catalytic gasification technology for solid fuels contributes to the diversification of applications for biomass combustion by-products, as well as expanding the scope of the circular economy. Considering that 83.6% of the total thermal power of syngas obtained in industrial gasifiers was generated using coal and waste, this creates a huge area for the utilization of biomass ash [42,44]. Furthermore, the need for preparation of a catalyst based on biomass ash is of great importance from an economic as well as an environmental point of view. This is because it reduces the need to use new chemical reagents and dispose of used ones as well as to conduct energy-consuming physicochemical processes [45,46].



The main advantage of biomass ash in the context of catalytic gasification is the high content of catalytically active compounds (K, Na, Ca, Mg, Fe) and at the same time the low content of gasification reaction inhibitors (Si and Al). Combined with the above-mentioned advantages of general availability and low price, they can be an attractive material, improving the course of the gasification process. Considering its catalytic potential and the above-mentioned advantages, biomass ash may be an attractive solution for the catalytic gasification of solid fuels. Increased efficiency, combined with lower process temperatures and qualitative and quantitative improvements in the gas obtained, assuming low costs associated with the acquisition and preparation of catalysts, are the main factors enabling the difficulties associated with the commercialisation of catalytic gasification of solid fuels to be overcome [47,48]. To the best of the authors’ knowledge, the literature on catalytic gasification of solid fuels does not contain an up-to-date assessment of the state of knowledge on the use of biomass ash as a catalyst in gasification processes and is based mainly on the results of individual studies. The literature review presented in this paper aims, based on an analysis of the research results obtained to date, to systematize information on the physicochemical properties of ash from combustion in the context of solid fuel gasification technology, assess the catalytic efficiency of biomass ash in this process, and identify current and future challenges related to the use of biomass ash as catalysts and propose directions for further research.



Considering the above, the aim of this review paper is to present the state of knowledge on the possibility of using ash from biomass combustion as a catalyst in the gasification process. In order to provide a comprehensive assessment of this issue, the following aspects were analyzed: (i) the genesis of mineral matter contained in biomass; (ii) its transformation during combustion; (iii) properties of biomass ash in the context of the key parameters related to catalytic gasification; and (iv) catalytic activity of ash during the gasification reaction. The analysis of catalytic activity was based on the influence of the presence of biomass ash on the most important parameters during the study of the gasification process of solid fuels, i.e., the reactivity, quality, and composition of the obtained process gas as well as the kinetics of the process. This review summarizes the most significant features of ash catalysts, taking into account their advantages and disadvantages as well as providing recommendations for areas of future research.




2. Mineral Matter in Biomass


Scientific studies focusing on the assessment of the physicochemical properties of ash from biomass combustion indicate their great diversity in the context of qualitative and quantitative composition. This factor is therefore of key importance because it determines to the greatest extent the prospects for their further development. In order to understand the physicochemical nature of biomass ash and its qualitative and quantitative variability, the entire biomass transformation cycle, which begins with the growth of the plant and ends with obtaining biomass ash, should be presented.



2.1. Genesis of Mineral Matter in Biomass


The presence of the inorganic fraction in the structure of the plant is the result of the mineral nutrition process that takes place during vegetation. Mineral matter absorption takes place in the plant–soil system according to the reaction presented in the following diagram [49,50]:


M(solid)↔M(solution)↔M(plant root)↔M(plant top)



(1)




where M is a nutrient ion of inorganic origin.



As a source of mineral elements contained in the soil, long-term changes in the abiotic nature occur, including weathering and leaching of rocks, as well as in the biotic nature, including the decomposition of the organic matter of animals, plants, and microbes. The presence of water in the soil layer causes these components to dissolve, which enables their absorption and assimilation through the root system of the plant from where they are distributed to the upper parts of the plant [50]. This process requires energy supplied by solar radiation [49]. Some mineral elements, i.e., K, Ca, Fe, Mg, B, Zn, Cu, Mo, Ni, Cl, and P, are necessary for the metabolism and functioning of the plant. In turn, elements such as Na, Si, Co, or Al are not essential, but their presence contributes to the improvement of life processes during the vegetation stage. Research conducted at the end of the nineteenth century showed that from the point of view of qualitative and quantitative variability of mineral elements, plants do not have the ability to selectively absorb minerals contained in the soil [50]. Plants can therefore also absorb and accumulate mineral elements that are not essential for their proper development, including elements that have a negative impact on themselves and on the surrounding environment. Taking into account the complexity of the vegetation process and the fact that greater mineral diversity is observed in biomass compared to conventional solid fuels (e.g., hard coal or lignite), a greater number of variables influencing its mineral structure can be expected [51,52,53]. Table 1 presents the main factors determining differences in plants’ absorption and accumulation of elements that make up mineral matter.



The factors shown in Table 1 can be divided into two main groups: natural and anthropogenic. Natural factors depend on genetic and environmental conditions in the plant–soil system, and exert their influence during the growth and development of the plant. The main role is played by the genus and species of plants dictated by their physiology as well as genetics, which change through evolution, determining heritable traits. The functional diversity of their outer parts (leaves, flowers, stems, branches, or bark), as well as the vegetation phase in which the plant is present, are also important. The environmental aspect has an equally significant impact in the context of the physicochemical conditions of the substrate on which vegetation occurs. The most important soil factors include pH, surface charge, soil texture and structure, hydration, as well as fertility. Plant growth is also determined by a group of atmospheric and geographical conditions that include the availability of sunlight, air humidity, climate or season, and geographical location, as well as altitude above sea level [50,54,55,56]. Anthropogenic factors constitute the second group that influences the composition of plant mineral matter, the source of which is human activity. Among these variables, the most important is the addition of substances supporting the proper growth of plants (fertilizers) and substances ensuring their protection against the harmful effects of insects, rodents, weeds, and fungi (e.g., with the use of pesticides). Subsequently, it is also possible to indicate the inclusion of mineral pollutants entering during harvesting, as well as during transport, storage, or processing. In this group other factors of lesser importance due to their limited range can also be indicated, including distance from roads, cities, factories, or mines, as well as cultivation conditions, i.e., their type, density, or care [9,57].




2.2. Mechanism of Ash Formation from Mineral Matter


The changes that occur during biomass combustion are an extremely important factor that significantly determines the physicochemical properties of biomass ash. The elements that make up the mineral matter of plants, which are chemically bound to the organic structure, are known as inherent ash. These elements occur in the form of ionically bonded salts or as organically or inorganically bonded compounds with a carbon skeleton, and their origin arises from natural and anthropogenic factors. A characteristic feature of inherent ash is its homogeneous distribution in the plant and high mobility, which cause this part of the inorganic fraction to undergo intensive transformations as a result of combustion. On the other hand, all types of contaminants delivered to the plant during its harvest and subsequent management that are not chemically related to its structure are called foreign ash [58,59].



In order to organize and give a clear meaning to the issues discussed in this paper, it is necessary to indicate the differences between the concepts of mineral matter and ash. The use of the identical terms mineral or inorganic elements/matter/fraction refers to inorganic or organometallic elements as well as compounds contained in plants. In turn, ash can be defined as the solid residue remaining after oxidation of the organic fraction contained in a given portion of biomass. According to such definitions, the difference can be defined as the mass loss resulting from physicochemical changes occurring during biomass combustion, which constitute the essence of the ash formation mechanism, which will be presented in an illustrative manner later in this subchapter.



Combustion and co-combustion of biomass are commonly used and well-known processes in its thermochemical conversion [60]. Energy is obtained as a result of oxidation of the material constituting the organic fraction of biomass, while the mineral material undergoes transformations that lead to the formation of ash (fly and bottom) or slag, which are by-products of the combustion process. These transformations occur in different ways depending on process conditions (e.g., temperature, total pressure, partial pressure of oxygen, reactor type, etc.) as well as feedstock factors (e.g., chemical composition of the mineral matter of the combusted biomass, particle size, etc.) [61]. Depending on the nature of these changes, the following can be distinguished:




	
Chemical transformations—as a series of primary and secondary reactions taking place between the reagents present in the reactor;



	
Physical changes—related to the change in the properties of mineral matter as a result of the formation of new phases generated by the interaction of solids, liquids, and gases.








Chemical transformations consist of a very broad spectrum of reactions occurring during the thermochemical transformation of mineral matter, which makes their detailed identification difficult. For this reason and with regard to their practical systematization, primary and secondary reactions are distinguished [61]. Primary reactions are the first stage of reactions that occur during the combustion of biomass in the element-oxygen system. The research results indicate that the course of primary reactions is largely influenced by the relative thermodynamical stability of the ash-forming element oxides defined as the Gibbs free energy    (   Δ G   °   )   for the reactions of oxide formation as a function of the temperature. It turns out that elements such as Ca, Mg, Si, or P whose thermodynamic stability is below the lines drawn for organic combustion products, i.e., CO, CO2, and H2O, will remain stable regardless of combustion conditions in the form of oxides. On the other hand, the elements form less stable oxides—whose thermodynamic stability is above the lines drawn for organic combustion products—that can be reduced to metal vapours or react with steam to form hydroxides (K or Na) and also be released in gaseous form or in the form of hydrides (S and Cl) [61]. Secondary reactions are defined as those occurring between elements and their forms produced during primary reactions [58,61]. The secondary reaction pathways are very diverse and their prediction is almost impossible due to the fact that they are determined by a large number of parameters, i.e., feedstock reactivity, element concentration, physical state (solid, liquid, gas), temperature, total pressure, particle size/dispersion, heat and mass transfer, as well as the course of primary reactions [61,62,63]. Research on these transformations allowed for a classification according to which the most common directions of transformations were specified, depending on the chemical group of a given compound. The high volatility of phosphorus, sulphur, and chlorine can lead to interactions with other elements of ash consequently creating thermal stable condensed phases or their evaporation into the gas phase [61]. Silicates and aluminosilicates, sulphates, carbonates and bicarbonates, phosphates, oxalates, chlorides, oxides and hydroxides, nitrates, and other salts are also formed [61,62,63,64,65]. The stability of these forms is determined mainly by temperature. Chlorides are usually products of secondary reactions, but due to their high volatility, they are released into the gas phase and precipitate at lower temperatures [61]. Carbonates are mainly secondary phases that contain the elements Ca, Mg, K, and Na that undergo numerous decomposition or dehydration changes during heating [63]. A similar origin was attributed to sulphates that form compounds with alkali metal, alkaline earth element, and aluminum, which often undergo decomposition or crystallization/recrystallization reactions [63]. Nitrates similar to chlorides are formed in secondary reactions and are characterized by high volatility in the gas phase; therefore their presence in ashes is relatively low. Oxalates are mainly in the transitional state in the formation of other forms, i.e., carbonates, sulphates, silicates, or aluminosilicates [63]. The genesis of phosphates is mainly attributed to secondary reactions, but some may still be of primary origin. Phosphates are generally present in large amounts in biomass ashes such as P2O5 or apatites and are chemically bound to Al, Ca, Fe, K, Mg, Mn, Na, or Zn [63]. For parts of oxides and hydroxides, the origin can be attributed to primary reactions, but hydroxides can also undergo further chemical transformations, e.g., decomposition, creating secondary reaction products to more stable thermal forms [61,63]. Silicates and aluminosilicates attribute their origin mainly to secondary reactions having a high tendency to interact with alkali and alkaline earth metals (AAEMs) present in biomass ash [63]. Elements that constitute trace amounts in the total content in mineral matter are also subject to chemical transformations, among which are especially heavy metal elements that potentially pose a serious threat to the surrounding environment. Studies on the transformation of trace elements and their oxide forms indicate that, due to their low melting points, they can be partially released into the gas phase [66,67]. As, Zn, Cd, Pb, or Hg have a particular affinity for the gas phase, with higher concentrations reported in fly ash, confirming the volatilization ability [68]. In contrast, for V, Mn, Cr, or Co, higher contents are recorded in the bottom residue/slag, suggesting that they are more chemically bound to coarse particles [68]. Trace elements can also participate in secondary reactions. Positive affinity for silicates has been reported for Ag, As, Au, Be, Cd, Er, Eu, Gd, Ge, Ho, Lu, Sb, Sc, Se, Sm, Ta, Tm, and W. However, for the elements B, Ba, Bi, Ce, Co, Cs, Cu, Ga, Hf, La, Li, Nb, Nd, Pb, Pr, Sn, Th, U, Zn, and Zr, affinity towards phosphates was recorded. Particular affinity towards carbonates, oxides, and hydroxides was obtained for B, Ba, Bi, Co, Cs, Cu, Ga, Hf, Li, Pb, Rb, Sn, Sr, Y, and Yb. In addition, a positive affinity for Co, Cr, Cu, Mo, Ni, Rb, Sr, U, and V was observed for sulphates, while an attachment to chloride formation was noted for B, Co, Sr, U, and V [69].



The most widely used research technique for tracking chemical transformations in biomass ash as well as to determine the factors influencing their course is X-ray diffraction (XRD) analysis. Figure 1 lists the main crystalline phases by group of compounds that have been identified in biomass ashes, with the aim of showing the complexity of the reactions and transformation mechanisms occurring in mineral matter during biomass combustion.
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Figure 1. Minerals in biomass ashes [58,61,62,64,65,70,71,72,73,74,75,76,77]. 
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The wide range of crystalline minerals confirmed by the XRD method in biomass ash demonstrates the complex nature of the chemical transformations of mineral matter occurring during biomass combustion. In addition, the data presented prove that the elements that form the core of mineral matter include Na, K, Mg, Ca, Si, Al, and Fe. Elements of alkali metals (K, Na) and alkaline earth metals (Ca, Mg) have an affinity towards the formation of silicates, aluminosilicates, phosphates, sulphates, carbonates, oxides, and chlorides, yet trace amounts of oxalates or nitrates can be formed. The most stable forms found in biomass ash are oxides, silicates, and aluminosilicates. Chlorides, nitrates, and oxalates make up only a small part of the total, which decomposes or evaporates into a gaseous form at high temperatures.



Chemical transformations classified as both primary and secondary reactions are accompanied by a number of physical transformations. Their complexity is also a factor that makes it difficult to identify the unambiguous formation pathways of the compounds that make up biomass ash. The parameters that influence physical transformations are primarily the concentration and dispersion of elements, the temperature and pressure (total and partial), the reactivity of the phases produced, and the heat and mass transfer. The main physical transformations of the mineral fraction accompanying biomass combustion include evaporation, temperature decomposition, melting, crystallization/recrystallization, agglomeration, aggregation, and sintering [63,64].



The detailed characterization of the transformation of biomass ash during combustion is beyond the scope of this paper, and this aspect is described in more detail in the publications [63,69].




2.3. Physicochemical Properties of Biomass Ash


2.3.1. Chemical Composition


The results of ash composition analysis (mainly using the XRD method) give very valuable results in determining the quality and systematizing the type of compounds that form biomass ash. However, most scientific papers concerning, i.e., the chemical characterization of biomass ash, present summaries of their composition in elemental or oxide form, which makes it possible to evaluate them qualitatively and quantitatively. In order to show the wide spectrum of diversity in biomass ash, the contents of elements of a dominant nature (whose average concentration in biomass samples exceeds 0.1%—see Figure 2) and of a trace nature (whose average content is less than 0.1%—see Figure 3) are summarized. The analysis is divided into green biomass (GBA), woody biomass (WBA), and other biomass (OBA—mixed, waste, animal biomass). Dominant inorganic elements (>0.1%) include elements such as Na, K, Mg, Ca, Fe, Si, Al, Ti, Mn, and Zn as well as S, P, and Cl, due to their significant content as well as their significant influence on the final properties of the ash. Moreover, in the review of scientific publications performed, the authors very often report the composition of ash in oxide form, which, as shown in the previous section, is not consistent with the real state. For this reason, a calculation is made for the more universal form of the elemental content, which defines the chemical properties to a greater extent. A detailed summary of the dominant and trace element contents of biomass ash is summarized in Appendix A (Table A1 and Table A2, respectively).
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Figure 2. Dominant element content with average values in ashes from (a) green biomass (GBA), (b) woody biomass (WBA), and (c) other biomass (OBA). Own analysis based on [17,72,77,78,79,80,81,82,83,84,85,86,87,88,89,90,91,92,93,94,95,96,97,98,99,100,101]. 
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Figure 3. Trace element content with average values in ashes from (a) green biomass (GBA), (b) woody biomass (WBA), and (c) other biomass (OBA). Own analysis based on [79,80,82,83,84,85,86,90,93,97,102]. 
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The content of dominant elements (>0.1%) present in biomass ash varies both within the main types (green, woody, and other biomass), but also between them. Analyzing the compiled data, it can be seen that calcium, potassium, and silicon play a major role. In the case of Ca, its highest average content was recorded for WBA (29.43%), which is nearly double that of the other two biomass types. For silicon, on the other hand, similar averaged contents (16.51% and 17.29%) were obtained for GBA and OBA, respectively, while WBA had a nearly three-times-lower average content of this element (5.37%). The smallest differences between biomass types were observed for potassium, with amounts averaging from 10.26% (WBA) to 14.09% (GBA). The average contents of the aforementioned elements within the types of biomass ash vary widely from tenths of a percent to as much as tens per centum. Elements that play a catalytic role in gasification processes, in addition to K or Ca, are magnesium, sodium, and iron. The highest average Mg content was recorded for WBA (5.16%), while the lowest was recorded for OBA (2.47%). The average amount of Na did not exceed 1%, ranging from 0.56% for WBA to 0.86% for GBA. In the case of Fe, its average content varied slightly, ranging from 1.12 to 1.27% (WBA and GBA, respectively) to 3.93% (OBA). Interestingly, the most significant variation in the average amount of this ash component was recorded just for OBA. Among the elements that showed a negative effect during the gasification reactions, it is important to note the significant silicon average content (from 5.37% for WBA to 16.51% for GBA and 17.29% for OBA), while the average aluminum content seemed to be insignificant, ranging from 1.67% for GB to 2.89% for OBA. Concerning the physicochemical properties and potential use of biomass ash, the content of chlorine and sulphur was also important. The average amount of Cl in the ash was similar, ranging from 3.04% for WBA to 4.89% for OB, with the greatest variation for OB. The average sulphur content ranged from 0.78% (WBA) to 2.38% (OBA), following an analogous trend. However, compared to chlorine, sulphur had far less variation, especially in WBA and OBA. The average phosphorus content was at a very similar level and did not depend much on the type of biomass ash. The average amounts of titanium, manganese, and zinc were the lowest among the elements discussed in this group, and the highest amounts of these components were recorded in OBA ash (0.40, 0.62, and 0.27%, respectively).



The content of trace elements, although only being a small share of the total weight of ash, is important from the point of view of its properties as well as its safe use in terms of negative environmental impact. As with dominant elements, trace elements are characterized by considerable variation. Among trace elements, barium plays a major role, with an average content ranging from 152.0 mg/kg of GBA to 918.2 mg/kg of WBA. Significant averaging was also observed for boron and strontium, with the lowest amounts of these constituents recorded in GBA (60.0 and 40.0 mg/kg, respectively) and the highest for OBA (207.7 and 220.0 mg/kg). In the case of copper, the highest average amount was observed for GBA (136.0 mg/kg), while lead and bismuth were observed in OBA (206.2 and 110.1 mg/kg, respectively). The contents of other trace elements were significantly lower compared to those of the above-mentioned elements, for which the average amounts of elements such as vanadium, chromium, cobalt, and nickel were in the range of tens of mg/kg and did not depend on the type of biomass. The lowest average amounts of trace elements were recorded for selenium, mercury, arsenic, cadmium, and molybdenum, the contents of which generally did not exceed a few mg/kg.



In the context of discussing the chemical characteristics of biomass ash, as well as its potential for application, Vassiliev et al. suggest an interesting interpretation of the chemical composition in a graphical form, as shown in Figure 4 [63]. The presented division in terms of chemical composition is made on the basis of the analysis of correlations between ash-forming elements and their associations as presented in the quoted paper. The chemical classification aims to divide the biomass ash in terms of the dominant phase-mineral forms. In this aspect, three main areas are distinguished [15,63]:




	
The upper corner, in which Si, Al, Fe, Na, or Ti play a dominant role, and their main forms of occurrence in biomass ashes are glasses, silicates, and oxyhydroxides;



	
Left bottom corner, in which elements such as Ca, Mg, or Mn predominate, occurring mainly in the form of carbonates, oxyhydroxides, glasses, silicates, phosphates, and sulphates;



	
Bottom right corner, the area dominated by K, P, S, or Cl occurring as phosphates, sulphates, chlorides, glasses, silicates, and carbonates.








At this point, it should be recalled that these are certainly not the only forms of occurrence of these elements in biomass ash due to the complex nature of the physical and chemical transformations occurring during the thermal conversion of biomass.





[image: Energies 18 05653 g004] 





Figure 4. Areas of biomass ashes in the chemical classification system. Own analysis based on [17,72,77,78,79,80,81,83,84,85,86,87,88,89,90,91,92,94,95,96,98,99,100,101]. 
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In the context of the division of biomass ash, it can be observed that GBA, as well as OBA, are characterized by a large variation, almost evenly covering the surface of the entire graph. However, when ash from WBA is evaluated, one can see a thickening within the lower left corner, suggesting that carbonate, phosphate, sulphate, silicate, oxyhydroxide, and glass forms may be dominant. In addition, WBA, as well as OBA, may have an increased susceptibility to leaching, low-temperature transformation, emission of volatile components, and sludge during combustion. Other parts of green biomass ash can also contribute to increased erosion phenomena, as well as to the formation of low-temperature eutectics [103].




2.3.2. Melting Temperatures


Analysis of the composition of biomass ash is of utmost importance from the point of view of its performance during thermochemical conversion. To evaluate it, Figure 5 graphically shows the values of melting temperatures (DT—deformation temperature, ST—softening temperature, HT—hemispherical temperature, FT—flow temperature) depending on the content of the main ash components (Na + K, Ca + Mg, and Si + Al).



Analyzing Figure 5, it can be seen that they were characterized by quite a wide range of temperatures within a given type, as there were almost twofold differences between the extreme values. In addition, a clear and unambiguous trend was observed in the content of the ash components, the composition of which was significantly correlated with the values of the melting points. The highest DT, ST, HT, and FT values were always recorded with the highest Si + Al content (>50%), as well as the lowest Na + K content (<50%). It also seems that the Ca + Mg content did not determine such a significant effect, but for the area below 50% of the content of these elements dominated by the presence of silicon and aluminum as well as the slight presence of potassium and sodium, ash melting occurred at much higher temperatures. Thus, the results presented here prove that alkali metal elements are mainly responsible for the low-melting character of biomass ash, while silicates and aluminosilicates promote an increase in characteristic melting temperatures. The presence of calcium and magnesium does not play such a key role, because as shown in Figure 1, it forms silicates and aluminosilicates with higher thermal resistance. Considering also the division into types of biomass ash, one can find confirmation of the relationships indicated earlier. As shown in Figure 2, green biomass with the highest K and Na contents generally has the lowest melting temperatures. In contrast, for ash from other types of biomass with the highest Si and Al contents, melting occurs for significantly higher temperature values.




2.3.3. Surface Properties


Properties characterizing the surfaces of biomass ash, although rarely studied by researchers, are nevertheless an important factor in terms of the performance of biomass ash. Figure 6 shows SEM images of four sample ashes from green biomass (sunflower husk, beet pulp, corn cob) and woody biomass (beech chips) to determine the morphological properties. In turn, Table 2 summarizes the most important parameters that describe the texture of biomass ash.



The SEM images shown in Figure 6 indicate that the biomass ash has a very different irregular shape. In the case of the sunflower husk ash sample, an uneven structure is observed, resembling a sponge, having many hollow randomly distributed spaces. Beet pulp ash, on the other hand, has a more condensed and monolithic structure. In the case of beech chip ash, high-grained, irregularly shaped grains are observed, whereas corn cob ash appears to be composed of larger agglomerates with highly differentiated, irregular shapes. The differences in the morphologies of the biomass ash were not due to differences in the values of the prevailing process conditions, since the procedure and apparatus used were identical for each type of biomass. Therefore, the sources of differences should be sought in the properties of raw materials, more specifically, the chemical compositions of the raw materials, which apparently also affect the morphological parameters.



The values of the parameters defining the surface of ash, presented in Table 2, confirm the high variation observed in the analysis of SEM images. The value of the BET area of biomass ash varies in a wide range from 0.18 m2/g to values more than two hundred and fifty times higher (46.00 m2/g). However, a high BET area is relatively rare, as it averages 6.39 m2/g. High variation is also observed for the total pore volume (from 0.01 to 0.04 cm3/g) and the average pore diameter (from 3.00 to 10.24 nm), indicating that mesopores play a dominant role in the texture of biomass ash. The same relationship, consistent with the observations made during SEM evaluation, is also observed for the particle size, which ranges from 22.00 to 40.00 μm, with an average of 28.40 μm. The total density of biomass ash ranges from 1.31 to 2.74 g/cm3. On the other hand, the bulk density is a parameter that ranges from 0.10 to 0.78 g/cm3, with an average of 0.35 g/cm3.



All of the physicochemical and surface parameters collected and described so far are extremely relevant to the use of biomass ash. The next section of the paper discusses the application method of biomass ash as a catalyst in the gasification process.






3. Biomass Ash as a Catalyst in the Gasification Processes


With the projected increasing use of biomass, especially through combustion or co-combustion, new directions should be sought to diversify ash management. One way to dispose of it efficiently is to be able to use biomass ash as a catalyst in the gasification of solid fuels. The evaluation of this issue was carried out based on the physicochemical properties presented in Chapter Two, which confirmed the catalytic potential of biomass ashes. A literature review was conducted on the use of ash from biomass combustion as a catalyst in gasification reactions. The analysis included the effect of the ash additives on three key aspects, namely, improving reactivity, the quality of the resulting gas, and the kinetics of the process.



Gasification technology involves the thermochemical conversion of solid fuels to syngas using a gasification agent, i.e., steam, carbon dioxide, oxygen, air, or mixtures thereof. As a result of the reactions, gaseous products (mainly H2, CO, CO2, CH4, and light hydrocarbons) are obtained with a wide range of utility potential [109]. Due to the nature of the products obtained, this process is not only one of the methods that allows for energy recovery (generation of heat and electricity), but is also considered for material recovery, because syngas can be used to produce substitutes for conventional fuels, as well as syntheses of chemicals [110]. Gasification is one of the well-studied fuel conversion processes, but the idea of catalyzing the reactions is still the subject of much scientific research, as evidenced by the growing number of scientific publications on this subject. The purpose of using a catalyst for the gasification reaction is to reduce the activation energy, which leads to an increase in the reaction rate and in the maximum conversion degree, as well as a reduction in the reaction time, an increase in the yield of gaseous products, and a decrease in the process temperature, which reduces the cost of the process while increasing its efficiency [110,111,112]. However, it is worth remembering that catalytic activity depends on a large number of factors, i.e., the type of active compounds, their concentration and dispersion, particle size and surface properties, and the method of feed to the fuel [110,113]. The continuously problematic aspects of catalytic gasification include the possibility of recovering the catalyst and its activity in the next cycle of operation, which is, in fact, an important subject of research on the process. Another important area of study is the search for new catalytic materials which, in view of the problems associated with catalyst regeneration, will make it possible to provide a single-use catalytic material that is easily accessible and affordable.



With the benefits thus defined and the problems arising from the use of catalysts in gasification technology, it is worth presenting the key aspect supporting the use of biomass ash as a catalytic material, namely its chemical composition. The components catalytically active in gasification reactions mainly include alkali metal (Na, K), alkaline earth (Mg, Ca), or some metals, such as Fe [110,114]. Their presence contributes most to the improvement of the values of parameters that describe the course of the gasification reactions. When considering a given material as a catalyst, it is also worth noting the content of components that have negative effects on the gasification process, such as Si or Al [110,114]. To demonstrate the catalytic potential of biomass ash, Figure 7 summarizes the values of the alkali ratio, calculated as the ratio of the content of catalytic active elements to the content of inhibitory elements for the three types of biomass, based on the data collected in Table A1, which is an appendix to the paper.



As shown in Figure 7, the area is divided into two zones. In the red zone, where the alkali ratio takes values from ~0 to 1, are the biomass ashes in which elements that negatively affect catalytic activity play a dominant role. The green zone with a range of 1 to 256 contains biomass ashes characterized by a predominance of catalytically active elements. It can be concluded that most of the ashes presented have a predominance of active elements. This group includes WBA and the bulk of OBA. In the case of GBA, the most varied values of the alkali index are observed, from ashes with clearly dominant Si and Al content to ashes with a favourable composition. For this reason, most biomass ashes can be considered an attractive material for catalyzing gasification reactions.



In order to evaluate the impact of the use of biomass ash on the gasification process, Table 3, based on the review of the literature, collects the results of studies on the catalytic gasification process of various solid raw materials, taking into account the type and amount of ash and the operating conditions of the process and reactor type as well as a brief description characterizing the studies carried out in the publication.



As indicated by the data presented in Table 3, it can be seen that studies of the catalytic gasification process using biomass ash have been conducted for a wide range of solid fuels ranging from highly reactive biomass to coals and char obtained by pyrolysis of biomass, solid petroleum products, or used tyres. The most commonly used method of gasification examinations is thermogravimetric analysis, although fluidized bed and fixed bed reactors have also been used. The presented studies mainly assess the effect on the process of temperature and, less frequently, total pressure, type, and amount of catalytic additive. Of the gasifying agents used, steam and carbon dioxide are used most frequently, while air is used less often. In the conducted studies, green biomass ash dominates as a catalytic additive, and its amount varies widely from 0.01 to 80.00%.



3.1. Reactivity Analysis


Reactivity is a key factor determining the course of the gasification process, as it enables the assessment of its efficiency as well as cost effectiveness; hence it is an introduction to the analysis of catalytic gasification of solid fuels with biomass ash. Brown et al. [115] conducted thermogravimetric studies of CO2 gasification of coal char in the presence of 0, 10, 25, 50, and 75% of two materials—switchgrass ash and quartz sand. The authors observed that compared to the process with the use of quartz sand, the gasification rate was increased by increasing the amount of switchgrass ash. In addition, they performed co-gasification tests of coal char and switchgrass char, which also proved to increase the reaction rate. The authors found the highest gasification rate, ranging from 3%/min (10% ash) to 7.5%/min (75% ash), was obtained with switchgrass ash, demonstrating that switchgrass ash was the most effective additive as compared to quartz sand, for which the reaction rate did not exceed 3%/min, regardless of the amount of additive. An analogous catalytic effect was reported by He et al. [127], who studied the thermogravimetric gasification of petroleum coke in the presence of cotton straw ash using CO2 as a gasifying agent. In addition, the authors also noted that compared to methods based on the washing or leaching of active compounds from ash, the method of physical mixing of biomass ash and petroleum coke gives the best results in terms of gasification rate. Also, Li et al. [125] confirmed an increase in reaction rates for catalytic measurements with a growing share of biomass ash (corn stalk and poplar sawdust) during thermogravimetric gasification of anthracite with CO2. A better result was obtained for corn stalk ash, which has lower amounts of SiO2 and Al2O3, as well as higher amounts of K2O, Na2O, and MgO compared to poplar sawdust ash. On the other hand, Lahijani et al. [116], subjecting palm shell char to thermogravimetric carbon dioxide gasification in the presence of palm empty fruit bunch ash (5.0, 7.5, 10.0, and 12.5%), observed an increase in the maximum of the carbon conversion degree from about 90% for the noncatalytic sample to 100% with ash. This effect was achieved regardless of the amount of catalyst additive. In addition, the presence of biomass ash also resulted in shorter reaction times compared to the noncatalytic process, and the most favourable results were obtained for 10% ash addition. A similar trend was obtained by Yu et al. [126] when studying the thermogravimetric method and using CO2 gasification of petcoke in the presence of rice straw ash and cotton straw ash [102]. They confirmed a significant catalytic effect observed by higher conversion rates, resulting in a shorter reaction time. Better catalytic activity was recorded for ash with a higher alkali ratio, i.e., cotton straw (~38). Qin et al. [124] showed that CO2 gasification by the TGA method of coal char before and after demineralization of the mineral matter, using rice straw as a catalytic additive, resulted in a greater catalytic effect for the coal char sample without the inorganic fraction. Moreover, for the demineralized sample, the catalytic effect occurred with less catalyst, suggesting that the ash components present in the coal char ash may have had an inhibitory effect on the process. Czerski et al. [104] studied the gasification of tyre char using 5, 10, and 15% of selected biomass ashes (sunflower husk, beech chips, beet pulp, and corn cobs) as catalytic additives by the thermogravimetric method in a CO2 atmosphere and showed that the presence of ash contributed to a shift in TGA conversion curves toward lower temperatures, regardless of the additive amounts. Moreover, the amount of catalyst improved the reactivity indicators (decrease in the temperature of 50% carbon conversion and increase in the constant rate of CO2 gasification reaction), while the most favourable values were achieved for 15% corn cob ash. In turn, Wei et al. [105], gasifying bituminous coal char and anthracite char with the addition of 10% rice straw ash using a thermogravimetric method and in a carbon dioxide atmosphere, showed an increase in the reactivity index value R0.9 for the ash-catalyzed process compared to the noncatalytic gasification. The catalytic effect occurred regardless of the type of raw material that was gasified, and the difference in favour of the catalytic measurements increased as the process temperature rose. The catalytic properties of biomass ash were also observed during thermogravimetric gasification studies of pinewood char with biomass ash in a steam atmosphere performed by Nanou et al. [117]. They indicated an increase in the maximum conversion degree from about 15% for the raw sample to 100% for ash-catalyzed samples. In addition, as the catalyst share increased from 14.1 to 55.5%, the reaction time decreased to values of 1180 s and 720 s, respectively. Śpiewak et al. [129,130,133] performed steam gasification of char from tyre pyrolysis with 5, 10, and 15% ashes from sunflower husk, beet pulp, beech chips, and corn cobs in a fixed bed reactor using a thermovolumetric method at pressures of 0.5 and 1.0 MPa and temperatures ranging from 800 to 1000 °C. The authors showed that adding a catalyst and increasing its loading up to 15 wt% improved the reactivity of the tyre char (higher maximum carbon conversion with lower half time conversion) at temperatures up to 850 °C. At the highest temperature, however, the catalytic effect was insignificant and was observed mainly for 5 or 10 wt% of catalysts. In addition, the more significant catalytic effect of the presence of biomass ashes was demonstrated at higher total pressure (higher values of R0.5 and the maximum conversion degree). Vilches et al. [120] subjected biomass char to gasification under a steam atmosphere in a fluidized bed reactor. They used olivine as well as olivine coated with ash from the gasification of biomass char as catalysts. The results indicate that olivine coated with biomass ash shows higher reactivity than when olivine alone is used, because the gasification rate is about twice as high.



In conclusion, regardless of the material tested, the gasification agent, or the reactor used, the addition of biomass ash had a beneficial effect on improving reactivity during gasification, noted by reducing the process time, increasing the conversion degree, or improving the reactivity indices.




3.2. Analysis of the Quality and Quantity of Gaseous Products


Characterizing the quality and composition of the gas obtained from the gasification reactions is also an important factor in assessing the course of this process, because it determines its possible applications. The requirements for biomass catalysts in the context of process gas quality focus on increasing the yield of gaseous products; increasing the selectivity of the reactions, primarily towards hydrogen formation; and obtaining gas with precisely defined parameters (Higher Heating Value—HHV, H2/CO, and CO/CO2 ratios). Table 4 presents the shares of gaseous products obtained during noncatalytic and catalytic gasification examinations of various carbon materials using biomass ash as well as the calculated parameters characterizing process gas quality.



Analyzing the data presented in Table 4, it can be seen that the addition of biomass ash significantly affects the composition of the gaseous products of gasification. Rizkiana et al. [118] performed steam gasification of brown coal in a fixed bed reactor with three types of biomass ash: brown seaweed, rice straw, and eel grass. Evaluation of the yields of gas products indicated significant improvements in efficiency, especially H2 and CO2. Regardless of the set temperature value (550, 650, and 750 °C), the most favourable catalytic effect was achieved in the presence of brown seaweed ash. As a result, an increase in the hydrogen and carbon monoxide shares was obtained for each temperature, with a decrease in the methane shares. As a consequence, the addition of biomass ashes increased the H2/CO as well as the CO/CO2 ratio and decreased HHV in particular at 550 and 650 °C. At the highest temperature, the values of the HHV, as well as hydrogen to carbon monoxide ratio and carbon monoxide to carbon dioxide ratio, were varied similarly during the catalyzing process compared to noncatalytic gasification. The authors attributed the high activity of brown seaweed ash to its potassium content (at 17.7%, the highest content of the various ashes) and the absence of Si and Al (0.0%) in it. The authors also showed that brown seaweed ash and eel grass ash had good stability under gasification conditions. This is evidenced by the fact that, despite a thrice-repeated regeneration, the yield of gaseous products still exceeded the yield of components obtained by the noncatalytic process. However, a direct comparison of the two ashes showed some differences in catalytic activity. In the subsequent regeneration cycle, eel grass ash provided similar gas product yields but demonstrated greater stability. Researchers attributed this to differences in potassium content, as this component is highly volatile, which could have reduced the activity of brown seaweed ash in the next operation cycle. Śpiewak et al. [130], studying the steam gasification of tyre char in the presence of 5, 10, and 15% ash from sunflower husks, beet pulp, beech chips, and corn cobs, noted that the greatest catalytic effect of biomass ash was achieved in the low-temperature range (800–900 °C), resulting in an increase in CO yields (800 and 900 °C), as well as H2 and CO2 (800–850 °C). The highest hydrogen and carbon dioxide yields were generally observed for beech chip ash addition, suggesting the highest water gas shift reaction (WGSR) activity. In the case of carbon monoxide, the highest yields were achieved in the presence of sunflower husk ash, suggesting significant activity toward the conversion reaction. As the analysis of biomass ash composition showed, sunflower husk ash and beech chip ash have the highest alkali ratio values (34.8 and 16.2, respectively). These relationships are confirmed by the shares of gas products shown in Table 4. As the amount of catalytic additive increased, a decrease in the value of the H2/CO ratio and an increase in the CO/CO2 ratio was observed. In contrast, HHV values were very similar regardless of the amount of ash catalyst used. Increased yields of hydrogen and carbon dioxide and thus the shares of these gas products in the presence of biomass ash have also been observed in other research works [131,132]. Furthermore, Guo et al. [128], when gasifying corn straw in the presence of varying amounts of corn straw ash and in an air atmosphere, observed that the addition of a catalyst resulted in an increase in the shares of CO, H2, and CO2 compared to the noncatalytic process, as a result of which the calorific value of the obtained gas increased. It is also worth noting that improvement in the quantities of the main gasification products was observed with catalyst content of 2, 5, 10, and 15%. At the highest amount of catalyst used of 20%, the authors noted a decrease in the shares of the above reaction products, which resulted in an increase in tar yield and a decrease in gas yield and calorific value. In general, studies that evaluate the catalytic potential of ash in the gasification of solid fuels have reported a decrease in the hydrocarbon yields, which is particularly important in the context of using the gasification products as a synthesis gas or hydrogen source. Pissot et al. [121] and Vilches et al. [122], gasifying different carbonaceous materials in a fluidized bed reactor, observed that ash-coated olivine contributes to the reduction in tar yields due to its steam reforming. The studies presented above show that biomass ash effectively contributes to catalyzing heterogeneous reactions (especially conversion reactions) and homogeneous reactions (especially WGSR) and improves the quality of the resulting gas by increasing the hydrogen shares and as a consequence increasing the H2/CO ratio. Simultaneously, the authors note the transformation of the physicochemical structure of biomass ash, affecting the catalytic activity. Gomes et al. [132] studied steam gasification of residual forest biomass in the presence of biomass fly ash and reported a decrease in carbon monoxide yields with a simultaneous increase in CO2 and H2 yields. As a result, an increase in the H2/CO ratio was obtained. The authors attributed the observed effect to an increase in the significance of the WGSR due to the presence of catalytically active CaO and CaCO3. An additional advantage of using biomass fly ash was the adsorption of CO2 by calcium oxide, which led to the enrichment of the obtained gas with hydrogen.



In summary, regardless of the material tested, the catalytic additive, the type of reactor, and the values of the process parameters, the presence of biomass ash promotes an increase in the efficiency of the conversion reaction and WGSR, resulting in increased yields of CO, CO2, and H2 as well as H2/CO ratio, while simultaneously reducing the yield of hydrocarbons.




3.3. Analysis of Kinetics


The gasification process is a complex series of heterogeneous and homogeneous reactions influenced by a number of technological and material factors. For these reasons, the kinetics of the process are an important factor in assessing the catalytic efficiency of biomass ash. Yu et al. [126], analyzing the kinetics of the gasification process of petcoke in the presence of rice straw ash and cotton straw ash using the random pore model (RPM) and the Shrinking Core Model (SCM), noted an increase in the values of the reaction rate constants compared to the noncatalytic process, regardless of the set temperature value. Czerski et al. [104] obtained a similar relationship for all biomass ashes analyzed (sunflower husk, beet pulp, beech chips, and corn cobs) during CO2 gasification of char from tyres using the n-order Coats and Redfern method. Furthermore, it has been demonstrated that as the biomass ash content increases from 5% to 15%, the value of the constant reaction rate increases, which indicates an improvement in the efficiency of the CO2 gasification process. In general, a reduction in the calculated values of activation energy and the pre-exponential factor was also obtained in comparison with the noncatalytic process. Lahijani et al. [116] determined the kinetics of the CO2 gasification process using the RPM of palm shell char in the presence of palm empty fruit bunch ash in amounts of 5.0, 7.5, 10.0, and 12.5%, where they observed a decrease in activation energy from 268.11 kJ/mol to 158.75 kJ/mol compared to the no catalyst process. The same effect of using biomass ash from cotton straw on the activation energy value during gasification of petroleum coke was also noted by He et al. [127] using the modified random pore model (MRPM). In turn, Brown et al. [115] pointed out that with reduction in the activation energy caused by the presence of switchgrass ash during coal char gasification, the value of the pre-exponential factor decreased as well. In a study conducted by Yu et al. [105,126] comparing the effects of rice straw ash and cotton straw ash addition on gasification, lower kinetic parameters were obtained for ash with higher potassium content (cotton straw). They also proved that high catalytic activity occurred regardless of the progress of the reaction. In turn, Wei et al. [105,126] confirmed the effectiveness of a rice straw ash catalyst rich in potassium compounds in improving the kinetics of the gasification process compared to the noncatalytic process. Śpiewak et al. [129,130] conducted catalytic steam gasification of tyre char with the addition of various types and amounts of biomass ash and obtained a decrease in activation energy calculated using the grain model (GM) and the random pore model (RPM). It is also interesting that as the amount of the catalytic additive increases from 5 to 15%, the kinetic parameters, i.e., activation energy and pre-exponential factor, generally increase. Previous analysis of the reactivity and quality of the gas obtained showed a noticeable catalytic effect with increasing amounts of biomass ash, and the increase in activation energy was compensated by the increasing value of the pre-exponential factor. This unusual effect has been attributed to two phenomena. The first is the catalyst moving on the surface of the solid fuel to reach the next active sites, which requires some additional energy. The second factor identified is the channelling and pitting action of the catalyst, which is necessary to disrupt the aromatic structure of carbon. A similar compensation effect for these materials was also noted in the aforementioned publication by Czerski et al. [104].



In summary, it can be concluded that the use of various biomass ash materials as catalysts during the gasification process affects the kinetic parameters. An improvement in constant reaction rates was observed, while different results were obtained regarding their impact on the activation energy and the pre-exponential factor. However, a comprehensive analysis of these parameters showed that biomass ash had a beneficial effect on the gasification reaction process.




3.4. Biomass Ash as a Composite Catalyst


Biomass ash can be considered as a composite catalyst containing several active components. Studies on the catalytic gasification of solid fuels using single-component additives has often indicated the deactivation of this component and, consequently, of the catalyst. In the case of alkali metals, a strong tendency toward melting was observed, which limited the surface area available for the gasifying agent and caused evaporation in the reaction area [135,136,137,138,139]. Alkaline earth metals, however, show special abilities in terms of deactivation through sintering and agglomeration, as well as interaction with silicates and aluminosilicates [135]. Despite their activity, transition metal elements are rarely used as catalysts in the gasification process because of their high price. For these reasons, iron is used mainly in studies on catalytic gasification. The disadvantages of iron catalysts include low dispersion and a tendency to form mesoporous structures, limiting the surface area available for the gasification agent [135]. The biomass ashes are treated as composite catalysts, generally containing more than one active component, as evidenced by the data compiled in Figure 2, where the average contents of various elements confirm the presence of up to five catalytically active components (K, Na, Ca, Mg, and Fe). Studies on the use of composite catalysts during the gasification process have shown that their activity is higher compared to that of single-component catalysts [114,140,141]. Furthermore, the presence of more than one active component is intended to overcome the negative effects associated with the performance of a single component and to ensure a synergistic effect [114].




3.5. Deactivation of Biomass Ash Catalyst


Despite the multicomponent composition of chemically active elements, biomass ash can also be deactivated during gasification reactions. Kryca et al. [119] and Gomes et al. [132] observed the possibility of deactivation of ash catalysts coating the surface of olivine, which forms the fluidized bed in gasifiers. The formation of carbon deposits on the surface of the catalyst and its contamination with sulphur or nitrogen compounds were identified as the main causes. As a way to limit catalyst deactivation, the authors suggested bed circulation between the gasification reactor and the combustion reactor, where the active layer is regenerated by burning the impurities covering the surface. The positive effect of recirculation on the performance of the ash catalyst was also reported by Pissot et al. [121]. The temperature of the process is of significant importance in the deactivation of active components. The results of a study conducted by Wei et al. [105] during the gasification of lignite and anthracite in the presence of 10% rice straw ash, which is particularly rich in potassium, proved that the vaporization capacity of AAEM increases as the process temperature is increased up to 1000 °C. However, the results obtained by Śpiewak et al. [130] show that potassium, in particular, has a high ability to melt and clog pores on the surface of the raw material and evaporate. Calcium, on the other hand, shows a high affinity for forming larger agglomerates. In addition, elements of the first and second groups of the periodic table can form inactive silicates and aluminosilicates [118,129]. However, according to the authors of the papers presented above, the negative effects associated with the deactivation of some components of biomass ashes do not rule out the possibility of their use in the gasification process, but their use, however, requires the selection of appropriate processes and technological conditions.




3.6. Advantages and Disadvantages of Biomass Ash as a Catalyst in Gasification Processes and Recommendations for Future Studies


To conclude the potential for using biomass ash in the catalytic gasification of solid fuels, Table 5 summarizes the advantages and disadvantages of this technological solution.



Considering the advantages summarized, it is undoubtedly worth emphasizing the low costs associated with the use of biomass ash resulting from both the wide availability and waste character of the material, as well as the simplicity of preparation in the case of use in fluidized bed reactors or the lack of any preparation when used by physical mixing in fixed bed reactors. In addition to the low operating cost, the most important factor is favourable chemical composition, as biomass ashes generally have high contents of catalytically active elements, i.e., K, Na, Ca, Mg, and Fe, while having low contents of Si and Al, considered to be reaction inhibitors. The diversity of catalytic components means that biomass ash can be classified as a composite catalyst, showing properties that are more favourable compared to those of single-component catalysts. Unfortunately, a characteristic of biomass is the variability in the composition of the mineral matter in it, which can cause differences in the proportions of active compounds and inhibitors. In addition, biomass ash also has elements that are considered toxic, which can also contribute to an increase in their emissions as well as the contamination of gaseous products. Of the disadvantages, low melting points should also be noted, especially in the situation of a predominant content of the elements such as K and Na, which can become a reason for deactivation by means of melting or evaporation. Nevertheless, in the vast majority of literature reports, ash catalysts are characterized by high catalytic activity improving parameters that characterize reactivity, the quality of the process gas, and the kinetics of the gasification process. In addition, they are catalytically active in both heterogeneous and homogeneous reactions, leading to increased H2 yields, among other things. In the case of fluidized bed reactors, there is also the possibility of regenerating the catalysts, which makes it possible to reuse them.



Thus, it can be concluded with certainty that biomass ash can be an attractive catalyst during gasification of diverse materials, especially low-reactivity ones. Their disadvantages notwithstanding, they also have a number of advantages, which, in the opinion of the authors, will enable their effective application in the gasification process to improve its efficiency and the quality of the obtained gas. However, in order to implement such a solution, it is necessary to deepen our knowledge in the aspect of catalytic gasification using biomass ash, especially in terms of the following:




	
Expanding the range of potential catalysts to include new, untested biomass ash along with gasified feedstocks;



	
Verification of physicochemical properties and catalytic activity for the same type of biomass with different origins;



	
Studies on physicochemical transformations during reactions in a reducing atmosphere (gasification agent) under variable pressure and temperature conditions with special emphasis on activity, deactivation capacity, and emission of toxic elements;



	
Developing the optimal form and method of catalyst feed;



	
Estimating the cost of implementing such a technology solution.










4. Conclusions


Due to its energy potential and carbon neutrality, biomass is one of the most promising solid fuels categorized as a renewable energy source. The by-product of biomass combustion and co-combustion—ash—can be effectively used to improve the efficiency and quality of the gasification process, which is an alternative to the existing ash disposal methods. This paper demonstrates the potential of biomass ash as natural catalysts for solid fuel gasification technologies. The catalytic potential of biomass ash can significantly contribute to overcoming the main limitations associated with the commercialisation of catalytic gasification of solid fuels. Based on an analysis of the physicochemical properties of biomass ash as well as the results of research on the catalytic gasification of solid fuels, biomass ash can be classified as a highly attractive process-supporting material. The addition of ash catalysts affects the gasification process by improving reactivity, gas quality and process kinetics. During the conducted studies, an increase in the maximum conversion degrees and a reduction in the gasification reaction time were observed, as well as a reduction in process temperature and an improvement in parameter values, i.e., reactivity indices and fractional conversion times. An increase in the yield of gaseous products, in particular H2 and CO, has been shown, which proves the catalytic effect of biomass ash during the conversion and the water–gas shift reactions. There is also an improvement in the constant rate of the gasification reaction and a positive change in kinetic parameter values that has been noted. The benefits of using biomass ash in gasification technology seem to outweigh the disadvantages presented. The implementation of this solution requires further studies related to the search for new biomass ashes, verification of physicochemical properties and catalytic activity, as well as the development of a feeding system. At the same time, solutions should be sought to limit the disadvantages of catalysts based on biomass ash, i.e., primarily their deactivation and the presence of hazardous elements.
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Table A1. Dominant element content with average values in ashes from (a) green biomass (GBA), (b) woody biomass (WBA), and (c) other biomass (OBA). Own analysis based on: [17,72,77,78,79,80,81,82,83,84,85,86,87,88,89,90,91,92,93,94,95,96,97,98,99,100,101].
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Types of Ashes

	
Content of Component [wt. %]




	
Na

	
K

	
Mg

	
Ca

	
Fe

	
Si

	
Al

	
S

	
P

	
Ti

	
Mn

	
Zn

	
Cl






	
Green biomass




	
[78]




	
Vineyard pellet ash

	
0.46

	
24.98

	
6.30

	
30.30

	
0.50

	
1.22

	
0.48

	
1.58

	
3.21

	
0.04

	

	

	
0.12




	
[81]




	
Soybean plant ash

	
0.44

	
15.99

	
9.58

	
13.38

	
4.54

	
3.47

	
1.02

	
0.61

	
5.01

	
0.30

	
0.10

	

	
0.03




	
Mustard plant ash

	
1.10

	
13.76

	
4.44

	
22.41

	
1.18

	
1.54

	
0.36

	
3.09

	
4.88

	
0.07

	
0.04

	

	
2.72




	
Maize plant ash

	
0.54

	
5.58

	
4.22

	
8.14

	
2.19

	
18.94

	
0.84

	
0.61

	
4.93

	
0.14

	
0.06

	

	
1.34




	
Groundnut plant ash

	
0.55

	
6.28

	
8.43

	
12.83

	
9.02

	
10.19

	
3.40

	
0.51

	
5.76

	
0.63

	
0.14

	

	
0.03




	
Cotton plant ash

	
0.93

	
20.35

	
3.14

	
21.83

	
1.25

	
1.46

	
0.49

	
1.10

	
3.06

	
0.09

	
0.09

	

	
4.56




	
Wheat plant ash

	
0.31

	
5.00

	
1.36

	
2.97

	
1.96

	
27.21

	
0.47

	
0.56

	
1.13

	
0.11

	
0.05

	

	
1.85




	
Pigeon pea plant ash

	
0.39

	
10.12

	
7.06

	
15.67

	
3.16

	
2.81

	
0.74

	
0.41

	
12.46

	
0.18

	
0.09

	

	
0.14




	
Groundnut shell ash

	
0.58

	
4.25

	
3.89

	
8.01

	
12.15

	
12.95

	
5.61

	
0.86

	
2.32

	
0.80

	
0.19

	

	
0.13




	
[82]




	
Virginia mallow ash

	

	
13.92

	

	
27.66

	
0.54

	

	

	
1.30

	
1.68

	

	
0.09

	
0.02

	




	
Jerusalem artichoke ash

	

	
15.44

	

	
19.33

	
0.25

	

	

	
0.79

	
0.32

	

	
0.01

	
0.05

	




	
Multiflorous rose ash

	

	
13.94

	

	
21.73

	
0.19

	

	

	
0.63

	
2.62

	

	
0.08

	
0.04

	




	
Miscanthus giganteus ash

	

	
8.75

	

	
4.65

	
0.25

	

	

	
0.75

	
2.48

	

	
0.06

	
0.02

	




	
Miscanthus sacchariflorus ash

	

	
4.97

	

	
3.64

	
0.45

	

	

	
0.25

	
2.13

	

	
0.05

	
0.05

	




	
Prairie cordgrass ash

	

	
3.26

	

	
7.89

	
0.48

	

	

	
0.14

	
2.29

	

	
0.07

	
0.03

	




	
Common reed ash

	

	
4.15

	

	
5.51

	
0.32

	

	

	
0.11

	
1.16

	

	
0.11

	
0.06

	




	
Switch grass ash

	

	
5.36

	

	
4.84

	
0.54

	

	

	
0.22

	
1.49

	

	
0.12

	
0.05

	




	
Wheat straw ash

	

	
6.93

	

	
4.21

	
0.49

	

	

	
0.60

	
1.01

	

	
0.03

	
0.02

	




	
Triticale straw ash

	

	
18.76

	

	
0.38

	
0.77

	

	

	
0.78

	
2.62

	

	
0.05

	
0.02

	




	
Oat straw ash

	

	
9.22

	

	
4.62

	
0.20

	

	

	
0.34

	
1.64

	

	
0.03

	
0.01

	




	
Barley straw ash

	

	
10.86

	

	
8.42

	
0.14

	

	

	
0.79

	
0.22

	

	
0.03

	
0.04

	




	
Buckwheat straw ash

	

	
13.11

	

	
7.80

	
0.27

	

	

	
0.69

	
2.27

	

	
0.03

	
0.02

	




	
Hay ash

	

	
17.52

	

	
6.55

	
0.27

	

	

	
0.84

	
2.48

	

	
0.07

	
0.04

	




	
Cherry pit ash

	

	
19.37

	

	
9.17

	
0.93

	

	

	
1.45

	
0.95

	

	
0.07

	
0.08

	




	
Sunflower husk ash

	

	
14.18

	

	
19.03

	
0.31

	

	

	
0.97

	
2.78

	

	
0.04

	
0.01

	




	
Rape pod ash

	

	
12.95

	

	
27.73

	
0.16

	

	

	
0.61

	
1.42

	

	
0.03

	
0.00

	




	
Apple pomace ash

	

	
14.37

	

	
1.84

	
0.17

	

	

	
19.31

	
3.32

	

	
0.03

	
0.05

	




	
Hazelnut shell ash

	

	
18.45

	

	
10.91

	
0.21

	

	

	
0.92

	
1.57

	

	
0.01

	
0.03

	




	
Walnut shell ash

	

	
18.50

	

	
7.28

	
0.11

	

	

	
0.44

	
1.20

	

	
0.01

	
0.01

	




	
[83]




	
Straw ash

	
0.60

	
48.80

	
0.40

	
1.90

	
0.11

	

	
0.07

	
4.18

	
0.72

	

	
0.01

	
0.03

	
20.80




	
[142]




	
Straw winter wheat ash

	
0.40

	
14.50

	
4.40

	
7.80

	

	

	

	

	
2.20

	

	

	
0.01

	




	
Cereals triticale ash

	
0.50

	
14.20

	
4.30

	
7.10

	

	

	

	

	
9.80

	

	

	
0.01

	




	
[86]




	
Olive cake ash

	
0.45

	
26.81

	
1.81

	
7.36

	
0.63

	
5.18

	
0.64

	
0.96

	
2.18

	

	

	

	




	
Bagasse ash

	
0.15

	
3.07

	
0.90

	
2.07

	
2.10

	
22.97

	
3.60

	
0.32

	
0.61

	

	

	

	




	
[88]




	
Groundnut ash

	
4.15

	
7.98

	
3.68

	
7.73

	
2.77

	
19.93

	
5.67

	

	
1.83

	
0.33

	

	

	
1.44




	
Bagasse ash

	
0.04

	
1.44

	
1.97

	
1.97

	
0.34

	
30.05

	
0.26

	

	
0.50

	
0.05

	

	

	
0.12




	
Arecanut ash

	
0.15

	
15.70

	
0.29

	
0.88

	
2.94

	
19.62

	
2.04

	

	
3.18

	
0.04

	

	

	
3.70




	
Cashew shell ash

	
3.89

	
17.98

	
6.43

	
5.37

	
1.44

	
3.78

	
1.62

	

	
6.40

	
0.07

	

	

	
1.99




	
Rice husk ash

	
0.30

	
1.99

	
0.28

	
0.49

	
0.36

	
43.22

	
0.01

	

	
0.46

	
0.02

	

	

	
0.11




	
[89]




	
Bambusa blumeana ash

	
0.58

	
20.89

	
1.67

	
2.68

	
0.55

	
25.13

	
0.95

	

	

	

	

	

	




	
Eucalyptus skin ash I

	
0.57

	
6.65

	
5.15

	
41.47

	
0.13

	
0.35

	
0.16

	

	

	

	

	

	




	
Miscanthus floridulus ash

	
0.50

	
16.10

	
2.44

	
4.22

	
0.92

	
24.56

	
3.63

	

	

	

	

	

	




	
Dendrocalamus latiflorus ash

	
0.30

	
12.25

	
1.44

	
3.72

	
0.21

	
30.91

	
0.40

	

	

	

	

	

	




	
Eucalyptus skin ash II

	
1.09

	
2.72

	
3.09

	
19.17

	
3.76

	
18.94

	
5.17

	

	

	

	

	

	




	
Palm skin ash

	
0.33

	
1.24

	
3.45

	
42.47

	
0.45

	
5.59

	
2.48

	

	

	

	

	

	




	
Pine needle ash

	
0.54

	
6.56

	
7.06

	
23.62

	
2.97

	
10.29

	
4.07

	

	

	

	

	

	




	
Broussonetia papyrifera ash

	
0.09

	
14.48

	
3.52

	
30.20

	
0.78

	
7.99

	
0.67

	

	

	

	

	

	




	
Eucalyptus skin ash III

	
1.39

	
19.31

	
3.60

	
22.85

	
1.18

	
5.56

	
2.72

	

	

	

	

	

	




	
Corn straw ash I

	
0.79

	
34.05

	
3.93

	
8.56

	
0.63

	
10.41

	
0.52

	

	

	

	

	

	




	
Corn straw ash II

	
0.60

	
8.15

	
6.65

	
9.81

	
1.06

	
23.13

	
1.57

	

	

	

	

	

	




	
Corn straw ash III

	
0.32

	
21.79

	
4.74

	
6.84

	
0.43

	
20.13

	
0.60

	

	

	

	

	

	




	
Corn straw ash IV

	
0.79

	
34.05

	
3.93

	
8.56

	
0.63

	
10.41

	
0.52

	

	

	

	

	

	




	
Corn straw ash V

	
0.91

	
9.14

	
1.57

	
7.02

	
2.45

	
20.14

	
4.93

	

	

	

	

	

	




	
Corn straw ash VI

	
0.62

	
9.24

	
12.82

	
13.99

	
1.12

	
13.22

	
1.55

	

	

	

	

	

	




	
Corn straw ash VII

	
0.31

	
20.89

	
8.60

	
17.02

	
0.70

	
7.95

	
0.61

	

	

	

	

	

	




	
Corn cob ash

	
0.88

	
31.37

	
20.68

	
2.12

	
0.71

	
12.89

	
1.09

	

	

	

	

	

	




	
Corn straw ash

	
0.37

	
7.13

	
6.75

	
29.59

	
2.93

	
10.40

	
3.12

	

	

	

	

	

	




	
Banana stem ash

	
0.17

	
53.79

	
0.40

	
3.15

	
0.30

	
5.36

	
0.31

	

	

	

	

	

	




	
Banana leaf ash

	
0.39

	
13.78

	
1.89

	
34.38

	
1.20

	
9.39

	
1.26

	

	

	

	

	

	




	
Straw ash

	
0.70

	
14.19

	
2.36

	
4.67

	
0.30

	
28.14

	
0.17

	

	

	

	

	

	




	
Wheat straw ash

	
0.61

	
6.95

	
1.74

	
7.81

	
1.69

	
28.95

	
3.14

	

	

	

	

	

	




	
Bambusa blumeana ash

	
0.58

	
20.89

	
1.67

	
2.68

	
0.55

	
25.13

	
0.73

	

	

	

	

	

	




	
Masson pine leaf ash

	
0.12

	
3.75

	
5.07

	
33.44

	
2.70

	
6.11

	
3.05

	

	

	

	

	

	




	
Camellia ash

	
0.17

	
10.14

	
5.23

	
21.67

	
1.08

	
3.17

	
11.24

	

	

	

	

	

	




	
Wheat straw ash

	
0.59

	
8.97

	
2.11

	
9.58

	
1.31

	
27.53

	
3.53

	

	

	

	

	

	




	
Fungus bag ash

	
0.23

	
3.60

	
1.30

	
37.28

	
1.50

	
14.37

	
1.73

	

	

	

	

	

	




	
Corn cob ash

	
2.20

	
24.40

	
1.67

	
4.06

	
2.49

	
15.95

	
2.79

	

	

	

	

	

	




	
Dry turf ash

	
0.78

	
2.46

	
1.12

	
1.16

	
5.92

	
28.99

	
10.05

	

	

	

	

	

	




	
Flue-cured tobacco rod ash

	
0.61

	
37.59

	
1.67

	
30.67

	
0.38

	
0.70

	
0.21

	

	

	

	

	

	




	
Pepper rod ash

	
0.29

	
12.64

	
4.70

	
16.07

	
3.46

	
12.33

	
5.62

	

	

	

	

	

	




	
Takesue ash

	
0.31

	
9.21

	
1.15

	
1.85

	
0.70

	
35.12

	
0.59

	

	

	

	

	

	




	
[91]




	
Olive cake ash

	
0.45

	
26.81

	
1.81

	
7.36

	
0.63

	
5.18

	
0.64

	
0.96

	
2.18

	
0.06

	
0.07

	

	




	
[92]




	
Rice husk ash I

	
0.29

	
1.54

	
0.33

	
0.54

	
0.60

	
43.81

	
0.19

	
0.04

	
0.10

	

	

	

	
0.08




	
Rice husk ash II

	
0.09

	
1.43

	
0.26

	
0.55

	
0.24

	
44.36

	
0.17

	
0.03

	
0.07

	

	

	

	
0.01




	
Rice straw ash I

	
0.69

	
11.17

	
1.29

	
3.19

	
0.34

	
33.86

	
0.13

	
0.97

	
0.85

	

	

	

	
0.57




	
Rice straw ash II

	
0.60

	
8.99

	
1.01

	
3.32

	
0.22

	
35.59

	
0.12

	
1.06

	
0.73

	

	

	

	
0.13




	
Corn cob ash I

	
4.58

	
22.87

	
2.90

	
4.00

	
0.58

	
14.71

	
1.46

	
1.94

	
1.27

	

	

	

	
12.56




	
Corn cob ash II

	
4.32

	
20.00

	
4.48

	
4.35

	
0.45

	
15.83

	
1.29

	
2.06

	
1.73

	

	

	

	
9.95




	
[93]




	
Miscanthus ash

	

	

	

	

	
0.54

	

	

	

	

	

	

	
0.07

	




	
Sunflower husk ash

	

	

	

	

	
0.57

	

	

	

	

	

	

	
0.06

	




	
Wheat straw ash

	

	

	

	

	
0.53

	

	

	

	

	

	

	
0.03

	




	
[69]




	
Rice husk ash

	
0.17

	
3.45

	
0.30

	
1.00

	
0.29

	
41.53

	
0.55

	
0.52

	
0.26

	
0.01

	

	

	
0.17




	
Switchgrass ash

	
0.08

	
15.58

	
2.53

	
5.50

	
0.29

	
29.07

	
0.47

	
0.87

	
1.06

	
0.02

	

	

	
0.19




	
Corn cob ash

	
0.21

	
39.49

	
1.19

	
1.52

	
1.05

	
16.95

	
0.43

	
1.38

	
2.10

	
0.04

	

	

	
0.56




	
Plum pit ash

	
0.59

	
13.52

	
2.52

	
31.41

	
1.22

	
5.55

	
1.36

	
3.09

	
4.44

	
0.10

	

	

	
0.22




	
Marine macroalgae ash

	
10.44

	
6.28

	
4.64

	
15.77

	
0.48

	
2.59

	
0.52

	
11.41

	
0.42

	
0.02

	

	

	
9.67




	
Beech wood chip ash

	
0.08

	
14.94

	
4.52

	
44.73

	
0.25

	
2.53

	
0.26

	
0.31

	
1.09

	
0.02

	

	

	
0.07




	
Walnut shell ash

	
0.09

	
40.95

	
2.29

	
27.23

	
0.28

	
1.31

	
0.28

	
0.81

	
1.03

	
0.03

	

	

	
0.31




	
Sunflower shell ash

	
0.16

	
41.37

	
7.16

	
11.13

	
0.92

	
0.67

	
0.06

	
4.56

	
2.85

	
0.01

	

	

	
1.31




	
[94]




	
Cereal corps ash

	
1.63

	
15.77

	
1.69

	
4.36

	
1.12

	
23.57

	
1.01

	
1.32

	
1.40

	
0.07

	

	

	
4.74




	
Sugarcane ash

	
0.82

	
6.97

	
1.87

	
3.79

	
5.59

	
24.96

	
5.82

	
1.32

	
1.05

	
1.26

	

	

	
0.33




	
Soyabean ash

	
1.26

	
17.43

	
3.38

	
12.15

	
1.47

	
9.71

	
1.80

	
1.20

	
2.09

	
0.05

	

	

	




	
Woody corps ash

	
0.89

	
16.60

	
3.86

	
30.02

	
0.60

	
1.99

	
0.74

	
1.04

	
4.06

	
0.06

	

	

	
0.51




	
Grass ash

	
0.43

	
18.26

	
2.41

	
4.57

	
0.49

	
24.50

	
0.37

	
0.84

	
1.75

	
0.19

	

	

	
3.35




	
[95]




	
Apple pomace ash

	
1.17

	
7.94

	
1.17

	
6.64

	
5.70

	
21.20

	
9.25

	
0.95

	
1.47

	
0.23

	

	

	




	
Sunflower husk ash

	
0.19

	
5.68

	
0.16

	
0.86

	
1.12

	
35.75

	
6.27

	
0.08

	
0.17

	
0.02

	

	

	




	
Walnut shell ash

	
0.75

	
8.68

	
0.84

	
5.05

	
2.05

	
32.16

	
0.48

	
1.35

	
1.43

	
0.02

	

	

	




	
[97]




	
Corn straw ash I

	
0.74

	
29.86

	
5.02

	
2.66

	
0.31

	
8.23

	
0.13

	
0.81

	
8.61

	

	

	

	
10.47




	
Corns straw ash II

	
4.18

	
16.89

	
6.60

	
3.75

	
0.68

	
11.25

	
0.25

	
0.60

	
11.79

	

	

	

	
2.40




	
[98]




	
Barley straw

	
0.37

	
5.50

	
2.03

	
6.02

	
0.80

	
33.92

	
0.92

	
0.52

	
1.45

	
0.09

	
0.02

	

	




	
Wheat straw

	
0.22

	
13.47

	
2.15

	
4.75

	
0.16

	
31.88

	
0.38

	
0.58

	
0.79

	
0.01

	
0.03

	

	




	
Sunflower seed husks

	
1.20

	
31.14

	
10.72

	
14.91

	
0.18

	
0.73

	
0.26

	
3.10

	
4.56

	
1.00

	
0.02

	

	




	
Soy straw

	
0.07

	
12.34

	
16.74

	
27.40

	
0.20

	
1.53

	
0.42

	
1.36

	
4.89

	
0.02

	
0.01

	

	




	
[17]




	
Eudicot straw ash

	
0.30

	
23.24

	
1.51

	
14.37

	
0.21

	
1.94

	
0.16

	
1.52

	
2.57

	
0.06

	

	

	




	
Grass straw ash

	
0.37

	
11.87

	
1.45

	
6.22

	
0.49

	
23.43

	
0.42

	
1.00

	
1.27

	
0.06

	

	

	




	
[99]




	
Corn stalk ash I

	

	
8.38

	
4.40

	
7.29

	
0.91

	
14.74

	
1.16

	
1.44

	
1.31

	

	

	

	
22.10




	
Wheat stalk ash I

	

	
1.99

	
2.41

	
7.79

	
1.54

	
22.42

	
1.38

	
1.56

	
0.00

	

	

	

	
15.52




	
Cotton branch ash I

	

	
12.62

	
6.03

	
19.80

	
1.26

	
3.93

	
0.00

	
1.48

	
3.58

	

	

	

	
4.10




	
Corn stalk ash II

	

	
15.77

	
5.49

	
9.65

	
1.68

	
20.66

	
1.48

	
1.68

	
1.61

	

	

	

	




	
Wheat stalk ash II

	

	
7.22

	
2.77

	
10.29

	
1.96

	
28.15

	
2.12

	
0.64

	
0.00

	

	

	

	




	
Cotton branch ash II

	

	
11.87

	
8.62

	
23.30

	
1.40

	
5.78

	
0.00

	
2.04

	
4.97

	

	

	

	




	
[72]




	
Straw ash I

	
0.81

	
12.66

	
1.57

	
4.82

	
0.32

	
29.89

	
0.15

	
1.04

	
0.96

	
0.02

	

	

	
3.72




	
Straw ash II

	
0.76

	
6.16

	
0.76

	
3.34

	
0.37

	
36.77

	
0.11

	
1.19

	
0.60

	
0.01

	

	

	
0.48




	
Pine sawdust ash I

	
0.33

	
1.10

	
0.96

	
25.64

	
2.05

	
5.47

	
1.04

	
15.79

	
0.31

	
0.10

	

	

	
0.16




	
Pine sawdust ash II

	
0.21

	
0.60

	
1.10

	
26.82

	
2.59

	
6.03

	
0.90

	
15.93

	
0.28

	
0.12

	

	

	
0.07




	
Chinese Parasol Tree leaf ash I

	
0.83

	
9.61

	
3.58

	
20.28

	
1.25

	
11.53

	
0.99

	
6.74

	
1.59

	
0.08

	

	

	
3.97




	
Chinese Parasol Tree leaf ash II

	
0.79

	
6.72

	
4.07

	
21.10

	
1.26

	
13.19

	
0.88

	
6.95

	
1.68

	
0.08

	

	

	
0.86




	
[101]




	
Straw ash

	
1.71

	
9.25

	
0.81

	
2.18

	

	

	

	

	
4.70

	

	

	

	




	
Corn ash

	
0.04

	
29.80

	
1.48

	
4.73

	

	

	

	

	
4.06

	

	

	

	




	
Eucalyptus ash

	
1.38

	
7.71

	
6.58

	
41.27

	

	

	

	

	
1.03

	

	

	

	




	
Miscanthus ash

	
0.04

	
9.55

	
0.00

	
7.15

	

	

	

	

	
0.70

	

	

	

	




	
Woody biomass




	
[82]




	
Birch wood ash

	

	
0.71

	

	
13.26

	
0.65

	

	

	
0.56

	
2.09

	

	
1.76

	
0.02

	




	
Pine wood ash

	

	
11.64

	

	
20.11

	
0.37

	

	

	
0.71

	
1.86

	

	
1.07

	
0.02

	




	
Oak wood ash

	

	
5.73

	

	
15.67

	
0.93

	

	

	
0.51

	
0.53

	

	
1.01

	
0.02

	




	
Hornbeam wood ash

	

	
6.99

	

	
2.49

	
0.86

	

	

	
0.40

	
1.65

	

	
1.86

	
0.02

	




	
Ash wood ash

	

	
7.04

	

	
27.98

	
0.58

	

	

	
0.31

	
1.80

	

	
1.05

	
0.02

	




	
Poplar wood ash

	

	
6.50

	

	
17.39

	
0.46

	

	

	
0.50

	
0.64

	

	
0.05

	
0.01

	




	
Willow ash

	

	
3.73

	

	
13.60

	
0.27

	

	

	
0.47

	
0.33

	

	
0.09

	
0.04

	




	
Acacia wood ash

	

	
3.88

	

	
22.72

	
0.62

	

	

	
0.18

	
0.27

	

	
0.08

	
0.02

	




	
Beech bark ash

	

	
2.88

	

	
35.37

	
0.46

	

	

	
0.24

	
1.14

	

	
0.05

	
0.01

	




	
Oak bark ash

	

	
2.11

	

	
32.25

	
0.38

	

	

	
0.96

	
0.40

	

	
0.04

	
0.01

	




	
Hornbeam bark ash

	

	
2.47

	

	
27.76

	
0.11

	

	

	
0.00

	
0.35

	

	
0.03

	
0.02

	




	
Ash bark ash

	

	
2.32

	

	
31.14

	
0.09

	

	

	
0.33

	
0.51

	

	
0.03

	
0.01

	




	
Acacia bark ash

	

	
1.99

	

	
30.29

	
0.15

	

	

	
0.17

	
0.72

	

	
0.06

	
0.03

	




	
[83]




	
Wood ash

	
1.60

	
16.50

	
1.30

	
17.10

	
0.70

	

	
0.70

	
3.51

	
0.78

	

	
0.60

	
0.85

	
7.20




	
[142]




	
Bark spruce ash

	
0.80

	
5.10

	
6.50

	
42.20

	

	

	

	

	
1.70

	

	

	
0.06

	




	
Wood chip spruce ash

	
0.60

	
6.70

	
4.80

	
44.70

	

	

	

	

	
3.60

	

	

	
0.04

	




	
[85]




	
White wood ash

	
1.11

	
7.64

	
2.83

	
17.72

	
1.61

	
12.52

	
2.43

	
0.64

	
0.87

	

	

	

	




	
[89]




	
Sawdust ash I

	
0.21

	
3.21

	
6.01

	
36.90

	
2.84

	
6.86

	
2.89

	

	

	

	

	

	




	
Stripe wood ash

	
0.44

	
13.53

	
4.93

	
14.97

	
2.97

	
12.89

	
4.74

	

	

	

	

	

	




	
Pine branch ash

	
0.40

	
2.71

	
6.13

	
26.08

	
2.36

	
4.90

	
2.82

	

	

	

	

	

	




	
Fir branch ash

	
0.43

	
5.91

	
5.50

	
34.23

	
2.19

	
6.01

	
2.09

	

	

	

	

	

	




	
Camphor tree branch ash

	
0.26

	
11.12

	
5.98

	
27.12

	
1.24

	
4.28

	
5.82

	

	

	

	

	

	




	
Sawdust ash II

	
0.46

	
3.34

	
3.73

	
34.11

	
4.18

	
9.00

	
3.22

	

	

	

	

	

	




	
Wood crumbs

	
1.48

	
8.70

	
6.23

	
36.68

	
0.99

	
3.99

	
0.96

	

	

	

	

	

	




	
Sawdust material

	
0.26

	
6.10

	
1.52

	
41.92

	
1.45

	
8.23

	
2.31

	

	

	

	

	

	




	
Masson pine

	
0.22

	
1.92

	
10.93

	
40.68

	
0.85

	
1.62

	
0.92

	

	

	

	

	

	




	
Chinese fir

	
0.32

	
18.36

	
6.18

	
31.57

	
0.73

	
1.53

	
0.56

	

	

	

	

	

	




	
Sweet gum

	
0.46

	
14.87

	
19.65

	
22.62

	
0.55

	
2.27

	
0.55

	

	

	

	

	

	




	
Birch glutinosa

	
0.22

	
21.52

	
9.87

	
17.07

	
1.13

	
3.88

	
1.39

	

	

	

	

	

	




	
Oil palm

	
0.59

	
47.76

	
3.17

	
4.50

	
0.43

	
9.79

	
0.09

	

	

	

	

	

	




	
Bark

	
0.17

	
6.86

	
5.43

	
40.65

	
1.17

	
3.16

	
3.73

	

	

	

	

	

	




	
Sawdust III

	
0.45

	
8.60

	
4.26

	
29.87

	
2.70

	
8.71

	
3.30

	

	

	

	

	

	




	
Timber ash

	
0.75

	
15.78

	
4.99

	
19.13

	
2.54

	
9.21

	
3.57

	

	

	

	

	

	




	
Shrub ash

	
0.13

	
6.93

	
4.81

	
50.29

	
0.40

	
1.06

	
0.34

	

	

	

	

	

	




	
Blue Japanese oak ash

	
0.18

	
4.90

	
3.71

	
48.24

	
1.94

	
2.92

	
1.10

	

	

	

	

	

	




	
Black locust ash

	
0.19

	
5.32

	
2.18

	
49.39

	
1.44

	
3.70

	
1.47

	

	

	

	

	

	




	
Cryptomeria ash

	
0.05

	
0.48

	
0.95

	
57.92

	
1.34

	
2.96

	
1.08

	

	

	

	

	

	




	
Black locust ash II

	
0.09

	
10.50

	
3.37

	
47.26

	
0.23

	
0.38

	
0.14

	

	

	

	

	

	




	
Toona sinensis ash

	
0.18

	
11.93

	
4.50

	
51.06

	
0.18

	
0.57

	
0.24

	

	

	

	

	

	




	
[91]




	
White wood ash

	
1.11

	
7.64

	
2.83

	
17.72

	
1.61

	
12.52

	
2.43

	
0.64

	
0.87

	
0.18

	
1.08

	

	




	
[93]




	
Oak ash

	

	

	

	

	
0.41

	

	

	

	

	

	

	
0.03

	




	
Pine ash

	

	

	

	

	
0.43

	

	

	

	

	

	

	
0.04

	




	
Willow ash

	

	

	

	

	
0.16

	

	

	

	

	

	

	
0.09

	




	
[94]




	
Tropical hardwood ash

	
0.96

	
19.92

	
2.83

	
19.30

	
1.54

	
6.47

	
1.43

	
1.28

	
2.40

	
0.20

	

	

	
3.59




	
Temperate hardwood ash

	
0.39

	
14.11

	
4.16

	
27.16

	
1.05

	
5.08

	
1.59

	
1.16

	
3.58

	
0.08

	

	

	
0.60




	
Softwood ash

	
0.70

	
8.30

	
2.95

	
22.87

	
2.24

	
10.63

	
2.17

	
1.92

	
1.22

	
0.31

	

	

	
0.20




	
Temperate hardwood bark ash

	
1.19

	
4.90

	
4.58

	
45.74

	
0.84

	
3.14

	
0.74

	
0.64

	
0.87

	
0.06

	

	

	
5.80




	
Softwood bark ash

	
1.48

	
4.98

	
3.14

	
42.17

	
1.61

	
3.14

	
1.91

	
0.80

	
1.40

	
0.08

	

	

	




	
[97]




	
Wood biomass I

	

	

	

	

	

	

	

	

	

	

	
0.66

	
0.19

	




	
Wood biomass II

	

	

	

	

	

	

	

	

	

	

	
0.17

	
0.03

	




	
Wood biomass III

	

	

	

	

	

	

	

	

	

	

	
0.09

	
0.01

	




	
[17]




	
Hardwood ash

	
0.67

	
12.20

	
2.47

	
26.73

	
0.35

	
1.25

	
0.58

	
0.92

	
4.06

	
0.06

	

	

	




	
Softwood ash

	
0.59

	
7.06

	
2.95

	
22.87

	
1.47

	
9.29

	
2.17

	
0.72

	
1.27

	
0.18

	

	

	




	
[99]




	
Poplar ash I

	

	
6.89

	
9.17

	
26.16

	
0.77

	
2.08

	
0.00

	
0.76

	
5.50

	

	

	

	
0.86




	
Poplar ash II

	

	
5.48

	
10.55

	
30.73

	
1.05

	
3.00

	
0.00

	
1.24

	
6.68

	

	

	

	




	
[101]




	
Pine ash

	
0.82

	
18.26

	
6.39

	
27.80

	

	

	

	

	
3.05

	

	

	

	




	
Spruce ash

	
0.45

	
57.53

	
2.35

	
10.65

	

	

	

	

	
1.61

	

	

	

	




	
Oak ash

	
0.37

	
10.13

	
3.56

	
36.38

	

	

	

	

	
1.66

	

	

	

	




	
Beech ash

	
0.30

	
27.56

	
8.80

	
14.37

	

	

	

	

	
2.09

	

	

	

	




	
Willow ash

	
1.19

	
19.43

	
2.43

	
32.94

	

	

	

	

	
5.68

	

	

	

	




	
Poplar ash

	
0.21

	
15.55

	
7.91

	
40.97

	

	

	

	

	
0.37

	

	

	

	




	
Other biomass




	
[78]




	
Biomass mix ash I

	
0.30

	
12.35

	
5.21

	
32.71

	
1.55

	
8.18

	
1.44

	
0.93

	
1.94

	
0.10

	

	

	
0.21




	
Biomass mix ash I

	
0.29

	
13.11

	
4.61

	
34.43

	
1.38

	
7.08

	
1.16

	
1.30

	
1.75

	
0.11

	

	

	
0.57




	
Biomass mix ash I

	
0.28

	
16.13

	
6.64

	
28.97

	
0.89

	
7.03

	
1.22

	
1.76

	
1.90

	
0.10

	

	

	
0.54




	
[79]




	
Biomass ash I

	
0.37

	
3.07

	
2.06

	
6.16

	
1.77

	
14.97

	
3.29

	
1.24

	
0.56

	
0.18

	

	

	
0.45




	
Biomass ash II

	
0.30

	
15.03

	
4.11

	
16.47

	
1.29

	
13.36

	
1.15

	
2.84

	
0.52

	
0.25

	

	

	
1.82




	
Biomass ash III

	
0.45

	
11.37

	
3.40

	
15.10

	
2.03

	
15.76

	
2.41

	
4.01

	
0.63

	
0.16

	

	

	
1.19




	
[80]




	
Biomass ash I

	
1.14

	
4.63

	
2.70

	
21.83

	
1.81

	

	
1.76

	

	
0.21

	

	

	
0.06

	




	
Biomass ash II

	
0.86

	
2.96

	
1.98

	
7.67

	
1.82

	

	
3.59

	

	
0.28

	

	

	
0.05

	




	
Biomass ash III

	
0.33

	
5.61

	
0.99

	
6.37

	
1.64

	

	
2.05

	

	
0.56

	

	

	
0.03

	




	
Biomass ash IV

	
0.68

	
3.74

	
0.79

	
5.90

	
1.83

	

	
2.26

	

	
0.31

	

	

	
0.03

	




	
Biomass ash V

	
0.34

	
2.43

	
1.33

	
4.75

	
1.66

	

	
2.63

	

	
0.34

	

	

	
0.01

	




	
[82]




	
Biomass ash mix I

	

	
6.91

	

	
20.39

	
0.34

	

	

	
0.15

	
0.18

	

	
0.69

	
0.02

	




	
Biomass ash mix II

	

	
10.81

	

	
24.51

	
0.47

	

	

	
0.85

	
3.20

	

	
0.28

	
0.03

	




	
[83]




	
Biomass ash mix I

	
0.33

	
4.72

	
1.27

	
15.80

	
1.32

	

	
1.91

	
0.80

	
0.69

	

	
0.84

	
0.37

	
0.62




	
Biomass ash mix II

	
0.80

	
31.10

	
0.47

	
5.93

	
0.32

	

	
0.21

	
9.62

	
0.67

	

	
0.41

	
1.90

	
3.44




	
Biomass ash mix III

	
0.48

	
19.20

	
3.00

	
23.10

	
0.86

	

	
0.84

	
4.28

	
1.29

	

	
1.46

	
0.80

	
2.50




	
Biomass ash mix IV

	
4.70

	
17.70

	
1.16

	
12.50

	
1.04

	

	
0.72

	
2.10

	
0.83

	

	
0.68

	
1.54

	
23.67




	
Biomass ash mix V

	
2.67

	
14.80

	
1.75

	
28.10

	
0.41

	

	
0.46

	
1.58

	
0.81

	

	
0.29

	
0.06

	
7.46




	
Biomass ash mix VI

	
0.51

	
11.80

	
0.37

	
31.60

	
0.19

	

	
0.13

	
2.58

	
0.44

	

	
0.10

	
0.44

	
5.23




	
Biomass ash mix VII

	
0.74

	
57.00

	
0.04

	
0.54

	
0.15

	

	
0.14

	
6.15

	
0.94

	

	
0.01

	
0.02

	
16.10




	
Biomass ash mix VIII

	
0.49

	
40.70

	
0.77

	
3.28

	
0.07

	

	
0.00

	
2.21

	
0.52

	

	
0.00

	
0.03

	
25.42




	
[84]




	
Biomass ash I

	
0.05

	
9.55

	
2.59

	
7.15

	
2.12

	
27.68

	
0.79

	
0.75

	
0.70

	
0.05

	
0.68

	
0.07

	
0.33




	
Biomass ash II

	
0.03

	
8.88

	
0.84

	
2.38

	
1.81

	
33.23

	
2.18

	
0.20

	
0.50

	
0.06

	
0.11

	
0.01

	
0.19




	
Biomass ash III

	
0.03

	
7.64

	
1.04

	
2.69

	
4.26

	
23.52

	
4.82

	
0.78

	
0.55

	
0.15

	
0.18

	
0.08

	
1.99




	
[85]




	
Biomass ash I

	
0.95

	
3.35

	
2.91

	
38.68

	
1.62

	
10.32

	
2.64

	

	

	
0.35

	
0.50

	
0.01

	




	
Biomass ash II

	
0.86

	
3.48

	
5.63

	
12.86

	
3.46

	
23.34

	
4.21

	

	

	
0.58

	
0.71

	
0.03

	




	
Biomass ash III

	
0.96

	
3.44

	
4.41

	
11.12

	
2.91

	
26.84

	
3.80

	

	

	
0.35

	
0.49

	
0.01

	




	
[87]




	
Biomass ash

	
0.36

	
25.78

	
3.19

	
10.34

	
1.38

	
7.76

	
0.82

	
7.19

	

	

	

	

	
1.19




	
[90]




	
Wood waste with bark ash

	
0.24

	
0.79

	
1.47

	
13.20

	
1.51

	
0.56

	
2.00

	

	
2.93

	

	
0.67

	

	




	
Biomass ash mix I

	

	

	

	

	

	

	

	

	

	

	

	

	
0.01




	
[94]




	
Recovered wood ash

	
1.48

	
2.16

	
8.44

	
11.44

	
3.98

	
18.02

	
5.03

	
2.32

	
0.29

	
1.62

	

	

	




	
Paper sludge ash

	
0.36

	
0.34

	
2.83

	
18.58

	
1.47

	
17.10

	
12.17

	
0.22

	
0.17

	
0.90

	

	

	




	
Sewage sludge ash

	
1.26

	
1.41

	
1.45

	
10.72

	
9.08

	
14.79

	
6.35

	
0.88

	
6.11

	
0.59

	

	

	




	
[77]




	
Biomass ash I

	
0.33

	
22.36

	
2.72

	
26.28

	
9.28

	
25.37

	
6.54

	

	
4.99

	
0.25

	
1.14

	

	




	
Biomass ash II

	
0.43

	
10.99

	
1.35

	
26.00

	
14.90

	
26.73

	
7.48

	

	
6.71

	
0.36

	
1.34

	

	




	
Biomass ash III

	
0.66

	
7.09

	
4.34

	
32.21

	
17.74

	
23.99

	
4.97

	

	
7.14

	
0.23

	
0.60

	

	




	
Biomass ash IV

	
0.42

	
13.26

	
2.16

	
28.81

	
5.71

	
28.73

	
6.93

	

	
11.10

	
0.28

	
1.23

	

	




	
Biomass ash V

	
0.63

	
23.55

	
2.18

	
20.98

	
15.39

	
27.58

	
5.61

	

	
3.30

	
0.22

	
0.47

	

	




	
Biomass ash VI

	
2.40

	
16.66

	
2.54

	
30.89

	
7.74

	
25.91

	
6.39

	

	
5.54

	
0.24

	
1.43

	

	




	
[100]




	
Cattle manure ash I

	

	
6.38

	

	
16.57

	
14.09

	
4.77

	
0.38

	

	

	
1.02

	

	

	




	
Cattle manure ash I

	

	
8.37

	
0.03

	
20.91

	
12.33

	
3.72

	
0.32

	

	

	
0.89

	

	

	




	
Cattle manure ash I

	
0.72

	
6.35

	
1.05

	
17.91

	
7.29

	
13.24

	
1.73

	

	

	
0.62

	

	

	










Appendix A.2




 





Table A2. Trace element contents with average values in ashes from (a) green biomass (GBA), (b) woody biomass (WBA), and (c) other biomass (OBA). Own analysis based on [79,80,82,83,84,85,86,90,93,97,102].






Table A2. Trace element contents with average values in ashes from (a) green biomass (GBA), (b) woody biomass (WBA), and (c) other biomass (OBA). Own analysis based on [79,80,82,83,84,85,86,90,93,97,102].





	
Type of Biomass

	
Content of Component [mg/kg]




	
V

	
Cr

	
Co

	
Ni

	
Cu

	
Pb

	
Bi

	
Cd

	
Mo

	
Hg

	
As

	
Se

	
Sr

	
B

	
Ba

	
Sb






	
Green biomass




	
[82]




	
Virginia mallow ash

	

	
47.51

	

	
83.89

	
67.89

	
28.19

	

	

	

	

	
0.93

	

	

	

	

	




	
Jerusalem artichoke ash

	

	
50.61

	

	
35.83

	
72.62

	
6.43

	

	

	

	

	
0.32

	

	

	

	

	




	
Multiflorous rose ash

	

	
23.14

	

	
52.58

	
33.00

	
6.11

	

	

	

	

	
0.36

	

	

	

	

	




	
Miscanthus giganteus ash

	

	
60.87

	

	
45.65

	
70.70

	
9.23

	

	

	

	

	
0.31

	

	

	

	

	




	
Miscanthus sacchariflorus ash

	

	
63.77

	

	
51.98

	
81.55

	
7.27

	

	

	

	

	
0.39

	

	

	

	

	




	
Prairie cordgrass ash

	

	
50.29

	

	
32.73

	
54.99

	
13.03

	

	

	

	

	
0.65

	

	

	

	

	




	
Common reed ash

	

	
44.48

	

	
63.10

	
44.27

	
14.65

	

	

	

	

	
0.13

	

	

	

	

	




	
Switch grass ash

	

	
64.57

	

	
32.18

	
69.11

	
28.73

	

	

	

	

	
0.73

	

	

	

	

	




	
Wheat straw ash

	

	
60.47

	

	
7.38

	
27.84

	
6.82

	

	

	

	

	
0.18

	

	

	

	

	




	
Triticale straw ash

	

	
90.85

	

	
12.84

	
43.03

	
7.32

	

	

	

	

	
0.14

	

	

	

	

	




	
Oat straw ash

	

	
14.58

	

	
13.14

	
22.06

	
7.69

	

	

	

	

	
0.09

	

	

	

	

	




	
Barley straw ash

	

	
20.62

	

	
8.84

	
64.88

	
4.39

	

	

	

	

	
0.18

	

	

	

	

	




	
Buckwheat straw ash

	

	
47.94

	

	
8.24

	
38.78

	
3.90

	

	

	

	

	
0.08

	

	

	

	

	




	
Hay ash

	

	
69.56

	

	
37.30

	
51.31

	
33.33

	

	

	

	

	
0.07

	

	

	

	

	




	
Cherry pit ash

	

	
65.53

	

	
40.23

	
795.33

	
12.35

	

	

	

	

	
1.58

	

	

	

	

	




	
Sunflower husk ash

	

	
21.18

	

	
22.23

	
91.72

	
4.42

	

	

	

	

	
0.09

	

	

	

	

	




	
Rape pod ash

	

	
18.82

	

	
23.76

	
33.18

	
3.82

	

	

	

	

	
0.09

	

	

	

	

	




	
Apple pomace ash

	

	
10.67

	

	
64.33

	
582.00

	
13.82

	

	

	

	

	
1.72

	

	

	

	

	




	
Hazelnut shell ash

	

	
37.62

	

	
61.64

	
645.00

	
7.56

	

	

	

	

	
0.13

	

	

	

	

	




	
Walnut shell ash

	

	
50.93

	

	
42.04

	
202.75

	
6.51

	

	

	

	

	
0.12

	

	

	

	

	




	
[83]




	
Straw ash

	
11.00

	
15.00

	
29.00

	
5.00

	
5.00

	
20.00

	
26.00

	
6.00

	
25.00

	
0.40

	
8.00

	

	
40.00

	
60.00

	
152.00

	
10.00




	
[142]




	
Straw winter wheat ash

	
10.10

	
13.22

	
2.00

	
4.20

	
167.00

	
5.20

	

	
0.20

	

	

	

	

	

	

	

	




	
Cereals triticale ash

	
20.00

	
20.00

	
3.00

	
10.20

	
46.00

	
4.50

	

	
0.20

	

	

	

	

	

	

	

	




	
[90]




	
Wheat straw ash

	
10.00

	
22.00

	
25.00

	
5.00

	
5.00

	
20.00

	
8.00

	
3.00

	
5.00

	
0.30

	
7.00

	

	
55.00

	
17.00

	
271.00

	
10.00




	
Wheat straw ash

	
13.00

	
7.00

	
33.00

	
5.00

	
5.00

	
20.00

	
45.00

	
8.00

	
46.00

	
0.40

	
1.00

	

	
25.00

	
103.00

	
33.00

	
10.00




	
[93]




	
Miscanthus ash

	

	
25.70

	

	
16.40

	
58.77

	
9.69

	

	
7.68

	

	

	

	

	

	

	

	




	
Sunflower husk ash

	

	
50.09

	

	
59.37

	
358.00

	
6.78

	

	
9.93

	

	

	

	

	

	

	

	




	
Wheat straw ash

	

	
32.25

	

	
14.17

	
72.54

	
8.52

	

	
5.42

	

	

	

	

	

	

	

	




	
Woody biomass




	
[82]




	
Birch wood ash

	

	
39.07

	

	
34.91

	
97.10

	
40.48

	

	

	

	

	
1.01

	

	

	

	

	




	
Pine wood ash

	

	
62.04

	

	
45.84

	
196.00

	
28.89

	

	

	

	

	
1.59

	

	

	

	

	




	
Oak wood ash

	

	
89.87

	

	
125.67

	
190.67

	
54.49

	

	

	

	

	
1.91

	

	

	

	

	




	
Hornbeam wood ash

	

	
10.65

	

	
158.67

	
140.67

	
40.20

	

	

	

	

	
1.13

	

	

	

	

	




	
Ash wood ash

	

	
30.66

	

	
24.84

	
121.00

	
15.31

	

	

	

	

	
0.78

	

	

	

	

	




	
Poplar wood ash

	

	
20.57

	

	
26.19

	
96.92

	
9.65

	

	

	

	

	
0.18

	

	

	

	

	




	
Willow ash

	

	
45.97

	

	
32.00

	
123.50

	
8.93

	

	

	

	

	
0.34

	

	

	

	

	




	
Acacia wood ash

	

	
36.31

	

	
59.72

	
158.00

	
15.83

	

	

	

	

	
0.49

	

	

	

	

	




	
Beech bark ash

	

	
20.65

	

	
99.07

	
104.00

	
9.08

	

	

	

	

	
0.12

	

	

	

	

	




	
Oak bark ash

	

	
31.06

	

	
48.07

	
202.67

	
24.18

	

	

	

	

	
0.85

	

	

	

	

	




	
Hornbeam bark ash

	

	
12.49

	

	
68.57

	
25.21

	
11.23

	

	

	

	

	
0.13

	

	

	

	

	




	
Ash bark ash

	

	
13.94

	

	
42.95

	
19.83

	
9.71

	

	

	

	

	
0.11

	

	

	

	

	




	
Acacia bark ash

	

	
20.07

	

	
64.70

	
61.00

	
14.03

	

	

	

	

	
0.98

	

	

	

	

	




	
[83]




	
Wood ash

	
22.00

	
64.00

	
33.00

	
20.00

	
113.00

	
396.00

	
131.00

	
47.00

	
23.00

	
1.20

	
30.00

	

	
342.00

	
298.00

	
234.00

	
10.00




	
[142]




	
Bark spruce ash

	
58.40

	
132.60

	
23.90

	
94.10

	
87.80

	
25.30

	

	
3.90

	

	

	

	

	

	

	

	




	
Wood chip spruce ash

	
42.00

	
54.10

	
15.30

	
61.50

	
126.80

	
25.40

	

	
4.80

	

	

	

	

	

	

	

	




	
[90]




	
Wood ash

	

	
76.40

	

	
28.00

	
89.60

	
13.10

	

	
2.38

	

	
0.03

	
3.34

	

	

	

	

	




	
Biomass mix I

	

	

	

	
41.00

	
175.00

	
177.00

	

	
9.00

	

	
0.20

	
18.00

	

	

	

	

	




	
Biomass mix I

	

	

	

	
50.00

	
48.00

	
39.00

	

	
7.60

	

	
0.30

	
15.00

	

	

	

	

	




	
Beech wood chip ash

	
8.90

	
24.00

	
4.200

	
36.00

	
98.00

	
38.70

	

	
49.00

	
2.06

	

	
4.50

	

	
324.00

	
10.26

	
1786.00

	
0.71




	
Bark and wood chip ash

	
15.10

	
20.10

	
6.700

	
34.10

	
70.10

	
20.70

	

	
4.50

	
1.00

	

	
1.60

	

	

	

	

	




	
Wood chip ash

	
9.50

	
21.10

	
2.000

	
8.00

	
44.20

	
18.50

	

	
0.20

	
0.40

	

	
1.90

	

	

	

	

	




	
[93]




	
Oak ash

	

	
22.41

	

	
19.17

	
307.00

	
12.21

	

	
8.26

	

	

	

	

	

	

	

	




	
Pine ash

	

	
18.87

	

	
21.69

	
203.00

	
12.91

	

	
8.06

	

	

	

	

	

	

	

	




	
Willow ash

	

	
39.93

	

	
75.51

	
190.00

	
10.23

	

	
7.50

	

	

	

	

	

	

	

	




	
[97]




	
Wood biomass ash I

	

	
50.00

	
11.20

	
79.60

	
84.40

	
79.90

	
44.80

	
3.10

	

	

	

	

	
408.50

	

	
588.80

	




	
Wood biomass ash II

	

	
123.00

	
26.00

	
170.30

	
79.70

	
101.40

	
2.80

	
2.60

	

	
0.01

	

	

	
314.70

	

	
1437.00

	




	
Wood biomass ash III

	

	
61.70

	
15.80

	
35.20

	
56.10

	
37.80

	
25.20

	
6.00

	

	
0.19

	

	

	
485.00

	

	
545.00

	




	
[102]




	
Aspen ash

	

	

	

	
0.10

	
2.10

	

	

	

	

	

	

	

	
14.10

	

	

	




	
Bird cherry ash

	

	
254.70

	

	
254.70

	
36.30

	
3.50

	

	

	

	

	

	

	
27.80

	

	

	




	
Black alder ash

	

	
1.00

	

	
0.50

	
9.50

	
1.20

	

	

	

	

	

	

	
26.80

	

	

	




	
Blackthorn ash

	

	
1.40

	

	
0.90

	
6.20

	
0.20

	

	

	

	

	

	

	
87.40

	

	

	




	
Common laburnum ash

	

	
3.70

	

	
0.80

	
3.90

	
0.40

	

	

	

	

	

	

	
22.10

	

	

	




	
Common lilac ash

	

	
1.50

	

	
37.60

	
3.40

	
0.60

	

	

	

	

	

	

	
24.00

	

	

	




	
Common plum ash

	

	
78.70

	

	
44.60

	
20.80

	
1.20

	

	

	

	

	

	

	
66.30

	

	

	




	
European ash

	

	
407.00

	

	
236.70

	
41.60

	
2.70

	

	

	

	

	

	

	
64.10

	

	

	




	
European crab apple ash

	

	
9.90

	

	
1.70

	
6.70

	
1.80

	

	

	

	

	

	

	
189.60

	

	

	




	
Grey alder ash

	

	
191.70

	

	
92.30

	
26.70

	
4.50

	

	

	

	

	

	

	
14.30

	

	

	




	
Hawthorn ash

	

	
8.20

	

	
2.00

	
14.80

	
4.60

	

	

	

	

	

	

	
48.40

	

	

	




	
Norway maple ash

	

	
3.30

	

	
1.90

	
6.10

	
0.80

	

	

	

	

	

	

	
29.30

	

	

	




	
Rowan ash

	

	
6.90

	

	
2.70

	
9.60

	
0.80

	

	

	

	

	

	

	
21.70

	

	

	




	
Silver birch ash

	

	
59.90

	

	
31.00

	
5.20

	
0.40

	

	

	

	

	

	

	
10.50

	

	

	




	
White willow ash

	

	
0.30

	

	
0.20

	
4.60

	
0.10

	

	

	

	

	

	

	
24.20

	

	

	




	
Wych elm ash

	

	
1.80

	

	
1.20

	
8.60

	
0.60

	

	

	

	

	

	

	
138.30

	

	

	




	
Common juniper

	

	
5.30

	

	
1.20

	
4.00

	
3.10

	

	

	

	

	

	

	
15.40

	

	

	




	
Norway spruce

	

	
98.50

	

	
45.30

	
14.30

	
0.70

	

	

	

	

	

	

	
188.90

	

	

	




	
Scots pine

	

	
138.20

	

	
91.40

	
14.40

	
0.20

	

	

	

	

	

	

	
15.70

	

	

	




	
Other biomass




	
[79]




	
Biomass ash I

	

	
0.02

	

	
0.01

	
0.01

	

	

	

	

	

	

	

	

	

	

	




	
Biomass ash II

	

	
0.02

	

	

	
0.02

	

	

	

	

	

	

	

	

	

	

	




	
Biomass ash III

	
0.05

	
0.03

	

	
0.01

	
0.02

	
0.06

	

	

	

	

	

	

	

	

	

	




	
[80]




	
Biomass ash I

	

	
93.76

	
22.15

	
24.73

	
82.58

	
276.80

	

	
3.90

	
5.09

	

	
21.72

	
1.37

	

	

	

	




	
Biomass ash II

	

	
37.32

	
8.13

	
21.78

	
47.45

	
66.70

	

	
2.18

	
2.02

	
0.19

	
10.04

	
0.84

	

	

	

	




	
Biomass ash III

	

	
139.63

	
7.95

	
30.57

	
44.32

	
34.30

	

	
2.54

	
3.79

	
0.24

	
17.47

	
0.40

	

	

	

	




	
Biomass ash IV

	

	
32.91

	
7.07

	
19.76

	
64.39

	
102.99

	

	
2.58

	
4.67

	
0.13

	
19.31

	
1.25

	

	

	

	




	
Biomass ash V

	

	
37.73

	
7.58

	
18.20

	
36.58

	
31.05

	

	
4.14

	
4.00

	
0.16

	

	
0.77

	

	

	

	




	
[82]




	
Biomass ash mix I

	

	
95.64

	

	
110.33

	
188.00

	
50.67

	

	

	

	

	
1.44

	

	

	

	

	




	
Biomass ash mix II

	

	
25.00

	

	
176.33

	
181.00

	
12.69

	

	

	

	

	
0.13

	

	

	

	

	




	
[83]




	
Biomass ash mix I

	
36.00

	
92.00

	
39.00

	
31.00

	
11.00

	
352.00

	
95.00

	
19.00

	
24.00

	
0.80

	
19.00

	

	
284.00

	
263.00

	
484.00

	
10.00




	
Biomass ash mix II

	
38.00

	
76.00

	
39.00

	
23.00

	
140.00

	
602.00

	
237.00

	
105.00

	
43.00

	
0.10

	
36.00

	

	
242.00

	
221.00

	
91.00

	
12.00




	
Biomass ash mix III

	
10.00

	
87.00

	
25.00

	
27.00

	
145.00

	
250.00

	
124.00

	
41.00

	
5.00

	
1.70

	
27.00

	

	
641.00

	
671.00

	
191.00

	
10.00




	
Biomass ash mix IV

	
10.00

	
70.00

	
25.00

	
4.00

	
156.00

	
892.00

	
167.00

	
77.00

	
5.00

	
4.20

	
62.00

	

	
283.00

	
292.00

	
136.00

	
10.00




	
Biomass ash mix V

	
30.00

	
15.00

	
34.00

	
31.00

	
5.00

	
53.00

	
59.00

	
9.00

	
27.00

	
0.05

	
15.00

	

	
461.00

	
227.00

	
357.00

	
10.00




	
Biomass ash mix VI

	
10.00

	
41.00

	
34.00

	
6.00

	
5.00

	
228.00

	
104.00

	
32.00

	
32.00

	
0.10

	
19.00

	

	
141.00

	
114.00

	
144.00

	
11.00




	
Biomass ash mix VII

	
10.00

	
22.00

	
25.00

	
5.00

	
5.00

	
20.00

	
8.00

	
3.00

	
5.00

	
0.30

	
7.00

	

	
55.00

	
17.00

	
271.00

	
10.00




	
Biomass ash mix VIII

	
13.00

	
7.00

	
33.00

	
5.00

	
5.00

	
20.00

	
45.00

	
8.00

	
46.00

	
0.40

	
10.00

	

	
25.00

	
103.00

	
33.00

	
10.00




	
[84]




	
Biomass ash I

	
46.00

	
82.00

	
8.00

	
45.00

	
158.00

	
41.00

	

	
5.00

	
35.00

	

	
3.00

	

	
0.58

	
220.00

	
0.86

	
10.00




	
Biomass ash II

	
48.00

	
41.00

	
8.00

	
23.00

	
51.00

	
35.00

	

	
2.00

	
37.00

	

	
13.00

	

	
0.43

	
99.00

	
0.85

	
10.00




	
Biomass ash III

	
101.00

	
90.00

	
16.00

	
45.00

	
90.00

	
57.00

	

	
7.00

	
43.00

	

	
6.00

	

	
0.46

	
193.00

	
1.04

	
28.00




	
[85]




	
Biomass ash I

	

	

	
6.40

	
24.50

	
18.90

	
23.40

	

	
1.90

	

	
0.01

	

	

	

	

	
206.40

	




	
Biomass ash II

	

	

	
11.50

	
68.30

	
31.60

	
36.10

	

	
2.30

	

	
0.01

	

	

	

	

	
671.40

	




	
Biomass ash III

	

	

	
6.70

	
28.50

	
12.80

	
29.00

	

	
1.10

	

	
0.01

	

	

	

	

	
534.90

	




	
[90]




	
Biomass ash mix I

	
36.00

	
92.00

	
39.00

	
31.00

	
11.00

	
352.00

	
95.00

	
19.00

	
24.00

	
0.80

	
19.00

	

	
284.00

	

	
484.00

	
10.00




	
Biomass ash mix II

	
10.00

	
70.00

	
25.00

	
4.00

	
156.00

	
892.00

	
167.00

	
77.00

	
5.00

	
4.20

	
62.00

	

	
283.00

	

	
136.00

	
10.00




	
Forest residues ash I

	

	
10.10

	
6.40

	
24.50

	
18.90

	
23.40

	

	
1.90

	

	
0.01

	
5.10

	

	

	

	
206.40

	




	
Forest residues ash II

	

	
128.10

	
11.50

	
68.30

	
31.600

	
36.10

	

	
2.30

	

	
0.01

	
25.60

	

	

	

	
671.40

	




	
Wood chips from forest residue ash I

	

	

	

	
46.00

	
145.0

	
259.00

	

	
40.00

	

	

	

	

	

	

	
662.00

	




	
Wood chips from forest residue ash II

	

	

	

	
49.00

	
177.00

	
307.00

	

	
31.00

	

	

	

	

	

	

	
623.00

	




	
Wood chips from forest residue ash III

	

	
47.00

	

	
28.00

	
207.00

	
911.00

	

	
75.00

	

	

	

	

	

	

	
371.00

	




	
Forest waste ash

	

	

	

	
35.00

	
99.00

	
191.00

	

	
1.00

	

	
1.00
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Figure 5. Melting temperatures ((a) DT—deformation temperature, (b) ST—softening temperature, (c) HT—hemispherical temperature, (d) FT—flow temperature) of biomass ashes from green biomass (GBA), woody biomass (WBA), and other biomass (OBA). Own analysis based on [62,65,70,71,72,74,76,92,96,104,105]. 
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Figure 6. SEM of biomass ashes from (a) sunflower husk, (b) beet pulp, (c) beech chips, and (d) corn cob. Own source. 






Figure 6. SEM of biomass ashes from (a) sunflower husk, (b) beet pulp, (c) beech chips, and (d) corn cob. Own source.



[image: Energies 18 05653 g006]







[image: Energies 18 05653 g007] 





Figure 7. Alkali ratio values for green biomass ash (GBA), woody biomass ash (WBA), and other biomass ash (OBA). Own analyzed based on [17,72,77,78,79,80,81,83,84,85,86,87,88,89,90,91,92,94,95,96,98,99,100,101]. 
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Table 1. Factors determining the amount and composition of mineral matter in plants [9,50,54,55,56,57].
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	Natural Factors
	Anthropogenic Factors





	
	✓

	
Genus and species




	✓

	
Plant part




	✓

	
Plant age




	✓

	
Soil physicochemical conditions




	✓

	
Atmospheric and geographical conditions






	
	✓

	
Fertilizer application




	✓

	
Application of plant protection products




	✓

	
Harvest time and technique




	✓

	
Method and conditions of transport, storage, and processing




	✓

	
Other (proximity to roads, cities, factories, mines, type of cultivation, density, etc.)
















 





Table 2. Surface properties of biomass ash. Own analysis based on [81,83,84,92,98,106,107,108].
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	Parameter
	Porosity [%]
	Surface BET Area [m2/g]
	Particle Density (g/cm3)
	Bulk Density (g/cm3)
	Total Pore Volume [cm3/g]
	Average Pore Diameter [nm]
	Particle Size [um]





	Min value
	81.27
	0.18
	1.31
	0.10
	0.01
	3.80
	22.00



	Max value
	94.34
	46.00
	2.74
	0.78
	0.04
	10.24
	40.00



	Mean value
	86.15
	6.39
	2.29
	0.35
	0.03
	7.02
	28.40










 





Table 3. Studies on using biomass ashes as catalysts during gasification.
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	Material
	Catalyst
	Amount of Catalyst
	Conditions
	Type of Reactor
	Description





	Coal char
	Switchgrass ash
	0, 10, 25, 50, 75, 90%
	G. A.—CO2
	TGA
	Analysis of the feasibility of using switchgrass ash during coal char gasification and determination of the optimal amount of catalytic additive as well as the reactivity and kinetics of the process [115].



	Palm shell
	Palm empty fruit bunch ash
	5.0, 7.5, 10.0, 12.5%
	T = 800–900 °C

G. A.—CO2
	TGA
	Verification of the use of palm fruit ash as a catalyst in the gasification of biomass char under a carbon dioxide atmosphere with regard to reactivity and process kinetics [116].



	Pine wood char
	Pine wood ash
	-
	G. A.—H2O
	TGA
	Analysis of the effect of the addition of biomass ash on the reactivity and kinetics of steam biomass gasification [117].



	Brown coal
	Brown seaweed ash, eel grass ash, and rice straw ash
	0.01, 0.02, 0.03, 0.04%
	T = 550–750 °C

G. A.—H2O
	Fixed bed
	Evaluation of the effect of the type and quantity of biomass ash catalysts on the steam gasification of brown coal by assessing the physicochemical properties of the ash and the quality of the resulting gas [118].



	Woody biomass
	Olivine/woody biomass ash
	-
	T = 870 °C

G. A.—H2O
	Fluidized bed
	Analysis of the kinetics of steam gasification of woody biomass in the presence of a layered catalyst of woody biomass ash on olivine as a fluidized bed material [119].



	Biomass char
	Olivine/biomass char ash
	-
	T = 900 °C

G. A.—H2O
	Fluidized bed
	Physicochemical analysis of the raw material and the olivine/ash catalyst, along with an assessment of the potential for use in the steam gasification process with particular emphasis on catalyst activity [120].



	Biomass mix
	Olivine/biomass mix ash
	-
	T ≈ 800 °C

P ≈ atm

G. A. –H2O
	Fluidized bed
	Verification of the use of olivine and biomass ash in the gasification process of a mixture of biomass, with the evaluation of the yield of gas products and the quality of the gas obtained [121].



	Coal and anthracite char
	Rice straw ash
	10%
	T = 850–1000 °C

G. A.—CO2
	TGA
	Studies of the use of rice husk ash as a catalyst in the gasification of coal char, comparing the reactivity, the kinetics of the process, and the physicochemistry of the ash catalyst [105].



	Biomass mix
	Olivine/biomass mix ash
	-
	T ≈ 800 °C

P ≈ atm

G. A. –H2O
	Fluidized bed
	Analysis of the use of olivine coated with biomass ash as a catalyst in the gasification process of a mixture of biomass with particular emphasis on the evaluation of the quality of gasification products [122].



	Wood pellets and pine wood
	Residual forest biomass ash derived from eucalyptus
	-
	G. A.—Air
	Fluidized bed
	Analysis of the course of air gasification of wood pellets and pine wood in the presence of an ash catalyst from eucalyptus residues, taking into account the evaluation of the composition of the reaction gas [123].



	Coal char, biomass char, and their mix
	Biomass ash
	0.0, 2.5, 5,0, 10.0, 20.0, 30.0, 40.0, 50.0%
	G. A.—CO2
	TGA
	Evaluation of the effect of the addition of biomass ash and the amount of ash in the catalytic gasification of coal and biomass char, as well as a mixture of these raw materials, on their reactivity [124].



	Anthracite
	Corn stalk ash and poplar sawdust ash
	20, 50, 80%
	T = 900 °C

G. A.—CO2
	TGA
	Evaluation of the catalytic potential of two biomass ashes as catalysts in anthracite gasification under a carbon dioxide atmosphere based on reactivity studies [125].



	Petcoke char
	Rice straw ash and cotton straw ash
	5, 10, 15%
	T= 1000–1300 °C

G. A.—CO2
	TGA
	Evaluation of the effectiveness of biomass ash use during petcoke char gasification with regard to reactivity and process kinetics [126].



	Petroleum coke
	Cotton straw ash
	10%
	T = 1000–1200 °C

G. A.—CO2
	TGA
	Analysis of the performance of biomass ash as a catalyst during petroleum coke gasification and the effect of its application method on the reactivity and kinetics of the process [127].



	Tyre char
	Sunflower husk ash, corn cob ash, beet pulp ash, and beech chip ash
	5, 10, 15%
	G. A.—CO2
	TGA
	Study of the catalytic effect caused by the addition of four biomass ashes at 5, 10, and 15% during the gasification of tyre char in a carbon dioxide atmosphere, through physicochemical evaluation of catalysts, reactivity, and kinetics [104].



	Corn straw
	Corn straw ash
	2, 5, 10, 15 and 20%
	T = 800 °C

G. A.—Air
	Fixed bed
	Assessing the feasibility of using corn straw gasification ash as a catalyst during raw corn straw gasification by analyzing the yield of reaction products and the composition of the process gas [128].



	Tyre char
	Sunflower husk ash
	0, 5, 10, 15%
	T = 800–1000

P = 0.5, 1.0 MPa

G. A.—H2O
	Fixed bed
	Study of the effect of the presence of a sunflower husk ash catalyst in the process of steam gasification of tyre char under different total pressures considering the comparison of reactivity, gas quality obtained, and kinetics of the process [129].



	Tyre char
	Sunflower husk, beet pulp, beech chips, and corn cobs
	0, 5, 10, 15%
	T = 800–1000

P = 0.5, 1.0 MPa

G. A.—H2O
	Fixed bed
	Analysis of the catalytic effect of four biomass ashes added at amounts of 5, 10, and 15% during steam gasification of tyre char by analyzing reactivity, gas product quality, and process kinetics [130].



	Sawdust waste
	Municipal solid waste ash
	-
	T = 800 °C

G. A.—H2O
	Fixed bed
	Study of steam gasification of sawdust waste in the presence of municipal solid waste ash as well as washed and calcined, taking into account the physicochemical properties of the catalysts and the quality of the resulting gas [131].



	Residual forest biomass
	Mix biomass ash
	-
	T = 800 °C

P = 1.0 atm

G. A.—H2O
	Fluidized bed
	Verification of the use of biomass mix ash in steam gasification of forest biomass residues, taking into account the physicochemistry of the feedstock and catalyst, the gas quality, and the parameters describing the process [132].



	Tyre char
	Sunflower husk, beet pulp, beech chips, and corn cobs
	0, 10, 15%
	T = 800–900

P = 0.5, 1.0 MPa

G. A.—H2O
	Fixed bed
	Analysis of the effect of pressure on the catalyst’s gasification using biomass ashes by assessment of reactivity, yields of gaseous products, as well as kinetic parameters [133].







Where G. A.—gasifying agent, T—temperature, P—total pressure, and TGA—thermogravimetric analysis.













 





Table 4. Quality and quantity of the gases obtained during catalytic gasification with biomass ash.
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Sample

	
Gas Composition [%]

	
HHV [MJ/m3]

	
H2/CO

[-]

	
CO/CO2

[-]




	
H2

	
CO

	
CO2

	
CH4

	
CnHm






	
[118]




	
T = 550 °C

	
No ash

	
5.3

	
33.3

	
33.7

	
27.7

	
-

	
15.90 *

	
0.16 *

	
0.99 *




	
Rice straw ash

	
5.4

	
33.3

	
33.9

	
27.4

	
-

	
15.79 *

	
0.16 *

	
0.98 *




	
Eel grass ash

	
20.3

	
26.1

	
34.4

	
19.1

	
-

	
13.48 *

	
0.78 *

	
0.76 *




	
Brown seaweed ash

	
23.4

	
26.6

	
40.7

	
9.3

	
-

	
10.04 *

	
0.88 *

	
0.65 *




	
T = 650 °C

	
No ash

	
52.6

	
12.8

	
25.3

	
9.3

	
-

	
12.03 *

	
4.11 *

	
0.51 *




	
Rice straw ash

	
52.9

	
12.4

	
25.1

	
9.6

	
-

	
12.14 *

	
4.27 *

	
0.49 *




	
Eel grass ash

	
51.0

	
13.3

	
26.3

	
9.5

	
-

	
11.97 *

	
3.83 *

	
0.51 *




	
Brown seaweed ash

	
58.6

	
9.6

	
24.3

	
7.5

	
-

	
11.68 *

	
6.10 *

	
0.40 *




	
T = 750 °C

	
No ash

	
62.6

	
8.1

	
24.7

	
5.0

	
-

	
11.01 *

	
7.73 *

	
0.33 *




	
Rice straw ash

	
62.2

	
8.0

	
24.8

	
4.9

	
-

	
10.90 *

	
7.78 *

	
0.32 *




	
Eel grass ash

	
65.1

	
9.6

	
22.6

	
2.6

	
-

	
10.56 *

	
6.78 *

	
0.42 *




	
Brown seaweed ash

	
63.4

	
8.6

	
25.4

	
2.6

	
-

	
10.22 *

	
7.37 *

	
0.34 *




	
First regeneration—Brown seaweed ash

	
67.7

	
6.6

	
23.3

	
2.4

	
-

	
10.43 *

	
10.26 *

	
0.28 *




	
Second regeneration—Brown seaweed ash

	
64.9

	
7.1

	
25.3

	
2.6

	
-

	
10.22 *

	
9.14 *

	
0.28 *




	
Third regeneration—Brown seaweed ash

	
65.7

	
7.0

	
24.9

	
2.3

	
-

	
10.19 *

	
9.39 *

	
0.28 *




	
First regeneration—Eel grass ash

	
66.5

	
6.1

	
24.3

	
3.1

	
-

	
10.50 *

	
10.90 *

	
0.25 *




	
Second regeneration—Eel grass ash

	
66.0

	
6.2

	
24.1

	
3.6

	
-

	
10.64 *

	
10.65 *

	
0.26 *




	
Third regeneration—Eel grass ash

	
66.3

	
5.7

	
24.8

	
3.2

	
-

	
10.46 *

	
11.63 *

	
0.23 *




	
[123]




	
Wood pellets

	
8.3

	
15.6

	
13.9

	
4.2

	
1.4

	
5.58 *

	
0.53 *

	
1.12 *




	
Wood pellets

	
9.9

	
19.3

	
15.7

	
5.4

	
2.1

	
7.17 *

	
0.51 *

	
1.23 *




	
Residual forest biomass

	
6.0

	
14.7

	
17.0

	
4.0

	
2.0

	
5.47 *

	
0.41 *

	
0.86 *




	
Residual forest biomass

	
7.8

	
8.1

	
16.1

	
4.8

	
2.4

	
5.44 *

	
0.96 *

	
0.50 *




	
Residual forest biomass

	
7.2

	
21.6

	
16.7

	
5.4

	
2.6

	
7.43 *

	
0.33 *

	
1.29 *




	
Wood pellets + Bottom bed ashes

	
5.6

	
13.6

	
10.4

	
2.7

	
1.0

	
4.14 *

	
0.41 *

	
1.31 *




	
Wood pellets + Bottom bed ashes

	
6.7

	
8.7

	
11.7

	
5.6

	
0.6

	
4.56 *

	
0.77 *

	
0.74 *




	
Residual forest biomass + Bottom bed ashes

	
10.4

	
12.9

	
11.3

	
2.9

	
0.7

	
4.55 *

	
0.81 *

	
1.14 *




	
Residual forest biomass + Bottom bed ashes

	
10.3

	
12.9

	
11.9

	
2.7

	
0.9

	
4.58 *

	
0.80 *

	
1.08 *




	
[128]




	
No ash 1

	
11.3

	
16.0

	
15.9

	
2.9

	
1.6

	
5.62 *

	
0.71 *

	
1.01 *




	
2% of corn straw ash 1

	
11.9

	
16.2

	
16.9

	
3.0

	
1.7

	
5.83 *

	
0.73 *

	
0.96 *




	
5% of corn straw ash 1

	
13.5

	
17.7

	
19.0

	
3.1

	
1.7

	
6.26 *

	
0.76 *

	
0.93 *




	
10% of corn straw ash 1

	
15.7

	
20.0

	
22.8

	
3.2

	
1.7

	
6.87 *

	
0.79 *

	
0.88 *




	
15% of corn straw ash 1

	
12.6

	
18.0

	
26.7

	
2.9

	
1.7

	
6.11 *

	
0.70 *

	
0.67 *




	
20% of corn straw ash 1

	
9.7

	
15.4

	
30.4

	
2.3

	
1.6

	
5.11 *

	
0.63 *

	
0.51 *




	
[131]




	
No ash

	
19.0

	
50.0

	
21.0

	
10.0

	
-

	
12.71 *

	
0.38 *

	
2.38 *




	
Biomass ash I

	
28.0

	
43.0

	
20.0

	
9.0

	
-

	
12.58 *

	
0.65 *

	
2.15 *




	
Biomass ash II

	
28.0

	
44.0

	
18.0

	
10.0

	
-

	
13.11 *

	
0.64 *

	
2.44 *




	
Biomass ash III

	
37.0

	
35.0

	
21.0

	
7.0

	
-

	
11.93 *

	
1.06 *

	
1.67 *




	
[132]




	
No ash

	
40.5

	
26.7

	
17.3

	
11.0

	
4.5

	
15.75 *

	
1.52 *

	
1.54 *




	
Biomass fly ash I

	
49.1

	
20.1

	
22.7

	
5.9

	
2.2

	
12.54 *

	
2.44 *

	
0.89 *




	
Biomass fly ash II

	
54.1

	
14.8

	
23.4

	
5.7

	
2.0

	
12.30 *

	
3.66 *

	
0.63 *




	
Biomass fly ash III

	
51.0

	
16.7

	
23.7

	
6.3

	
2.3

	
12.58 *

	
3.05 *

	
0.70 *




	
[130]




	
T = 800 °C

	
No ash

	
69.5

	
0.1

	
28.0

	
2.40

	
-

	
9.84 *

	
695.00 *

	
0.00 *




	
5% sunflower husk ash

	
65.6

	
0.5

	
30.7

	
3.20

	
-

	
9.71 *

	
131.20 *

	
0.02 *




	
10% sunflower husk ash

	
66.7

	
1.6

	
29.4

	
2.30

	
-

	
9.63 *

	
41.69 *

	
0.05 *




	
15% sunflower husk ash

	
61.6

	
8.2

	
28.3

	
1.90

	
-

	
9.66 *

	
7.51 *

	
0.29 *




	
5% beet pulp ash

	
65.0

	
1.3

	
31.7

	
2.00

	
-

	
9.26 *

	
50.00 *

	
0.04 *




	
10% beet pulp ash

	
65.7

	
2.1

	
31.6

	
0.60

	
-

	
8.89 *

	
31.29 *

	
0.07 *




	
15% beet pulp ash

	
62.8

	
4.8

	
30.1

	
2.30

	
-

	
9.54 *

	
13.08 *

	
0.16 *




	
5% beech chip ash

	
66.1

	
0.4

	
31.5

	
2.00

	
-

	
9.29 *

	
165.25 *

	
0.01 *




	
10% beech chip ash

	
66.0

	
3.1

	
29.7

	
1.20

	
-

	
9.30 *

	
21.29 *

	
0.10 *




	
15% beech chip ash

	
67.4

	
0.8

	
30.7

	
1.10

	
-

	
9.15 *

	
84.25 *

	
0.03 *




	
5% corn cob ash

	
66.2

	
1.7

	
29.9

	
2.20

	
-

	
9.54 *

	
38.94 *

	
0.06 *




	
10% corn cob ash

	
63.8

	
4.7

	
29.6

	
1.90

	
-

	
9.50 *

	
13.57 *

	
0.16 *




	
15% corn cob ash

	
62.6

	
5.5

	
30.5

	
1.40

	
-

	
9.25 *

	
11.38 *

	
0.18 *




	
T = 850 °C

	
No ash

	
58.1

	
14.6

	
24.8

	
2.50

	
-

	
10.26 *

	
3.98 *

	
0.59 *




	
5% sunflower husk ash

	
60.3

	
9.4

	
28.4

	
1.90

	
-

	
9.64 *

	
6.41 *

	
0.33 *




	
10% sunflower husk ash

	
58.0

	
11.3

	
28.4

	
2.30

	
-

	
9.75 *

	
5.13 *

	
0.40 *




	
15% sunflower husk ash

	
58.0

	
12.9

	
27.6

	
1.50

	
-

	
9.63 *

	
4.50 *

	
0.47 *




	
5% beet pulp ash

	
64.4

	
10.1

	
25.0

	
0.50

	
-

	
9.70 *

	
6.38 *

	
0.40 *




	
10% beet pulp ash

	
61.6

	
10.3

	
27.0

	
1.10

	
-

	
9.60 *

	
5.98 *

	
0.38 *




	
15% beet pulp ash

	
63.2

	
9.8

	
26.3

	
0.70

	
-

	
9.59 *

	
6.45 *

	
0.37 *




	
5% beech chip ash

	
60.2

	
9.4

	
29.0

	
1.40

	
-

	
9.43 *

	
6.40 *

	
0.32 *




	
10% beech chip ash

	
64.3

	
8.1

	
25.4

	
2.20

	
-

	
10.11 *

	
7.94 *

	
0.32 *




	
15% beech chip ash

	
59.8

	
8.2

	
30.5

	
1.50

	
-

	
9.27 *

	
7.29 *

	
0.27 *




	
5% corn cob ash

	
65.2

	
9.6

	
23.4

	
1.80

	
-

	
10.25 *

	
6.79 *

	
0.41 *




	
10% corn cob ash

	
61.1

	
12.6

	
25.4

	
0.90

	
-

	
9.75 *

	
4.85 *

	
0.50 *




	
15% corn cob ash

	
62.2

	
13.6

	
22.6

	
1.60

	
-

	
10.30 *

	
4.57 *

	
0.60 *




	
T = 900 °C

	
No ash

	
62.1

	
14.9

	
21.8

	
1.20

	
-

	
10.29 *

	
4.17 *

	
0.68 *




	
5% sunflower husk ash

	
59.8

	
15.9

	
22.9

	
1.40

	
-

	
10.20 *

	
3.76 *

	
0.69 *




	
10% sunflower husk ash

	
55.3

	
24.1

	
20.2

	
0.40

	
-

	
10.26 *

	
2.29 *

	
1.19 *




	
15% sunflower husk ash

	
58.1

	
22.3

	
18.8

	
0.80

	
-

	
10.55 *

	
2.61 *

	
1.19 *




	
5% beet pulp ash

	
58.8

	
17.5

	
23.0

	
0.70

	
-

	
10.00 *

	
3.36 *

	
0.76 *




	
10% beet pulp ash

	
58.4

	
18.2

	
20.4

	
3.00

	
-

	
10.95 *

	
3.21 *

	
0.89 *




	
15% beet pulp ash

	
59.5

	
20.6

	
19.3

	
0.60

	
-

	
13.15 *

	
5.61 *

	
0.55 *




	
5% beech chip ash

	
60.4

	
16.8

	
21.6

	
1.20

	
-

	
10.31 *

	
3.60 *

	
0.78 *




	
10% beech chip ash

	
55.9

	
20.2

	
23.0

	
0.90

	
-

	
10.05 *

	
2.77 *

	
0.88 *




	
15% beech chip ash

	
57.7

	
17.5

	
23.2

	
1.60

	
-

	
10.21 *

	
3.30 *

	
0.75 *




	
5% corn cob ash

	
58.0

	
15.1

	
25.2

	
1.70

	
-

	
9.99 *

	
3.84 *

	
0.60 *




	
10% corn cob ash

	
58.5

	
21.0

	
19.2

	
1.30

	
-

	
10.64 *

	
2.79 *

	
1.09 *




	
15% corn cob ash

	
58.5

	
19.7

	
20.6

	
1.20

	
-

	
10.43 *

	
2.97 *

	
0.96 *








1—nitrogen supplements up to 100%, *—calculated based on [134]:   H H V = 12.77 ∗   Y     H   2     + 12.62 ∗   Y   C O   + 39.78 ∗   Y     C H   4     + 63.00 ∗   Y     C   n     H   m      , where     Y     H   2     ,     Y   C O    ,     Y     C H   4      ,     Y     C   n     H   m       are the yields of gas components.













 





Table 5. Advantages and disadvantages of the use of biomass ash catalysts in gasification technology.






Table 5. Advantages and disadvantages of the use of biomass ash catalysts in gasification technology.









	Advantages
	Disadvantages





	
	✓

	
Wide availability and low price




	✓

	
Large amount of catalytic active components




	✓

	
Small amount of inhibitory components




	✓

	
Simple or no preparation and low cost




	✓

	
Multicomponent/composite composition




	✓

	
High catalytic activity




	✓

	
Activity in multiple reactions




	✓

	
Increased hydrogen yield and improved gas quality




	✓

	
Use of waste material




	✓

	
Wide availability and low price






	
	✓

	
Presence of trace elements including those having toxic effects




	✓

	
Varied elemental composition and lack of continuity of uniform composition




	✓

	
Low melting points




	✓

	
Multidirectional deactivation
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